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DISCLAIMER

These Proceedings have been reviewed by the
U.S. Environmental Protection Agency and ap-
proved for publica*ion. Approval does not
signify that the contents necessarily rerlect
the views and policias of the U.S. Environ-
mental Protection Agency, nor does mention of
trade rames or commercial products constitute.
endorsement or recomnendation for use.



FOREWORD

The Environmental Protection Agency was created because of increasing
public and governmental concern about the dangers of pollution to the health
and welfare of the American people. Yoxious air, foul warer, and spoiled
land are tragic testimony to the deterioration of our natural eavironment.
The complexity of the environment and the interplay between its components
require a concentrated and integrated attack on the problem.

Fesearch and development is the first necessary step in problenm
solution; ‘it involves defining the problem, measuring its impact, and search-
ing for solutions. The Municipal Environmental Research Laboratory develops
new and improved technolegy and systems to prevent, treat, and manage waste-
water and the solid and hazardous waste pollutant discharges from municipal
" and community sources; to preserve and treat public drinking water supplies;
ar to nminimize the adverse economic, social,.nealth and aesthetic effects
of pollution. This publication is one of the products of the reasearch--

a vital communications link between the rescarcher and the user community.

The Proceedings present the results of completed and ongoing research '
projects concerning resource recovery from municipal solid waste.

Francis T. Mayo

Director

Municipal Environmental
Research Laborztory



PREFACE

These Proceedings are intended to disseminate up-to~date information
on extramural research projects concerning municipal solid waste resource
recovery. Theses projects are funded by the Solid and Hazardous Waste
Research Divison (SHWRD) of the U.S. Environmental Protection Agency,

-Municipal Environmental Research Laboratory in Cincinnati; Ohio.

The papers In these Proceedings are arranged as they were presented
at the symposium and have been printed basically as received from the
authors. They do not necessarily reflect the policies and opinions of the
U.S. Environmental Protection Agency. Hopefully, these Proceedings will
prove useful and beneficial to the scientific community as a current
reference on municipal solid waste resource recovery.



ABSTRACT

The Seventh Annual SHWRD Research Symposium on land disposal of municipal
solid waste, hacardous waste, and resource recovery of municipal solid waste
was held in Philadelphia, Pennsylvania, co March 16, 17, and 18, 1981. The
purposes of the symposium were (1) to provide a forum for a state-of-the-art
Tteview and discussion of ongoing and recently completed research projects
dealling with the management of solid and haza:dous wastes; {2) to bring
together people concerned with municipal solid waste management who can benefit
from an exchange of ideas and information; and (3) to provide an arema for
the peer review of SHWRD's overall research program. These proceedings are
a compilation of papers presented by the symposium speakers.

The symposium proceedings are being published as three separate documents
In this document, Municipal Solid Waste: Resource Rezovery, four technical
areas are covered, They are as follows:

(1) Equipment and processing

(2) Recovervy znl use of materials

{3) Environmental aspects '

(4) Economics/impediments and special studies
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OVERVIEW OF RESOURCE RTLCOVERY

Cariton C. Wiles
U.S. Envirommental Protection Agency
" 26 West St. Clair Street
Cincinnati, Ohio 45268

ABSTRACT

Respurce recovery activities of the SH¥RD are summarized broadly.

descridbed. in four categories:

Projects are

MSW mechanical processiny, chemical/bio~conversion

techniques, waste-to-energy conversion systems, and impediments to resource recovery.
Pragress n our resourc. recovery research has been constrained beczuse of Tow Driority
ranking in favor of hazardous waste research, constraiied and unsteady funding and jack nf

well defined national resource recovery qgals.
produced, particuiarly in the areas of size reductfon 2nd refuce-derived fuel..

Nonethéless, scme good work has bzen
Recovery

of materials and energy from waste 15 a worthwhile national joal that can forestall
shortages and greatly reduce the solid waste disposal problem at the same time. Good
resource recovery practices are essentfal to good waste management.

INTRODUCTION

This report summarizes the activities
of EPA's Solid and Hazardous Waste Research
Division (SHW:D) in the field of resource
recovery. These activities have becn
significantly decreased since SHWRD's Fifth
Annual Symposium in 1978, when our resource
recovery program was last discussed. Pro-
gram de-emphasis occurred becausa all
resources have-been allocated to higher
ranking programs on hazardous waste. Never-
theless, SHWRD considers -resource recovery
an important alterrative for the proper
managament of municipal solid waste {MSW)
Qur current rescurce recovery activities,
therefore, need to be documentad and made
available to further the ciuse of resource
recovery insofar as possibie.

Though capabilities ar conducting
neaningfu research in res.ucce recovery has
btven constrained over the years, SHWRD has
made some sigriificant contributions through
support of selectod activities. Some of
these past contributions are summarized
here along with our urrent activities.

LEGISLATIVE HISTCRY

The Solid Waste Disposal Act of 1968
provided the legisiative framework for

Federal efforts to deal with envirommental
probiems associated with selid waste. The
1965 Act authorized technical and financial
assistance programs and called for g omul-
gation of guidelines, training programs,
and research and demonstration programs.

The Resource Recovery Act of 1970
amended. the 1965 Act and mardated an -
increased effort promotina the recovery
and use of materials from solid weste.
Specifically, the 1670 Act authorfzed
resource recovery demon~trations and the
national disposal site study; it also
extended authorization of research and:
development in the field of resource
recovery. However. there have been only
Timited ooportunities to oursue the
research activities rejuired to meet the
resource recovery objectives identified by
these two Acts. This 1s attributed largely
to the low priority ranking of municipal

‘s011d waste researcit needs as compared to

other environmental research needs.

This low ranking was caused partially
by the lack of a well defined research
strategy which recognized the need for
support of technological developments in
resource recovery. Because of this,



funding for research in resource recovery
has been constrained and unsteady. Ailso
Legislative Acts did not establish a
Federel regulatory authority for dealing
with solid .iaste management and disposal
problems. This circumstance existed until
passage of the Resource (onservation and
Recovery Act of 1276. Though this Act
gave continued authority to EP# to engage
in resource recovery research, little was
done because program emphasis is directed
teward hazardous waste management and
control. Research suppert for the hazard-
ous waste requlatory aspects of the Act
has increased substantially in order to
meet Congressionally-mandated and Federal
court-imposed deadlines. Because of this
program direction, current solid and
hazardous waste research strategies do not
include resource reccvery research. .

CURRENT STATUS.OF RESJURCE RECOVERY PROGRAM

The objective of the MSW portion of
the 7th Annual Research Symposium is unfor-
tunately to wrap up our research activities
in resource recovery. Some of the reports
presented here are follow-ups to individual
projects ceported during previous research
symposiums. Other papers summarize general
areas of research in which SHWRD and its
predecessors have been involved.

FY'79 Program

. Only two research projects were
initiated in FY'79: One involved a design
for safely venting explosfons in MSW
- shredders, and the other dealt with con-
veyors for moving varfous fractions of MSW.

. Though budget constraints caused the. .
project for venting shredder explosions to
be ‘considerably reduced in scope, it made
the best use cf limited research funds by
developing design recommendations to mini-
mize damage and darger from the explosfons.

The conveyor project originally was {ntended

as’'a systematic study of materials handling
during processing MSW for recovery, but
budget reductions prevented 2)) but the
first phase from being conducted. Some
data wil) nonetheless be produced for use
in designing MSW conveyors.

Other FY'79 efforts were carry-gvers
funded in earlier years. These projects
included, among others, completion of RCRA’
8002 special studies of small-scale lows
technology, MSW quantity and composition
studies, source separation and mixed waste

processing, class and plastic recycling,
impediments to economical resource re-
covery, and research priorities for enerqy
and materials recovery. Updates will be
provided for the last three projects
Tisted.

During FY'79, support was continued
for the American Society for Testing and
Materials (ASTM) in developing consensus
standards for seconcary materials. Further
reports will be made on this extramely
important activity.

FY'8B0 Program

The SHWRD FY'80 activities in resource

-recovery were limited to nine projects

carried gver from previous years and one
new project, these are listed by category

as follows:

Facilities and equipment design:

1. Comparative study of selected
full-scale air classifiers .

2. Test and evaluation of New Orleans
Recovery I facility and equipment

3. MSW full-scale shredder field
testing

4. MSW shredder explosion protectfon
(venting designs)

5. Engineering desigﬁ for MSW
conveyors

6. Enginéering design manual for MSW
size reduction (new project)

Refuse-derived fuels (RDF):

7. Fundamental considerations for
the oroduction of densified
refuse~-derived fuels (dRDF)

8. Selective enhancement of RDF

Secdndary'mhterials specifications:

9. Development and casting of con-
sensus standard procedures for
testing and analysis of secondary
?gtgrials (in support of ASTM

8



Qther:

10. Priorities Study - RCRA Section
B00Z (NAS)

furing FY'79 plans were made to discon-
tinue our rasearch program as systemati-
caliy and carefully as possible by pro-
viding resource recovery engineering design
manuals in five areas (MSW size reduction,
screening, air classification, front-end
systems/processes, and combustiin systems
for RDF/GRDF).

Subseauent budget constraints Timited
us to a single manual, so we chose to pro-
duce one for MSW size reduction, because
we had supported studies in this area from
the experimental phase through field evalu-
tions. Our research activities in MS¥ size
reduction serve as the basis for one of the
presentatiors. Other summary papers given
on our past research support include the
foliowing:

o Air classifiers
o Production process for RDF/dRDF
¢ Combustion of RDF/ARDF

o Conversion of cellulosic wastes to
useful products

o Upgrading of pyrolytic oils
.o, Gas from MSW/Sewage Sludge
o Waste-to-energy systems

[\ Héalth and safety aspects of
resource recovery

o User Charge Studies

Though It 1s impossible to give
detailed results of all studles, we hope
that the summaries will provide insight
into the past resource recovery activities
of SHWRD -and its predecessors. Some
activities have led to significant
accompl{stments, and others have only
formed the basis for continuing efforts.

SUMMARTES OF RESQURCE RECOVERY ACTIVITIES

To provide a systematic approach to
summarizing SHWRD activities in the field
of resdurce recovery, we have grouped
projects in the following four cateyories:

MS¥ mechanical processing, chemical/bio-
conversion techniques, waste-to-energy
conversion systems, and impediments to
resource recovery. Only the highiights
of these major areas are discussed.

MSK Mechanical Processing

Mechanical processing of MSW involves
such unit operations as size reduction,
conveyance, density classification

_(including air and water), and others.

Research, development, and demonstration
in this area have been somewhat fragmented
and have not yielded sufficient information
to enable design engineers, architects,
city planners, etc. to Select with confi-
dence the equipment, unit operations, or
systems they need. For example, few or

no comparative data are available regard-
ing the design and.operational character-
jstics of density separators such as air
classifiers.

Research on Separation Technigues--

SHWRD research related to the separa-
tion of varifous components of MSW from the
total stream has involved:

1. Assessments of separation
methods and equipment available;

2. Studies of the technical feasi-
bility of using air classification
to separate dry solfd waste
raterials;

3. Refuse reclamation by means of
automated procedures to code and
separate the waste materials; and

4. MHydropulping and wet separation. .

Some projects represented the first
attempts at investigating the mechanisms
invglved in recovering MSW components.
Althuugh useful data were generated, early
efforts suffered using simulated MSW, which
very seldem reacts as does the actual MSW,
This problem was especially evident in the

“coding/automatic separation projects.

Attempts at selective coding and automatic
separation of the coded MSW ¢omponents
fafled with the dirty, cuntaminated MSW
{tems but succeeded with the cleaner,
stmilated waste items. In many instances,
attempts to a-apt existing equipment to the
processing of ISW were unsyccessful, re-
sulting in fe _{1ities that were undersized,
underdesigned, and unsuitable.



In 1968, the technical feasibility of
an air classification process for-separating
dry soiid waste materials was studied. The
research was preliminary and confined to
dry solid wastes, whose behavior was much
different from the actual wet MSW. The
project did provide some design considera-
tions for zig-zag air clessifiers. However,
some alternative air classifier design con-
figurations did emerge and were used.

Users later found that precise sepa-
rations dy.air were probably not possible
with current technology, and alternatives
for raroving fines were considered. Other
research needs were: :

o Full evaluation of the ability of
air classification to produce
selective separations;

o Establishment of design and .
cperating conditions required to
achieve the desired separation; and

o Comparative evaluations of design
and engineering operating/mainte~
nance performance characteristics
of alternative air classifiers.

SHWRD was unable to support directly
any research on the basic theory of MSH
air separation techniques. But in 1977,
‘the Dffice of Management and Budget (OMB)
provided supplemental funds specifically
designated for evaluation of operating
large-scale resource recovery systems,

" equipment, and processes. - A portion of
the funds provided to SHWRD were used te
conduct evaluations of full-scale atr
classifiers. The hope was that useful
information could be provided for better
equipment selection, design, and operation.
The afr classifier evaluations are summa-
rized in this symposium.

Size Reduct?on Studfes--

Size reduction s an important unit

operation for processing MSW. At first

the industry believed that existing stone
. crushers-and grinders would prove to be

" more than adequate for reducing MSW. To
the contrary, hammers wore excessively,
grate bars broke, metal surfaces corroded,
and the equipment used caused problems 1in
general. MSW grinding costs were relatively
high,

As {t became apparent that size
reduction of MSW was not an easy unit
process to accomplish and required better
understanding, some grinding projects were -
initiated in New York City and at Johnson
City, Tennessee. These projects developed
useful data but were not 2dequately
designed to develop the basic understanding
of size reduction that was needed.

Research was initiated at the Univer-
sity of California to study the theoretical
relationships involved in size reduction,
of MSW. This study represents one of the
very first attempts to conduct systematic
solid waste research. The project has
yielded excellent data and provided basic
relationships useful in the desigr and
operation of MSW size reduction equipment. -

. The OMB funding supplement for targe-
scale systams provided SHWRD an opportunity
unique to our respurce recovery research
program. Although the research and pilot-
scale studies had yleldeu basic shredder
design and operational information, the
data were not confirmed by field studtes.
In addition, good sources of comparative
design and performance data on available
operating equipment were not readily
available. A portion of the OMB supple-
ment was used to conduct performance
evaluations of gperating full-scale MSW
shredders. Summaries of these fnvesti-

“gations and evaluatinns are included in

this symposium and as mentioned earltier,
an engineering design and operating
manual for MSW size reduction will be
availabie late in 1981 documenting one

of the very few areas of recearch we have
been abie to carry from the laboratory
through field verification.

Other Processing Siudies--

Other EPA-supported studies -of MSW
mechanical processing include evaluations
of magnetic separations, ferrous metal
recovery, aluminum separators, glass sort-
ing, virbrating and rotary screening, dRODF
production, and others. Rasults of many
of these studies have been published, and
othérs will be availaole soon.

Uses of Recovered Wastes--

" Possible uses for recovered wastes
are:



o Use of the materials as recovered
{i.e., paper, glass cullet, card-
board, aluminum, etc.)

o Conversion of wastes to new prod-
ucts other than energy (i.e.,
cellulosic waste to protein,
organic waste to compost,
fermentation/conversion of waste
to chemicals, waste glass to foam
glass fnsulation, agricultural
waste to building products, etc.)

o Use of waste as fuels/energy (f.e.,
direct firing of MSW as supple-
mentary fuel with coal for energy
production, conversion to oils and
qases as in pyrolysis, generation
of methane as in anaerobic diges-
tion, recovery of methane from
landfills).

Research to determine acceptable uses
for as recovered waste materials has been
sporadic, but some efforts have been
expended to find uses for wastes such as
wood bark, scrap tires. plastics, glass,
aluminum, ferrous metals, and others.
Though useful information was generated,
tack of sufficient funds made 1t impossible
- to carry the projects through the develop-
ment and demonstration phases.

SHWRD sponsored research for several
years on the use of waste glass in struc-
tural clay brick manufacture. The compo-
sition of the waste glass recovered.
(typically 10% to 30% organics) has been
evaluated both technically and economically

-with respect to the manufacture and
furnace curing of the bricks. The use of
waste glass slimes now appears technically
feasible for this purpose, and energy
requirements in the brick-curing stage
have been reduced.

- Mandated RCRA special studies resulted
in reports on the status of glass and
plastic recycling in the United States, as
well as in assessment of “the recovery anc

disposal of discarded tires. This symposium
includes a presentation on glass and plastic

recycling. Results of the tire study indi-
cate that the tire market structure is
Jdmportant in determining collection and
resource recovery practices in all the
discarded tire technologies avatlable.
Authors of the report have thus recommended
that a surcharge he 1sszed for new tires,

with the resulting proceeds to be distributed

to qualified disposers.

Chemical/Bio-Conversion Techniques

Conversion of wastes to other useful
materials is an intriguing resource
recovery alternative. SHWRD has corducted
1imited research in this area, including
composting, bio-conversion, chemical
conversion, pyrolysis, and similar tech-
niques to yield products more valuable
than the original waste materfals. These
projects have varied from converting waste
glass to foam glass insulation to converting
cellulosic waste to protein as a food source.
Many of these projects proved to be imprac-
tical, and others were not supported
sufficiently to yield worthwhile benefits.

Hydrolysis--

The production of alcchols and other
uselul chemicals from the hydrolysis of
cellulosic waste 1s a research area that
has yielded some potentially worthwhile
benefits. SHWRD's support of both enzy-
matic and acid hydrolysis research has
resulted in the conclusion that acid
hydrolysis has good potential for con-
version of cellulosic waste to useful
products. After study with a 1 liter and
5 Titer reactor, and 1 ton per day pilot
plant, it was determined that cellulosics
pretreated with lvpercegt sulfuric acid at
temperatures around 450°F yielded -up to 50
percent conversion to glucose in reaction
times as short as 10 to 20 seconds. In
addition, the sugars produced appear to be
convertible to ethyl alcohol and single-
cell proteins. Limited efforts in these
areas are continuing, and the Department
of Energy (DOE) may support additicnal
work. Some of SHWRD's efforts will be
oresented in the symposium.

Pyro\ysjs--

Cne of the problems assocfated with
the pyrolysis of waste is the low grades
of otls, gases, and chars often produced.
To improve the economics of selected
nyrolysis processes, SHWRD supported re-
cearch to upgrade the quality of pyrolysis
products, especially oils. Some of these
efforts are aiso summarized in this
sympos fum.

Waste-to-Energy Systems

Potential tnergy Yi2lds from Waste—-

"The estimated quantities of MSW pro-
duced in the United States range from 130



to 150 mi)1ion tons per year. At 150
millior t?gs. MSW contains approximately
1.35 x 10”7 B7U's, or about 1.5 percent of
the energy used in the United States (about
the amount used for residential and com-
mercial Tighting). The BTU content of each
ton of municipal solid waste is roughly 1.3
barrels of oil equivalent (BOE), which is

a popular way of expressing alternative
energy amounts. If we recovered energy
from about half of the available waste
streams, the yield would equal approxi-
mately 250,000 wo 278,000 BOE per day.

Possible Approaches--

Several technologies are asatlable
for converting waste to enerqy. Early
approaches in the United Stacas included
the CPU-400 gas turbine, mass burning {at
Norfolk, Virginia), processed ROF (at St.
Louis, Missouri), and pyroltysis (Torrax,
Purox, Landguard, and Bureau of Mines).
More recent approaches include unprocessed
waste combustion, processed ROF (fluff and
densified), pyrolytic conversion, methane
gas conversion, and smali modutar combus-
tior. Wost of these processes have been

used in a varfety of commercial applications.

SHWRD, its associates, and 1ts pred-
ecessors have supported various projects
relacing to ROF and recovery of energy from
waste., Examples of these projects are the
use of fluff RDF with pulverized coal fin.
St. louls, Missourt, and Ames, lowa, and
the use of dRDF with lump coal in institu-
tional and industrial stoker boilters. The
production.and use of RDF will be summarized
in the symposium.

Economic Factors--

The availability of energy affects
the economics of waste-to-energy conversion,
- and thus the currently constant rise in
energy costs provides an increasing incen-
tive for recovering the energy value of
waste. The concept of barrels of o}
equivalent (BOE)} {i.e., the amount of ofl
that could be saved if the waste replaced
the of1) may exaggerate the energy impact
of waste-to-energy conversion. Most MSW,
particularly the ROF approach, replaces
coal and:not imported oil. Though the.
energy problem may be long-term, the
current crisis really involves a pricing
problem in the liquid fuel market. MSW is-
converted to energy less efficiently than
are fossil fuels, and erergy from MSW does .

not come without cost. The waste mst be
processed into a usable form.

Costs affect waste-to-energy Systems
in several ways. Most waste-to-energy
plants, particularly processed frel types,
are capital intensive. Construction funds
often must come from bond issues requiring
voter approval, which may partly occount.
for the popularity of tne contiactor-owned/
operateG-for-fee plants. Efarlier systems
usually ran into difficult economic
problems, and these poor ecrnomics still
cause implemantation problems today.

Many today argue that waste-to-energy
conversion is an energy production process.
But most waste-to-energy projects were
originally conceived in response to the
need to find an alternative waste dfsposal.
method. Some type of land disposal option
is normally cheaper, assuming that land {is
available. Therefore, in many areas of
the country, waste-to-energy systems are
not politically supported because laud-
filling 1s still considerably cheaper.
Even though long-term considerations may
warrant it, decision makers face serious
problems when they attempt to increase the
costs for disposal of the community's
solid waste.

In the past systems, the most logical
customers have been the utilities. But in
reality, the utility customer already has
the lowest per-unit fuel costs and the
teast economic incentive for :urchasing RODF.
Waste-to-energy technoiogies may. thus have
to. be more tailored to the smaller indus-
trfal and institutiomal customers.

Operational Proﬁlems--

Another factor affecting waste-to-
energy conversion involves operational
history. Very few-of the plants 1isted as
operational are really processing waste
and producing energy on a daily basts.

For a long time, the Ames, Iowa, plant was

. the only RDF plant gperating in the United

States on a daily basis. long project
implementation, start-up, and shake-down
pericds, cost overrung, and operational
unrealfability are all factors that tend
to.make people lose interest rather quickly
in waste-to-energy conversion plants.
System suppiiers have 1imited experience,
since few have made second installations,
and 1ittle or no concensus exists on a '
standard system design. The same design



and operating mistakes appear again and
again, as suppliers do things for the first
time. Many plants are designed for nominal
quantities of waste that have some average
characteristic (1.e., moisture) that may
be seen in operation. But operational
problems occur at extremes. For example,
if the quoted average of 8.25 percent of
steel per month comes in the form of 1 ton
of steel cable at one time, havoc strikes
the shredder. Publicity has probably
piayed a role in aggravating such problams.
The plant should not be expected te run
immediatelyv: People and machines must be
conditicoed ww run properly.

Environmental Concerns--

Envirommental concerns will also
affect waste-tc-eneryy systems. This con-
cern is broad, however, and not conclusive.

- The net envirgmmenta) effect of waste-to-
energy conversion appears to be positive
with respect %o air pollution, since
regulatad pallutants can be controlled.

But concern exists about the increazed
discharge of some trace elements from
waste-to-energy plants. A true environ-
mentalist may be skeptical about construct-
ing a-large, capital-intensive plant that
for many years will require large quantities
of .solid waste to recover the initial
investment. Perhaps source separation
would be a better envirommental solution.
Even so, one of the most promising resource
recovery options today is the use of waste
as a fuel. The option may provide a means
for ‘selected communities to offset part of
their solid waste management costs.

Gas Recovery From Landf{lls--

One of the more successful resource
recovery technologies has been the recovery
and the use of landfill. gas. Because of the
economic and technical viability of this
process, 11 landfill gas Systems have come
on line since 1975. SHWRD has participated
in this rescarch area by funding studies
for enhancing gas production, controlling
and measuring corrosion, and improving gas
recovery and gas cleanup. Areas of future
interest are measuring and controlling air
and water emissions from the landfill gas.
treatment processes and improving tech-
niques for prediction of landfil} qas
production. These efforts will be further
described during the symposium.

Impediments to Resource Recovery

Economic and Socio-Instutional Impediments--

Perhaps- the key factor to increasing
the successful implementation of resource
recovery is economics. If markets are
available and offer a fafr price, the
profit motive will normally spur ar
increase in the amount of waste materials
recovered (assuming that a reasonable
techology is available). In cases where
technoloqy 1s lacking, a strong enough
profit motive may spur the development of
needed technology. On the other hard,
technology development may provide an
increased economic incentive by providing
the recovered materials at a lower cost.

Interacting with the economics and
the technology are institutional and
social conditions that may either spur or
deter implementatio.. of resource recovery.
Historically, the soiio-institutional
factors have been barriers to resource
recovery. An example would be procurement
specifications requiring the use of virgin
materials rather than technically accept-
able secondary material recovered from
wastes. In some cases, fictitious -
institutional and social barriers may be
the scapegoats for poor technoloay and/or
poor ‘planning. But, as the economics
of resource recovery improve, social and
institutional impediments may disappear
or at least diminish in scope. The point
to be noted is that the interactions among
resource recovery technology, economics,
and the socio-institutional factors are
complex, '

Although not as comprehensive as
needed, SHWRD-supported research on the
social-economic-institutional aspects of
resource recovery has been conducted.
These studies have included, among others,
(1) projects to identify the socto-economic
classes of society most or least likely
to participate tn source separation; (2)
studies of the effects.of user charges on
MSW management {including resource
recovery?; {3) investigation of beneficial
freight rates for. secondary materials; (4)
feasibility studies of future markers for
scrap materials, and (S5) studies of energy
conservation through waste reduction.

The most recent study in this category
was in response in Section 8002 o” the RCRA.
The study was designed to identify impedi-
ments to economical resource recovery



_ factlities and it will be presented

during this symposium. Findings should be
of extreme interest to those concerned with
implementing r:source recovery projects.

Lack of. Standards--

One of the impediments to the use of
secondary materfials is the lack of good
standards for characterizing the value of
the product. ASTM Committee £38 on
Resource Recovery {s developing consensus
standards for materials and energy products
recovered from waste. These standards
will provide a common basis for determining
the truec market value of a recovered prod-
uct., SHWRD is assisting with funding
support to conduct testing of draft stan-
dard procedures, short-term special
investigations, and associated activities.
At the Oriando symrasium in 1978, the
project report emphasized RDF standards
that were under development. Additional
draft FDF standards have been developed,
and activities associated with other
secondary materiais are being supported.

This very important ASTM project
represents 2 noteworthy example of
govermment cooperatior with a consensus
standard setting organization. 1In
addition, because of the voluntary nature
of ASTM, the return on funds invested is
extremély high. This project will be
updated during the symposium.

lnadeqﬁate Research and Assessment--

Adequa‘te technical assessments and
confirmation of technical feasibility are
inherent to implementation of all technol-
ogy, f{ncluding resource recovery. #Hasic
concepts must vsually be researched at the
laboratory scale, further researched and
developed at the pilot scale, and finally
confirmed and demonstrated on the produc-
tion scale. Researchers should be an
integral part of both piliot-scale and
demonstration projects to ensure that the
proper data, information, experimentation,
and other aspects are considered. This
would assist researchers to devise sound
research projects for meeting development

and production needs.

'OwwwMﬂuwaMruamhmmh¢'

ment in large scale resource recovery demon-
strations and field studies have been
Timited. Nevertheless we have supported
" _some large scale research evaluations of

. ments.
- have conducted several studies to assess

air classifiers, MSW shredders, selected
processing equipment and processes at
Recoverv ] tn New Orleans; Ames, lowe;
St. Louis and other locations. Presenta-
tions will sunmarize selected portions of
these evaluations,

SHWRD also supporied research eval-
uvations at the St. Loufs and Ames, Jowa
flurf ROF combustion processes. SHWRD
sponsored the largest demonstration of
dRDF combustion yet conducted at an
industrial power plant at Erie,
Pennsylvanfa. These studies will be
symmarized in this symposium with
emphasis placed on the Erie, Pennsylvenia,

dRDF test burns.

ﬁlthough inadequate, the research
involvement in such large projects has

- helped to identify some technological

impediments to economical resource
recovery plants. It has also helped to
confim that omissicn of the required
research or pilot-scale phase in the cycle
m:y result in production plants that work
taefficiently or not at all. At best this
course of action results in Yong and
expensive start-up and shake-down periods.
Some researchers suggest that cPA’s large
scale demonstration projects would have
had a better chance for success with proper
research input.

Envirommental Concerns--

Envirommenta) concerns such as

pollution control are major factors in

resource recovery and can act as impedi-
SHWRD and associated organizations

the environmental aspects of resource.
recovery. A summary of waste-to-energy
emissions and their control will be given
at this symposiun. Also to be presented {s

- & discussion of the health and safety

aspects of resource recovery.

Early SHWRD efforts in this area
included investigations of pathogenic
organism survival in composting processes
and pathogens in solid waste landfills.
More recent efforts include the St. Loufs
bacteria-virus study, which compared levels
of bacteria from the St. lLouis refuse
processing plant with levels of bacteria
at other solid waste handling factlities.
This particular study was part of the
basis for the formation of subcommittee
E38.07 (Health and Safety), which is part



of ASTM Committee E38 on Resource Recovery.
The committee is concerned witi; providing
a focal point for the rational considera-
of health and safety aspects of the
resource recovery industry. The sub-
committee is in the process of developing
several consensus standards for MSW micro-
biologica) measurements and MSW shredder
explosions. Some of these studies will be
summarized during the symposium.

CORCLUSIONS

A review of EPA-supported research in
the field of resource recovery reveals
limited opportunities for progress. This
is attributed largely to low research
priority ranking in favor of hazardous

waste research, that resulted in constrained
and unsteady furding. The low ranking was
parcially attributed to the lack of well
defined national research goals which
recognized the need for support of
technological developments in municipal
solid waste management, particularly
resource recovery, In spite of these
constraints, some sound and worthwhile
technical progress has been made.

Though current emphasis on hazardous
waste in essential to [PA's chief goal .
of protecting the enviromment and public .
health, resource recovery is also. important
to this wmission. SHHRD, therefore, believes
that a research program for resource
recovery should be on-going.
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ABSTRACT

Size reduction is widely utilized in the refuse processing industry.

Much of the re-

search on refuse size reduction thus far -has.been conductes under the auspices ot the

U.S. Environmental Protection Agency.

This paper describes some of the key areas

that have bzen under investigation, including analytical relationships, energy con-
sumption, wear, and methods to conpare and evaluate various shreoaders.

Introduction

Most of the size reduction equip-
ment used in the refuse processing in-
gustry has been adapted from the mineral
processing tnuustry where it was used to
comminute brittle homogeneous materials
such as rocks and ores. Unfortunately,
approximately 75 percent cf the materi-
als founa in the solid waste generated
in the United States are non-brittle.
Consequently, the fact that a“shreader,
such as a hammermill, could effectively
process brittle materfals dia not neces-
sarily mean that it could be equally as
effective tn-processing tnhe heterogene-
ous mixture of brittle an¢ non-brittle
materials that constitutes solid waste.

A number of problems were encoun-
tered when hammermills were first used
to size reduce solid waste. These prob-
Yems included- excessive jamming, extreme
wear, explosions, and the inadility to
both control particle size ana achieve
rated throughput.

Heretofore, the refuse processing
industry only had a superficial under-
standing of the basic comminution param-
eters and of the methods for their eval-
uatian aad control. Fundamental issues
such as the relationship between power
and throughput, factors that affect
product size, the effect of changing the
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number of hammers or grate spacing, and
methoas to control and reduce mainte-
nance costs remained essentially unknown.

The y.S. Environmental Protection
Agency, realizing the increasing impor-
tance of size reduction in waste proces-—
sing for material and energy recovery
ana recognizing the paucity of basic in-
formation on the subject, sponsored a
ser1es of Studies for tne purpose of
rectifying the situation.

Test Programs

The performance of & siie reguction
device can be characterized oy the pa~
rameters that affect the comminution
process. The data base necessary 1o
quantify these parameters was developed
over the last decade through a system-
atic research program. Tne program in-
volved an initial periog of pilot-plant
work followed by several phases of full-
scale fielg tests.

The pilot studies were conauCted,
by the authors, at a research facility
located in Richmonu, California. Data
collected curing these studies were used
to: 1) establish fundamental principles,
2) determine the dependent and indepenc-
ent variavbles involved in the comminu-
tion process, and 3} arrive at mathemat-
ical relationshins between the vari-



TABLE 1. KEY VARIABLES TN THE COMMINUTION PROCESS

Independent Variables

Dependent Variables

Size Distribution of Feed

Throughput

Moisture Content of Feea

Grate Spacing

Relative velocity of Size Racuction Devices

-Specific Energy Consumption
Proauct Size Distribution
.Machine wear

ables. Both the dependent and incepend-
ent variables in size reduction are pre-
sented in Table 1.

The next phase of the program in-
volved & number of field tests of large-
sGale shreaders lacatea throughout the
country. The tests were conducted under
normal operating congitions at through~
puts that were about sn order of magni-
tude larger than in the initial stud-
ies. The main objective of the field
tests was to serve the needs of the
plant manager and the design engineer.
This was accomplished by developing pre~
dictive relationships, design criteria,
evaluation techniques, and levels of
performance for large-scale shredding
eguipment. The iocation of the test
sites and the values of important parem-
eters are.summartzed in Table 2.

Measurement anag Predictive Capabilities

The research program has allowed
for the development of a number of meas—
uremeal techniques and predictive rela-
tionships-that can be used in the indus-
‘try. Specwal equipment capable of meas-
uring power consumption has been de-
signed ang built. It is adaptable to
single phase, three phase-three wire ang
three phase-four wire systems. This
equipment can provide a continuous rec-
ord of power draw from-shredders as well
as other procescing equipment, ' The cen-
tral component of the instrumentation s
a watt/watt-nour transducer which pro-
vides two output signals, The first, an
analogue current signal which is gi-
rectly proportional to power, is re-
corded, after conditioning, on 3 chart
to provide both a tire base and a perm-
“anent continuous racord of power. A
.measurement of energy is obtained from
the second sigral which is digital ano
directly proportional to the integral of

power over time. The flexibility, mod-
ularity, and portability of the power
measuring equipment aadress the unique
requirements foung in testing and eval-
uating systems in large-scale facili-
ties. Techniques ana procedures have
also been developed to obtain and eval-
uate size distribution, to select a min-
imum sample size requirca for analyses,
to preaict the influence of moisture
content on size reauction, ana to meas—
ure wear,

Mathematical evoressions that de-
scribe scme relationships between key

. comninution parameters have oeen estap-

lished. For instance, it has been de-
termined that the net power requirea for
size reduction ‘(Py) is related to the
throughput (Qy-on a wet basis) ana to

_the air dry moisture content of the

waste (HC) by the following empirical
relationship:

Py =8 OF (1 - KC)S

For the shredders evalyated in the field
tests, the constants a, r, and s have
the follourng range of values 0.14 ¢ 2
<487,0.27 ¢<r <1.9, 3nd -12.6 ¢ 5 <

4.8. ‘Care must be exercised in using

the above relation for g due to the
large range of the coefficient a, which
we believe to be dependent upon the par—
ticular machine configuration, i.e.
grate size, internal machine geometry,
ang number and geometry of hammers. The
details ard further refinement of this
expression is under investigation.

The specific energy is consumed in

. shredding refuse can be expressed in

terms of either the characteristic
(o) or the nominal {Xgqg) size of
the product as follows:

Eo = bxV



TABLE 2.

SUMMARY OF AVERAGE VALUES OF IMPORIANT PARAMETERS

- Product Size —

. Charac- Nominal Specific
Shredder Throughput teristic Energy
Installation (tons(wet)/h} (cm) (cm) (xwh/ton)
Appleton East 24.8 3.7 9.8 3.4
Appelton West 18.1 5.6 11.2 3.9
Ames Primary 12.6 5.0 12.1 5.5
Ames Secondery 22.4 1.3 3.3 10.8
Cockeysville 49,5 2.1 6.2 10.0
Great Falls (20 ton/n) 14.8 2.4 5.6 6.4
Tinton Falls 60.8 3.8 9.6 2.3
Odessa 3.2 9.2 1.1

82.0

Analyses of laboratory and field
test data indicate that when the energy
is expressed in terms of kilowatt hours
per ton (kWh/T) and the size in centime-
ters (cm), the coefficients b and u have
the following values: for specific en-.
ergy expressed on a dry basis (Eg), d
= 23.3 anu 49.9, u = -0.92 anad ~0.86 for
-Xg ang Xgq respectively, for specific
energy expressed on a wet basis (Eqw),

b = 17.9 and 35.6, u = -0.90 and -J.81
for Xy and Xgg respectively.

Characterization of the comminution
process can be further explained by ao-
-ditional parameters, two of which are
"residence, time and mill holdup. The
amount of time that material remains
within the shredder has a pronounced in-
fluence on the product size distribu-
tion, Typically, this residence time is
expressed as a distribution of the prob-
able time a particle resides within the
compinution device, R(t). In a hammer-
mill with an integral set of grates, the
spacing can be varied to change the par-
ticle size of the procuct. Because of
the action of the hammers, the material
within the shredder is well mixed pre-
cluging size stratification. Conse-
quently, within the limit$~of- this cOn-
dition, the residence time distribution
can be assumed to be independent of par-
ticle size. Thus, tue grates act as a
classifier or screen, allowing those
particles smaller than the grate spacing
to go through ang returning the remain-
der to the comminution zone where the
residence time distribution that is ap-
plied to the feed is again applied to -
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the recycled material., The mean resi-
dence time mas be determ.wcd from eitner
the resigence time aistribution Or tne
following 2quation

T = 3.6 (H/Q)

where T is the mean residence time
{sec), H 1s the mill noldup (kg) and Q
is the flowrate (tons/n). Laboratcry-
scale testing has provided evidence to
ingicate that-the form of a normalizea
residence time distribution R(e) is not
affected by flowrate. The resigence
time, R(t), ana the normalized resigence
time, R(9), aistrivutions are related
through the expression: ’

R(t) = R{o)/T

The mill holdup (H) is essentially:
the instantaneous mass of material
within the shredder. Both the dynamics
of shreading and the hignly compressible
nature of municipal solid waste provided
the motivation for exploring the pos-
sible existence of a general relation-
ships between flowrate ana holaup. Test
data have shown that an expression of
“the form

Q = kK"

may be valid. In this expression, both
k and n are constants. In general, k s
affected by the grate spacing, the space
between the grate bars, and the total
cross-sectional area of tne grate bars.
Once mill holiup was recognized as an
important parameter for characterizing



refuse size reduction, its measurement
was incorporated into the second phase
of field tests. Even though limited
gata are available on mill holdup, the
effects of grate geometry on the above
relationship is currently under investi-
gation.

Emparical relationships linking
throughput to particle size are also be-
ing developed. Having established the
relationships, it will then be possible
to relate both power ang energy to
holdup and particle size. Expressions
of this nature will provide a framework
for addressing the second generation cf
problems now being encountered in the
industry. Typically these problems are
classified in the category relating to
equipment not performing according to
specifications, Either the rated’
throughput cannot be acnievea (sometimes
a factor of two too low) or the particle
size 15 larger or smaller than re- ’
quired. Another set of problems in-
volves optimization of multiple-stage
shredding. Carrecting these problems
usually involves thanging the grate Spa-
cing, hemmer configuration, or both,

The manner in which these changes are
made can be costly. Having established
reliadble predictive technigues will
eliminate the heretofore trial-and-error
‘practices.

: Several non-gimensicnal quantities
were developed in order to compare var-
fous types and configurations of ma-
chines. One such parameter s detrined
as the degree of size reduction (Zg)
which is defined as:

2o = (Fo - Xo)/Fo

" where Fp and Xq a-e characteristic
feed stze and product size respec-
tively. Thé parameter {Z;) has been
found to.be useful in generalizing the
size reduction data obtained over a wide
range of operating conditions. The na-
ture of 2,5 is such that it approaches
unity as X, goes to zero, and ap-
proaches zero as Xg approaches Fg.
To complete the generalization, an ad-
ditional non-dimensional parameter is.
required and can be formed by the ratio
of the grate opening size {0g) to the
characteristic feed size (Fg), that
is, Dg/Fg. The parametric nature of
the cominution process with grate open-

[ 1]

ing size §s shown in Figure 1. In the
figure, the degree of size reduction
{Zg) 1s represented in terms of Dg/Fg.
gssentially, for a particular value of
Do/Fg, the value of 7, increases as

the size of the grate openings increase.
In essence, a smaller characteristic
particle size is produced as the grate
openings increase in syze. Tnis trena
holds true for raw MSW as well as for
afr classified and screenea fractions,
It is important to note that a complete
explanation of this seemingly contradic-
tory effect requires consigeration of
the interactive features of holdup, res-
idence time, and throughput on particle
stze,

Using the laboratory data as an ex-
ampie, a further appreciation of the re-
lationship between the energy and size
variables {Eqg, 2o, ana Do/Fp) can be
obtained from the non-dimensional dia-
grams shown in Figures 2, 3, and 4, for
the size reduction of raw MSW, air clas-
sified light fraction (ACLF), ang
screened light fraction (StF) respec-
tively. Tne motivation fur combining
these three variables stems from the
fact that the ratio of grate openirg 10
characteristic feea size specifies both

‘degree of size reduction (which charac-

terizes the product size) ana energy
consumption, Consequently, one figure
proviges both the energy required for
size reguction and the resulting si1ze of
the product when the type of material,
feed size, ang grate opening size are
specified, A comparison of these fig-
ures shows *hat for a given value of
Do/Fg, the steepness of the curves for
1o and Eg is generally the greatest for

‘the SLF, followed by the ACLY, and more

distantly by the SLF. The reason for
the relatively high energy requirement
and small degree of size reduction for
SLF may be attributed to the fact that
fiber makes up more than 75 percent of
this fraction.

"This situation may also be viewed
in terms of the following two cases. In
the first case, 2.5-cm (1.0-in,} grate
openings and 3 Do/Fq ratio of 0.2
result in a decrease in the degree of
size reduction from 0,93 for raw MSW to
0.86 for SLF (Table 3). In acdition,
the specific energy increases from 67
M)/metric ton (17 kWn/ton) for raw MSW
to 154 MJ/metric ton (39 kiWh/ton) for
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TABLE 3. COMPARISON OF DEGREE OF SIZE REDUCTIONS AND
SPECIFIC ENERGY FOR DIFFERFNT SOLID WASTE FRACTIONS

——ee D mmee DO/F0 Material 1 (3

(4 o o
cm {in.) ) MJ/metric ton (kWh/ton)
2.5 (1.0) 0.2 Raw MSW 0.93 67 (17)
2.5 {1.0) 0.2 ACLF .0.92 79 (20)
2.5 (1.0) 0.2 SLF 0.86 154 (39)
2.5 (1.0) 0.8 Raw MSW 0.72 37 (9)
2.5 (1.0) 0.8 ACLF 0.71 40 (10)
2.5 (1.0} 0.8 SLF .0.48 59 (15)
TABLE 4. NORMALIZATION OF HAMMER WEAR MEASUREMENTS
Average Average Average Hammer
Alloy Characteristic Characteristic Degree of Size Wear
Hardness Feea §ize (FO) Product Size (xo) Reduction (uo)
Shredoer (R (cm) _(Fm) (Z,) (kg/T.)
Appleton west 28 12 5.6 0.56 0.0034.
Mill Horizon- :
tal Hammermiil 38 12.7 5.6 0.36 - 0.023
48 12.7 5.6 0.56 . 0.016
56 12.7 5.6 0.56 . 0.0013
Cockeysville 28 20.3 ’ Z.b 0.90 0.057
Snreader #1 "
Horizontal 38 20.3 2.0 0.90 0.043
Hammergi)) :
k] 20.3 2.0 0.40 0,031
56 20.3 2.0 0.90  0.023 °
Great Falls 28 12.7 2.4 0.81 0.056
Vertical 20 TPH .
Harmermill 33 12.7 2.4 0,81 0.044
8 12.7 2.4 0.81 0.033
56 12.7 2.4 0.81  0.025




SLF. The second case assumes the same
grate spacing, 2.5 cm (1.0 in.}), and a
Do/Fo of 0.8. For these conditions,
raw MSW and ACLF yield simii2: degrees
of size reduction ana energy require-
ments {namely, 25 values of 0.72 ang
0.71, and £, values of 37 ang 40
MJ/metric ton {9 anc¢ 10 kkh/tonj. How-
ever, the SLF yields considerably lower
Iy values ana 3 considerably higher
value of Eg tran those for the other
two materials.

Studies designed to evaluate ma-
chine wear were also conducted in both
the laboratory ara field tests. A com-
parative evaluation of hardfacing mate-
rials in terms of the degree of size re-
duction of raw and screenéd light frac-
tion is shown in Figure 5 . Information
on hammer wear obtained from the fiela
tests is summarized in Table 4. A con-
venient method for representing test
data githered at different sites is
shown in Figure 6. This methoo allows
for a comparison of wear data collected
from ecuipment shredding where different
types of s0lid waste uncer various oper-
ating conditions. The general conclu-
sion that can be drawn from the data in
the figure is that hard alloys yield
significant reduction in hammer wear.
For example, if an alloy with a hardnass
of 56 Rc-is usea instead of an alloy
with a hardness of 28 Re, a reduction
of 60 percent can be achieved. For an
equivalent amount of material wore from
the hammers, chis 60 percent recuction’
-in wear fer hommers that are coated with
the haraer-31loy corresponds to an oper-
ating time that is 250 percent of that
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for nammers coated with the sufter alioy.
Conclusions

A systemat®c research program on
refuse size reduction has been condutted
during the past several yvears. The re-
search was conducted on poth pilot and
full-scale plants.

The pilot-scale research was aimed
at establishing fundamental principles
ang relationships between key variables
in refuse size reduction, The full-
scale test program involved the verifi-
cation of the relationships developed n
the pilot plant studies. Furthermore,
the tests were designed such that the
results woula serve the neeas of the
refuse processing industry. Information
acquireg as a result of tnese studies
1ncluded evaluation techniques ana de-
sign criteria. .

In the course of the research,
equipment especially designeg Lo measure
power consumption was developed. Mathe-
matical expressions linking major com-
nunication parameters were established.
Non-dimensional parameters nhave also
pbeen developed to allow for the com-
parison of various types of shredders.
Marntenance ana operating COStS, par-
ticularly those related to power con-
sumption and wear, have been igentifieqg.

The next phase of this work will
deal with tne preparation of designs
aimed at fulfilling the needs of the
user community.
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EXPLOSION VENTING TEST PROGRAM FOR MUNICIPAL SOLID WASTE SHREDDERS

Robert C. Zaloeh and John P. Coll
Factory Mutual Research Corporation
1151 Boston-Providence Turnpike
Norwood, Massachusetts 02062

ABSTRACT

A gas explosion test program is currently being cond!cted 19 a realistic full-scale mock-
up of a municipal solid waste shredder. The 2200-ft” (61 mw’) mock-up simulates a hori-
zontal shaft hazmermill (including rotating shaft, discs, and hammers) with a large in-
clined feed hood. Varying awounts of propane have been injected into the shredder and
the resulting gas concentrations generated by rotor-induced mixing have been measured.
Results of gas mixing tests with unobstructed feed and discharge areas indicate that gas
accumulations in the flammable range are most likely to occur at the ends of the shredder
shaft. Sev .n explosion tests have also been conducted to date. 1In five of these tests,
explosion vent panels have been deployed at the top of the shredder. Test results indi-
cate that peak preasures of about 5 psig (34 kPa) can octur with this venting configura-
tion 1f the entire shredder {s filled with a propane-air mixture in the range 3.5-4.0
volume percent propane (which 1s not necessarily a worst-case mixture). Further tests will
be conducted before generating recommended explosion venting guidelines.

INTRODUCTTION c.uséd by deflagrations, {.e., cam$uption
explosions in vwhich the flsme propagates
In recent years, shredding has become subgonically through the combustible fuel-

a common preliminary siep for the landfill, oxidant mixture. The basic explosion vent-
resource recovery or incineration of munici- ing concept is to asllow an incipient pres-
pal solid waste (MSW). The refuse thrcugh- sure rige to actuate blowout panels so as

put entering these MSW shredders is often to vent unburnt gas and combustion producgs
too large to permit thorough a:reening of before damaging pressures develop in the

the input stream to remove all dangerous enclosure (shredder). To be effective, the
saterizls.  Consequently, potentislly explo- Vent deployment pressure, area, and loca-
sive materials, such as gasoline, propane, tion, must accommodate the volume gemeration

paint thinner/cleaner, gunpowder, etc., oc- = rate of gaseous combustion products.
cagionally enter the shredder. lmpact 2 .

eparks or hot spots generated Jduring shred- .- pxisting explosion venting design cri-
ding (hammering) can ignite thegse materials teria” are based on tests with simple struc-

and cause an explosion. So_far, there have tures such as rooms or spherical or cylin-
been well over 100 reported’*” ghredder ex- . drical pressure vessels. MSW shredders rep-
plosions resulting in property damage or in- resent a more severe explosion envircnment
Jury. " becavse of the effects of rotor windage/
turbulence, {nternal obstructions (shaft,
As a result of these explosions, shred~ hammers, breaker plates, trash, etc.), and
der manufacturers and operators have started peripheral equipment such as inlet hoods and -

‘ioplementing traditional protection meas- exhaust ducting. Since these effects esca-
ures for industrial explosion hazards. The late the rate of preasure rise and may also
oogt popular of these protection measures reduce vented gas flow rates, they should

is explosion venting. Explosion venting is - be accounted for in shredder explosion vent
a technique for limiting structursi damage - design guidelines.



The project described here 1s intended
to develop and test explosion venting re-
quirements for MSW shredders. The approach
has been to perform explosion tests in a
realistic full-scale mock shredder outfitted
vith different explosion vent configurations.
Explosion test data are being compared to
design-basis explosion pressures suggested
in existing vent design guidelincs. Based
on this comparigon, modified design guide-
lines will be recommended for MSW shredding
facilities.

This paper represents a progress report
on work performed through November 1980.
The project is currently scheduled to be
" completed and a draft final report submitted
in April 1961.

SHREDDER MOCK-UP

A full-gscale mock-up of 2 large hori-~
zontal shaft hammermill has been constructed
at the Factory Mutual Research Test Center
in West Glocester, Rhode Island. Drawings
of the mock-up are shown here in Figure l.
The wock-up is 27 ft (6.23 m) hish uithsa
total internal volgme of 2200 ft° (62 m°)
{ncluding a 670 ft° (19 m”) inlet hood.

The shredder structure consists of &
structiral steel frame with 1 1/2-in. (3.8
em) thick plywood walls. The steel frame
and sheet wetal clad plywvood wall panels are
desiyned to withstand an internal explosion
pressure of 5 psig together with thrust
loady caused by vented gas. Some of the
4-ft x 4-ft (1.2 m x 1.2 m) plywood panels
are fastened with collapsible washer type
explosion vent fasteners so that the panels
can blow off at a prescribed static over-
prassure during the explosion tests. The
number of deployed panels and the deployment
orerpressure can be varied in accord with
the desired test conditions. The deployed
panels have been restreined with hinges in
some cases and vith various cable tether
arrangepents in other tests. The perform-
ance of these restraints is discussed under
Explosion Test Procedure and Instrumenta-
ion.

As {llustrated in Pigure 1b, the ham-
permnill shaft has been outfitted with 24
36=-in. (91 cm) diameter plywood discs.
simulated hammers in the form of 15-in.
(38 ca) long aluminum bars can be fastened
to each of the discs. However, only 16 ham-
mers have been installed so far in order to
1linit the torque and horsepower requirements

Pour

of the hammermill motor.

Tests reported here have been conducted
with a 3-hp (2.2 kW) motor driving the shaft
via z variable aspeed drive unit. The shaft
speed has been varied from 260 to 690 rpm.
As of this writing the 3-hp wotor is being
replaced by a 30-hp motor with a fixed speed
transmission driving the shaft at 900 rpm.

Although there are no inlet or dis-
charge conveyors, the discharge area of the
shredder mock-up is designed to be repre-~
gentative of typical MSW aghredder instal-
lations. There is 8 semi-cylindrical steel
grating in the 46-in. x 105-im. (117 cm x
267 cm) discharge ares at the bottom of the
shredder, vhich 1s 3 ft (0.91 m) above the
concrete test pad on which the shredder is
constructed. The confinement associated
with thie configuration simulates the dis-
charge conveyor section under an operating
MSW shredder.

Ro attempt has been made to put any
trash throughput into the shredder mock-up.
By obstructing inlet and discharge aress,
trash throughput in a real MSW shredder mey
affect the combustible gas accumulation
process prior to an explosion and vented gas
flow rates during the explosion. This has
been simulated in the mock-up by obstructing
the inlet and discharge arces with poly-
ethylene sheets in some tests.

GAS MIXING TESTS

In both the gas mixing tests and the
explosion tests, a known amount of propane
was rapidly injected iuto the hammermill
portion of the shredder. Rotor-induced air
flow diluted the propane aad governed the
formation of the resulting propane-air mix-
ture. The opeciiic objective of the gas
mixing tests wvas to determine the spatial
and temporal extent of flaemmable propare-
air mixtures generated by this injection and
nixing process. .

Three different injecticn locations,

. designated a3 locations I, I' and J in

Figure 1, were utilized. A measured amount
of propane (by weight) was fed into pipe
sections and attached via solenoid valves

to orifices I and/or J in the shredder end
walls 41 in. (104 cm) above the shaft cen-
terline, f.e., sbout 8 in. (20 cm) ab .> the
hammer circle. Injection at I' was a>:leved
wvith a 36-in. (91 cm) horizontal exten-ion
from I fo as to inject at the same he.jht
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Figure 1, Shredder Mockup.



but closer to the mid-shaft center plane.
The rationale for selecting these injection
locations was to sirmlate release from a
propane cylinder (or similar liquefied gas
container) ruptured by a hammer during the
shredding process.

Propane concentrations were measured
with an Anarad AR-400 infrared gas analyzer
calibrated for a range of 0-8% propane by
volume. The analyzer was mounted directly
on the shredder structural frame in order
to keep instrument response time down to
5-10 s, depending on sample location. The
output signal from the analyzer was recorded
on an oscillograph in the instrumentation
trafler about 200 ft (61 n) away from the
shredder.

Only or. sample voint wis used for each
injection run, but the runs were repeated

with different sample points to olLtsin an
approximate concentration distribution.
Sample locations are designated as locations
A,B,C,D,D', and E in Figure 1. Locations
A,D,D', and E are within the 36-in. (91 cm)
diameter disc circle, while B is well above
the hammer circle and C is at its lower edge.

Measured propane concentration histo-
ries at two different locations in Tests 2
and 7 are shown in Figures 2 anu 3 respec-
tively. The 2.2X propane lower flammable
limit line 18 also drawn in these {igures.
Although wost of the concentration histo-
ries were simple single-peaked curves as in
Pigure 3, there were some multiple-peaked
curves as for location E in Figure 2. (he
multiple peaks are probably duec to turbulent
puffs of gas reaching the gample line.

Peak concentration measurements for all
the gas mixing tests are shown in Table 1.
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Figure 2. Propene concentration histories at two locations during

ges mixing test 2.
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TASLE 1. GAS MIXING DATA

Sampls Location
Maximum Concentration tcm-. vol

L) « Durstion of

Flgmmable Concentration (T, s)
Teet # Shaft 1njector Totel Open or closed
speed Location wt of tuel A c M | 4 bdottom
(rpa) {1%) (:..l 4 [ C‘“ T l:.‘l T c" T Cm T
1 260 [1 1 >0 23 0.% 2.0 - 1.6 - - - - - Open
2 (Y1 1 1 2.2% 10 0.8 = 0.9 - 5.5 10 Open
) 690 1 1 - . - - - .y - 14 - L J Open
‘ 480 ] 3 .73 - - - - 1.0 - 1.0 - - - Opeu
] 590 1.3 1 4.0 18 - - - 1.0 - - - - - Open
[ 650 1,3 3 80 3 - - - - - - - - - Open
1 650 13 2 2.¢ . - o.s - 1.6 - - - - < Open
] 660 1,3 1 3.6 10 - - - - - - - - - Cloved
? 680 1,3 2 3 1 - - - - - - - - - Closed
10 660 1.3 2 1Le - - - - - - - - - - Closed

-

*Propane pas injscted Su the gas phese (top injection) in the lset test, and in the 14guid phesa (bottez injaction) Lo the firet eight tests.



For concentrations exceeding the lower flam-
mable limit, the durations of the flazmable
portion of the concentration histories are
also listed in Table 1. For example, the
peak concemiration at locaticn A in Tert 7
(2 1b of propane, 660 rpm shafr speed) was
2.6% and the concentration exceeded rhe low-
er flaomable limit for 6 s.

Peak concentratiois at sample location
A (at the end of the shaft) were consisteont-
1y higher than at locations D ard D' (midway
along the gshaft). This i8 probably because
of the lower induced ailr velocity at the end
of the shaft. Therefore, an air sweeping
device installed at the end of the shaft,
such 48 the weld beads used by Ahlberg and
Boykol for eliminating comtustible debris
accumulation near rotor erd disgcs, way sig-
nificantly reduce the chsaces of forming
pockets of gas-air mixtuie in the explosive
range. In the atsence of auch an air swveep-
ing device, lucation A im a consistent po-
tential iszition site, &8 was the case in
the erylosion tests fu this project.

Concentration dats for repeat tests
(Tests 5 and 7, and Tests 8 and 9) differed
by as much as a factor of 2.1. This lack
of repeatability nay be due to random tur-
bulent fluctuazions or (less likely) to the
influence of ambient winds.

Perhaps che moat striking feature of
the data obtained for tests with the open
‘diacharge srea is that the peak concentra-
tions were under the lower fIammable limit
at all locations except A (and E in one
test). This implies that flammabla mfz.ures
created from the release of 2 1b =i less of
flammable vapor ave confined Lo & very small
portion of the hammermi'l (near the end
valls). Therefore, the chances of igniiing
a violent explision are quite small unless
much more chan 2 1b of flsmmable vapor is
relessed, or the shredder inlet and dis-
charge areas are obstructed. Thif conclu-
sion is consfatent with reportg”** that
ahredder explosion damage ususlly results
from either ‘a large prolonged release of
flaemable vapor (for example, from a whole
csee of [lamnuble solvent), or from gas
sccumularion iu & jumsed shredder.

EXPLOSTON TEST PROCEDURE AND INSTRUMENTATION
Explosion teets in the shredder mock-

up have been conducted with propane-air
mixtures of varying size and concentrations

in the range 3.5-4.0% by volume*, Ces mix-
tures for the first two rests were formed

by rotor-induced mixing with upen inlet and
discharge areas. However, this unrestrained
mixing resulted in a very weak explosion in
the first test and in no explosion ar sll
(after three attempts) in the second tesc.
Therefore, subsequent tests have be>n con-
ducted by confining the gas mixture with
polyethylene sheets.

An electric match was used for the ig-
nition source in all but the last two teats
wvhich were fired by a condenser spark dis-
charge. The electric match in the first .
test was placed near locatfon A in Figure 1
because the highest concentrations were
measured there in the g-s mixing tests. 1In
subsequent tests with a more uniform gas
mixture, the ignition source was at location
D, which 18 closer to the center of the ham-
mermill.

Explosion pressures have been measured
with two Dynisco Model PT321 strain gage
transducers with a calibrated range of 0-10
psig. One transducer labeled Gage B, was
mounted on one side wall of the shredder,
41 in. (104 cm) directly above the shef.
(location PTB 4in Figure 1). The ~incr
transducer, called Gage A, wr. installed in
the opposite side wall. 7 rc (0.61 m) below
the .top of the shred.er (location PTA fn
Pigure 1). Tre.sducer output was wired to
signal coriitioning amplifiers and then in
paralica to an osclllograph and a FM analog
r.gnetic tape recorder. Data on the analog
tape recorder has subsequently been digit-
ized and stored on a Hewlett—-Packard 2114
minicomputer. -

Videotapes and high~speed movies have
been obtained for most of the explosfon
tests. The video camera has been located
sufficiently far from the shredder to ob-
taiu an overall view of deployed vent panels’
and vented flame, vhile the Hycsm lé-em
cemers has oeen mounted at a window in the
shredder vall. Thus, flame evolution with-

*The stoichiometric propane air concentra-

tion 18 4.0 volume percent. This is also
approximately the concentration at which
the ivum laminar buraing velocity
ocecurs®, but 1is legs than the concentra-
tion {5.2X propane) at which the highiest
pressures were measured in previous explo-
sion verting tentas'b-



in the shredder has been observed with the
Hycam film.

Four deployable 16-ft- (1.5 m?) vent
panels at the top of the shredder have been
employed in all of the tests t> date. Vent
deployment pressureg were varied from test
to test, as were the panel restraining tech~
niques., Some panels were hinged only, some
were tetheved by aircraft cabte, and others
were both hinged and cabled. 1In the zore
violent explosions, such as the last test,
none of these restraining methods were com~
pletely successful. A similar lsck of suc-
cess with blow-off panel tethers (for build-
-ing panels) has been reported in the ac-
counts of the Untario shredder explosions™.
One pronising technique which hag recently
been tested successfullyl 18 the use of
jJerry-rigged shock absorbing fasteners for
.the cables. A similar vent restraining
techniyue may be tried in future tests in
this project.

EXPLOSION TEST RESULTS

Test conditions and peak pressure data
are summarized in Table 2. If we ignore
the variations in propane concentraticn
(There 1is only a minor change in laminar
buranjng velocity in the range 3.5-4.0% pro-
pane”.}, the primary irdependent test vari-
ables are mixture volume, shaft speed, ard
vent deployment pressure. Although no for-
mal analysis of variance has been concucted,
it 18 clear from the data in Table & that
all cthree independent variables significant-
ly affect the maximum overpressure, Pp.. -
For :xample, conditions in Tests 1 anc §
vere identical except for the values of vent
deployment pressure. The higher nominal
vent deployment pressure in Test 3 (0.8 psig
versus 0.2 psig) caused the values of P
messured on both transducers to lncreesgaﬁy

0.7-0.9 psig, i.e., by 35-531. Similarly,
increasss in shaft speed and mixture volume
also resulted in substantial increases in
- Poax-
The vent release preasure data in Table

2 indicate that the actual pressure at which
the vert is fully deployed i3 several times
higher chan the static deployment pressure
(based on the ratings of the explosior vent
fasteners). This may be due either tc the
higher release pressure of the faateners
under dynamic loads, or to the inertia of
the heavy vent panels after they have been
released.

Pressure traces obtained in explosion
Teats 3 and 6 are shown in Figures & and §,
respectively. The trace for Test 3 has one
major peak corresponding to the time at
wvhich the vent panels are fully deployed.
The trace for Test 6 has mgltiple peaks,
vhich are often observed’s® in explosion
venting tests with relatively small vent
areas. The first peak in Figure 5 occurs
vhen the vent panels are fully deployed,
while the higher peak at 250 msec probably
occurs when all of the combuastible gas mix-
ture has been burnt,

Peak pressures measured by Cage A at
the top of the shredder were consisteantly
higher (by 4-54Z) than the valuea of Pgay
meagured by Gaga B {n the hammer circle
region of ‘the ghredder. The reason for this
difference in peak pressures is not immed-
{ately apparent.

The test sequence indicated in Table 2
has been geuerally increasing in explosion
severity. The last test conducted so far
(Test 7) was considerably more violent than
the preceding tests. There was minor damage
to some plywoed pamels, vent panel re-
straints, and gsome welds on the structural
frame. The damage has now been repaired
and preparations are under way to go to
more severe test conditions in the form of a
higher shaft speed (%00 rpm), more hammers
{48), and propane concentrations of 4.0-
5.5%. Of course, it will be necessary to
use smaller gas mixture volumes and/or
larger vent areas to test under these con-
ditions without further damaging the mock-
up.

Existing explosion venting deasign
guidelines are based upon a worst-case gas
mixture (about 5.2 propane) filling the
entire enclocure volume under the most tur-
bulent conditions anticipated. As discussed
previously, test conditlons to date have
been somewvhat less sevevre than this hypo-
thetical worst-case scenario. Nevertheless,
it is interesting to make a prelfminary com-
parisor. of our data with the existing explo-
sion vent design guidelines.

~ In particular, we have compared our
peak pressure data from the lsst two tests
{with a gas mixture filling the entire ham-
mermill), with pressures estimated from the
Runes Equation and the Battkuecht nowographe
in the 1978 NFPA Explosion Yenting Guide .
The Runes Equation is generally regarded as



TABLE 2. SHREDDER EXPLOSION TEST DATA

Propane Vent Release
Vefght Concentrsation Mizture Volume Shaf Speed Vent Arast Preseure (peig) 'nx
Test § (1v) ) (ft’) (2 of Shredder)® (rp) ({tz) Scatic Actual (pois)
— Cage A Cage §

1 2 4.0 Uncontrolled Mixing 690 0 - - 0.15 s
b4 3 3.5-4,0 100 ) 660 16 0.8 2.3 2.7 2.6
4 3 4.0 100 (44) 438 76 0.3 1.1 1.3 1.1
s 3 3.6 700 (A4) 660 16 0.3 ¢ 2.0 1.7
6 ? 3.6 1600 (100) 250 76 0.2 1.3 4.8 3.1
? ? 3.7 1600 {100) 660 76 0.2 1.75 - 4.3

*Percentegas of shredder volume are based on volume excluding inlet -hood
4+Vent ares does not faclude shredder discharge ares or iclet hood area

t‘h-t #1 444 not produce sn explosion because the uncontrolled mixzing resulted in the ignitor firing s fev seconds too late

#The sctual vent release pressure 18 not knowvn for Teat 5 because the cscillograph was sterted too late
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being quite conservative, since it implies
that peak pressures can be somewhgt higher
than had been measured previously 16 in
methane-air and propane-air explosion tests
in room-size enclosures. Howevi-, the peak
pressure data for shredder explo.ion Tests
6 and 7 (4-5 psip) are quite cloee to the
pressure indicated by the Runes Equation
for the corresponding vent ratic (ratio of
minimum enclosure cross-sectional area to
effective vent area) based ouly on the area
of the vent panels at the top of the shred-
der.

Good agreement is also obtained when
considering the Bartknecht nomogzaphs in
the NFPA Explosion Venting Guide”. The
nomograph for hydrogen has been used be-
cause it represents a burning velocity
.hypothesized“ to be comparable to a Lurning
velocity for a turbulent propane-air mix-
ture. These nomographs are presented in
teras of enclosure volume, which, in the
case of a shredder, can be calculated either
with or without the volume of th2 irnlet
hood. If the inlet hood volume is neglected,
the hydrogen nomograph estimates a peak
presgure of about 3 peig (0.2 bar); while a
peak pressure of 6 psig (0.4 bar) is sug-’
gested for a shredder volume that {ncludes
the inlet hood. In both casesc, the only
vent area credited has been the vent panel
area at the top of the shredder. It is
clear from these two comparisons, that ex-
plosion vent design un the basis cf thege
existing guidelines should not include any
credit for the discharge hood because it is
apparently ineffective as a result of con-
finement of the discharge conveyor (or
concrete test pad in the case of the mock-
up).

Further explosion testing is planned.
not only to explore the range of validity
of these preliminary results, but alsoe to
investigate vent ducting effects. Plans
have been formulated to install a 15-ft
(4.6 m) high vent duct on top of the shred-
der. This type of vent duct configuration
has recently been 1ngtnlled in several MSW
shredding facilities”-

PRELIMINARY CONCLUSICNS

The following preliminary conclusiens
are offered together wich the caveat that
they ere sublect to moldification from test
data and analysis to be forthcoming in the
xemainder of this project:

1. Flammable vapor releases of 2 1lb
(1 kg or less in a large unobstructed MSW
shredder are rapidly diluted and discharged
everyvhere except possibly at the ends of
the hammermill shafr. An explosion result-
ing from thig limited quanticy of flammable
vapor released in an unobstructed shredder
is unlikely to do apy significant damage,
even {n the absence of explosion venting or
supprassion.

2, 1f inlet and discharge areas are
obstructed and a propane-air mixture in the
range 3.5-4.0% propane forms throughout the
shredder, -peak explosion pregsures of about
> psiz can be exvected even when the entire
top of the shr  -r is allowed to blow open.
In the absence ~f any venting, considerably
higher preasnuies would be expected.

-3, 1f heavy explosion vent panels
are attached to the shredder with collapsible
vasher-cype fasteners, vent deploymeut pres-

-sures during a turbulent gas explosion in

the shredder are several times as high as
the hydrostatic release pressure.

A 1f existing explosion venting de-
gign zuidelines are used to esrimat> re-
quired vent areas, no credit stould be taken
for saredder inlet and discharge arcas;
these areag are too confined to be effec—
tive vents.
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ABSTRACT

An experimental and engineering evaluation of conveyors for municipal
solid waste (MSW) was conducted by the National Center for Resource

Recovery, Inc.

This paper discusses the materials properties and charac-

teristics affecting the conveyability of MSW -~nd its processed fractions,
and reports on experimentally determined values or observed characteris-

tics.

Tests on belt conveyors (horizontal or inclined) and vibrating con-

veyors wera carrled out for six waste fractions, using a specially assem-

bled, closed-loop test rig.

A procedure for the selection and operation

of belt conveyors based on an admissible spillage rate is proposed, ana-

lyzed and corroborated by test results.
vibratinag pan conveyor are also described.

Experiments performed on a
Results discussed indicate

trends and sensitivities over the range of frequency, amplitude and

materials investigated.
INTRODUCTION

Consicdered in the abstract, a
"generalized"” resource recovery fa-
' cility may be considered as a sys-
tem in which one or more inputs
(feedstocks and energy) are pro-
cessed into a number of products
(materials and/or energy) in a se-
quence of unit operations, such as
‘shredding, air classification,
screening, densification, etc.
(Figure 1). As sketched, these
operations are carried out either,
in series or in parallel. Such
‘parallel or alternate strezms might
b2 provided for the sole purpose of
improving reliability or availabil-
ity, on a permanent or emergency
basis.

What is also apparent from
Figure 1 is that the function of
conveying waste materials or

*presently with Bechtel Civil and
Mining, Inc., Gaithersburg, MD
20760

‘arocessad fractions of wastes is

crucial to the satisfactory
operation of the system, Thus, it
is imperative that conveyor sys-
tems for municipal solid waste
(MSW) and its processed fractions
be designed for reiiability, low
maintenance and ilow spillage, and
yet not be specified so conserva-
tively a3 to he grossly oversized
and too costly.

A recent study of research
needs in resource recovery was per-
formed for the Department of Energy
by a. Scaramelli et al. (1). Under~
lining the need for systematic re--
search in materials handling and
storage systems, the study cited a-
number of facilities which experi-
enced conveying problems during
startup or in full operation:

®*...Ames has experienced
broken links in its drag
conveyor- due to jamming by
oversize materials plugging
of its pneumatic lines



{
|
|
| T""""']
| u
_— 1 &
: '“\\
} Lo d N
MSW |
——ntp
Inputis) |
I S P
| g
| e Uy
| S
{ Unit Operation
l
L_
Figure 1.

caused by bridging at rough
internal surfaces; and jam-
ming of airlocks by over-
sized objects... Chicago's
problems with pneumatic line
plugs are similar to those
‘at Ames... Hamilton has
experienced bridging at tran-
sition points... The screw
conveyor at Lane County was
too small, causing ]ammxng
and brxdglng...

Obviqusly, there is available
literature dealing with the choice,
design, construction and operation
of various types of conveyors for
a larye number of (in fact, most)
bulk solids. As an example, the
1979 edition of -a classic handbook
on belt conveyors (2) lists a num-
ber of relevant physical or other
-descriptive properties for a total
of 411 such naterials, or forms of
materials (chips, shavings, etc.),
from alfalfa meal to zinc oxide,
through crushed ice and ground oys-
ter shells. Yet, with the possible
exception of glass cullet, no such
information is given or is availa-
ble on the properties or conveya-
bility of MSW and its processed
fractlons.

-Aa a result, design choices
and the selection of equipment in
exigting recovery plants were made
on an ad boc basis, possibly based

i

}Output

|Products

'Resource recovery system schematic.

on ag little as a name, a compacted
bulk density, a desired capacity
and some idea of the largest size
of particles conveyed. If problems
developed in operation, the symp-
toms were more readily apparent
than the causes. Many processing
plants show examples of ingenuity

in “fixing"™ a troublesome part of

the conveying system, such as a
special belt wiper or an unusual
cleat arrangement. These field
modifications are actually after-
thoughts, attempting to remedy a
problem not anticipated in the use
of an unfamiliar and relatively
heterogeneous material.

There is little argument that
to the maximum extent possible,
trouble in operation should be an-
ticipated and prevented by sound
design. However, the design
engineer or equipment vendor might
be lacking, even unknowingly, infor-
mation or data vitally nreeded for
this task. Some of these data, such
as bulk density, are quantitative
and should be measured following
procedures which are meaningful for
the particular application being
considered. Others are assessed
"characteristics,” about which

‘qualitative statements, for exam-

ple, ®"very sticky,® are made.
Finally, the designer might not be
aware, or avail himself, of all
relevant conditions in use, such as



the particular type of loading,
discharge arrangement, frequency
and intensity of surges, etc.

Upon starting the work reported
in part in the present paper, it was
recognized that there was a near
total iack of data on properties
and characteristics of MSW and its
processed fractions, as they might
affect conveyability., Second, it
was unclear which of these descrip-
tors of the materials were most
significant in the design and
trouble-free operation of systems.
Finally, a need existed to provide
an engineering basis for the evalu-
aticn and field testing of exizting
conveyor assemblies at existing re-
souT . recovery plants. These con-
siderations provided the. basis for
the objectives of this investiga-
tion,

OBJECTIVES OF THE WORK

In mid-1979, the first phase
of an investigation of conveyor
systems was initiated by the
National Center for Resource Re-
covery, Inc. {(NCRR). 1Its obiec-
tives were to:

- determine, for commonly
encountered waste ma-
terials, i.e., MSW and
some of its processed
fractions, which proper-
ties and characteristics
had significance in
assessing conveyability
and conveyor design;

- measure these significant
properties;

-~ establish criteria and
methods for evaluating
conveyors at resource
recovery plants; and

-~ provide reliable engi-
neering data for future
uge by conveyor design
and plant operating
engineexs.

The determination or measure=
ment of properties and qualitative
observations were made in the

laboratory or on a test conveyor
rig installed at NCRR's Resource
Recovery Laboratory at Upper Marl-
boro, MD. Engineering analysis
and criteria development were done
concurrently with the experimental
work.

wWithin the scope of this first
phase of the work, belt conveyors
(horizontal and inclined), vibrat-
ing conveyors and apron conveyors
were considered., Additionally, -a
test plan for a pneumatic conveyor
rig was defined.

In the present paper, to allow
more room for a discussion of the
approach taken, its rationale and
detailed results on six waste ma-
terials from MSW, it was decided to
limit the discussion to two types
of solids conveyors: '

- belt conveyor (hori-
zontal and inclined)

- vibrating conveyor.

DESCRIPTION OF FACILITY
"AND TEST RIG

Since, to some extent, ma-
terials properties and character-
istics to be determined are linked
to the particular type of conveyor
sy3stem being siudied, a descrip-
tion of the facility and test rig
utilized might be in order at this
point. -

The conveyor test rig, de-
sigred and installed at the Upper
Marlboso research facility wus .
completed in 1979, 1Its design
was based on several considerations:

- abiliLy to circulate &
constan: (or quasi-
constqnt) mass flow rate;

- easy access for sampling;
and

~ flexibility to incline
or decline, or inter~
change test conveyors.

_These led to the choice of a
conbinuous loop, recirculating flow



configuration, as shown in Pigure 2,
To maintain a constant mass flow
rate, the mass of material on the
loop was changed at different
speeds of the conveyors. It was
experimentally verified that a con-
stant mass flow rate was indeed
realized along the loop. An
attempt had earlier been made to
use a surge hopper with a variable
speed conveyor to keep a constant
feedrate, but this procedure was
abandoned because it resulted in
surging and poor feedrate control.
The various components of the test
rig are identified in Fiqure 2.

Table 1 lists the specifica-
tions for each conveyor. Worthy of
note, conveyor 2a (Table 1), which
is the test belt conveyor, was
modified for testing with new
idlers, belts and a variable drive
motor to provide a range of speed
from 0.20-m/s to 2.44 m/s (40 ft/
min to 480 ft/min). Testing con-
veyor 2b, of vibrating type, was

juipped with a variable speed
:ive and interchangeable cam
1afts to change stroke length. It

was leased from Carman Industries,
Inc., Jeffersonville, IN,

PROPERTIES AND CHARACTERISTICS OF
MSW MATERIALS AFFECTING
CONVEYABILITY

As pointed out earlier, engi=-
neering data on materials proper-
ties and handling interactions are
available for most bulk solids (2),
but not for those of interest here,
namely MSW and its processed frac-
tions,

Among the many properties
affecting conveyability, some of
the most important might be: bulk
density, moisture, particle size,
angle of surcharge, cohesiveness,
angle of internal friction, etc,
Table 2 shows a complete list of
bulk material properties affecting
conveyability, according to the Con-
veyor Equipment Manufacturers Asso-
ciation (CEMA) (3). Asterisks indi-
cate those which were ccnsidered to
be unrelated to the conveyability of
waste on solids conveyonrs. Daggers
refer to properties fcr which test

YOI

Surge Bin/
vari-Speed
Apron Conv.

Return Conv.

L e e e ——————

Test Conveyors
(Belt 2a, Vibt. Pan 2b)

Vibt.
Feeder

” - "
m -~ ~
Vari-Speed ,.—’é - Test Conv.

Apron-~Conv.

variable
Tncline

Fiqure 2.

S e o o S ——— -

Recirculating test rig laybdt.



TABLE 1.

TEST RIG CONVEYGR SPECIFICATION

Conveyor Width Length Drive Idlers Stroke/ Tacline Speed Manufacturer
m (in.) m (ft) angle freq.
Feed Apron 0.749 2.06 variable N/A N/A 0° 0.14 Bonded
(29.5) (6475} m/s Equipment
(27 fpm)
Test belt 0.457 7.63 variable 20°/ N/A 09-32° 0.20-2.44 Bonded
conveyor (18) {25) 35¢ max. /s (40- Equipment
480 fpm)
Vibrating 0.603 4.58 variable N/A 12,7 rm 0° N/A Carman
conveyor (23.75) (15) (1/2 in.)/ Industries
400-560 cpm
22.2 mm
(7/8 in.)/
470~545 cpm
Transfer 0.508 1.83 constant N/A 4.8 mm. o° N/A Meyer
vibrating (20) (6) (3/16 in.)/ Machine Co.
conveyor 1300 cpm
Return 0.508 .67 constant 35° N/A 17° 1.04 m/s Bonded
conveyor {20) {31.7) {205 fpm)} Equipment




TABLE 2. PROPERTIES AND CHARACTERISTICS OF BULK
MATERIALS EFFECTING CONVEYABILITY

Praoperties (measured)

1. Abrasivenesst*

2. Angle of external friction*

3. Angle of internal friction*

4. Anole of maximum inclination (of a belt)
. &ngle of repose

. Angle of slide

. Angle of surcharge

. Bulk density - loose

. Bulk density - vibrated

. Cohesivencss*

11. Llevated temperaturet

12. Flowability - flow function*

13. Lumps - size - weight

14, Specific gravityt

15. Moisture content

16, Particle hardness*

17. Screen analysis and- particle size consist
18. Sized and unsized material

Characteristics (assessged),

Aeration - fluidity+

Becomes plastic or tends to softent
. Builds up and hardens
. Corrosive

5. Generates static electricityt

6. Degradable - size breakdown

7. Deteriorates in storage - decompositxon
8. Dusty

9. Explosiveness

10. Plammability

11. Harmful dust, toxic gas or fumes

12. Hygroscopict
13. Interlocks, mats and agglomerates
14. 0Oils or fats presentt

15. Packs under pressure

16. Particle shape

17. Stickineas - adhesion

18. Contaminablet
19. Very light arnd fluffy - may be windswept

o wN -
o=

*Test methods for processcd solid waste fractions
yet to be developed.

tConsidered unrelated to conveyability of solid
waste.
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metheds for MSW and its processed
fractions have yet to be developed,

Materials Tested

For the purpose of these tests,
representative samples of the
following fractions were obtained
from the Baltimore County Resource
Recovery Plant, Cockeysville, MD:

{1) shredded MSW; nominal
size =102 mm (-4 in.);

{2) air-classified light
fraction or refuse-
derived fuel (RDF),
nominal size =51 mm
(=2 in.);

(3) densified refuse-derived
fuel pellets (d-RDF);

{(4) air-classified heavy
fraction (HF);

(5) magnetic or “ferrous”
fraction (MF): and

(6) blend of 4-RDF and coal
(1:1 on a volumetric
basis).

Properties Measured and Results

A complete description of test
methods and procedures is given
elsewhere (4) and would be too
lengthy to reproduce here, The dis-
cussion will be limited to general
comments and results, and to
applicable properties or character-
istics.

Abrasiveness, Anqle of External
Priction, Angle of Internal
Friction

It was determined that current
CEMA met™ods (3) cannot be applied
to measure these properties on solid
waste, The development of new, re-
liable procedures was found to be
outside the budget and time limits
of this investigation. Some effort
was spent on determining mass loss
-on two types of material - aluminum
sheet ‘and belt rubber lining - being
impacted by the solids over a stan-
dard time interval; results were in-

‘tribution in the pile.

conclusive, The angles of internal
and external friction are doubtless
of significance to the overall
problem of conveying over the equip-
ment lifetime, but were not needed
in the engineering evaluation de-
scribed below.

Angle of Maximum Inclination

) On a belt conveyor, the angle .
of maximum inclination is that an-
gle, in degrees to the horizontal,
at which the empty belt successfully
will elevate the material fed to it.
It was observed to be dependent upon
masg flow race and belt speed. For
a "central"™ value of mass flow
rate - which we estimated to be the
middle of the range for each of the
materials listed and for a nor-
malized belt speed of 0.51 m/s
(100 fpm} - Table 3 lists the an-
gles of maximum inclination. The
belt was 457 mm (18 in.) wide, with
35° idlers. Angles are seen to in-
crease with the bulk density of the
material (see values following).

Angle of Repose

The angle of repose for bulk
materials being stockpiled is that
angle between a horizontal line and
the sloping line from the top of the
pile to the base. The results are -
shown in Table 4.

; It is ncted that, for each ma-
terial, o range of values is reported
As should be expected, the angle of
repose for a given material varies:
due to irregularities in particle
shape, size and their relative dis-
Accordingly,
the piles were never conical, and
different angles of repose were mea-
sured at varying horizontal angles
from the center of the pile. A ;
qualitative observation is that nar-
rower ranges are observed for rela-
tively more horogeneous fractions,
such as d-RDF or the ferrous frac-
tion.

Angle of Slide

The angle of slide is that an-
gle to the horizontal of an inclined
flat surface on which an amount of-



TABLE 3.

ANGLES OF MAXIMUM INCLINATION

Belt Ang}e of
raeiont alfih ) felefglers pelaed N ioh inclipation

MSW 457 -(18) 35 0.51 (100) 0.9 (1.0) 19
RDF- 457 (18) 35 0.51 (200) 0.9 (1.0) 21
d~ROF 457 (18) 35 0.51 (100) 4.5 f5.o3 30
Heavy fraction 457 (18) 35 0.51 (100} 4.5 {5.,0) 28
Ferrous . -

Eraction 457 (18) s 0.51 (100) 4.5 (5.0) 28
d~RDF /coal 457 (18) 35 0.51 (100) 9.1 (10.0) 27

TABLE 4, ANGLE OF RFPOSE

Range

Fraction
MSW 25%-52¢°
“ROF 29°-49°
d-RDF. 27°-469
Heavy fraction 30°-59°
Ferrous fraction N/A
d-RDF/coal 40°-45° .

material will slide downward due to
its own weight. Repeatability in
the experimental determination of
the argle of alide is somewhat
limited. The angle will vary with
the:

type of subsStrate (steel,
-pelting. etc.}); :

physical condition of
the underlying surface;

state of compaction of
the material; and

"rate of change of slope
as performed by an
operator.

Tests were conducted on both a
smootr steel plate and conveyor

' belting material (rubber). For each

slide test, approximately 142 dm’
(0.5 ft?) were utilized. As could
be foreseen, results given in Table
S show higher values for the angle

_ of slide on belting material than on

n

the steel plate. The various frac-
tions listed would, under static
conditions, slide down a conveyor
belt or chute at an angle equal to
or greater than the value given in
Table 5.

Angle of Surcharge and Maximum Angle
of Surcharge

The angle of surcharge, a, is

the angle to the horizontal which

the surface of the material assumes _
while the material is at rest on a
moving conveyor belt (Figure 3).

For bulk solids listea in the CEMA
handbook on belt conveyors, this an-
gle is said to be in observed condi-
tions of use from 5° to 15° lower
than the angle of repose, althcugh
it may be as much as 20° lower for
some materials {2)., As observed,
this angle is not an intrinsic prop-
.erty of the Lulk solids, but ratner
an- indication of operating condi-
tions determined to be satisfactory;
it should, therefore, be dependent
on the conveyor velocity, confiun~
ration and mass flow rate. ZIn a
vibrating conveyor, the angie of
surcharge is practically 0°,



TABLE 5.

ANGLE OF SLIDE

Solid waste fraction

on steel plate

aAngle of slide

on conveyor belting

MSW 29,3° 30.0°
RDF 31.0° 35.0°
d-RCF 32.8° 34.5°
Heavy fraction 27.5° 28.5°
Ferrous fraction 17.5° 32.0°
d-RDF /coal 22.0° 24.0°

Belt
Conveyor

Ti1at Cnnveyor
\with skirtboard)

. . a
i \ ;

==

FTzt zo-on corseyor

(N2 skirtbeard)

Figuve 3.

We have defined here the maxi-
mum angle <o surchiarge on a belt
conveye:, omax, a5 the experimen-
tally dete:mined angle at which the
‘cunveycr can be loadzd to maximum
capacity (or maximum cross~section]
under static conditions (i.e., with
the belt at rest)}.

Table 6 lists the observed
values of the maximum angle of sur-
charges for six materials and two
idler angles.

Loose Bulk Density

Under actual conditions of use,
MSW or its processed fractions may
be- less compacted or "looser” than
could be inferred from measurements
on a vibrated or tapped mass of the
material.

k! ]

augie of surcharge.

Accordingly, the loose bulk
density, thought to be similar to
the “as conveyed" density, was mea-
sured in a test in which the solid
waste fraction is discharged from
its container and piled in a cone,
without any other compacticn. Al-
thoigh there exist several published
standards for determining bulk den-
gity (3), the American Society for
the Testing and Materials (ASTM)
methods suitable for aggregates and
coke cannct be applied towards bulk
density determination cf solid waste
fractions. The procedure developed
by NCRR for this work is detailed
elsewhere {4). Basically, the mass
and volume of the cone were measured
to determine the loose or "as
conveyei®” bulk density. Results are
given in Table 7,



TABLE 6. MAXIMUM ANGLE OF SURCHARGE

Solid waste Maximum angle of

fraction Surcharge !
20% 1dler 3?’ Idler

MSW 58° 54¢
RDF 51°¢ 65°
d-RDF not measured 49°
Heavy

fraction 48° 59°
Ferrous

fraction not measured 52°
d~RDF/coal = not measured 40°

Relatively wider ranges are re-
ported for the more heterogeneous
fractions, due to the presence of
discrete pieces of heavier or larger
"size materials. Also, higher aver-
age values for the bulk densities of
HF or MF are due to the dencer fer-
rous or glass components,

Vibrated Bulk Density'

The vibrated bulk density is
the weight per unit volume measured
after the sample, in its container,
has been compacted by vibrating or

tapping the container. ASTM has re-
cently recommended a standard for
the bulk density determination of
soli’ waste fractions (3).

Briefly, the various solid
wagte fractions were placed in a
£8.4 dm’ (1.ft’) container, tapped
several times., The material was
thereby compacted, and its weight
and volume recorded. Results are
given in Table R,

By comparing Tables 7 and 8, it
can be seen that some vibrated bulk
densiti~s are higher by about 7%
than the loose bulk densities. The
vibrated bulk density is often used
in specifying mass flow rates on a
conveyor; however, the loose bulk
density is more representative of
the actual conditions in cperation.
It is proposed that this value be
used for MSW and its processed frac-
tions.

Cohesiveness, Flowability, Particle
Hardness

No measurement techniques for
solid waste fractions are available.
However, these properties are ob-
viously of importance in a number of
applications, and future research
work is warranted in this direction.

TABLE 7. BULK DENSITY (LOOSE}

Bulk density (loose}

Solid waste . kg/m® (1bs/ft?)

fraction Range Average
MSW 61 - 152 (3.8 -~ 9.5) 106 (6.6)
RDF 4 -50 (2.1 -3.1) 3 2.7
d-RDF 361 - 387 (22.6 - 24.2) 374 (23.4)
Heavy fraction 366 - 598 (22.9 - 37.4) 482 (30.1)
Ferrous fraction*
d-RDF/coal 712 (44.5) 712 (44.5)

*Cannot be parformed

¥

within reasonable accuracy on a small pile.



TABLE 8.

BULK DENSITY (MAXIMUM)

Bulk densitx
)

‘Solid waste - kg/m® (lbs/ft
fraction Range ) Average
MSW 66 - 200 (4.1 - 12.5) 134 (8.4)
RDF 37 - 72 (2.3 - 4.5) 54 (3.4)
d=-RDF 402 - 486 (25.1 ~ 30.4) 445 (27.8)
Heavy fraction 334 - 451 (20.9 - 28.2) 435  (27.2)
Ferrous fraction 194 {12.1) 194 {12.1)
d-RDF/coal 590 (36.9) 590 (36.9)

Size and Height‘of Lumps

According to CEMA, lump size is
the maximum linear dimension (in
inches) of a large particle (or a
stable agglomeration thereof) of a
bulk material. 1Its weight is ex-
pressed in pounds of the maximum
size lump (2).

Whereas this definition might
make sense for a brittle, blocky
and/cr homogeneous material, it is
thought to be largely inapplicable
to solid waste fractions, and should
not be retained as-such. Particle
size distribution, determined by
sieving, and weight digtribution by
component are more indicative af how
*large® the conveyed material ts
compared to the belt width. Yet,
pliable materials such as textiles
and plastics might be much larger
than the nominal grate or sieve éize,
and streams with significant amounts
of these ccmponents are more prone
to spillage. Considerable work re-
mains to be done in characterizing
MSW and its processed fractions as
to the actual "size" of its com~
ponents seen by the conveyor belt.

Moisture Content

. In the moisture content, only
the absorbed and adsorbed water,
measured by drying and evaporation,
are considered. Due to the varia-
bility of moisture in solid waste

fractions, the values reported in
Table 9 should be taken as no more
than general indicators.

Those materials with high moi-
sture content, such as MSW or HF,
may .prove over long periods of time
to cause-maintenance problems due
to corrosion by salt and moisture.
Moisture content in excess of 40%,

while beneficial in limiting dust

emisgions, could contribute to
stickiness and adhesion on the belts
and chutes.

Screen Analysis and Particle Size
Distribution {PSD)

A screen analysis was per-
formed on each sample. The material
was gsubjected to a standard shaking
action, and the percentage by weiglht

-xetained on each screen of a series

of test screens was measured, The
biggest opening screen was on top
and the smallest on the bottom.
Results of the particle size analy-
ais for all five fractions are
given in FPigure 4. No particle
size distribution analysis was per-

formed for the blend of d-RDF pel-
lets (diameter 13 mm) and coal

(958 <35 mm}. -

The information contained in
such PSD results, for example that
RDF is relatively uniform in size
{40% by weight between 13 mm and
19 mm (1/2 in. and 3/4 in.)),



TABLE 9.

MOISTURE CONTENTS

Solid waste

Moisture content
(wt® as-received)

fraction Range Average
MSW 18 - 30 21.8
RDF 9.1 - 19 14,2
d-RDP 20,5 - 22.7 20.6
Beavy fraction 9.2 - 20.8 15.9
Ferrous fraction 2.6 2;5
d-RDF/coal - 9.3 9.3
0 Sized and Unsized Materials
10 q\l\\ \ A sized material consists of
K“\ ) particles passing through some de-
20 N \—ﬂp? fined square mesh screen opeuing
\ and retained on some smaller mesh
; screen; a partially sized material
30 is made of sized and unsized ma-
. \ terial,
40
\ \\L Under that definition, solid
50 N waste fractions arc unsized, with
' the possible exception of 4-RDF,
60 which is produced relatively homo-
\\ aw genaously from RDF by an extrusion
. ' K - process.
7 \ N \q
&1 \Fertou FracLioh\ A\ Characteristics Assessed
<
(I \l_ ‘) Certain characteristics do not
%7 eavy Fradtipn have defined measurement procedures,
but still must be assessed in de-
103 x\‘!~J Pl signing a conveyor system. Table 10
. v an o i . . lists these characteristics with re-
4% 3% 2% 1" 3/4° 17/2° 1/4™ lated properties in a material class
description form. Conditions and
. materials are taken to be “average.”
Sieve Opening Purther details on these charac-
teristics and their assessment are
Figure 4. Particle size distri- given by CEMA (2,3).

bution of test samples.

should prove useful in selecting
belt width, idler angles, height of
trough and in the design of dis-
charge and dribble chutes.

Using the above CEMA code of
claesification for MSW and its pro-
cessed fractions, codes were de-
vised for the Bix materials studied
here and are listed in Table 11.

It is recommended that they be used
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'TABLE 10, CEMA MATERIAL CLASS DESCRIPTION

Material Characteristics Code
very fine - less than 100 mesh Moo
Fine - 3,2 mm (1/8 in.) or less Bg
SIZE Granular - 76 mr (3 in.) or less C3
Lumpy - containi 1 in.
Py ontaining lumps 406 mangsl_elé\s) Dyg
Irregular - stringy, interlocking E
Very free flowing - angle of repose legs than 1%° 1
FLOWABILITY free flowing - angle of're96se 2G° o 29° 2
ANGLE . ;
OF REPOSE Averaqe flowing ~ angle of repose 30° to 39° 3
Sluggish - angle of repose 40° and over 4
Non-abrasive 5
. abrasive §
‘ABRASIVENESS
Very abrasive K
Very sharp - cuts or gouges belt conveyors B
Builds up and hardens " F
Deteriorates in storace H
Corrosive s
CHARACTERISTICS Degradable - size breakdown . Q
{ASSESSED) Dusty L
Explosiveness N
Flammability T
. Harmful dust, toxic gas or fumes R
Interlocks, mats or agglomerates v
Packs under pressire. X
CHARACTERISTICS .
Stickiness - adhesion o
very light, Eluffy Y

[+



TABLE 11,

MATERIAL CHARACTERISTICS

Avg. loose Angle of Angle of CEMA’
] bulk density repcse maximum material

Fraction kg/m® (1bs/ft’) {degrees)  inclination code

{degrees)

MSW 106 (6.6) 25 - 52 19 E36HVO
RDF 43 (2.7) 29 - 49 21 E3S5HLTXY
@-RDF 374 (23.4) 27 - 46 30 D325HQL
Heavy fraction 481 (30.1) 30 - 5¢ 28 E4 THQVO

Ferrous fraction 192mé§}2'0) N/A 23 D1g6

d-RDF/coal M2 (44.5) 40 - 45 27 D346HQL

with an awareness of tneir limita-
tions, in view of the heterogeneity
and variability of these fractions.

Belt Conveyors: Analysis of the
Bagsis of Spillage Rate

Belt conveyors are widely used
in mining, construction and process-
ing plants, Compared to other
types, they often have the advan-
tage of being economical, relatively
simple to operate and able to con-
vey materials of varying composi-
ticn, size and moisture. They can
be operated in the horizontal, in-
clined or’ declined mode. In re-

source recovery plants, they are in

conmon use-to transport MSW or its
processed fractions.

In spite of the simplicity of
the operation and design of such
gystems, operating experience at
resource recovery plants shows that
many problems still beset belt con-
veyors: spillage, jams, blow-back
or roll-back, dusting, etc. Some of
these problems no doubt are due to
properties and characteristics of
the materials conveyed. Therefore,
the variables or parameters on
which some degree of control exists
‘{at the design stage, or in opera-
tion) need to be "fine-tuned® for a
gpecific location and type of ma-
terial. :These may include the belt
speed and acceleration, its inclina-
tion, the idler angles and the load-
ing and discharge configurations.
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A rationale for the design and
analysis of a systematic .series of
tests, run on a horizontal or in-
clined belt, was developed as part
of this investigation. Based on the
concept of maximum admissible spil-
lage rate, it is described in gen-
eral terms below, More details can
be found in the Contract final re-
port {(4).

Rationale:
Spillage

Designing for a Rate of

In designing a series of tests
to define the range of "good" or
“best™ operation of a belt corveyor
carrying a given material, some
thought should be given to the cri-
teria by which such labels as "good”
or "best” might be awarded.

: Experience or observations
gathered at a number of operating
plants with belt systems to convey
solid waste fraccions strongly sug-
aests that by far, the most un-
desirable feature in such systems
is a high rate of spillage.

-Spilled material on the sides
of conveyor bdelts, or at transfer
points, will fall on the floor,
jam rotating pieces of equipment
and be a cause of constant prob-
lems in maintenance, odor, sanita-
tion and clean-up. To illustrate,
assume a rate of spillage of 1% of
the mass flow rate on a conveyor
belt 30.5 m (100 ft) long. The



belt carries 1.8 Mg/h (2 tons/h)

of light fraction (fluff RDF)
having a .bulk density of 54 kg/m’
(3.4 1b/ft?). After an 8-hour
shift, 0.14 Mg (0.16 ton) will have
accumulated along the belt, repre-
sentin? a total volume of 2.7 m!
(94 ft°’). On each side of the belt,
this would be eguivalent of a layer
30.5 cm (1 ft) wid® and 15 cm

(0.5 £t} high, Such rate of spil-
lage would obviously be intclerable
in steady operation.

Other desirable (althouah pos-
sibly less crucial) features of a
belt conveyor system of known geome-
try, carrving a given materlal, are:

(a) high throughput for a
given size (as measured
by the width of the
belt);

(b} low power consumption;

(c) high reliability and
trovkle-free operation;

(d) low lecvels of dust
emissions; and

(e) ease of transfer of
material to and from
t.e helt,

In view of the aextreme impor-
tance of iimiting spillage to a low,
admissible level, it was decided at
the outset to assess conveyability
on .the basis of a criterion of
acceptable spillage. Then, con-
slderation was oiven to high
throughputg - fcature (a) above -
by studying the dependence of
throughput on belt speed.

Item (b) above, the power con-
sumption, was measured at the var-
ious operating points, with no
attempt made to modify the design of
*he belt being tested for lower
power consumption., It should be
kept in mind, however, that high
power consumption might be one of .
the essential deciding factors when
choosing between an open, skirted
or covered conveyor belt system.

High reliability and trouble-
free operation, item (c), can only
be ascertained after much longer
periods of time than would be possi-
ble in this te3t program, Still,
whenever poussible and justified, in-
cidents of operation, jamming of
equiprent or other incidents were
noted and documented.

As explained below, dust
levels, item (d), were recorded and
evaluated in a relative, and to some
extent, absolute manner. These
levels were obtained at various
"typical" locations (near transfer
points, in the middle of a straight
run, etc.), thus allowing to c¢m-
pare the deperdence of dust leveis
on location as well as on the oper-
ating parameters and the kind of
solid waste fraction being conveyed.

Finally, the eauve of transfer
of the material onto and from the -
belt, item (e), will be highlighted
in two principal ways. First, by
observing and recording trajectories
of the material at the cischarge
point from the conveyor belt, and
comparing them to thaose predicted by
methods conventisnally used in appli~
cations for mat=arials other than
solid waste. Secondly, experimental
vbservations, largely qual.tative,
and ad noc improvements made during
the course of the tests should serve
as a guide for assessing the “pro-
per" mode of feeding the belt with
a variety of feedstocks. This is
particulsrly true in the case of a
steeply inclined belt, for which
transfer and acceleration on the
belt in the zone located directly

.under the chute or feeding stream

are the mechanisms critically limit-
ing throughput and/or producing
surges,

Choice of Test Variables and
Parameters

A schematic representation of
the conveyo: belt system is shown
in Figure 5. The belt, of length
Lp, can be either horizontal {(a = 0)
or inclined at angle a« on the hori-
zontal. At the "inlet” point A, the
input mass flow rate (of dimensions
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SPILLAGE

Coordinate Along The Belt'

Figure 5.

mass/time or [MT-']) is noted tip;
th2 mass flow rate exiting the belt
at point B is noted mgyt.

The spillage rate, s, is a
relative measure of the mass of
conveyed material being spilled per
unit of mass flow rate conveyed and
unit length of belt. Thir would
_appear as a logical definition, but
it should be kept in mind it im-
plicitly contains some assumptions
‘or simplifications. _First, the in-
put mass flow rate, mjp defined
above and shown in Figure 5, is
assumed to be known and constant,
Second, the rate of spillage is con-
strued to be proportional to the
belt length. For long, straight
runs, ihis might be the case only
after the "discreet" spillage at
transfer points A and B, in Fiqure 5,
has been subtracted from the total
spillage. More will be said about
these limitations when discussing

the experiments and test results.

Let mg be the mass flow rate of
material spille? per unit length of
belt. The formal definition of*the
spillage rate, as a fraction (p.u.)
or percentage, will be, with the
above qualifications,

Min

ﬁlin

aﬁs/dx

- = out

B

(per
unit)

m
8 T

: X
in
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Schematic of belt .conveyor system.

or
8, = 100 s © (percent)

Note that s and é% have dimensions
mass/unit time and length (ML='T™'),
gﬁg?glg: A spillage rate of 10~° or
.0l% per C.3 m (1 ft) of belt, on
a belt 30.5 m (100 ft) long fed at
the rate of 1.6 Mg/h (2 tons/h),
would amount to a total awount of
mass spilled, over 1 hour, equal to
10-% x 102 x 1.8 Mg = 1.8 kg {4 lbs),
This would represent 28 dm’ (1 ft?)
of a material having a bulk density
of 64 kg/m® (4 lbs/ft’).

The

concept of admissible {or
maximum)

spillage rate, &max, is in-
trocduced as that upper bound on the
spillage rate which, over the time
periods and lengths of belt con- .
sidered, is deemed tolerable under
the conditions of use. The designer
should choose, for a given material -
and system geometry, an operating
point leading to a lower spillage, s,
than the maximum tolerable one, spax.

Obviously, the absolute level
of such spillage rate is partly a
matter of judgment, partly specific
to the material conveyed and the
operating conditions at the site.
By the same token, in designing a
test procedure for the: present in-
vestigation, the admissible (or



maximum) spillage rate was selected
on the basis of engineering-judg-
ment; not 8o small that it could
not be measured with a gond degree
of accuracy, yet not so large that
it would make the volumes physically
interactable and the flow rates un-
steady. Thus, to-some extent, the
choice of threshold "sp,," is in-
fluenced by the materiai conveyed,
the characteristics of the experi-
mental setup and the attainable
ranges of test parameters, such as
capacity, belt speed, etc.

In the discussion, the material
being conveyed is assumed to he
iven, from among the fractions:
1sted and described above. 1Its
propcrtics and characterigtics, in
the sensé explained previously,
have been measured and recorded.

The size and geometric charac-
teristics of the conveyor belt are
agsumed to be known. In the present
case, as shown in Figure €, this’
amounts to giving the belt.width w,
part of which (w;) is on the hori-
zontal rollers, and part of which
(w2) is resting on the idlers. 8
ig the idler angle. The spacing
between idlerxs is ¢,

. The static capacity is deter-
mined as follo''s. Along a length
of belt sufficiently lonoc to be
able to ignore end effeccs, the ma-
terial under study is piled up on
the belt, at rest, so that the edge
of the pile, on either side,
touches the edge of the belt. 1If a
unit length (L = 1) of belt is con-

|
n - - wa/2
o P2
— L]
v2 ¥1/2 ¥1/2 Y2
Figure 6. Cross-section o. loi’ed

belt (at rest).

sidered, it has a cross-section
similar to that sketched in Figure
6. The static capacity, Cgp, will
be defined by %he area of tgis
cross-section, equal to

=2

‘Cgp = 5= (W + 2wj) + w) tan 8

R
‘w.z + wl)a
with wé = 1/2 w, cos B.

In this formula, h; is mea-
sured. Cgp has the dimension of an
area (L?), and C.., x L, is the

c .S‘i‘ E
volume of material resting on a
length & oI *+he belt,

If in the expericent outlined
above, we set the belt 1. motion,
the material resting on the pn2l¢t
will tend to "crumble" along the ]
sides of the (two-dimensional) pile,
and the cross-sectional area occu-
pied by the material will decrease
below the value at rest, Cgp. 1In
other words, the belt volumetric
carrying capacity will not be that
which would be realized if the
cross-sectional area C could be
maintained without spiggage under
dynamic conditions (belt at speed
V)Y; namely, Qgp = Cgp V (LPT™').

To quantify this reduction, it
is proposed that a prescribed degree
of spillage (per unit time and unit
length of belt) be specified in ad-
vance, S, say. Under such condi-
tions, a measured {or computed)
area, or “capacity,® Cpyy is ob-
tained experimentally. he reduc-~
tion in capacity resulting from
the motion is then assessed by a
reduction coefficient:

N

RED EST
which itself is a function of the
dynamic parameters, as described
hereunder, and of the prescribed de-
gree of spillage. Intuitively, it
is obvious that the dynamic capacity
would, all other factors being
equal, be expressed by a larger num-
ber if the allowed rate of spillage
is larger,



One way to look at the last reo-
lationship is to consider kpgp 48 a
meagsure of the "efficiency" with
which the volume above the belt is
occupied under dynamic conditions,
compared to the waximum volume

achievable 2l rest, for a prescribed

degree. ol spillage.

rf+er these preliminaries, it
is row possible to state what the
independent and dependent variables
should be in the "basic" test pro-
posed.

The geometry, size of the sys-
.tem, and the conveyed material are
given. Among other properties, its
loose bulk density (in the "conical”
mode) has been determined. It is
assumed that the varaiations of this
density with the speed and loading
of the belt are small and neglected
(a fact confirmed by observations).
The fundamental variables:

- mass flow rate, m

- ‘area of cross-section of
the belt occupied by the
material, or dynamic
“capacity, Cpyn

- V, belt speed

are related to each'other and the
measured bulk density, op, by

m = 0,ChynV (1)
We are at liberty to select V, the
‘belt speed, as an independent vari-
able. .Increasing it might increase
the conveyor carrying capdcity, but
this is not uniformly true..Exces-
sive gpeeds would increase spillage
beyond tolerable limits, due to
blow-back and mechanical shocks and
vibrations., Similarly, we could
gelect Cpyy of the material on the
belt, as an independent variable, "
and attempt to increase it (for
fixed V) to increase the carrying
capacity. Again, this might only
be possible to a point, due to ex-
cessive "mass spillage" from the
.crumbling, sloughing slopes of the
moving, load. :
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Finally, the throughput m and
belt speed V could be varied, but
the dynamic capacity, calculated
from equation (1) would still need
to be related to the observed spil-
l.ge rate.

Thus, in actuality, equation
(1) should be used as an eqguation
to compute Cpyn, given a spillage
rate s related to the throughput
and belt speed by
F (s, W}

m = (2)

or solving for_é,
s sefim, W
In this preferred form, the

chcice of independert{ and dependent
test wvariables is apparent:

(3

- for one series of experi-
‘ments, the mass flow rate
m will be set at a fixed
value m = mj} (independent
variable: m)

- in that series of experi-
‘ments, the velocity of the
belt, Vv, will be varied
over an operating range,
Vmin £ V £ Vpay (inde-
pendent variable: V).

For eyery pair (ﬁl, V), the spillage
rate s will be measured as the de-
pendent variable. As explained be-
fore, if s = s, (some chosen value)
for some pair (h,, V*) obtained

from experimental or graphed re-
sults, Cpyy, the dynamic capacity
for spillage rate s*, is computed as

- my

Com ™ g (4)

Dividing this expression by Csr,
previously defined, the dynamic co-
efficient of reduction in capacity,
k*gep, (corresponding to spillage -
rate s,) is :

Coyn M
k#* = ™ { 5)
RED = Tgqp Py Cor Ve .

In summary, it appears logical
to select the throughput m and belt
velocity V as independent variables,



and to measure the spillage rate §
as a_dependent variable. Other sub-
gidiary quantities, such as the dy-
namic capacity or coefficient of
reduction in dynamic capacity, can
then be computed from the previous
ones,

Functional Dependence of Spillage
and Mass Flcw Rate on Velocity

On physical grounds, the ex-
pected dependence of the spillage
rate on belt speed and mass flow
rate couald be obtained.

{(a) Fixed spillage rate: In-
deed, consider, for given spillage
rate, s = s,, the dynamic reduction
coefficient, kfipp. At very low
speeds, this gquantity is expected
to be-smaller than, but on the or-
der of, 1. At very high speeds, on
the other hand, the whole mass being
conveyed will be spilled, due to
aerodynamic effects, vibrations and
shocks on the idlers Ideally,
kgep + 0 when V* + VI, as shown in
Figure 7. Thus, kppp is conjectured,
on physical grounds, to have the
shape of a monotonously decreasing
function, over the range of interest
for v*. But since the mass flow rate
m, corresponding to velocity V' and
spillage rate s4 is

m* = py CsT kRED v (6)
it follows that m" should have a
maxlmum shown as point Z (belt .
speed V t) in Figure 7. Thus, for
a given gpxllage'zate, there should
exist an optimal velocity, for
which- throughput is maximized.

{b) Fixed mass flow rate:
Using Figure 7 in a plane of co-
ordinates mass flow rate, velocity
or (s, V), it is here possible to
locate two points, or abscissa Vg,
Vp, respectively, and ordinate m,
which are on a locus m s (s,, V),
i.e., a curve of constant spillage
rate, s.. If a number of plots
such as Figure 7 are drawn, a fami-
ly of curves corresponding to vaii-
ous mase flow rates can be ohtained.
From these, in turn, curves, giving
the apillage rate va. V, for given
mass flow rate m are derived and
given by equation 3 =e«f (m, V). For

convenience, these curves will be
labeled the 7%d' curves shown in

Figure 8.

(c) Use of tneAelcurVes in
systen design: On Figure §, BsSi-
5¥e uses of the network of of curves

are illustrated, such as:

{i)} checking that & ee-
ected operating
point, say P of co-
ordinares (Vp, mp!
on Figure 8 corre-
sponding to a com-
bination belt speed
and throughput, has
a spillage rate sp

- which is considered

acceptable.

(ii) determining the maxi- -
mam throughput mg, and
corresponding velocity
Vg, achievable at the
prescribed maximum
spillage spyy (Figure B),

(iii) choosing a preferred
operating point between
the two points (P and
R on Figure 8) corre-
sponding to a rate of
spillage sP < Bmax-
1f, for example, the
range (mp, mp) has to

_covered in operation,
then VR would be pre-
ferable to Vp, since
the rate of spillage
"corresponding to (Vp,
nT) exceeds the maxi- .
mum admissible 8max.
Such is not the case
for vp, for which sy,
corresponding to that -
speed and a mass flow
rate mT, is lower than’
the maximum admissible
spillage.

Inclined Belt: Analysis of Test
Procedure and Variables

The qeometry of the inclined
conveyor belt is sketched in Figure
5. 1In the present case, the incli-
nation, o, is not zero. If a is
progressively increessed until it
reaches a threchold, ary, or angle
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of maximum inclination, the material
will roll back on the belt. The
forward motion of the meterial on
the supporting inclined belt becomes
impossible,

. From the results given above,
it is observed that threshold w«TH
is significantly lower than the an-
gle of slide on the conveyor belt-
ing material. At angles egqual to or
larger than agpy, backsliding becomes
so pronounced that adequate, steady
feeding cannot be maintained at the
transfer ooint between the apron-
feed/chute 2nd the tail pulley sec-
tion of the belt. Accordingly, the
. experiments were ‘limited to an up-
per limit for the inclination zngie,
a, relatively close to but irwer
~than aTH. For example, 23 de-
scribed in detail in the test re-
sults below, for 4SW, the ancle of
maximum inc!ianation on the belt was
19°, Thz angles selected for in-
clinzd conveying were 18° and 14°.

As explained above, the belt
speed V and mass flow rate m were
selected as independeat variables.
The dependent variable will again
be: &, spillaqge rate, per unit
mass of throughput and unit length
of belt (as previously defined),.

In.a grossly qualitative sense,
the arguments given in the preced-
ing pages to justify the dependence
of the splllage rate on the bclt
speed, at given mass rlow rate m,
and of the spillage rate on the
mass flow rate, at given belt speed,
are expected to remain valid for
the inclined belt, provided the an-
gle of inclination is not too close’
to that leading to generalized slip
and rollback. If so, the curves
giving the spillage rate vs. V,,
belt speed, given the capacity m,
would then look like the "' curves
of Figure 8. The "steepness" of
the sides, valun of the optimum
‘speed leading to minimum spillage
and generally, position of the
curve in the plane of representa-
tion are expected, obviously, to
depart from those corresponding to
the horizontal case.

"belt is inclined:

Qualitatively speaking, an ar-.
gument can be made that increasin
the inclination, from ze?GT_TEEHES
to vertical cross-sections Ay (in-
stead of A_, for a = 0) which are
larger and of steeper slopes (Figume
9). " In the horizontal case, at
relatively "low" V, the increase in
carrying cross-section {or dynamic
section) necessary to carry the
same mass flow rate m a2t lower
speed is accompanied Ly an increase
in spillage rate. A similar effect
can be presumcd to exist if the
moderate for mod-
eraie inclinations, but extremely
rronounced as o approaches the belt
maximum inclination, ary. As a
function of V, the effect should be
less important at high speeds than
at low speeds, since less of the
belt width is utilized ard the
height -of burden can be kept smaller
for the same capacity (Figure 10).

An increase in mass flow rate,
when conveying a given material on
a belt of given inclination x
running at a‘given speed V, entails
an increase in area of the cross-
section on the belt uccupied by ma-
terial. This should cause an in-
crease in spillage rate, as illus-
trated in Figure 10.

Assumxng that the gdb ‘curves
giving: s a (m, V) for inclina-
tion a have the shape shown in
F;qure 11, then there erists a
minimam splllage § = 8§, at given
mass Ilow rate m = Ms, cor.espond-
ing to an optimum operating belt
speed equal to V,.

Operating Point. At inclina-

tion o and mass flow rate mp, two

operating points, P and Q, might
exist corresponding to a spillage
rate s not exceeding the admissible
one, Bmax (Figure 11).

In the example illustrated in
Figure 11, point Q is preferable to

‘point P, since it allows a larger

increase in mass flow rate befgre
the maximum admissible level, sSpax
is reached.



Operating Range. The experi-
mental results described as follows
show that, in most instances, the
sensitivity of the spillage rate to
an increase in flow rate and/or in-
clination is, for the same level of
spillage, much smaller in the upper
range of belt speeds (i.e., to the
right of the point). In such cases, -
it would be more efficient to oper-
ate in this range, for lower spil-
lages under deliberate or ac-iden-
tal variations of belt speed and
mass flow rates about the nominal
d@esign conditions. Figuratively
speaking, at any practical

SPILLAGE RATF (PFR UNIT LENGTI)

VERTICAL
PLANE

MASS PLOW RATE
A -ﬁb
INCLINATION

Spillage
Rate
(per unit
length)
PR
/.’/- —° HORIZONTAL
A,: normal to belt trough and .
belt speed ;mB?
s
Ag
Ay: vertical - A, = > Ay
cos a
Figure
Figure 9. Increase in vertical cross

section with inclination.
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inclination, the belt should be
operated "fast and lean" rather
than "slow and loaded."

Other Comments

At high speed, the increase in
spillage rate is due to aerodynamic
"blow-~-back® and vibrations and
shocks on the rollers and idlers,
Physically, aerodynamic “detach-
ment” and “vibrations" should not
depend to any degree on inclina-
tion -at small angles to the hori-
-zontal, Thus, the level of spil-
lage, all other factors being egual,
should not vary much with the in-
clination if the material is flat
and self-compacting, as is the case
with RDF. However, waste or frac-
tions thereof containing a fair
percentage of spherical or cylin-
drical pieces likely to roll down .
the inclined belt, :should show a
rapid increase of spillage with
speed, in the upper range of speeds.

BELT CONVEYOR:
SUMMARY OF EXPERIMENTAL RESULTS

The 7.63 m (25 ft) long,
0.457 m (18 in.) wide test belt con-
veyor, in the closed loop rig
sketched in Fiqure 2, was equipped
with a variable drive motor, allow-
ing a feed range from 0.20 m/s
t40 fpm) to 2.44 m/s (480 fpm).
Two sets of similar idlers were
used: either 20°, or 35°. To guide
the material fed to the belt, a
feed chute and 1.1 m (3.5 f:) of
skirting wore assembled at the tail
pulley. Test results are given and
discussed below. Complete details
on these tests may be found else-
whece  (4).

Horizontal Mode Test Results

A certain fixed mass was '
placed on the test conveyor, at the
chosen belt speed, providing a
quasi-constant mass flow rate, over
sufficiently short test durations
and in the absence of excessive
spillages (4). All spillage from
the test belt (including its frame
and pullervs) and from the floor was
accumulated over approximately 30
minutes and weighed. The sides
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of the test conveyor were isolated
wiih plastic sheets to avoid includ-
ing spillage caused by the return
and feed conveyors. Troughing belt
idlexs at 20° and 35* were investi-
gated,

Sample results are given for:

- shredded MSW, for three
mass flow rates and two
idler argles (20°, 35°)
(Figuie 12)

- RDF, also for three mass
flow rates and two idler
angles (Figure 13)

- the ferrous fraction (MF)
for 35° idlers and three .
mass_flow rates (Figure 14)

The whole set of result curves
appears in the final report of this
project (4).

Based on these complete re-
sults, the analysis performed prior
to the tests and outlined above was
indeed confirmed. High spillage
rates are observed at lower belt
speeds. Upon increasing the belt-

‘'speed from a very low value, the

rate of spillage (for a constant

"mass flow rate) decreases to a mini

mum value, then gradually increases.

Higher mass flow rates, for a given

material and belt speed, lead to
higher spillages, and the location
of the minimum spillage point moves

towards higher belt speeds.

Although all the solid waste

‘fractions show similar patterns of

behavior, the specific values of

‘spillage rates for each individual
‘fraction are dependent on its fpro-

perties and characteristics. For
cxample, it was observed that d-RDF,
being relatively uniform, showed &
much lower gpillage, all other fac-
tors being equal, than more coarse,
heterogeneous fractions (4).

Noteworthy is the ifact that,
except a2t negligible throughputs,
conveying will always generate some
spillage. Also, the results clearly
indi~ate, as shown in Figure 13,
thac the utilization of 35° :
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Figure 12. Shredded MSW. Spillage vs. belt speed.
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troughing idlers allows higher
throughputs, for the same amount of
material spilled over a given time,

The distribution of the
spilled material along the section
length was also recorded. The test
conveyor was divided into four sec-
tions. (labeled 1 to 4) of length
lL.im (3.5 ££), 1.7 m (5.% £t),
3.7 m (12 £t), 1.2 m (4 ft} respec-
tively, counted from the tail pul-
ley towards the head pulley, Spil-
lage was separately collected and
weighed for each of these sections
at a given mass flow rate and for
different belt _.peeds. Table 12 is
an e¢xample for each of this Jd.stri-
bution for RDF conveyed at the rate
of 2.7 Mg/h (3.0 tph) (4).

It is seen that at 0.76 m/s
{150 fpm), for-example, most spil-
lage occurs from the first two sec-
tions. In section 1, the 37,5% .
spilled are a result of RDF fines,
inert, inorganic particles, wedging
between the belt and its skirting,
and being squeezed and spilled out.
The spillage in section 2 (43.0%)
is, at this relatively low operat=-
ing speed, the result of crumbling
and troughing of the RDF material
from the sides of the conveyor. At
a higher speed of 1.53 m/s (300
fpm) , the amount of spillage at
section 2, 9.5%, is considerably
lower than at 0.76 m/s (150 fpm),
which is due to the lower belt
loading. On the other hand, a
higher percentage ({52.4%) of the
spillage is observed at section 4,
probably due to the higher centri-
fugal forces acting at the head
pulley, In summary, the amount and
distribution of spillage area re-
sult from non-unifo.m feed, very
low or very high belt speed, im~
" proper feed and skirting arrange-
ments, and carryover of adhesive,
sticky material around the head
pulley.

Trajectories, or discharge
paths of the material after the end

pulley, were m sured at a given
capacity and different speed by a
direct observation tecnniquc, re-
cording the fall height vs. fall
distance (4). 1In actuality, the

Inclined Mode:

material, depending on the belt ve-
locity, is discharged from the head
pulley in the form of a band. The
trajectories in these figures have
been derived from plotting from the
band's mid-stream points. An exam-
ple is given in Figure 15. The ex~
perimental values were compared to
the theoretical discharge trajec-
tory, also plotted in Figure 15,

The theoretical and experimen-
tal valucs correcpond reasonably
well., This suggests that the
method, provided by CEMA, for theo-
retical trajectory calculations,
could be successfully used to pre-
dict solid waste trajectories

accurately. -

As regards power consumption,
and-contrary to what was expected,
results indicated negligible mea-
surable change in the belt motor
current for a wide range of veloci-
ties, capacities and materials.
This negligible change in power
consumption - despite extreme vari-
ations in such conveying conditions

" as speed, gravitational load, etc. -

was probably due to the utilization
of a motor whicn surpassed required
design and capability, The dis-
advantage of using a skirtboard
across the whole length of a loug"

‘belt conveyor would be to increase

the frictional resistance ang,

‘therefore, the horsepower require-
‘ment.

_ Specific information for de-
tailed horsepower calculations can

be obtained from reference (2).

Test Results

The tests measured spillage vs.
mass flow rate and speed, for a
given material and belt inclination
(4). Inc'inations of 14° and 18°
were tested. - Overall experiments
corroborated the speculation, from

-analysis, that higher spillages

will he encountered on incraasing
the belt inclinaticon, and that a
preferred speed exists at given mass
flow rate and inclination. An exam-

‘pie in point is shown in Figure 16-

for MSH and 35° idlers.
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TABLE 12.

SECTIONAL SPILLAGES MEASURED AND

REPORTED AS A PERCENT OF THE TOTAL SPILLAGE

RDF conveyed at 2.7 Mg/h (3.0 TPH)
percent of total spillage

Test conveyor velocity m/s {fom)

Sectian 0.76. 1.53 2,29
{150} (300) {450)

1 37.5 23.5 24.2

2 43.0 9.5 13.1

3 13.2 14.6 13.6

4 6.3 52.4 43.1
Total. 100, 0% 100.0% 100, 0%
 spillage rate, 17.5 3,87 3.63
kg/h {lbs/h} . (38.5) {8.52) {8.00)

Dust Levels Generated

Sierra high volume dust sam-
plers (Model 305-2050H) were used to
determine the magnitude of dust gen-
erated, during transportation of the
solid waste fractions, on the in-
clined test belt conveyor, An
attempt was made to determine if any
relationship between the extent of
dust generated for parameters such
as che test belt's angle of incli-
nation, its velocity and mass flow
rate of the material existed. One
dust, sampler was placed approxi-
mately 5 feet away from the tail
pulley, next to the inclined belt.
This sampler measured the quantity
of dust generated at the turbulent
feed énd of the belt conveyor. A
second dust sampler was located
approximately 6.1 m (20 ft) away
from the conveyor system. The re-
sults of the second sampler were in-
consistent and unreliable, possibly
due -to background dust interferences
in the testing area. It was not
possible to reduce or completely re-
move the laboratory dust levels
within a reasonable time on comple-
tion of a test run; therefore, only
the dust loadings measured by the
sampler located at the conveyor feed
end were reported.

9

.feed: end.

The test results provided the
total! suspended dust (4)., Particle

- size distribution or any further

characterization of the dust was not
attempted. The test method and zal-
culations are described elsewhere
(4).

For more complete details on
dust sampling methods and proce-~
dures, the reader should refer to
ASTM D2009 and D1356 standards.

No consistent trends were rea-
dily apparent, but a tendency to-
wards agreater dust concentration, was
indeed observed for higher mass flow
rates and belt conveyor inclina-.
tions. For RDF, d-RDF and the
d-RDF/coal blend, the experiments
strongly suggested the use of a dust
collection system at the conveyor's
For MSW and the heavy
fraction, relatively lowcr dust
loadings were recorded, in fact much
below OSHA's threshold limit of
15 mg/m’, time-weighted average (5}.

CARRYING
AND STROKE

VIBRATING CONVEYORS:
CAPACITY VS. FREQUENCY

Another part of the NCRR inves-
tigation dealt with vibrating con-
veyors, and measured the dependénce



of the carrying capacity for dif-
ferent waste fractions as a function
of the vibration frequency and
stroke amplitude. Only the main re-
sults and conclusions of the work
described in reference (4) will be
reported here. :

Vibrating conveyors - having
relatively few moving parts and de-’
signed to operate with minimum main-
tenrzace - have found a number of
applications in the resource re-
covery industry for the feeding and/
or discharge from such units as air
classifiers, shredders, etc. The
theoretical principle of their- .
operation, illustrated in Figure 17,
shows that during the first part of
the acceleration of the pan, a par-
ticle resting on it will be thrown
up and away from it, and then fall
back onto it during the next vibra-
tion period {(one-cycle jump). A
higher stroke (amplitude) might
accelerate the material in a two-
cycle jump, -but this would require a
much higher energy input,

The test vibrating conveyor,
4.6 m (15 ft) long bv 6.6 m {2 ft)
wide with a pan height of 205 mm
{8 in.) was manufactured by Carman
Industries, This conveyor was
driven by an eccentric rotating cam
linked mechanically to the pan at
30° (4). ’

The conveyor was tested at- 400
and 570 cycles/min {cpm}, utilizing
a variable drive motor. Two re-
placeable, eccentric cams allowed
the stroke “to-be changed, either
12,7 mm (0.5 in.) or 22,2 mm 70,875
in.). Dynamical balance also re-
quires a balancing weight and the
removal or addition of leaf springs,
for a fixed stroke and frequency
{(Figure 18). Test results show that
considerably more work is needed to
rationally design a conveyor of
appropriate stroke length and fre-
quency for a given solid waste frac-~
tion. .

Within the finite scope of the
program, it was not possible to un-
dertake a systematic study of this
complex mechanical system and its
dynamics. The operating range was

selected on an empirical basis,
adopting as a reasonable operating
criterion that the measured vibra-
tion of ‘the base not exceed 3.2 mm
(1/8 in.)., All points correspond-
ing to a pan vibration of 12.7

+ 3.2 mm (1/2 + 1/8 in.) were con-
sidered "12.7 mm” (1/2 in.) stroke
tests, and all points for which the
amplitude was 22.2 + 3.2 mm (7/8

+ 1/B in.) were considered "22.2 mu
T7/8 in.) stroke tests. This
limited the range of op2rating fre-
quencies to 430 - 545 cpm (22.2 mm
stroke) or 90 - 550 cpm (12.7 mm
stroke).

1he tests conducted determined
for the twc values of the stroke
specified, the maximum carrving ca-
pacity and conveying speed (for
fixed mass flow rate) vs. frequency;
the energy consumption vs, burden
depth, at a given frequency; the
compaction and segregation of ma-
terial along the length of the pan;
the dust level generated vs. pan
stroke; the conveying speed vs. ma-
terial moisture content. These re-
sults are graphed in reference (4).
A sample set of result curves is
given in Figure 19,

The following conclusions
could be drawn from the complete:

series of tests:

- Por all fractions examined,
over the range of frequency
investigated, the carrying
capacity increases with
both frequency and stroke.
However, on physical
grounds, the capacity
curve is expected to reach
a saturaticn level at some-
higher, undetermined fre-
quency. At 540 cpm, in-
creasing the amplitude
from 12.7 mm (1/2 in.,) to’
22.2 mm (7/3 in.) increases
the capacity by a factor
of from 1.7 to 2.6, de-
pending on the material.

- At a given mass flow rate,
the conveying speed in-
creases with increased
frequency. This increaseéed
speed might be beneficial ~
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in reducing the chances of
buildups, jams and spillages,
At 540 cpm, speeds on the
order of 0.20 to 0.25 m/s

(40 to 50 fpm) were observed
for a 12,7 mm (1/2 in.)
stroke and from 0.46 to -
0.51 m/3 (90 to 100 fpm) for
a 22,2 mm (7/8 in.) stroke.

No significant difference
in energy ccnsumption, at
a given frequency and am-
" plitude, was observed for
different bulk solids
(d~RDF/coal vs. RDF, for
example) .

At a fixed frequency, chosen
equal to 510 cpm, the vi-
brating conveyor was uni-
‘formly loaded with the solid
waste material, at three
burden depths, ranging from
25.4 to 152.4 mm (1 in. to
6 in.). Experiments were
carried out for the 12.7 mm
(1/2 in.) ‘and 22.2 mm (7/8
in.,) gtrokes (Figure 2Q),
For the six fractions, a
decrease in conveying speed
with increasing burden
depth was observed., Negli-
gible for the heavy frac-
-tion (HF), it is observed
to be 32% for RDF, when the
stroke length is 22.2 mm
(7/8 in.) and the .height of
burden increases from 51 mm
{2 in.) to 152 mm (6 in.).
This indicates tha:t the
-encrgy imparted by the vi-
brating pan is absorbed
‘rather than transmitted,

as is the case for denter
fractions,

fhe tendency for the ma-
terial to compact as it
-progresses down the pan
~was measured, at a fixed
frequency (520 cpm),
‘'stroke length (22.2 mm)
and initial height of
burden (76.2 mm). The -
percent lowering of burden
-height over 4.58 m (15 ft)
-of conveyor varied from
18.3% for HF to 44.1% for
'MSW, Thus, there is a

definite tendency for the
solid waste fruction to
conmpact due to the vibra-
tional activity of the pan.
MSW and RDF, relatively
more cocmpressible, shywed
the highest degree of com-
paction.

The segregation of material
alcng the depth of the bur-
den was also evaluated.
Most solid waste fractions
are composites of varying
bulk density components.
For example, RDF, which is
rich in paper and plastics,
could have an inert or fines
content (ceramics, sili-
cates, glass} as high as
20%. A test was conducted
to determine if varying
components of a solid waste
fraction segregate out, Jdue
to vast bulk density dif-
ferences. A particle size
distribution was performed
on a "top" and a "bottom”
layer to determine the ex-
tent of segregation. The
‘requency was fixed at

510. cpm, and two strokes
(12.7 and 22,2 mm) were
studied. Without repro-
ducing detailed results
given elsewhere (4), and

to summarize, it was ob-
served that the smaller
particles in MSW and HF

did indeed concentrate in
the bottom layer. Such
was not the case for RDF,
presumably due to the ten-
dency of fine particles to
adhere on paper flakes.

A slight decrease (less
than 10%) in conveying
speed (for a given ma-
terial, frequency, stroke
and height of burden} was
generally observed when
moisture was increased
from about 10 to 15 wt$

to the 30 to 40 wt® range.
This was true for MSW,

HF and the d4-RDF/coal
blend, and was attributed
to enhanced adhesion
characteristics. A slight -
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increase, from 0,10 m/s
(20 fpm) to 0.14 n/s

{2. fpm) was observed for
d~-RDF, however, when the
moisture content increased
from 18 wt? to 41 wtt.
This was probably due to
a loss'in physical inte-
grity and gain in bulk
density with increased
moisture content.

- Measurements of dust
generation at 1.5 m (5 ft)
from the discharge end
were carried out for fixed
stroke length, mass flow
rate and fregquency (510
cpm}, For most materials,
dust levels were higher
for the larger stroke
(22,2 mm) than for the
smaller stroke (12.7 mm).
For HUF and d-RDF, they
were practically the same,
They ranged from a low of
0.9 mg/SCM of air (HF) to
a high of 31.2 mg/SCM
{(a-RDF), for all materials
but the d-ROF coal blend.
For the latter, due to
the presence oi coal fines
and without any dust con-.
trol in place during the
experiment, "high dust
levels (23% mg/SCM) were
recorded for the 22.2 mm
stroke.

SUMMARY AND CONCLUSIONS

An investigation was made of
the material properties and operat-
ing parameters of importance in
asgessing the conveyability of muni-
cipal waste and its processed frac-
tions. In the present paper, the
emphasis was put more specifically
on belt conveyoars and vibrating pan
conveyors. The main results and
conclusions of the study are:

~ Properties and charac-
teristics deemed to be
relevant to MSW and its
processed fractions were
analyzed. Wwhere sensi-
"ble and feasible, these -
properties or charac-
teristics were measured
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or assegsed. The experi~
mental values are reported.

- A1 analysis was made of the
dependence to be expected,
on a belt conveyor, be-
tween spillage rate, ca-
pacity and belt speed.
Experimental results on
six waste fractions con-
firmed these predictions. .
A procedure for a rational
choice of operating con-
ditions at various flow
rates was defined, in which
the maximum admissible
spillage is selected as
the design criterion,

~ Finally, the results of an
experimental study of con~
veying on a vibrating pan
are described, Within the '
range of parameters inves-
tigated, they underline
the importance and show
the effects of frequency,
stroke amplitude, bulk
density, moisture content
on carrying capacity, con-
veying. speed, segregation
in the depth and dust
emissions. The results
indicate trends and sensi-
tivit'ies ané should prove
useful in practice. How-
ever, they strongly sug~
gest that significantly
nore analytical and experi-
mental effort is called for
tc¢ establish a material~
specific design basis for
vibrating conveyours han-
dling solid waste frac-
tions.
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‘COMPARATIVE STUDY OF SEVEN AIR CLASSIFIERS UTILIZCD
IN RESOURCE RECOVERY PROCESSING

G.M. Savage, L.F. Diaz, G.J. Trezek
Cal Recovery Systems, Inc.
Richmond, CA 94804

ABSTRACT

This paper presents tne results of an extensive air classifier fiela test program con-
ducted for the U.S. EPA. Methods of testing, criteria for evaluation, operating condi-
tions, ana assessment of air classifier performance are gescrided. Topics that are ger-
mane to the desigr and operation of air classifiers are also covered. The results of the
testing program show that there are criteria that can be appliea to air classifiers such
‘that their performance can be compared under equitable conaitions. Comparisons presented
herein enable judgements to be made as to the relative performance 2: awr classifiers ana
the tradeoffs that requ‘re consideration when describing air class:fier performance.

Introduction solids ratio. The invariant nature of ma-
terial characteristics above the critical
~even air classification systems with air/solias ratio has been gocumentec pre-
nominai throughputs ranging from 4 to 3] . viously [2].
Mg/h have been field tested and evaluated
under a twn-year program sponsored by the The seven air classifiers tested in
U.S. EPA [1]. The purpose of the testing this study, their locations, and their
program was to characterize -and compare general descriptions are given in Table
the operation and perforiance of air clas- 1. . Further details concerning the geo-
sifiers locatea in the field. Ouring the metrical configuration of the air classi-
course of the work, characterization pa- fiers are available n the final report to
rameters were developed that enabled the tne EPA. .
comparison of all air classifiers on an
equivalent basis. Due to the fact that - - "An examination of some of the key
the best air classifier performance was characteristics of the soiid waste en-
found to exist only for sufficiently di- countered during the air classifier test-
lute air/solids mixtures within the air ing program shows the importance of nor-
classifier column, the airfsolids ratio malizing the performance parameters in
was chosen as the means for establishing terms of the air classifier infeed com-
the performance parameters. For each set position. As can be seen from the en-
of operating conaitions, the performance tries in Table 2, there are wide varia-
parameters were found to be relatively in- tions in the waste characteristics from
variant when the air/solids ratio was site to site. For example, the paper and
greater than a critical vslue, that value plastic content of the infeed to the Los
being defined by the point where the con- Angelds air classifier averaged 30.2 per-
ceant Yight fraction split fell off by 1 cent while that of the other six air
percent, (Constant light fraction split is classifiers exceedea S0 percent.
d¢fineg as that value of the Jignt frac- ‘ ' »
*.tion split_which does not change at a ) Two of the air classifirers were fed

given air .flow and independent of the air/ shredded ‘ana screened solia waste (Ames
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TABLE 1. SUMMARY OF AIR CLASSIFIERS TESTEC

Pesign Cross
Type of Throughput Sectional Shape
Site Air Classifier (Mgsn) of Column
Tacoma, WA Horizontal 13 Rectangular
Baltimore Co. M0 Vertical 91 Circular
Richmond, CA vertical 4 ’ Rectangular
Ames, [A Vertical 45 Rectangular
Los Angeles, CA Vertical 4 Rectangular
Akron, OH Vibratory, 64 . Rectangular
inclined
Pompano Peach, FL Vibratory, 6 Rectangular
inclined

and Pompano Beach), while the other five
air classifiers processed waste that had
been shreagea only. C(Consequently, nor-
maiizing the performance parame.ers in
terms of the infeea composition was es-
sential in orger 1o alluw comparisons be-
tween the air classifiers that processed
shrevded refuse and those that processed
waste that had been shreadeg and
screened., It is worth noting that the
ash content ¢f the screenead air classi-
-fier feed material at Ames and Pompano
Beach was in the range of 13 to 14 per-
cent, while the range was 31 to 40 per-
cent at the five sites not employing
screening prior to air classification,

Terminology

Due to the fact tnhat little termi-
nology had been developea for describing
and characterizing air classifier opera-
tion and performance, certain terms and
definitions were developed as part of
this study. Some of these terms and cef-
initions have been presented previously
(2] tut are repeated-in Table 3, along
with terms sudsequently ¢eveloped during
the course of the study, in order that
the reader may understand the shorthand
rotalion useld in precenting the operating
and performance data.

Yest Procedures and Methods of Analysis

For each air classifier, the test
program consisted of collecting samples
of heavy ang light fraction under a spec-.
1fied set of operating congitions. Sam-
pies were collected at three aiscrete air
flow settings (agenoted as high, medium,
ana low) over as wice 2 range of materia!
flowrates as waS possible within the
physical constraints wmposed by the fa-
cility or the air classifier system. (One-
of tne three air flow settings was the
operating mode used by the plant under
normal processing conditions. Reasons .
for the selection of tnree air flows and
a full range of throughputs were ihe re-
ality that there is not a generally ac-
cepted definition of optimum air classi-
fier operating condition or setpoint In
the industry. In addition, manufactur-
ers’' data or recommendations as to an air
classifier setpoint are not typically

-available,

A total of five simultaneous samples
of heavy and light fractions were col-
lected for each air flow setting. Prior
to the actual test runs, *dry test runs®
were used to determine the necessary time
intervals to be observed i« order that
simultaneous samples of heavies znd
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TABLE 2. AVERAGE AIR CLASSIFIER FEED PROPERTIES
Percent

Air Cry Charac- Percent Percent Paper Percent Heating
Moisture teristic Ferrous Non-Ferrous and Fines Percent Value

Site Content Size- Metals ‘Metals Plastic  (-14 mesh) Ash {oven-dry)

€3 {cm) {air dry) (air dry) (air ory) (a‘r dry) [{oven-ary) (8tuflb)
Tacoma 27.1 2.8 8.8 2.1 54,2 14.2 39.7 61al
Baltimore 26.6 1.6 5.4 1.5 51.6 15.7 33.9 4609
Richmond 14.4 1.7 6.7 1.4 53.2 13.9 32.5 4897
Ames 15.0 3.6 2.3 0.6 69.4 4.5 13.7 7557
Los Angeles 13.2 1.4 3.8 1.0 30.2 25.4 34.0 7058
Akron 17.8 2.5 6.9 2. 50.5 19.7 3.4 554¢
Pompang Beach 1.2 1.7 1.9 2.1 80.9 7.1 12.5 8455




TABLE 3.

NOMENCLATURE FOR AIR CLASSIFICATION

Term

Definition

Light Fraction Split

Air Classifier Split

Specific Eneray

Air Classifier Column Area
(Syn: column area, air
classifier cioss-section)

Average Column VeloCity

Light fraction Quality

Combustible Yielg

Air/Solids Ratio

Constant Light Fraction
Split

Critical Air/Solids Ratio

The percentage of air classifier feed material reporting to
the light fraction discharge (as-processed weight basis).

The relative breakdown of air classifier feed material into
light and heavy fractions. Generally reported as (mass
fraction ot light material)/(mass fraction of neavy materi-
al), on an as-processed weignt pasis.

The energy required by a unit or system and reported on an
as-processed ton basis {kWh per wetric ton).

The cross-sectional area of the 2one of separation of
light and heavy materials. The-column area is perpen-
dicular to the air stream and generally is reported as the
maximum column area up-stream of the lights discharge.

The volumetric air flow through the separation 20one giviaed
by the column area.

The percentage of paper ang plastic in the lignt fraction
(on an air-dry weight basis). Light fraction quality 1s a
measure of the amount of the primary combustible consti-
tuents in the light fraction,

Defined &s the product of the light fraction guality and
the iignht fraction split (both an aw 3ir-dry weignt ba-
sis). - Combustitle yiela is a measure of the amount of pa-
pei and plastic recovered in the light fraction end repor-
ted in terms of a unit input of feed material to the air
classifier,

A agimensionless term definea as the mass flowrate of air
agivideo by the as-processed mass flowrate of refuse. The
aiifsolids ratio is a fundamental parameter utilizea widely
in the preumdtic conveying industry te cherarterize two-
phase mixtures of gas and solids.

That value of the light fraction split which remains rela-
tivaly constant for ~ given air flow and indepengent of tne
airfsolids ratio. ’

That value of the-air/solids ratio where the constant light
fraction split falls off by 1.0 percent, denoted by a
"knee" in the curve of a graphical plot of light fractich
split versus air/solids ratio.

(continued)



TABLE 3 {continued)

Term

Definition

Critical Throughput

Critical Column Loading
Factor

Recoverea Paper ana Plastic

Recovered Energy
Retained Ash
2etained Ferrous
Retained Nonferrous

Retained Fines

Choked Condition

The throughput cJirresponding to the critical airfsalia
ratio for each air flow setting.

Defined as the mass fiowrate of refuse at the critical awr/
solids ratio divideo by the column area. A low value of
the critical column !Gading parameter ingicates the neeg
for relatively larga air classifiers for a given material
flowrate.

Defined as the weight of paper ang plastic {on an air-dry
basis) recovered in the lignt fraction divided by Lhe
weight of paper éna plastic present in the air classifier
feed. A nigh recovery percentage of paper anu plastic is
gesireble to provide hign heating value components for the
light fraction,

Defined as the energy recovered in the laight fraciion {oven
dry basis) aivideog by the energy content of ihe air classi-
fier feed.

The weight of ash in the light fraction divided by the
weight of ash in the air classifier fees material {on an
oven dry basis}. Being a guelitative parameter, retdined
ash is a measure of the apility of an air classifier to
drop out in tne neavy fraclion components tkat are high in
ash content, -

Tne weight of a particular metallic component in the light

fraction diviged by the weight {on an air dry basis) of

that component in the air classifier feea.

The weight of ~14 mesn fines in the light.fraction divideq
oy the weight of fines in the air classifier feeg, on an
air dry basis,

The area marked by the distinctive rolloff in lignt frac-
tion split ang denoted by air/soliwus ratios less than the .
critical value. ’ :

Abbreviation Definition
A/S ratio airfsolids ratio
L.F. or LF 1ight fraction
H.F. or HF heavy fraction
fFe ferrous metals
NonFe nonferrous metals
pp paper anJd plastic

T



1ights coula be collected. Particle size
of the heavy and light fractions was used
to deterc .. the quantity of material to
be used for the size distribution and
composition analyses. Materials used for
size distribution and composition analy-
ses consistec of subsamples from the sam-
ples of heavy and light fractions collec-
ted for mass flowrate measurements, Tne
size of the latter samples generally
ranged from 10 to 50 kg. The sample
sizes for the size distribution and com-

position analyses were in the range of 2

to 10 kg.

The general procedure involved set-
ting a particular air flow through the
classifier, wnich wds accompiished
through varying the rpm of the air clas-
stfier fons or adjusting a damper. Sub-
sequently, samples of heavy anc light
fractions were collectea simultaneously
for a number of differeni ..a... . fee:
rates to tne air classifier, Samples of

heavy and light fractions were collected .

from conveyors downstream of the classi-
fier. These samples served the dual pur-
pose of allowing calculation of the flow-
rate of heavy ang light fractions while
proviging the material from wnich repre-
sentative samples were choscn for later
laboratory analyses. All material was
ccmpletely removed from a given length of
conveyor belting, thus alleviating the
problem of stratification of components
in the flow stream whicn night have
skewed the results haa oniy “grab" sam-
ples been collected.

Laboratory analysis consisted of air
orying, screening, ano manually sorting

the light ang heavy fractions, except for

the Ames air classifier testing in which
it was 0aly possible to collect infeed
and heav. samples. [n adaition, heating:
value determinations and ash analyses
were carried out on light and neavy frac-
tions collected at each site following
the procedures proposed by the ASTM for
RJF-3. Both manual and mechanical
screening were used to determine the size
distribution of the samples. Size dis-
tridbution analyses were carried out in
order to determine the amount of fines
(minus 14 mesh) in the heavy and light
fractions and aiso tu provide a quantita-
tive means of describivng the particle

size of the chredded air claccifier feog

cced LE M e

material. Manual sorting of the samples -

consisted of separating ferrous, -paper

and plastic, and nonferrous components
from the heavy ana lignt fractions, The
composition and stze d4dla were used SubD-
sequently to develop the characterization
parameters.

Als0 as part of the test program,
both air flow ana system power require-
ments were measured tor each operating
setpoint (i.e. aw fiow setting).

Results anu Discussion

A summary matrix of the operating
parameters determined for each air clas-
sifier is shown 1n Table 4, Data are
shown for each of the three air flow set-
tings usea during the test program at
each site. The air flow settings usea
durng the test program al eacn site are
dgenoted as “High“, “Mecium", and "Low".
The volumetric air flows corresponding to
thc high, medtum, and low air flow set-
tings are reported ia tne final report.

Critical throughputs have been re-
ported n Table 4 insteac of tne maximum
tested feedrates aue 10 the fact that for
feedrates greater than tne critical
throughput value tne air classifiers were
operating in a choked condition. Conse-
quently, they were not exhibiting tneir
best performance for eacn air tlow set-
ting. ’

The awr clascifier performance pa-
rameters were calculated from aata for
which tre air/solids ritios exceeded tne
critical value. These parameters, all
pased upon material characteristics, are
reportea in Table S in ansgliute and nor-
malized terms. For reasons previously
aiscussed, the normalized values {re-
ported as percent of component retained
in light fractions, Table 5) are the si13-
nificant parameters. Nue to tnhe differ-
ing characteristics of the air classifier
infeed material among tne aifferent .
sites, the absolute values of the perfor-
mance parameters (colums A through K) are
only of .value when useJ 10 judge individ-
ual air classifrer performance and not. 1o
compare air classifiers among. diffarent
sites. [n aadition, the use of tne abso-
Jute values for evaluating air classifier
performance at a particular site presup-
poses that the waste composition is in-



TABLE 4. SUMMARY OF OPERATING PARAMETERS.

Awr Flow - Critical ) Craticsl Craitical Averaye © Heavys LonszdLL Criticat
Serting Specific Energy Culumn {oading AlS Ral1o  Coaumin Velooily Tarvaty  (f, Spiit Trrougnput
«dnfing (xwnst)? (Mq/n)/m{ (tpr/itt’) m/s {tpm) mis {r) Mg/n {vpn)°
Tacona Migh PN (-1.0) >46.0 (>3.7) <15 17.29  (3,404)  NaC 8y 2120 132
Med 1um 1.0 T10.9) 571.2 (3.3, 1. 15.20 {3.90%) 75 9y 109
Low 0.9 10.8) .2 (3.7, b7 14,36 {2.820) 62 Y5 14
Baltinwyre - High 5.9 (5.%) 9.4 (v.0; 3.5 4.4 (1,610} I 30 30 49
Mediuan 9.0 (3.2) 5.9 (G.8) 5.5 /.51 (1,440, 8 e 23
Low 13.2 (12.0) 3.9 10.4) 1.5 6.35 (1.250) 77 13 1
Richnong Hign 5.1 (4.6) 8.8 {0.9) 5.1 0.5 1,257 NA 34 3.3 3.6
Medium 9.2 (8.4) 4.4 {v.2) 6.8 d4.438 (661) : 73 1.7 1.9
LOw 9.3 (8.9) 2.0 {(0.2) 8.5 3.43 (676) [} 0.9 i.u
Ames Hign <l.6 {6.3) >l18.0 (>1.9) <2.b 11,42 (2.¢48) NA Jdo »21.0 >23.
ey um </.6 (6.9) 217.6 {>1.8) <. 0.76 {2,116} - 73 2eVey 3dlad
Low <4.b (4.2) 222.4 ° (32.8) <t.5 V.52 (¢.208) oY 33l 3350
L.A. High 3.2 (7.5) 8.8 (0.9) 6.6 10,29 12,2¢3) NA 84 W 35
Medun 9.5 (8.6) 7.8 (0.8; 5.y 8.75 (1,722, 86 2.8 3.1
Luw 1.2 (10.4) 4.9 (0.5) 5.6 6.1y (1,218) 02 2.u l.e
Akron High 14.1 (17.9) lo.7 (1.7 6.4 26.21 (5160} 18.ul Yo ly.v 21.y
Medrum 10.5 {(9.0) 21.6 (2.2 4.7 24.70 {4362) 18.40 95 26.7 29.4
L omw 11..4 (10.4) 20.6 {2.1) a4 22.30 (4301) 16.0n 93 24.Yy 27 .4
Pompano Beacn  Hign O (10.2) 11.8 (1.2, 5.0 15550 . (3055 3.33 So 4.4 4.5
“egrum 15.0 (13.6) 4.8 (0.4 6.3 .64 {(2~38) ¢.20 8o 3.3 3.6
Low 14.6 (13.3) 8.8 (0.9) 5.2 1103 (¢iB2) 1,97 84 3.4 3.7

a) t o ton, tph a ton per hHour

b} arr velocily 1n the vicinity of tne neavy fraction gischerge pornt ur tne Traple § air ¢lassifics

c) -NA = Kot Applicaple . .

0) re-agjustment of the air vleed of the air classifier coused uh InCrease 1o the Coluln veloCily desPite a Jedreane n the 2ir o
control setting
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TABLE 5. - PERFORMANCE PARAMETERS FOR A/S RATIOS GREATER THAN UR EYUAL TU CRiTICAL

Coluie A B T 0 £ r G H i J ¥ L " N U P 0]
) ) ) Percent ot Component
—<=Hodvy MroClione—c. oo .o e m—mem o= LIght Fraciiof-ce e em e e - . mmmma—ooa Retattey tn Lignt Fractigteseameaes

T Aw _— Heating Heating  Cumbus v e R

Flow - HC.d pv A Value v MC c Fe 3 HONIS Asnd Flhea Uuqlv&, Vabue | o Ylelud ALN Fanes e honbe” Hecow, Kecuv,
setting (05 (0 (Ing)® (0% 0 ) L At A A (N /T R 9] | PPO Energy
Tacone

pign. - 18.3 U294 98230 73,1 3.3 1.1 3207 1y SH.Y 15173 du.y b d.00 . Zo.U o 3el7 £6.7 87.4
Medtum 20,97 .35.6 blger 0.3 1.0 1.5 _28.6 16.35  b62.¢ 1apus 47y vl.y £o.5 y.4 3.3 5.4 77.4
tow 237 47.3 D Ylass Ju.? 1.8 1.3 2.7 7.5 en.d 163V7 4i.5 45,6 33.) 14 2 3.2 oYL o8.2
‘Balisinare

wigh 12 7.3 sre8 C32.7 0.2 0.3 235 79.1. Sh.4 0G0 46,6 660 YS.y .8 480 vd.»  90.6
egin 17,7 5.0° 43/ ?7.6° 0.0 0.0 3.4 ie.0  70.0 12622 5.0 " 53.0 4.5 0.0 C.u ¥5.0 73.1
Low 16.00 5.9 q060 7 32,07 0.U 0.2 0.7 9.9 63.0 1279 4s.4 57 .0 42.0 0.0 3v.7 ucli 5.4
_chﬁmgﬂﬂ
Wigh i1.0.- 5.3 L1513 .20:8 3.0 1.2 FA 12,4 03.8 13334 52.8-  56.0 7.9 0.4 54.4 y4.3 97.2
Mearun 13,6 §2.4 4342 - 20.4 0.} 0.7 19,1 20.1 59.7 13031 7.0 45.0 3.2 5.8 43.¢ Yy21.5 58.6
w1741 28,0 9927 i5.3. 0.0° - 0.2 6.0 Iad 76.2 12az: a1 2903 ob .4 0.u 7.2 72,1 05.¢
Ames
Hign 8.0 d 1 '7450 © 15,0 I 1. [ 7.2 69.3 17106 53.5. LY : ! 97.5 93.0
Zeotun j0.0 2307 4¥546  i0.9 1 1 10.9 4.0 1o 190u0 fu.4 70 .4 /.4 I i Yo.l 86.U
Low 3.7 1.3 11840 | 19.2 ! i g.4 5.3

34.0 17107 77,4 T a3 95.7 1 R 97.1/ 3i.i

{continued)
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TABLE 5 (cuntinuea)

Column A 8 C 1) [ F G H [ d K L M ] U 4 y
Petoeenl o Loapunent
~-o=Hedvy FraCtionene  mmmccmmemcecaaas Light Fraclione —cemciocccae aimeeao Retdired 10 Lignt Fraclione--eoeeee
vp
Asr ' Heating Heoting  Cotibus a fecgv.  Recov,
Flow M ¢ pP a value ° c Fe N Nunrs nsnd ansa ngllsy Vailye v vve:x Asn Funusf Fe? aunf«®  pp Eneryy
settiny (z}° (%) (xding)” (=}~ (x} (=) (=} (=} (17 (nding) (i
Los Anjeles
Hign 14.2 2.9 102 ly.8 0.1 G.7 .3 a2y 18402 2u.? 85.7 v3.3 2.5 weld v3.2 99.y
Mediun - 9.y 2.9 7362 t.o 0.7 0.4 26.8 Il Jh.Y 17875 3.4 74,6 EL I 8.5 IR ¥d.U 30.M
Low W3 6.2 10047 6.4 0.1 .4 23,1 37,5 44y 1ihyd Sl 1.7 B 0.3 do.7 LYaR 14.4
Ak rarn
Hign 133 0.8 2213 15,6 0.9 0.4 2i.8 .2,.0  5YH.z 14343 5i.0 R RULTA ¢ lv.b w7 9.5 yy.d
Medram o Q9 2.7 I vy 0.6 0.6 25,0 29.0. 4.7 . 13e3U vukav - osld L YvLl B.1 s8.c E LRIV EIeY
LOw 9.8 2°.8 03y7 8.7 1.0 0.5 .8 8.0 THhw 15914 43,3 To.3 ye.8 v ld.d yb.u vi.3
Pompan, Beoauh
Hiyh 11.9 439 12300 13.8 0.4 0.4 1i.5 4.7 8o [RHVEE] od./ [ yl.¢ iv.8 4.3 Y.y Yo
Mecium 13,8 63.4 18302 3.4 0.0 9.7 8.9y 5.8 8.4 ZHi21 /9.0 40.¢ . va.l 0.U al.i i vl.9
Low 4.2 11.6 19287 ey 0.2 1.4 8.y 7.¢ 34d.1 194/8 74,y s8..¢ ¥3.9 el ol.4 yu.5 Hd.y

g) air dry basis

D) oven Jry basis

C} ML = averayge moisture content
d) 1 = Insufficient data

e) one sample only

f}l PP « paéper and plastic



Key parameters for both heavy and
light fractions are reported 1n Javle 5.
Many comparisons and conclusions can be |
grawn{from the data. For example, an ex-
amination of the data in the table shows
that approximately 70 to 99 percent of
the input energy content {column Q) can
be recoverea in tne light fraction, ana
in augition for most air classifiers near
their normal operating points, recovered
energy is in the range of 90 to 99 per-
cent, As a secong example, it may be
noted that the percentage of paper and
plastic wn the heavy fraction (colwnn B)
ranged from G.3 to 42.8 percent, éxclud-
ing the Pompano Beach data which were
skewed ~ue to the significant amount of
preprocessing of the waste prior to air
classifrcation,

Also from Taple 5, 1T can be seen
that the light fractions obtained in Ames
and Pumpano Beach nave a relatively hign
heating value (Column J). Tnis may be
vue to tne composition of tne raw wasle

and/or the cffect of screening prior tu
air classification. Tne lignt fraction
obtained in Los Angeles also has a rela-
tively nign heating valua. However, the
nigh valup can not be attributed tu
screening 1nasmuch as this unit process
s not empioyea, at the site. An examina-
tion ot the neating vaiue ot the air
classifier feea at Los Angeles (Taole 2)
shows that the waste also has a rela-
tively hign heating value. Hence, -the
heating value of the Los Angeles lignt
fraction is partiy a consequence of tne
relatively nigh.ngating value of the par-
ent waste,

From the stanapuint of estavlishing
criteria for air classifier evaluation,
two key ratios can be suggested. Tne ra-
tios are: recovered paper anu plastaic/
retainen fines ana reccverea energy/re-
taineg ash. These criteria g¢re Shown in
Tables 6 ana 7, respectavely, for each
air classifier ang air fiow setring.
forwmer ratic {recovered PPfretaineu

Tne

TABLE 6. VALUES OF RECOVERED PP/RETAINED FINES
FOR A/S RATIOS GREATER THAN OR EQUAL TO CRITICAL

A 7 low Recovered Reiainea Recoverey 22
Site Setting pp Fines Retainea Fines
(1) (%)

Tacoma Hign 86.7 94.6 0.92
Meaium 84.4 38.5 0.95

Low 69.5 83.1 - 0.84

Baltimore High 98,5 95.8 1.03
Medium 95.0 98.5 0.96

Low 92.1 4?7.0 1.00

Richmong - Hign 98.3 97.0 1.0
Medium 93.8 93.2 1.1

Low 79.1 67.4 1.16

AmES High 97.3 97.2 1.01
' Medyum - 98.2 37.4 1.12

Low 97.7 95.7 “1.02

L.A. High 98.2 98.9 0.9y
Medium 99.0 . 99.2 1.00
Low 82.0 82.2 1.00

Akron High - "99.9 100.u 1.00
Medium 9%.0 99.1. 1.00

Low 98.0 99.8 0.98

Pompane High 22.3 21.2 - 1.0l
Beach Medium 93.2 95.1 0.98
Low 90.5 93.9 0.96

76



TABLE 7. VALUES OF (ENERGY RECOVERED_ 75}/ (ASH RETAINED T5)
FOR A/S RATIOS GREATER THAK Ok EQUAL TO CRITICAL

% Enerqy % Asn ) a
Rir Flow  Sample Recoverea Retainea  Avg % Lnergy Recuvereg 1§
Site Setting NO. n LTS n LTS Avg % Asn Retdiaeag g
(A) (B)
Tacoma Hign 7 89.8 67.8 1.29
3 84.9 67.5
Medium 11 80.5 69.4
12 77.9 57.8 1.26
13 75.3 58.5
Low 1 63.8 48.4 1.47
3 67.6 a8.5
Los Angeies Hign 12 96.2 81.6 1.12
18 94.7 78.3
“eqium 20 94.1 74.9 1.38
. 22 87.5 57.0
Low ) 73.0 42.3 1.86
6 70.6 8.0
Pompano High 5 93.6 33.2 1.51
Beacn b 92.9 40.7
vedrum 22 43.1 84.1
23 89.4 6.0 1.14
25 91.6 20.5 ’
Low 1 86.5 8.1 1.07
18 91.3 87.5
R 1chmong High 1 96.7 45.2 2.5
2 97.6 41.1
Hedium 9 84.7 40.3
11 87.7 46.5 2.07
14 93.3 41.6
Low 16 18.5 28.8 2.25
Y 51.8 29.2
(continued)

n



TABLE 7 (continueu)

1 Enerqgy % Asn 4
Air Flow Sample Recovered Retainey  Avd % Energy Recovereu 1y
Site Setting Ho. w LTS w LTS Avg T AS Retained;Ty
(A} (8)
3altumore Kigh 12 50.6 53.0 1.83
14 90.9 4p.1
Hedium 30 73t 57,1 1.28
Low 2  83.8 9 1.50
' 87.7 64.5
Akron High 15 98.6 ' 92.5 1.13
19 100 83.7
Medium 7 99.9 85.8 1.16
Low 9 83.9 57.9 1.33
12 97.7 82.1
Ames Hign 1 J— 73.4
2 92.7 . 50.7
3 85.2 19.3
4 = 41.5
_ Avg 93.0 46.2 2.0l
Mea1um 6 91.0 10°
7 -— 93.7
9 81.0 10
11 —_ 4.1
Avg 86.0 70.4 1.22
Low 13 92.4 71.3
15 94.9 - iD
17 95.7 © 36.8
18 - 59.5
19 B4 1
Avg 9l . 45.3 2.0}

a) Average (A)fAverage (B)
b) IN = insufficient data due to negative valués vaituidieo tor iight fractiun ash
_cuatent ' ) ’
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fines) coulo vbe used for getermining op-
timum air classifier pe~furnance for
selectively separating paper andg piastic
conponents from fine inorgaenic contami-
nants, for instance wnern fiper recovery
is the 1ntent of & resource reacovery
process. On the otner nana, for recovery
of a refuse derived fuel (AJF), the ratio
of recoverea enerqgy {r:) Lo reteinel ash
{RA) 1s Of sigmificance ana has oeen
cncsen for use 1 tNIS SLudy as 118 K2y
criterion for establisning tre perform-
ance cnaracterization of tne seven 2ir
ciassifiers tnat were testea.

Tne selectian of tne ratio of REI/RA
as the Key Criterion 1s Dased upon tne
fact that boLn recovereg enerqy ang re-
tarned 3ash n the lignt fraction are nor-
malizea on an infeed das's, tnus elum-
nating the effects of variation of refuse
composition on air classifier pr-form.
ance. By means of an explanation, large
values of tni1s ratia wmply tnat an air
classifier is recovering (1n the lignt
fraction) a signiticant percentage Jf the
energy availaole 1in tne infeed material
wnile simuitenedusly oropuing uul Into
tne neavy fraction a signmiticant percent-
3ge of tne asn-carrying conponents.

Tne gata In Tadie / SNOw & range ot
values for tne ratis of RE/RA for each
air classifier, depending upon tne air
flow setting. Duye to tie fact tnat for
each- air classifier only seicctea samples
uf neavy ano light fractions were ana-

- lyzeo for neating value, average values
of RE/KA were calculatea Dy giviging tne
average value Oof RE by tre average value
of RA for each air flow setting. This
metnod of obtaining values of RE/RA was
deemea to be the most reasonaole given
the amount of data available. Where pos-
siole, only heating value ang asn gata
for the same samples were usea 1n tne
calculazons (as shown for all sites ex-
.cept Ames). -Due L0 Lhe procecdure usea
for determining tne properties ot tne -
Ames lignt frac.ion samples ano tne at-
tendent inconsistencies of tne gata, as
much of the Ames ash 0ata d4s possinle
were used for calculating tne vaiues of
of REJRA. (onseauently, tne values lis-
ted in Taple 7 generaliy will ciffer from
those tnat would be caicutated oy using
the RE ang RA values listed 1n Taple 5,
except for the Ames air classifier.

If tne maxunun values of RE/KA tor
eacn awr classifier are cnosen as Lnc
Criterion [Or premise) for getermining
tne OpltImUM OREratiIng poInl ror recovery
of ¢ "npign quality" ROF, tnen olner per-
formance parameters can alsv ve ¢nosen
for comparison desec upon tne air flov
setting resulling 1n tne waximun value Ot
RE/RA Tur eacn air classifier, Some key
paraneters for <naracterlzing edcn gl
classificr's pertornence at 1ls Gulitum

air flow setting are snomn 1n Tadle 3.

ysing the parameters histec in Taple
8 ano twd aogitionel juaging criteria,
namely "Systam Complexity® ang "(ost", s
COMPprenens 1ve assessirent €an Dr mage Q7
the varigus aiwr classifiers undger tneir
respective optimum air selting fur RDF
recovery., Such & Sumnadry of tne ksy vu-
erating ang performrence paraieters ror
wacn air classifier 1s snuwn in Jeole y.
Tnis taple snows the Juajing criterla anu
tne Key parameters tnat are u$e€l [y Quan-
tify each juaging criteria. Tne firse
tnree parameters (SpeCiiic energy, column
loading, anc RE/RA) ~ere getzrmined trom
fiela measurements. Tne last t.wu parame-
ters (system complexity ang 1u80 custs)
are of a qualitative rature, Tns Judg-
ment of System complexity was Das2o upd:
v1SUdL 003ervation o1 toe tulat alr Cled-
s1frer system, nciuaing number of con-
veyors, biowers, cyclones, ana macnanr-
1cal equipment regquirec, lne engineering
ang structural cumplexity, ang an engi-
neering judgaent of tne d=gree ang type
of control recessary to maintain tne air
classifier in operating orger. (osts
were determined Dy escalating reporied
capitai casts {10 percenti per a7nuidi) to
1980 levels .and civiging tnem Ly tne Cri-
tical througnput for eacn air classifier
at 1ts opLimum air flow setting, as ge-
tailea 1n Tanle 10. -

A cumparison of air Ctassifiers 1§
possinle using the datg presented n
Tabie Y. For example, the Tacoma air
classifier uses tn: least energy per ton,
nas tne nignest column loaving, ary has
the least capital cost on & tun per Lour
Das1s. However, tne ROF Quanity suftrers,
as evioencea oy the relatively low value
tor tre ratio of RI/RA [l.2); ana *ne an
classifior svsrem 16 complex when come
pareg lo the others tested. Tnis exauple
jllustrates tne fact tnat the trageoffs



TABLE 8.

KEY PERFORMANCE PARAMETERS FOR AIR CLASSIFIERS

USED IN THE RECOVERY CF HIGH QUALITY ROF

Air Flow Column

Air Setting for £ lLoaging_ Avg. Recov. gnergy

Classifrer Max. REJRA®  (kWnh/kg) {tg/h}/né TAVY. Retalned Asn
Tacoma Low 0.9 30.2 1.5
Baltimore High 5.9 9.8 1o
Richmong High 5.1 8.8 &3
Ames Hign 7.6 »18.6 2.0
Los Angeles Low 11.4 4.9 1.9
Akron Low 11.4 20.6 1.2
Pompano Beach Yign 11.z 11.3 1.5

3) #Max. = Maximum getermineq from field test analyses of samples
collectea unaer test conditions exceesing tne critical air/soltos

ratio. :
RE = Average Recovered Energy
RA = Average Retained Asn

Tust be conslgered wnen evaluating ang
Juaging tne performance of 2ir classi-
fiers.

As mentioned previousty, tne use of
RE/RA to form the basis for evaluating
ana comparing air classifiers representc

.only one means of forming sucn compari-
sons., However, for recovery of RDF the
choice of RE/RA seems & natural one, Ali
sudsSequent parameters were getermineg
after the air settings for tne maximum
values of RE/RA were established, As pre-
viously discussed, other starting points
are possible. for exampie, f fider re-
covery is the ogject of air classifica-
tion, the natural starting criterion
might be the rativo of recoveren paper and
plastic to retainegd fines, Tne subse-
quent determination of the performance
parameters would tnen follow symilarly to
that previously oescr ided for the case of
characterizing ROF recovery, t.e., the
use of the ratio of recoverca energy to
retained ash. ’

Conclusions

The testing ana performance charac-
terization of seven air classifiers has

shown the ranges of operdting conait:ons
ang performance tnat can De expected for
each air classifier. §fn agoition, metn-
DUS Nave Ceen presented Tur Comparing
arfferent types of awr ciassifiers oper-
ating unger aifferent air anu material
flows and nandling snregued refuse of
arffering compositiun. There 15 no
aosolute means of comparing air ¢iassi-
fier periormance. AS tne cata in Table &
Shiw, POSitIve 3NG negalive poiInts exist
for all air classifiers. However, 1L 1s
noew possible to Judge air classifrer per-
formance on a relative nesas if tne juog-
1ng parameters are judiziously crosen so
as to allow an <quitaole comparison, 1.e.
nernalization of the system outpuls to -
eliminate the effect ot varying infeeyq
compasition, Hopefuliy, the methogs ana
gata presenteu nere will prove usetful i
tne evaluation of otner air classifiers,

Since tne fiela Lests coverea a num-
per of arfferent air classifiers, analy-
s1s of the Lesl gata ollows the €5t30-
lrshment of the magnitudes of a numper of
Quantities thal snould De Of 1nterest 1o
the resnurce recy sery ndustey for evan
ple, tne nercentages af ferrous metals,
nonferrous metals, retainea fines, -and
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TABLE 9.

OPERATING AND PERFURMANCE PARAFETERSS OF SEVEN
AIR CLASSIFJERS FOR RDF RECOVERY

JUDG NG » ENERGY REQUIREMENT

CRITERIA

Kay Parameter » Specific Energy

SYSTEM
COMPLEXITY

Avg. Recovereo Energy Design
avg. Retained Ash Swplticity

UNIT SIZE RDF QUALITY

Colunn Loaging

cost®

19580
Cosl Bashs

{kwh/Mg) (Mgrn)/m? (Rat1o) {Raikng®) (3rmainc )

Alr Classifier

1. Tacoma: (0.9) (36.2) (1.5). 6 5,800
2. Baltimore {5.9) (3.8) (1.8) 3 12,600
3. Richmond (5.1) (3.8} (2.3) 1 4,300
4. Ames S (76) (>18.8) - {2.0)" -4 <14,000
5. L.A. (11.4} (4.9) (1.9) 2 8,2u0
6. Akron (11.9) (20.6) (1.3) 6 6,600
7. ggzz:no (11.2) (11.8) ' (1.5) 5 0,200

a) Estimated caepital cost [equipment and engineering) for air ciassifier systzm, costs exclude uperdling ang

maintenance expenses

Mgihcpjr = throughput at tne critical A/S ratio.

b) 1 = simplest system;. 6 = most complex system
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TABLE 10. C€CST OF SEVEN AIR CLASSIFIER SYSTEMSS

Air System Constructian fzcalkation 1930 critical 19508
Clissifier Cast (3} Year FactorV Cost (B)® Feedrate TMg/niu,¢e
Tazoma : 352,500 eH 1.21 548 000 45 5,800
daltimore 310,000 lu76 1.46 453,000 35 12,000
Racnmong 4,750 1475 1.6 14,200 1.3 4,500
Ames 182,854 1975 1.6l 294,000 2l <14,uv00
L.A. 12,250¢ 1977¢ 1.23 16,300 2.0 8,200
Akron 125,000 1977 133 166,000 2o ,600

Pcmpano Beach 18,756 1976 1.46 27,400 4.4 &,200

an

e}
£l

The system costs 1n general represent. cost of materials and installation, However, for some of the air
ctassifiars, engineering vesign cost. were aluost certainly part of the total system cust, althyugh this
conclusion can not be gocumonted. -
Construction year cost escalated at LQ percent per yeirr 10 establish 1980 cost,

These entries ¢re astimateu.

in light of the peculiarities of the mgnrer of cost a-countlng as aescribey in footnote a), the g/Mgfn
valees presznted should be ¢18wed wilth C3ution, DEAr11g 10 2ind Lhal LREre are o nyri1ag ot factury Lhat
may Qr may Not LE accounten for in Lie total - ysten gosts,

Rounaea costs.

Calculated maximun feedrate corresponding Lo tne critical air/solids ratio fur tne air tiow setting
resulting in the makimun -value of recoveres nergyjretaingg ash.



paper ana plastic in the light fraction,
Results of all seven field tests taken
collectively enable an overall, or aver-
age, value of certain perameters to be
calculated as shown in Table 11. Such
average values subsequently can be used
for calculation of mass and energy bal-
ances on an air clec ““ier system. For
example, the mass on of nonférrous
metals in the ligh.  sction can be com-
puted from the mass fraction of nonfer-
rous metals in the air classifier feed
ang the percentage of nonferrous metals
retained in the light fraction.

Certain other factors involving the
calculation of mass palances can also be
gleanec from the test data. For example,
the cata in Table 11 show the probable
values for various operating and perform-
ance parameters that characterize air
classifiers. Fur gesign purposes, the
data in the table allow an estimation of
typical levels of performance. For exam-
ple, the minimum ana maxinum values of
paper and plastic in the heavy fraction
can be seen to be 0.8 and 42 percent, re-
spectively, although an average value of
5 to 30 percent appears to be possible
with properly tuned air classifiers.,
Other noteworthy findings include typical
ranges nt: 1) 2 to 20 percent and 45 to
65 percent, respectively, for retained
ferrous and retdined alumnun in the
light fraction; 2) specific energy re-
quirements of 1 to 11 kWh/Mg; 3) RE/RA
values of 1.2 to 2.1; anc 4) system cap-
ital costs of 35,800 to 8,200 per Mg/h.

It is readily apparent after testing
these air classifiers that a standard

method of testing and evaluation is
needed Dy the resgurce recovacy :nagustry
not only to allow comparison of perform-
ance among different air classification
systems but also to establish the correct
operating settings for producing a speci-
fied output. Presently there is little
control exercised over the air classifi-
cation process. Consequenily, the qual-
ity of the output (i.e. RDF) oftentimas
suffers. As with most of the processes
n resource recovery, air classificatian
is but another that has not yet progressed
from an art to & controllea process.
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TABLE 11. SUMMARY OF OPERATING AND PERFORAANCE
CHARACTERIZATION OF AIR CLASSIFIER SYSTEMS

Typical
Hign Low Ranged
Critical Air/Solids Ratio 8.5 <l.5 2-17
PP in Heavy Fraction (1) 42.8 0.8 5~ 30
Lignt Fraction Composition (%)
Ferrous metals 3.3 0.0 0.1 - 1.0
Non-ferrous metals 1.5 0.0 0.2 -1.0
.Fines 37.% 4.0 15 - 30
Paper and plastic 87.8 22.9 55 - 80
Ash 34.3 5.8 10 - 35
Percent of Component Retained
in Lignt Friction
Ferrous metals . 32.1 0.0 2 - 20
Non-ferrous metals 96.7 "0 45 - 65
Fines .00.0 (4 80 - 99
Paper and olastic 99.9 69.5 85 - 99
Ash 85.2 29.3 45 - 85
Recoverea Energy 99.9 65.2 73 - 99
Specific Energy {kWh/Mg) 15.0 0.9 1-11
Column Loading (Mg/h)/m? " >46.0 2.0 5-40 .
Recovered PP/Retained Fines 0.9 1.1 1.0
Recovered Energy/Retained Ash 2.3 1.1 1.2 -2.0
1980 §/(Mg/h) <14,000 4,300 5,800 ~--8,200"

-4 Typical range to be expected.



PRODUCTION PROCESSFES FOR RDF AnND d-RDF, WITH APPLICATION TO
A d-RIF SYSTIM FOR SMALL COMMUNITIES

Jay A. Campbell
Marc L. Renard’
National Center for Resource Recovery, Inc.
Washington, D.C. 20036

ABSTRACT

Production systems for refuse-derived fuel (RDF) =z2nd cdensified refuse-
derived fuel (d-RDF) are composcd of a number of processing steps. An un-
derstanding of the operations and inter-relations ot these vavicus pieces
of equiprent is critical to proper design ard functioning of the enlire
system., Five of the most common unit proce.:ses in waste fuel production
systems are shredding, air classification, screening, densification and
‘material handling. A review of recent and ongoing research and evaluation
prograns for each of these processes is provided in this paper. " In a
second section, analysis is mad: of the technical and economical feasi-
bility of a d-RDF system for small communitv. The approach first defines
thr affordable cost, on a breakeven basis, for the equipment ard plant
needed to provide a RDF feedstock to a densification module. A RDF pro-
ductior scheme is outlined and a preliminary facility. layout and cost dis-
cussed. Jhis cost is then compared to the frort-end covital affordable
for various fuet values and landfill avoidanci costs.

This discussion o. preparation PROCESS RUSEARCH AND TESTING -
processes for réfusc-derived fuels
(d~%DF) will be divided into two Depending on the requirsments
parts. The first is a brief sum- of the fuel user and the design of
mary of equipment research and the preparation system, RDF may
evaluation programs on five unit take a ramber of forms: fluff .
procésses common to production sys- (coarse or fine size), pulped, pow-
tens for RDF and d4-RDF; the secord dered or densified. 1In turn, there
is to examine, as an example, the ~are a large number of process flows
technical and economic feasibility that have been applied or proposed
of a‘d-RDF system for a small com-— " for RDF productica. Five of the
munity. This example will illus- most commcn process stens - unit
trate one possible approach to processes -~ that are avplied in
planriing, selection ana aunalysis'of these systems are sh:eidlna, air
a waste processing system, and will 'classxf1catxon, screering, densifi-
serve to point out the sort of in- ‘cation and material handling.
formation still lacking on unit :
-process performance and products The carly processing systems
and needed for sound technical and for reccvery of fuel (RLF) and/or.
economic analysis of a processing recyclable materials from mixed mu-
syskem. nicipal £olid waste (MOW! genevaily
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utilize. unit process equipment
adapted from other conventional in-
dustries or applications. These
unit processes are scaled-up, and
comt ined in a number of commercial-
scale RDF preparation plants.. How-
ever, in the first applications to
solid waste, these systems generally
have not functioned well and have
fallen short of meeting operating
expectations and product specifica-
tions. Subsequent efforts to evalu-
_ate, trouble-shoot or improve the
performance of individual processes
or plants as a whole were compli-
cated by the fact that outputs of
one process affected the performance
of other processes as well as the
rest of the system. The difficul-
ties appear attributable to a lack
‘'of understanding of capabilities and
limitations of the individual unit
processes and to absence of signifi-
cant bench, pilot or commercial
operating experience using solid
waste feedstock with this equip-
ment,

In recognition of the need for
basie knowledge of unit processes to
advance the understanding and appli-
cation of RDF preparation systems,
the Environmental Protection Agency
(EPA) had initiated a number of fun-
damental and experimental vesearch
programs. The following sections
summarize descriptions, status and
results of these research programs
in the areas of shredding, air clas-
sification, screening, densifica-
tion and material handling. While
funding has been limited and priori-
ties shifting (in fact, the Depart-
ment of Energy (DOE) now has sole
responsibility for RDF process re-
search), these research activities
{or in some cases the absence of
such activities) are highlighted to
emphasize the type of analytical
and experimental programs necessary
to develop more basic knowledge on

‘unit processes. This could permit
improved design, scaling, opera-
tions, costing and evaluation of
waste~-to~energy systems, and speci-
.fication and pricing of RDF prod-
ucts.

It is beyond the scope of this
paper to cover the results of all

these proiects in detail; the
reader is directed to the refer-
ences cited in this paper for addi-
tional information,

Size Reduction’

Shredders are applied to un-
processed or processed solid waste
to produce a smaller, more uniform-~
ly sized, homogeneous product which
is more easily handled and sepa-
rated in follow-on processing.
Primary shredding refers to size
reduction of unprocessed MSW uti-
lizing hammermill (horizontal and
vertical axir), shear or flail mill
types of shredders. Secondary
shredding refers to the size reduc-
tion, usually by a hammermill or
knife mill, 6f a processed waste
fraction ~ typically air-classified
light fraction,

The earliest shredder perfor-
mance testing was in EPA-supported
field studies in the late 1960's
and early 1970's in Gainesville,
Florida and Madison, Wisconsin
(1,2). A more fundamental pilot
plant program by Cal Recovery
Systems, Inc., established the key
parameters which characterize
refuse comminution and developed
the criteria for evaluating size
reduction ejuipment (3). A com-
prehensive follow-on field test
program by the same firm (again
under EPA support) was then ini-
tiated to make comparative perfor-
mance evaluations of nine large
commercial shredder installations
(4). More recently, a field test
program concerned with production
capacity and product characteris-
tics from parallel and sequential
shredding of trommeled, air-
classified light fraction was run
with a vertical shaft shredder and
horizontal shaft shredder at the
Maryland Environmental Service

"facility in Cockeysville, Maryland

(S5). Results on dependence of par-
ticle size, throughput, power con-
sumption and the effects of mois-
turé and hammer wear for a vertical
shaft hammermilli were obtained at
the Pompano Beach, Florida solid
waste facility and reported -
recently (6).



Significant information and
data on comminution parameters,
energy consumption and hammer wear
have been developed and documented
in these studies. This work is
representative of the combination
of analytical and pilot-scale in-
vestigations, coupled with field
evaluations which are lacking for
most other unit processes, and for
three other types of shradders -
flail and knife mills and shear
shredders. The first two of these
devices are of particular interest
for the type of small-scaie RDF
processing systems considered in
the example below.

In a typical application, a
flaii mill is used to coarsely
shred raw waste to break bags and
liberate contents prior to separ: -
tion or screening. No reported
equipment investigations and only
minimum experimental data on flail
mill product: characteristics are
available to assist designers in
using this equipment for waste-
processing systems.

A primary-shredded, air-
classified light fraction must be
further reduced in size prior to
densificaticon in order to minimize
milling action on the densifier,
attendant ihcreases in power con-’
sumption and wear and decreased mill
capacity. Knife mills have recently
been applied (particularly in
Europe) or considered for size re-

.duction in preparation of densifier
feedstock (7,8). The presumed

benefits of the knife mill have been

the positive size control of tex-
tiles and the increased product den~-
sity (less de-fiberized or fluffy).
However, data are not availiable to’
answer thesé or other questions such
as capacity of existing models, sen-
- sitivity to ‘damage from tramp metals
and wear on the knives and grates,

Shear shredders have :wo slow-
speed, counter-rotating rotors with
intermeshed hammers. They have
found a growing market for indus-
trial resicdues such as waste rub-
ber-and wood and are frequently
mentioned as alternatives to hammer-
mills for primary shredding. The

advantages cited for the shear
shredder are reductions ih power
consumpticn, wear and explosion
hazard, but no documented investi-
gations verify or disprove these
claims, "

Air Classification

Air classification is an aero-
dynamic process to separate loosely-
mixed fractions of material based .
on individual component size, shape
and density in relation to the
equipment configuration and air flow
parameters. There are several
styles of air classifiers including
straight column, zig-zag, horizon-
tal vibrating, rotary drum and con-
centric tubes. As applied to solid
waste, the air classification pro-
cess is most frequently employed on
shredded waste to produce. a light,
combustible fraction consisting
mainly of organic materials (pzper,
plastics) and a heavy fraction con-
sisting mainly of inorganic, non-
combustible materials. 1In general,
the expectations and predictions
fcr separation efficiency and relia-
bility have not been met in actual
operation,

Unit process research on air-
classification equipment has pri-
marily been in the form of field
evaluations of pilot- and full-
scale egquipment. Midwest Research
Institute has reported on an exten-
sive field test on7 air classifiers
of various styles and sizes (9). .
The tests documented performance
and operating characteristics at
several operating conditiors.

At the National Center for
Resource Recovery (NCRR}, the r-
formances of a Vibrolutriatosd and
a vertical zig-gag air classifier

‘were assessed as part of an EPA pro-

cess testing research program (10).
In particular, experiments were run
at varying air flows on both units
and with varying internal geometry

in the case of the zig-zag unit,

These types of field studies
have provided interesting compara-
tive data but due to the dissgimi-
larity of designs, changing



feedstock characteristics and feed-
rates, the data do not provide a
basis for improving designs or for
predicting performance for varying
feedstocky., Few investigations
directed at more basic understand-
ing of the air-classification pro--
cess, the principles for design,
scaling and operatior. have been
undertaken or reported. Along
these lines. the wnrk by M. Tels
and M, Senden (11,12} should be
cited. Also, the aerodynamic
characterization of elements in. ~
air-classified light fraction was
studied at NCRR in anaiyzing in-
ertial separation during pneumatic
conveying of fine inorganics from
RDE (13). '

‘One beneficial use of such
fundamental and basic process know-
ledge and test data is in develop-
ing proarams for new or improved
equipment. An example of such a
device is a tramp material separa-
tor. The recent move away from
shredder and air-classific:tion
systems and the increased use of
flails and screening has reduced
cost and complexity of waste pro-
cescing systems, but it has not
eliminated the need for a device to
‘separate dense, potentially damag-
ing materials from the RDF. The
application of such a tramp materi-
al separator is. illustrated in this
paper in the example of a small
facility processing system., The
efforts at development of such a
device, which is the subject of an
upcoming research task at NCRR spon~
sored by DOE (14), unfortunately,
cannot benefit from the extensive
operating and performance data
logged on‘'nearly a dozen air clas-
gsifier systems in the test programs
cited above. Rather, for example,
information on the applicability of
theoretical and analytical models
for air classifier performance
should be assessed; a controlled -
pilot-scale parametrical test pro-
gram should be undertaken; and data
obtained on characterization of
waste compenents by size, shape and
mass relationships., Topical discus-
gion and outlines of a number of
these more fundamental types of
unit process research programs are

provided in a report on research
goals prepared by NCRR for EPA (15).

Screening

Flat (or vibratory), rotary
{trommel} or disc screens have been
considered or applied fcr size
separation of unprocessed waste and
a variety of processed fractions.
Recent interest in preparation of
RDF has becen in the use of a rotary
screen ahead of the primary shred-
der. The objective is to remove
undersize material, particularly
abrasive inorganics, prior to
shredding to reduce the loading
wear and power consumption. Flat,
rotary or disc screens may also be
placed after the shredder or air
classifier to remove ash-causing
inorganic fines and pot-ntially
troublesome oversize aate:ial from
RDF. For either location or screen
type, screening has the promise of
offering a relatively inexpsesnsive,
efficient approach to upyrading
RDF.

Few reports of analytical or
experimental efforts on flat screen-
ing of solid wastes have been pub-
lished. 1In an experimental program
at NCRR, rome operating experience
was gained, and associated data
were repo.-ted on flat screening of
shredded 14SW and air-classified
light fraction. The testing, how-~
ever, was aimed at characterizing
the particular devices being used
and not at evaluating the screening
process for various pieces of equip~
ment and a range of input condi-
tions (10). The results indicated
that, due to the presence of flat
and flexible materials that ride on
the screen and block the openings,
flat screens would have to be un-
usually large for effective MSW or
RDF processing, A tumbling action,
as occurs in rotary screens,
appears tc offer improvement. A
gsimilar conclusion was reached by
Trezek in an investigation of flat
screening of light fraction (16).

The use of modified flat
acreens for two focused applications
in waste fuels processing - the
separation of textiles and other



‘wrappables and removal of dense in-
organics - will b considered in a
modest research task just started
at NCRR (17).

DOE recently initiated an ex-
tensive research effort on the
mechanism and performance of rotary
screens applied to RDF preparation,
Three cortractors - NCRR (18}, Cal
Recovery Systems, Inc, (19) and
Midwest Research Institute (20) - -
will be conducting analytical stud-
ies and pilot- and full-scale test-
ing and evaluations. Studies of
the trommel hardware systems (the
structure and drive), the ecornmics
of full-scale trcmmels and an c¢val-
uation of trommels for small-scale
systems are all part of the DJE
program,

The particular appreach which
NCRR has adopted to develop predic-
tive relationships on trommel
operation and performance was de-
veloped as part of an aforemen-
tioned study for EPA on processing
research topics (15,21}, Concur-
rent to that study, the firat eval~
uation of a full-scale trommel was
conducted as part of an EPA test
and evaluation program at the Re~
source Recovery Demonstration
Facility in New Orleans, Louisiana
(22). An additional ten full-scale
tests in New Orleans, as well asg an
evaluation of the trommels at the
Browning-Ferris facility in Houston,
the Maryland Environmental Service
plant in Cockeysville, and two
plants in the United Kingdom are to
be conducted as part of the new DOE
research program,

A disc screen is a horizontal
assembly of rotating shafts with
circular or elliptical interlocking
discs arranged to form an aperture
through which undersize material
may pass. ~Oversize material is
carried across and off the screen
by the rotating discs. In one of
the firat applications to waste
fuel processing, disc screens were
installed in the RDF production
plant in Ames, Iowa, for removal of
grit (fine inorganics) to reduce
the load and wear on the secondary
shredder and materials handling

equipment and reduce the ash content
of the RDF. The performance of the
disc screens, as they affect fuel
characterigtics and plant opera-~
tions, has been reported as part of
an EPA-sponsorad evaluation of the
entire Ames facility (23). Unfor-
tunately, dati could not be obtained
to indicate the change in fuel yield
after the installation of the disc
screens and show the proportion of
organics loss with the grit product.
This important operating facility
information, as well as an evalua-
tion of the relationships. between
machine parameters (speed, disc
screenings, disc shapes) and feed-
stock characterigticg, is necessary
to more fully understand and con-
sider application of disc screen-
ing.

. Dengification

For reasons of combustion,
feeding, handling or storability, a
densified form of RDF may be re-~
quired for a particular fuel market.
Such applications are typically.in
stoker-fired boilers burning lump
or particle coal. Densified RDF or
d-RDF is formed by the mechanical
compaction of a processed waste
fraction into particles, Equipment
types. include pelletizers, cubers,
extruders and briquetters.

Some of the earliest and most
extensively report experiences on

"the preparation, properties, handl-

ing and economice of densification
occurred at NCRR between 1976 and
1979, under EPA's sponsorship (8}.
This project covered an operation

. .and performance evaluation of a

shredder and pelletizer subsystem
designed to produce d-RDF from
shredded, air-classified light frac-
tion. Over 1200 Mg of pellets were
produced for test firing in two
different stoker-boiler facilities
(24,25). Other experimental activi-
ties 'at the NCRR densification
piant included an investigation of
the effect on throughput, power
consumption and pellet quality from
addition of waste.oil to the densi-
fier feedstcvk (26) and evaluation
of the operations and products from
processing 125 Mg of high paper-



content {(office waste) feedstock
into d-RUF (27).

A series of pilot-scale evalu-
ations of a commercial pellet mill
and a fundamental investigatior of
densification of RDF utilizing a
single die arrangement were carried
out at the University of Califorria
(28}, The bench-scale testing was
the first of its kind and provided
insights into the dynamics of pel-
let formation and elements of the
enerqgy requirements for pelletiza-
tion. The results determined the
effects of die configuration and
suggested explanations for exces-
sive die wear and decreasing spe-
cific energy requirements for in-
creasing mass throughput as ob-
served in commercial pellet mills,

Material Handling

Material handling processes in
ROF preparation systems include
mechanical and pneumatic conveyors.
Although not contributing directly
to the RDF refinement process,
proper selection, design and opera-
tion of this equipment is vital to
reliable, clean and economical
operation of the system.
problems with material handling
equipment have been prevalent in
most of the first generation RDF
processing plants, it was not until

recently that a research effort on

material handling systems has been
initiated.

At NCRR, the first phase of a
research project studying the
parametera affecting conveyability
of waste fractions and testing
various processed waste fractions
on a series of belt and vibrating
conveyor test rigs was just com-
pleted (29). Unfortunately, the
additional phases which included
field testing at full~scale commer~-
cial installations were a casualty
of EPA's shift out of waste pro-
cesging research programs,

~ Prneumatic conveying systems
are found at nearly every RDP
facility, yet little knowledge of
operating parameters and perfor-
mance ig available. RAs part of the

although

first phase conveyor project, the
scope, facility requirements and
cost of a pnedfifatic test rig experi-
mental program have been assessed.
Implementation of the program, how-
ever, was not covered in the first
phase funding and is not planned at
this time.

APPLICATION TO A 3-RDF SYSTEM
FOR SMALL COMMUNITIES

After this review of present
research and experimental evalua-
tion on the preparation and densi~
fication of RDF, the gsecond part of
this paper will examing, in an
example, the technical and economic
feasibility of a d-RDF system for a
small community generating from 100
to 200 Mg/d (110 to 220 ton/d} of
municipal solid waste.

It is reasonable to assume
that small communities, as just de-
fined, can ill afford the capital
investment and operational and
managerial complexities entailed by
high technology, capital-intensive
approaches to resource recovery
taken in large metropolitan areas
{1000 Mg/d of waste, or more). The
relative cost of scaling down sys-
tem size and the requirements for a
variety of skiiled labor might be
seen as Serious impediments,

In the fcllowing discussion,
an example will be treated in which
the technical and econonic aspects
of producing d-RDF in a small com-
munity plant are analyzed. This
example follows the general ap~
proach and procedures developed by
the authors in a more detailed con-
tract report (8).

By reference to the densifica-
tion of d-RDF and its uses given
above, it is assumed at the outgset
that a customer or customers have
been found in the community and are
willing to purchase d~RDE for use

‘as & substitute or supplemental

fuel in a particle coal stoker-
fired boiler. The sale price of
the d-RDF is based cn its energy
content, presumably discounted from
that of the displaced fossil fuel,



From previous NCRR work (8),
realistic projections for capital,
labor and operating and maintenance
(0&M) costs of a densifying opera-
tion can be made. The agproach
cited in Reference 8, and applied
here), is to define the flow pro-
cegs, upstream of the densifier,
based on the question: “How much
can e afforded for the plant and
equipment, other than the densifier
and the associated structures,
Ggiven the quantity of d-RDF pro-
duced, its sale price and the cost
of densifying?®

This being determined, ‘a RDF
production scheme will be outlined
which would fit the technical and
economic constraint. A preliminary
layout ana costing fcr the farility
in “he example under study will be
discussed. The cost will be com-
pared to the projected front-end
capital atfordable for various fuel
values and landfill avoidance costs.

Cost of bensification

Projections for the capital,
operation and maintenance costs
have been made for the densifica-
tion subsystem shown schematically
in Figure 1. The system would have
a design capacity of 9 M3 per hour
of nominal 75 mm feedstock.
Accounting for start-up transients,
occasional jams and bl:ckages, an
80t availability is assumed yield-
ing a realized capacity of 7.2 Mg/h
Over two shifts (14 hours) the
daily capacity would be 130 Mg,

Table ) provides a list of
equipment and other costs (1979
basis). A ring extrusion-type den-
sifier, as was used in the produc-
tion program at NCRR, is suggested
here. However, auxiliary equip-
ment, 0&M costs, capacity and prod-
uct characteristics would not bhe
expected to vary greatly for other
types of densifiers.
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TABLE 1.

DENSIFICATION MODULE EQUIPMENT COST DETAIL (REF. 8)

“WO DENSIFIERS - 1979 COSTS

Item Cost.
Equipment
Conveyors (4) -.feed and product . $ 32,700
Densifiers (2) - w/surge bin, spare die and rolls,
motor 184,600
Pellet cooler 14,500
rellet screener 6,200
Motor control center 5,000
Freight and taxes 17,000
Installation 65,000
Building allocation -~ 75 sq m 20,C00
Engineering 27,630
Contingency 17,300 .
Total Capital Cost 3389,900

An estimate of the O&M co3ts
for a two-shift operation are pro-
vided in Table 2. The operating

costs include the proportioned time

of an equipment operator and power
requiremerits on a unic throughput

basis., The maintenance costs in-
clude die rehabilitation (regrind-
ing) or.replacement, roller shell
replacement and estimates for
nominal maintenance on the pellet
mill drive, conveyors and screens.

Table 3 summarizes these costs
yielding a total of $9.20/Mg
{$8.28/ton) for the capital and
operating costs of the densifica-
tion module.

For details on the pr~sumed
maintenance schedule and costs, the
reader is directed to the EPA final
project report (8).

Allowable Processing System
‘ Costs

The rapital invegtment, up-
strea.n of the densification unit
just described, is said to b=

allcwable if the options of land-
filling or processing and densify-.
ing are econonrically indifferent,

‘The projected costs of densi-
fication were detailed (arlier.

Other estimates or assumptions used

in the analysis are listed below:

Densirfier capacity
(nominall: (9 Mg/h,
80t availability)

7.2 Mg/h Tor 2 densi-. '
fiers

Operating time:
2 x 7 hours, 250 d/y
(2 ghifts)

Equipment life:
10 years

Fuel heating value:
13.94 MJ/kg (6000
Btu/1lb), as-received,

or 13.94 GJ/Mg (12 x 10°
Btu/ton)

Sale price of fuel:

kg = $1.42/GJ ($1.50/M
Btu) or $2.37/GJ ($2.50/M
Btu)



TABLE 2. DENSIFICATION MODULE OPERATING AND MAINTENANCE COST DETAIL (REF.S)
TWO DENSIFIERS - 14 h/d - 250 a/y 7.2 Mg/
NOMINAL THROUGHPUT - 25,200 Mg/y

Labor

Materials, supplies
Utilities
Maintenance

Dies
Rollers

Miscellaneous {densitier, conveyors,

cooler, screenj

Annual Unit Throughput
$30,000 $1.19
12,000 0.48
32,250 1,28
50,400 -2.00
32,250 1.28
15,900 0.63
$172,800 $6.86/Mg

TABLE 3. LENSIPICATION MODULE
CAPITAL AND OPERATING COST SUMMARY
(REF. 8)

.Iteq Annual

Capital costs

Total cost $389,900
Annual 8%, 10 years 58,485
Unit cost 2.34/M9
Cperating costs

Labor 1.19
Materials, supplies 0.48
Utilities 1.28
Maintenance J.91
Total Operating Costs 6.86/Mq
Total Capital and

Operating Coats $9.20/Mg

- Ferrous sale price:
£33/Mg ($30/ton), F.0.B,
plant

- lerrous material re-~
¢overed: 0.06 Mg
recovered/Mg of input
waste

- Landfill aveoidance cost:
variable °x" (ranging
from 0 to 15 §$/Mg)

As mentioned, the front-end
available capital (F.A.C.) is the

amount that can be afforded in or-
.der to balance costs and revenues,

for buildings, equipment, O&M and

installation costs upstream of the
densifier. The revenue per Mg of
d-RDF or $/Mg, in short, is noted

R,P.T. and is equal to:

R.P.T. = revenuc from sales
of fuel/Mg + revenue from
sales of ferrovs/Mo - cost
of densiiying/Mg + x (laad-
£i11 aveoidance, $/Mg)

The front-end available capi~-
tal is equal to

- {RPT x TPY)10
F.A.C. o w

o = loky

in which a, ky are the estimated
fraction of tze capital investment
spent over a period of 10 years and
1 year, respectively, for 0&M of
the front-end equipment and facili-
ties. For example, ky = 0.2, the
value adopted in this example, cor~
responds o 20V of capital cost on
a yearly basis, The term 1 + B in



the denominat-~r corresponds to the
cost of financing the capital costs
(F.A.C.). Here 8 was assumed to be
the capital recovery factor at 8%
over 10 years, or B8 = 0,4903.

Equation (1) is plotted in
Figure 2 against x, and landfill
avoidance cost {a variable}, for
the cagse of two densifiers, with
ferrous recovery.

The yield of d-RDF per input
ton of waste, Y, is taken to .be 50%
for these examples (see discuszsion
in naxt section),

In Fiqgure .2, it is seen that
for realistic landfill costs ($2 to

$15/Mg of waste) and the lower
price of energy ($1.42/GJ), a range
of $1.2 million to $2.1 million can
be defined for the front-end avail- .
able capital. For the higher price
of onerqgy ($2.37/GJ), the range is
$2.1 million to $3.0 million,

At the assessed d-RDF module
capacity of 7.2 Mg/h (8 ton/h},
14 h/d, 250 d/y, the .-ecovery plant
handles 100 Mg/d (112 *on/d) of
shredded RDF (fluff) fe:dstock to
the densifier module.

In the above-referenced gen-
eral study (8), it was obtained
that all alternate schemes examined
for the production of this RDF have
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cost for encrgy sale price of $1.42/GJ ($1.5u/M Btu) and

$2,37/GJ ($2.50/M Btu).



yields "Y¥" (in Mg RDF/Mg input
waste) somewhat smaller than or
equal to 508, The size of the
facility, in Mg/d of input, is ob-
viously 100/Y (112/Y ton/d). As
explained in the fcllowing section
on plant layout and costing, a re-
circulation ot trommel oversize
could be implemented, if necessary,
to achieve a. figure of 50% for the
yield in RDF (Y = 0,50).

_Proposed Procesg Flow

In cheosing one of many feasi-
ble schemes for producing, from raw
municipal solid waste, an “accepta-
ble to good® RDF feedstock, the em-
phasis was placed primarily on:

- simplicity of operation
- low capital and O&M costs

- production of a feedstock
‘having a meisture level
between 12 and 25%, having
low inorganic fines (ex-
trinsic ash) and being
free of tramp metals

Some of these requirements
{such as requiring a low ash c¢on-
tent) might conflict with the ob-
jective of a high yield., There-
fore, compromises might have to be
made which relatively increase the
quantity, and thus the disposal
cost, of process residuals.

Basic Bulidlng Blocks

The *buildinag blocks® which-
would appear to be well suited to
small systems are:

‘= th: trommel (or rotary
screen) which will effaect
-the removal of glass and
small orgenic materials
with high efficiency

= the magnetic recovery
system, with a suspended
drum or belt magnet. Effi-
ciencies on the order of
85 to 90V are expected,

- the size reduction de-
vice, which only handles

that fraction of the in-
-put waste to be densified
as a fuel.

The principal size reduction mech-
anism called for is a cutting ac-
tion on matarials such as paper,
plastics and fabcics, Throughputs
are only a fraction {(on the order
of S0%) of the total input rate.
Incidentally, the reliable and
continuous operation >f such a
knife shredder, if it is not de-
signed to be tolerant of pieces of

.hard metal, would possibly require

the installation, immediatelv ahead
of the shredder. of a device yet to
be developed, w! use function would
be to remove large pieces of metal
(possibly non-magnetic) present at
that stage. It is schematized, in
Figure 3, as an optional unit, .
called a "tramp metal separator”
here, As already mentioned,  the
analysis of an" aerodynamic device
for separation of tramp material

iz the subject of a project cur=-
rently underway at NCRR (14).

These building blocks are the
basic components of the scheme de~
scribed below.

Process Flow: Flail-Milling and
Two-Hole Trommeling :

The basic process flow is
shown in Figure J. The raw waste
is flajil-milled first, then trom-
meled. Magnetic recovery is
effected on the 203 mm (8 in.) hole
undersize product. Aluminum pick-
ing (by hand} is optional. The re-
mainder of this fraction is size~
reduced before densification.
Again, the option of removing. tramp
metals prior to size reduction is
sketched on Fiqure 3, but not in-
cluded in the sample calculations.

Based on a survey of available
data uul rosul.s from Recovery 1,
the City of New Orleans' resource
recovery plant, a reasonable com-
position iy given in Table 4.
Starting with this composition and
the size dustribution in Figure 4,
a computed size distribution for
the flajl-milled product is ob-
tained and given in Figure 5. ({(As
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TABLE 4. .ASSUHBD COMPOSITION OF.‘ INPUT WASTE
' 0f which HEV, MJ/Xg
Wty moigture is (Btu/1b)
Material ag-received wti ag-received dry basis
Paper 30 S . 17.43(7,500)
Cardboard - 13 3 16.361(7,040)
Glass' 9.2 0.3 -
Garden & Food
Wasteg 25 12 17.43(7,500)
Ferrous 8 -
Stones 3 0.9 -
Fines (<1/4 in.) 4 . -
Non-ferrous 0.3 - -
Textiles 2.5 0.5 23.24(10,000)
Plastic 2 - 37.18(16,000)
Wood 3 1.5 20.22(8,700)
100.0 ’ 23.3
———




pointed out by A. Scaramelli-et
al., (30), very little experi-
mental information exists and has
been documented on flail mill
product sizing.}) It is observed
that the graphs for inaividual com-
ponents show & horizontal transla-
tion (towards the smaller sizes),
the magnitude of which depends on
the material considered. Bond's
theory as applied to municipal

waste (31) was used to compute the

specific power [(kWh/Mg) required
to effect the size reduction of
glass from the initial size (80%
under 68.6 mm (2.7 in.) to the
desired size (80% under 8.4 mm
0.33 in.}). The power is then
allotted to the other components
in the proportion of their weight
fraction in the mixture. 7The pre-
diction is that paper will be re-
duced in size from -203 mm (-8 in.)
to =56 mm (-2.2 in.), whereas the
size of stones, wood and metals
remain unchanged.

Based on the New Orleans trom

mel evaluation (Bernheisel et al.
(22,31)) and other relevant data
(Woodruff (32), wWoodruff and Bales
(33)), Table 5 presents values for-

the trommel Screening efficiencies,

which were adopted in the calcula-
tions. It is well realized-that
these figures do not apply regard-
less of hole sizes, screening sec-~
tions length, trommel dynamic
parameters and feedrate. 1t is

one of the objectives of a de-
tailed investigation underway at
NCRR, under DOE support (18), to
develon detailed and more widely
applicable data for the screening
efficiency matrix, in terms of com-
ponents and sizes, Overall, how-
ever, the values of Table 5 are
thought to be realistic and conser-
vative.

A detailed mass balance is re-
ported elsewhere (18)." A five-point
moisture loss i allowed for drying
during processing. The yield and
fuel specifications are listed in
Table 6.

TABLE 5.

ESTIMATED SCREENING

EFFICIENCIES OF TROMMEL

Ns.
. Screening Eff.,

Compone.it %
Paper 70
Cardboar3l . 70
Glass 99
Garden & food

waste 90
Ferrous 8S
Stones 100
Fines 98
Non-ferrous: 92
Textiles 35
Plasgtic - 78
Wood 60

TABLE 6. YIELD AND SPECIFICATION
Fuel: 38 to 203 mm (1.5 in. to -8

in.,) with ferrous extracted

Yield: Yg = 36.2 (%) (Figure.2)

Composgition* Wt {dry basis)*
Paper 52.2
Cardboard 24.0
Glass 0.3
Garden & food T

waste 10.7
Ferrous 2.2
Stones 1.2
FPines (<1/4 in.) 0.3
Non-ferrous 0.8
Textiles. 2.3
Plastics 3.3
Wood 2.6

*Percentage might not add up to
100% due to rounding



Moisture: 21.0%

Higher heating value: HHV = 13,56
MG/kg (5,835 Btu/lb), as-
rececived

HHVg = 17.16 MG/kg (7,385 Btu/
1b), drv basis

Ash content: 9.6% (dry basis)

The oversize (+203 mm)} prod-
uct represents 16.2 wt% of the in-
coming product, and has a moisture
content, as-received of 19.0 wth,
0f this fraction, 92.5 wt%, or
15.0 wt% of the input waste, is
essentially combustible, and con-
sists of 71.2 wt® paper and card-
board, 3.6 wtd garden and food
wastes, 6.4 wt% woow and 11.2% tex-~
tiles and plastics. The moisture
content of the combustible fraction,
as-received, is 20.5 wts, There-
fore, flail milling of the oversize
would ultimately raise the yield of
the processed RDF. After removal
of the ferrous materials (practi-
cally the only non-~combustible com-
ponent} by a magnetic pulley, the
yield is calculated to be 15.1 wtg
of the input waste. Since the mois-
ture is comparable and the heating
value is in excegs cof the value in
Table 6, it is therefore realistic
and conservative to adopt the above
fuel characterisgtics, with a yield
Y equal to 50% of the input waste.

Facility layout and Costing

A layout of the front-end sys~
tem based on the flail milling and
two-hole - trommeling process de-
scribed in the previous section is
shown in Figure 6, Some details on
equipment specification and esti-
mates of engineering, equipment,
installation and building costs
(all 1979 basis) are presented in
Table 7.

Note that for purposes of the
subgsequent aralysis, the total
front-end plant cost of $1,687,70C
does not include the d-RDF module
costs. The . layout and cost of the
d-RDF module (5389,900) has been
detailed previously (see Table 1)

and discusged in an earlier sec-
tion.

The front end loader illus-
trated in Fiqure 6 is sized to pro-
cess up to 20 Mg/, of MSW and pro-
duce up to 20 Mg/h of feedstock for
the 4-RDF module. Actual hourly
throughputs are expected to be
somewhat lower. Waste is received
and tipped on a 800 wm’ tipping
area with a storage caprcity of
200 to 250 Mg of material. A
front-end loader pushes the waste
into a shallow apron conveyor.

The flail feed conveyor is in-
clined in such a manner that mate-
rial roll-back controls the feed-
rate to the flail mill. The
flailed product is conveyed to the
trommel.

As detailed elsewhere, the -38
m: material from the first section
of the trommel contains nearly all
of the glass and inorganic fines;
it is discarded. The intermediate
~203 mm fraction from the second
trommel section contains the bulk
of the paper and organics and
passes on for further processing.
The quantity of the +203 mm prod-
uct, expected to be composed pri-
marily of cardboard and smaller
quantities of wood, textiles, plas-
tics and paper, will be a function
of the flail mill product size.
Figure 6 shows this fraction con-
veyed to a residue containexr for
disposal. 1f, in fact, there is a
significant level of paper and
cardboard present in this fraction,
minor eguipment modifications would
permit recouping these lossges.
This would involve an increase in
hole size in the second trommel
section or rerouting the trommel
overs to the flail mill infeed.
For either case, the impact on the
cost estimates developed here would
be negligible,

The -203 mn middling fraction
is conveyed tc a tramp material
separator. This device would most
likely be a form of air knife, de-
signed to remove-dense materials
such as non-ferrous metals, wood
or large rocks and stones. The ob-
jective is to keep such materials



TABLE 7. FRONT-END PROCESSING SYSTEM CAPITAL COST ESTIMATE-
1979 COSTS (REF. 8}

Equipment description Cost estimate
Front-end loader $25,000
Receiving conveyor #1 - 25 m x 2 m 37,500
Feéd conveyor 42 -~ 12 m x 2 m 18,000
Flail mill 60,000
Outfeed conveyor 43 - 4 m x 1m; 84 - W0 mx 1 m 10,000
Tromrel 8 m L x 3 m@ - 38 mm and

203 gm openings 85,000
Overs conveyor 45 - I mx 2 m 3,000
Residue conveyors #6 - lBmx 1 m; #7 - 6 m X 1lm )

#8 - 10mx 1m; 49 - 8B mx 1m ' 30,000
Feed conveyor #10 - 10 mx 1 m 7,000
Tramp material separator 60,000
Outfeed conveyors 11 - 3mx 1m, #12 -9 mx 1lm 8,500
Magnetic separator 8,000
Ferrous conveyor #13 - 8 mx .5 m 5,000
Secondary shredder 125,000
Outieed conveyor #14 - 3 mx 1 m 2,500
d-RDF module - not included here {see Table 1} —
Dust control system 30,000
Motor control center, operator panel & stations 5G,000
Miscellaneous tools/spares ' 25,000

_ ' Equipment Sub-Total $589,500
Taxes & freight - 7% equipment ' 41,300.
Installation mechanical/electrical-

30% egquipment 176,900

Building - 1680 m? €& $360/m? 600,000

' Instailed Sub- . $1,407,000
Engineering € 10% ' Total 140,008
Contingency £ 10% "~ .140,000

Capital Cost Total $1,687,700
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Figure 6. Small community d-RDF system lavout.

out of the secondary shredder or
densifier.

Residues from the tramp metal
separator are combined with the
-38 mm trommel undersize fraction
and conveyed past a magnetic sepa-
rator. The ferrous metals are
separated .and conveyed to one bin
and the non-ferrous residue is
discharged into another bin (or
truck; for hauling to a landfill.

Two conveyors carry the re-
maining organics to a secondary
shredder where they are reduced o
a nominal -30 mm size. This prod~
uct is then fed into the densi-
fier module feed conveyors and on

" through a splitter into two paral-
lel live-bottom metering bins and
densifiers. The d~RDF product is
screened to remove fines (which are
recycled to the densifier feed) and
then cocled in a pellet cooler.

. Not represented in the equip-
ment layout but fncluded in the
costs is a dust :ontrol system, the
operator control roon, motor con-
trol center, local control stations
and office tacilities, The instal-
laticn costs (mechanical and elec-
trical) are estimated at 30% of the
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equipment cost and taxes and
freight at 7%. The building costs
are estimaced on a unit area basis
at $360/m?’. Land costs are not in-
cluded. Contingency and engineer-
ing costs are based on a percentage
of total installed cost and are
projected at 10% each.

Economic Viacilicy.

In the previous section, a
tentative layout and costing are
developed. for a d-RD¥ plant using
two densifiers and recovering the
ferrous materials.

We now refer to Tables 1 and
7 for anticipated costs of
C(b) = $389,000 for the den-
sification unit, "D"
C(R) = $1,687,700 for the
remainder cof the

plant, “R*

Breakeven (i.e., economic indif-

" ference between landfilling or fuel

production) will ozcur at a com-
bination of values of landfill

cost, x", sale prices of encrgy,
kf, and fraction ky of the plant



capital cost (not including the
densification unit) to be spent
yearly in OsM of that part of the
plant. This dependence is illus-
trated below, for ky = 0.2, 1If

k: = §1.42/GJ ($1.5¥/M Btu), then
x. = 9,34 $/Mg. If kg = $1.90 GJ
{$2.00/M Btu), x* = 2,74 S$/Mg.

The latter value of x* = $2.74 /Mg
shows that in this case, the plant
should produce a net revenue, MN.R,,
if the actual cost of landfill ex-
ceeds x*, equal to N.R, = 25,000
(x - 2.74) (S/y).

More generally, giver. ky and
the correspording iine x* (k¥}, for
a set value kg = k(1) oo the sale
price of energy, the v-lue x* (1) =
x tkgll)) is read on the graph.

The net yearly revenue is a func-
tion of the actual landfill cost,
x ($/Mg), expressed here as N.R. =
{25,000) (x - x*) (S/y).

Pigqure 7, where x* at break-
even has been rlotted versus the
sale price of energy, for ky = 0.2,
would allow a preliminary deter-
mination of the economic viability
of the -proposed solution, in a par-
ticular case, for planning and
analysis purposes,

Note that, since the yield in
this example is 50%, the cost of
disposing of the process discards
is taken to be x ($/Mg) per Mg of
RDF. Therefore, the overall opera-
tion (d-RDF plant and landfill
operations for the total input
waste) will be self-supporting or
profitable if net revenues from the
d=RDF plant balance or exceed the
cost of disposal of the remainder,
or since x > 0, if x < 0 or
kf > kg .(x* "= 0). This is realized
for all values of (x, kf) in the
quadrant defined by the horizontal
axis and the vertical axis drawn
through the intercept of line,
kg = kg (x* = 0) with the horizon-
tal axis, for the assumed value of
ky (here 0.2) (Pigure 7).
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TPST AND EVALUATION AT THE NEW ORLEANS RESOQURCE RECOVERY FACILITY
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ABSTRACT

For the three years since the completion of the Recovery Module at Recovery 1, NCRR has

been testing and evaluating equipment.
and modifications.

This has been done concurrently .with operation
These efforts have resulted in a facility which recovers ferrous -

metal, aluminum, and glass, each of which meets the riqid specifications of its purchaser.

This paper summarizes these cfforts.
systems,

INTRCOUCTION

Project Background

The National Center for Resource
Recovery (NCRR , Waste Managernent, Inc.
(WMI), and tnhe City of Now Orleans agreed
in the early 1970's to undertake the con-
struction and operation of a materials
recovary system as an adjunct to the City's
then-contery.lated shradded waste landfili
disposal program. The City's program
called for the construction and operation
of a shreqd and landfill facility capable of
processirg 650 tons per day (tpd) of
municizal solid waste (MSW), about half the
daily waste gencrated in Orleans Parish [1].

The construction and operation of the
materials recovery facility by WMI were
subject to a number of conditions which
limited the financial risk of WMI. The
cosc of thus initial, large-scale venture
into the recovery of magnetic metals, alumi-
num, and glass was shared by WNI .and NCRR.
The various commitwents made in this
initial agreement were fulfilled in July
1980, and a new agreement between WMI and
NCRR for the continued use of the site for
test and evaluation has been effected.

Tis report describes the experience
gained in two and one~-h/lf years of equip-
mant test:ing and shakedown. The data
presented in this report were obtained in
the NCRR test program for the equipment in

10y

by NCPR's internal funds.

‘Series (2).

I covers the performance of the three recovery
Ir addition, the major modifications to each system are discussed.

the New Orleans facility. This test
program was funded bv two sources. First,
Second, by a
contract for testing of equipment with the
Municipal Researct lLaboratory of EPA
located in Cincinnati, Ohio. This ccntract
called for ten equipment tests which were
completed, documented, and accepted by EFA
in October 1980, These tests are described
in some detail in the Test Report

In order to present a coherent
picture, this report covers che test and
evaluation activities conducted by NCRR in
New Or'eans without regard to the source of
funds. The effort ~ currently on-going =~
is anticipated to continue for the near
future, '

Du:zing the period covered by thig
raport, the principal areas of activity
were in (1) establishing whact was in the
wvaste - how much ferrous, glass, and alumi-
num ~ and what their churacteristics were;
(2) evaluating the performance of the
trommel in processing M5W - the first and
largest such unit instclled in the U. S.;
(3) delineating the operating parameters of
the initial ferrous recovary sysem and its
modified successor; (4) performing system
and unit process testing of the aluminum
and glass concentrating equipment and the
aluminum recovery and product cleanup
devices: ana (5) debugging the operation of
thé equipment installed, for glass recovery
in order to establish its operating
parameters,



The Recovery Module was completed
February 28, 1978: the three-year test and
evaluation period began on March 1, 1978.
During this period, WMI and NCRR attempted
to shake down the facility. It has been
during thig period that NCRR has conducted
this series of tests on the individunal
equipment items mentionea above. Con-
current with these efforts to complete the
facility, NCRR cocumented the plant ag-
built;-_:be.equxpment. rrojected flows, and
actual construction costs were summarized
in the_Hew Orleans Resource Recovery’
Implementation Study (3].

In July 1980, NCRR took obver
regponsibility for the operation of the
aluminum and glass recovery systems. HNCRR
has gotter. the systems to function, and has

- produzed 330 tons of glasa and 29 tons of
aluminum product which met the specifica-
tions cf the customers.

Facility Description

The following Paragraphs give a
summary description of the facility (more
detailed descriptions of each equipment
item are included in later sections).

Incoming refuse is delivered to
Recovery 1 in collection and transfer
trucks. After welghing, it is deposited on

the tipping floor of the Receiving Building,

and pushed by a front-end loader into a pit
conveyor. In the primary line, the refuse
ja first channeled through a 45-foot-long,
16-1/2-foot-diameter trommel (rotary
screen), with 4-3/4-inch-dianeter holes in
thé barrel. The rotating troomel breaks
open plastic and ‘paper bags, and sorts out
wost of the glass containers and metal cans.
“The separation of this trommel underilow
material enhances later recovery of the
glass and metal, and reduces wear on the
shradder hammers and other components. The:
trommol underflow matarial also includes
smll-sized organic wastes, which are
separated out in subsequent processing
operations.

The remaining refuse, or trommel
overflow material, enters the primary
shredder, which reduces it to smaller, more
manageable sizes. The secondary shredder
providns a backup to the grimary line.

Ferrous Recovery

Ferrous metal recovery heying as the
tronmel underflow, and shredded materials
are conveycd separately under rotating
magnetic drum separators. Recovered
ferrous rethla are directed to an air knife
for cleanup and scparation into two ferrous
fractions: a light metal, consisting of
¢ans and other light-gqauge metals; and a
heavy metal, made up of castings, forgings,
and rnlled stock. Light, non-ferrous
materials, such as paper and plastic, are
also dischdrced as a residue. The heavier
ferrous is discharced directly from the air
¥nife, while the lighter ferrous drops into
a ferrous metals shredder. After shredding,
the material is-scalped by a belt magn2tic
separator and conveyed to either a railcar
or the storage bin.

Foilowing ertraction cf the ferrous
produzt, the regidue from the shredded
raterial conveyor- 18 moved to the landfill
loadout area for disposal. In the future,
this material may comprise a refuse-derived
fuel product, but no market has been
socured as yet. Material remaining in the
trommel underflow line enters a trifurcated
chute for metering into the air classifier.

The Recovery 1l air classifier uses a
controlled column of turbulent air to
separate the light (primarily organic)
waste from the heavy (primarily inorganic)
material. The "lights® are discharged to
the landfill loadout area, and the air-
classified heavy material is conveyed to
the Recovery Building for oxtraction of
aluminum and glass.

Aluminum Recovery

Aluminum recovery is initiated as the
air-classified hoavy material is deposited
on a two-deck, 4 by 2-incl: vibrating screen
for separation into sizes larger than
4 inches, smallar than 2 inches, and
batween 4 and 2 inches. The plus 4-inch
material is conveyed- to the landfill load-
out area, the.minus 2~inch fraction enters
the glass-rich processing stream, and the
4 by 2-inch material is introduced into the
aluminum recovery cycle.

“his atuminum-rich frectioa i8 carried
by an elevator to a 2-inch vibrating screen,
where particles smaller than 2 incies, which
were missed in the previous screening, are
separated out and chuted onto the residue



conveyor to the landfill. Material larger
than 2 inches continues over a rotating
drum magnet to remove residual ferrous
metais before the stream enters the eddy
current separator.,

The eddy current separator, or
"aluminum magnet,® incorporates a serles of
electrozagnets set precisely above and
below a belt conveyor. The electromagnotic
figld and the resulting field in the con-
ducting aluminun cause the aluminun product
to be rupelled into a collecting chute.

The separated aluminue then enters an
air knife for further separation into
aluminum canstock, other metals, and
organic contaminants. The ziuminum can-
stock - the primary output of this sub-
system - is reduced in size and compacted
by a hommermill to increa.. <%ipping den-
sity.. After being conveyed onto a 12+mesh
vibrating screen to remove any fine
materialgs. the recovered aluminunm is
pneumatically transported out of the
building and into a trailer truck for
shijment to market.

Glass Recovery

GClass recuvery starts with the
separation of a glass-rich frection from
the air-classified heavy fraction by the
4 by 2-inch vibrating screen.

An olevator carries the crushed glass
up and onto a l-inch vibrating screen. All
material larger than 1 inch is conveyed to
the landfill loadout area. The smaller
than l-inch fraction passes through a surge
bin to a vibrating feeder and into a
ninerals jig, wherc a vertically pulsed
water flow separates the lighu organic
waste fram the heavy (primarily glass)
material. The jij produces a glass
fraction that contains a small amount of
contaminants.

The glass fraction is then pumped as a
slurry to a 20-mesh vibrating screen for
“sizing." Larger particles are transported
to u rod mill for further size reduction,
and piped back to the 20-mosh vibrating
screen for a second screening. The flow of
the minus-0-mash material proceeds to a
hydrocyclona for the first step in glass
‘cleanup. The centrifugai force created in
this. process rejects the finer particles
‘and removes the water from the glass stream,

This material then enters the final
separation process, the {roth flotation
unit. In this cperation, the glass and
remaining contaminants are mixed with a
chemical reagent, which adsorbs to the sur-
face of the glass. 7The coated gqlass
attaches to air bubblus formed in the tank,
rises to the surface of the fluid-filled
tank, and is "floated off.* The recovered
glass clurry is dewatered {n another hydro-
cyclone and a vacuum filter before being
dried in a spiral dryer. After drying, the
glaas .is conveyed to one of two qlass
storage silos for shipment..

Regidues are extracted throughout the
various recovery processes. Although this
material is currently being landfilled, it
cnuld he processed into a fuel product if a
suitable, nearby market could be devecloped.
Most of the residue is separated by the air
classifler and its connecting cyclone,
which serves to de-cntrain the air flow
within the syatem. The air handling equip-
ment and conveyors provide similar func-
tions in the Recovery Building, Jdiposicing
the various residues on a conveyor leading
to the loadout area. Prom the landfill
loadout area, the ghredded residues are
carried to the adjoining landfill! by a
tubular conveyor and distributed in
heavy-duty trailer trucks.

RECOVERY FEED PREPARATION

Tho purpose of the feed preparation

section of the system - from wne recovery.
standpoint - is to (1) concentratc metals
&nd glass for materials reccvery, and .
(2) produce an organic fraction for conver-
sion into refuse-derived fucl (RDF). As no
RDF marxet has been secured in New Orleans,
this material is currently landfilled.

Mass Bslance

Figure 1 depicts the unit operations
performed in preparation of the MSW
(consisting of gize scparation in trommel
ghredding, and air clamsification) prior to
entering the individual recovery systems:
forrous metals, aluminum, glass, and RDF
(as mentioned, no RDF process has been
implemented) . The rectangles represent the
unit processes. EBach flow from a process
is shown by an arrow, with the mass of
material given {n {igures adjacent to the
arrow. The mans flows, shown in tph,
correspond to the design rate of 62.5 tons
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per hour {tph) of MSW feed to the plart.
Most separation equipment is sengsitive to
its feed rate; increasing the rate for a
given equipment will alter its performance.
In addition to data >n mass flows developed
by the NCKR testinc program, some data:
concerning the corposition of these streams
has been developed, and arc presented in
the following paragraphs.

Municipal Solid Waste Composition

Barly in the City's planning for what
doveloped into ¢he Recovery 1 project, a
large (3,000 pounds) sample of five days'
taw waste ‘sas. sovted and cvaluated for its
recovery potential Ly a consultant. The
spproach ussed was to cone and quarter,
following ntandard sampling procedures.

" The results showed 7.5% terrous metal,
1.2% aluminum, and 10.9% glass in the
waste [4]. Theso percentages were cal-
culated on an “as-received” basis. There
was no decontamination of the petals or
glass; for exanple, a can containing some
organic matter was not wached, but was
weighed with the contaminants.

Thias accounts for a portion of a
difference betwoen this curly sample and
the extensive raw waste evaluation that
took place during the shakedown period.

During tho trommel testing conducted
in 1978, three samples were taken which

form the basis for an estimate of the compo-

sition of the New Orleans waste. These

sarples were gorted by hand into a solected
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set of categories. and the results
tabulated. These data are aailable in the
original test report [S}.

These tests reported a higher
percentaqge of recoverable ferrous mets: and
aluminum than was being realized by the
operation of the recovery system, but lower
than the initial sample mentioned above.
Therefoure, it was decided to undertake a.
long-term - at least one year - sampling
effort. This effort was aimed specifically
at the recovercble materials tor whach
Recovery 1 had markets.

The metalis valucs found in. the troosel
test were approximately 28% higher than
those obtained from the long-term sample.
However, the values are within the
varjation that was experienced in the
long-term saxpling program, and the gample
analy-is techniqu:s were compacable. The
difference is therefore attributed to the
normal variation in MSW,

During the l4-wonth sampling period,
mathods and analysis procedures changed,
incorporating the usual leaming process
and, more importantly, feedback from the
equipment test and evaluation activities
also on-qgoing and described lat-~v in this
pape.. For example, cateqgories were estab-
lished and definitions developed to match
the market specifications. Also, certain
&atandardizations were formulated to fortify
the scientific basis for the program and
add to its replicability.

_ Table 1 shown the measured
Joncentrations of ferrous metals, aluminum
cans, and glass wvhich resulted from this
program. These figqures represent each
constituent as free of contaminants as
rossible, using washing, scraping, and
firing techniques. The ferrous and aluminum
data presented represent the average char-
acter of the waste from December 1978
through Janvary 1980. Twelve saaplings per
wonth were taken. The glass dita caose from
3 lesger aumber of samples. Theso were
liaited because the physical analysig of
samples for glass is both time-consuming
and expensive,

Light ferrous -~ primarily canstock
is the priacipal magnetic metal target.
The market for this saterial is Proler
International, a secondary metals procerior.
It is detinned and then used in the copper
precipitation process. Beavy ferrous

TABLE 1. CONCENTRATIONS OF FERROUS METALS,
ALUMINUM, AND GLASS IN MUNICITAL WASTE

Attached Total
Metal Contaminant faterial
(\) (%) (1)
‘Light ferrous
<4 inches 2.40 1.05 1.45
>4 inches 0.132 0.20 0.52
Heavy ferrous
<4 inches 0.35 0.25 0.60
>4 inches 0.67 0.52 1.19
Total 3.74 2.0: 5.76
Aluminun cans 0.1 0.12 0.43
Glass 15.2

material, such as a piece of automobile
brake shHoe, is not degsirable. A limited
amount of thias is allowed by specification,
The 4-inch size distinction is the screen
standard made by the 4-3/4-inch-diameter
holes in the tropemel upstreaw of the
magnets [6]. This is the basis for the
efficiency information given in the trommel
discussion.

The data in Table 1 show a distinction
between wmetal and attached contamination.
This was ootained in the following sanner.
In sorting the MSW gosple, each etal
ocbject removed was shaken once by hand.

Any adhering materia' was initially weighed
with the metal. The metal was then scraped,
washed, and bared to remove contaminantg.
The metal was weighed a second time, .and
the difference in weight considered to be
attached contamination. Light ferrous, the
markoted material, is defined as “"can and
contalner-related steel.® For this
matecsial, attached contaminants asounted to
30.]J% of the total weight. Fov aluasinum
cans, it was 26.1v. These data are sig-
nificant and illuctrate onc of the lessons
leamed, i.e., that attached contamination
can distort cooposition values for mSW.
Sioply weighing components such as ferrous
mctal and aluminum, sorted lw inspection as
thay are taken from the waste, will not
provide accurate estimates for predicting
recovery potential.



Tromnel

As noted varlier, Recovery 1 has the
largest municipal solid waste trommel in
operation. 1ts purpose is twofold: (1)} to
screen out and bypass around the primary
size reduction shredder that material which
is already less than 4 inches, thereby
saving energy and maintenance; and (2) to
concentrate organic-rich and materials-rich
- streams for additiunal recovery processing.
The trommel also breaks glass and otler
friable materizls, allowing 99v of these
materials to report to the underflow. If
there were an enerqgy market in New Orleans,
the slagging potential and ash content of
the fuel fraction would be considerably
reduced tn the presence of Lhis processing
step..

Formal testing of the troomel, which
began in December 1977, focused on the
bypass question. The amount of material
bypassing the primary shredder was measured
in the mass balance.
concerned, it focused on screening
efficiency. Screening officiency is
defined as the proportion of the material
of the size rana=s of interest (in the
tromeel case, 4 inches) which passed

As far as recovery was

through the screen, divided by the total
amount of material in the size range in the
feed.

Data on the trommel was collected at
two operating conditions: the nominal
design condition, 62.5 tph, at which formal
tests were run, and 100 tph, at which opera-
tional data were taken. The overall split
in the former case is 45\ by weight to
trommel oversize (i.e., that material that
did rnot go through the holes), and 55% to
trommel undersize (which did go through the
holes). This is "as-received,”™ with an
average moisture level of 30v. In the
100 tph case, the as-received fiqures are
approximatcly SO oversizeé and 50V undersize.

Mass balances and screen efficiencies
for the recovered materials are given in
Table 2. The mass balance is on a per~ent
weight basis - 100v of the material of
interest is contaimed in the tromeel feed
and is divided into thu undersize and over~-
size fractions. Additional infcrmation is
available in the test report [S5). The data
indicate that the screening efficiency
drops us the throughput increases. For
example, 100 pounds of ferrous in the feed
results in 35 pounds to the oversize and

TABLE 2. MASS BALANCY AND SCREENING EFPICIENCIES FOR RECOVERED MATERIALS

“

Screening
Oversize Undersize Efficiency
\) (%) %)
62.5 tph Feed Rate
Light ferrous metal 31 69 79
Reavy ferrous metal 70 30 9%
Total ferrous metal 43 57 82 .
Aluninum cans 9 91 91
Glass 1 99 99
Paper 70 30 68
100 tph Feed Rate
Light ferrous metal 48 $2 - 60
Heavy ferrous metal . 88 12 1S
Total ferrous metal 60 40 . 56
Alminum cans 15 a5 85
Glass -6 94 29
Paper — - —
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65 pounds to the undersize at 62.5 tph, and
55 poundg to oversize and 45 pounds to
undersize at 160 tph. The reasosn for the
difference is that the increas:d burden
reduces the probability thit an individual
fe.rous item smaller than 4 inches will
address an opening so it can go through.
The problem is most acute for the near-size
items, i.e., those whose largest measure-
ment is close to Lhe opening diameter.

The separation of paper in the trommel
is not highly efficient - 68%s. This,
however, is beneficial in the production of
a paper-rich fraction for fiber recovery or
for production of RDF, as the oversize
fraction provides the feed material for
these products. Table 2 shows 70M of all
the paper in the infeed reporting to
trommel oversize. The separation effi-
ciency is higher for those materials which
have a particle size much smaller than the
screen oSpening. This is the case with
glass, ana p:oviaes the reason for near-
perfect separation efficiency.

The trommel separates unprocessed waste

and creates a fuel-rich oversize fraction
that is 90 to 2%% combustible. Testing to
date shows that the shredded trommel over-
size material has a calorific value of
7,120 8tw/1b (dry weight basis) [S].

A proximate analysis of shredded
trommel oversize appears in Table 3, The
moisture is somewhat lower than generally
reported in MSW samples, but not start-
lingly se. The ash level, however, 1§
significantly below general level {7].
This reflects the impact of trommel
processing. :

TABLE 3. PROXIMATE ANALYSIS OF RECOVERY 1°
- TROMMEL OVERSIZE MATERIAL

Calorific value* 7,120 Btu/lb

Moisture 25.8%
Ash* 9.8y
Sulphur* 0.1y

*pry welight basis

Clearly, the trommel, in addition to
providing energy and maintenance cost
savings (only about half the waste is
shredded) ,. is alsoc a materials recovery
goncentrating ‘device, since the larger
proportion of the ferrous metals and other
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target materials go through the holes when
the unit is operated at design capacity.
Ferrous concentrations in the raw waste
have been given. Using the data from the
trommel tests, the concentrations in the
trcmmel undersize, which is the stream
processed for aluminu~ and glass recovery,
become: ferrous, 5.5%; aluminum, 0.177%;
and glass, 26.3% {as-received basis). Both
trommel oversize and undersize are pro-
cessed for ferrous recovery. However,
concentration of glass and other non-
combustible material in the undersize is
critical for both energy and materials
recovery.

the

Shredders

The Function of the shredder is to
reduce particle size of MSW and to liberate
composite waterials. In greater detail,
the shredder functions are:

(1) To prepare the refuse for air
classification, thereby preparing
it for other separation unit
processes. The air-classification
step requires that the refuse be
processed so that the pieces are
-relatively free and the particle
sizes are reduced to avoid having
oversize pieces of light material
adhering to the heavier ones.

{2) To prepare the refuse for
disposal. Essentially, this is a-
dual function. 1In the case of
landfill disposal, to prepare the
refuse so that daily cover is not
required. Th‘s means that the
food waste must be reduced in
size and dispersed adequately to
avoid rodent and disease vector
problems. In the case of fuel
preparation, the shredder reduces
the particle size of the combus~
tibles as required for the
combustion processa.

Shredders are commercially avatlable
in either horizontai or vertical hammermill
models, or in vertical ring~hammermill
models similar to those used for shredding
MSW in a score of cities. The two
shredders at Recovery 1 are designed for a
throughput of 62.5 tph of MSW {(packer truck
refuse}, and are capable of handling over-

'sized bulky waste wuch as refrigerators,

washers, and other household appliances.
The output particle size specification



requires that 99% of the material, by
weight, be less than 5 inches in any direc-
tion. This is considered a nominal 4-inch
grind. In addition, the shredder specifica-
tion requires that the metal cans shall not
be balled to the extent that detiuning is
economically unattractive, since this is the
“ferrous™ market.

Two shredders were selected for
Recovery 1, both rated for an average
capacity of 62.5 tph., The primary line
utilizes a Heil 92B vertical hammermill,
and the secondary (backup) line, a

Gruendler 60-94. Both shredders are driven
by direct-coupled Allis Chalmers 1,000 hp,
4,160-volt motors.

NCRR ran several tests on the particle
size distribution from the Heil (primary)
shredder. Two of these were in conjunction
with the trommel tests, and the third about
a year later. The data from these tests
are shown in Fiqure 2. The results from
these tests indicate that the shredder as
operated did not meet tne specification
listed above. Note tiat the shape of the
curve is different for the later test.
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T" 31 probably indicates & different hammer
~.fAition (more or less wear) and/or
patt2rn3 (location on the rotor).

Equipment Modifications

Three individual unit processes are
discussed in this gection: the trocmel,
the shredder, and the air classifier. The
main thrust of these discussions is to
highlight the modifications made and the
effectiveness of each.

Trommel

This rotary screen (No. 4 in Figqure 1)
was made by Triple/S Dynamics, Dallas,
Texas. The original specification called
for a drive-train horsepower of 120 hp.
Howaver, the manufacturer felt that this
was high, and a pre-delivery agreement was
reached which provided for the drive to be
one 40-hp motor with guaranteed perfor-
mance. This motor drove a speed-reduct.on
gearbox which was cross-shafted to a second
gearbox. Each gearbox drove a single
shaft, one on each side of the trommel
barrel. Fach of these shafts turned
twe trunnion wheels, which supported the
barrel and drove two metal rims surrounding
the trommel barrel.

The 40-hp motor was sufficient to run
the trommel; however, insufficient horse-
power was available to start an eccentric:
load of waste in the barrel. This was over-
come by removing the cross-saafting that
connected the two gearboxes, and driving
each gearbox independently with a 40-hp
motor. At the time the two motors were
installed, direct reading ammeters were
located in the control panel, which allows
the console operator to note any signifi-
cant difference in the output of the two
motors.

The trommel barrel was declined 5°
from the horizontal, which required a
thrust roller to prevent the barrel from
moving downward. The thrust roller,
mounted on a 2-15/16-inch~diameter shaft,
was positioned to ride against the side of
the driven rim closest to the discharge.
rhysically, the roller was in the under~
sized material tlow, located under the
barrel at approximately seven o'clock.
This thrust roller was relocated dut of the
flow ta about the nine o'clock position to
prevent undersized items from falling in
between the thrust roller and the rim,
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A dust cover completely enclosesg the
trommel barrel. As originally supplied, it
provided approximately 13 inches clearance
between the rotating drum and the cover
over the upper half of the drum. Long,
thin objects (such as twisted small-diameter
iron piping, automotive axles with flanged
ends, wooden two by four's, etc.) would
lodge in the holes and score the underside
of the dust cover before eventually falling
out. HNew covers were fitted which increased
the clearance betwecon the top of the drum
and the cover by approximately 12 inches.

The trunnion drive shafts have been
increased in size to gain strength. As
delivered, the drive shafts were seqgmented
and connected by flexible Dodge chain
couplings. These repeatedly fafled and
were replaced by Falk flexible couplings.
Also, the 2-i5/16-inch-diameter sclid
shafts were replaced with 8-5/8-inch
outside diameter tubing (0.156-inch wall,
optimized), to increase torsional strength.

These two drive shafts are located so
that the trunnion wheels contact *he driven
rims on each side at about 40° below the
horizontal. This placed the exposed
rotating shafts directly in the undersize
stream. Long, flexible items (such as
string, rope, typewriter ribbons, garden
hoses, etc.}) would become attached.to the
dr.ve shaft. These items wound around the
shafts, causing binding. To solve this
problem, sheet metal covers were installed
to shield the exposed shaft from the
falling material.

Upon initial startup in the morning,
moisture which had condensed on the
trunnions and rim would cause slippage
until the moisture was dissipated. This
slippage wore flat spcts on the driven rim
which caused vibration or pounding. " The
pounding further deformed the rim. 1In
addition, drum rim-to-trunnion misalign-
ment agqgravated the problem and caused the
barrel to "walk®" up and down the incline.
The vibration became sc severe as to
prevent operation. ’

The driven rim was dressed by applying
an abrasive stone to each rim while
rotating the drum at a reduced speed of
3 rpm. Although some vibration persisted,
it was of lower amplitude and did not
prevent operation. Later, the rims were
replaced.



Although mechanical difficulties have
been faced with the tro.mel, many of these
seem linked to one of three factors:

(1) initial design faults, (2) inadequate
maintenance, and (3) accelerated operaticn.
However, it is a worthwhile unit process
from the standpoint of materials concen-
tration in the undersize material and .
reduction of wear-causing materials in the
oversize. This was demonstrated by tests
rerformed on the trommel and indicated by
the separation &fficiencies shown in

Table 4. Note that the separation effi-
ciencieg are high for the noncombustible
ash and wear-producing materials such as
glass. -

TABLE 4. TROMMEL SEPARATION EFFICIENCY
Efficiency
Component {8)
Combustibles
éaper 67.7
Yard waste 8.2
Plastics 74.4
. Other organics 66.4
Non~Combustibles
Ferrous metal 82.3
Aluminum 91.1
Other nonferrous 100.0
Glass 99.0
Stones and ceramics 100.0

While no guantitative data exist on
the effect on shredder r..atenance and
operating costs resulting from removal of
the non-combustible, abra«ive fraction of
the waste stream before thredding, observa-
tions have been made of such indicators as
shredder motor amperage and frequency of
hammer replacement or liner repair. These
observations confirm that the trommel does
reduce further processing costs while
concentrating the recoverable materials.

Primary Shredder

The purpose of this vertical Heil
unit i{s to reduce the varticle size
of the trommel oversize discharqe.
The specificationc for this shredder
require it to reduce 99% of the
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infeed to less than 5 irches in any dimen-
sion. BPBecause of the trommel screening
before the saredder, both the wear and the
required horsepower are less than with
unprocessed MSW.

The Heil is fitted with a ballistic
reject capability and has a chute attached
to the ballistic discharge port. As
delivered, this chute had a fabric curtain
covering the port. Material as light as
paper passed into the chute. After several
fabric thicknesses were tried, the curtain
was replaced with 1-1/2-inch~thick steel
plate hinged at the top.

Both the primary and the secondary
shredder have, on occasion, ingested large,
massive objects (examples include an office
safe and a 4-inch-diameter, 4-foot-long
golid steel -haft), causing damage to the
shredder. The most extensive damage
incurred consisted of breaking several
awing arms and scoring the wear plites
suffitiently to require replacement of some
sections.

Because of its internal confiquration,
the Heil shredder generates a large air
flow out of the discharge port. This
causes severe housekeeping prcblems, even
when the discharge conveyor was covered
with a drop box. Final resolution was the
installation of a positive-pressure cycloune
with its blower, pulling air and shredded
material from the discharge conveyor .drop
box and de-entraininc the material onto the
inclined shredded material conveyor leading
to the trifurcated chute.

The means of lessening explosion
effects used an both shredders was the
installation of blow~off chutes extending
from the top of the shredder through the
roof. The chites are covered by two over-
lapping doors that open outward under
pressure generated by an explosion, ‘They
do not prevent fires or explosions. HNo
explosion damage has been experienced with
the one large and several small explosions
in the four years of operation.

Secondary Shredder

The purpose of this horizontal
Gruendler shredder is to reduce the
particle size of the MSW when the
primary system is not available. The
mill has its own independent feed and dis-
charge conveyor. However, it shares a



common belt conveyor to the trifurcated chute
with the rrimary wnit. The MSW feed to this
.unit is not pre-processed by a trommei.

.In addition to the backup function,
this shredder was intended as a bulky waste
or white gdbods shredder. However, grate
configuration causes heavy sheet metal

. objects such as steel barrels to be
hammered against the grates, blinding the
openings. Also, difficulty has been
experienced in shredding densely packed
objects such as baled rags and rolled car-'
pets. Several explosions have occurred in
the Gruendler which were attributed to
‘small arms ammunition. These were
re..eved by the relief doors.

One modification to the Gruendler
congisted of removing the ineffective
ballistic roller deflector irmmediately
below the infeed.

Air Classifier

The purpose of this device (No. 12 in
Pigure 1) was to separate the lighter paper
and plastic fraction frem a heavier metals-
and glass-rich fraction,

This device,
was modified several times. A heavy *U”-
shaped rubber belt was installed internally
-tO streamline the contoured inner air flow
of the chamber. In Figure 3, this extended
from the forward (left) wall of the infeed
chute to the back wall of the exit duct for
the light fraction and air.

The basic problem with the
Vibrolutriator was ‘ts inability to produce
an aluminum~- and glass-rich fractinn with a
sufficiently high concentration. The
Vibrolutriator was purchased to meet a
performance specification which was
expressed in- terms of its success in
recovering specifically shaped aluminum
cans with a specified maximum percentage of
the infeed reporting as heavy fraction.
 The standard.of performance was divided
into tw> spevificationg, one for each of
" ‘the potential feedstocks which would be fed
t~ the equipment:

(1) Trommel Undersize as Feed
©at_30 tph :
82y aluminum can recovery, with
maximum S0V of infeed reporting
as heavy fracticn.

trade-named Vibrolutriator,
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(2) Shredded MS¥ as Feed at 30 tph

807 aluminum can recovery, with
minimum 25% of infeed reporting
a3 heavy fraction.

Two feedstocks were specified to have
the capability to air classify material if
either the primary line or the secondary
line was operating.

ndor test plans developed by NCRR,
the manufacturer (Triple/S Dynamics) con-
ducted tests -~ with NCRR assistance - during
June and Aagust 1978, Some of the tests
satisfied the criteria of aluminum can
recovery with less than the maximum heavy
fraction.  The results showed that when the
can recovery requirement was met, it was at
the expense of the heavy fraction require-
ment. Aluminum can recovery was directly
and almost linearly related to the heavy
fraction. Capture of 82% of the aluminum
cans in the feed required approximately
82%v of the inrfeed to report as heavy frac-
tion. It should be noted that the 18% (by
weight} of the material which was removed
as light fraction was paper, yard waste,
and other materials. These adversely '
impacted screen performance downstream and
had to be removed. :

No further effort was made to improve
the air classifier until mid-February 1980,
when major changes were made. Fiqure 3
depicts the modifications to the classifier.
The original configuration is shown in
solid lines, and the modified sections are
shown in dashed lines. The changes
include: (1) the addition of a 3helf the
full width of the classifier, (2) removal
of the protruding nose between inlet and
exit, and (3) enlargement of the heavy
fraction discharge. The shelf blocked the
air ports fror the fluidizing blower, which
is no longer operated. These changes were
made by NCRR, based upon the experience
with several air classifiers tested at the
Equipment Test and Evaluation Facility in
washington, D. C.., and from observations of
other air clas-ifier operations at various
gites. A portion of these data are
reported in an NCRR Test Report [8). Opera-
tion of this modified air cl-ssifier has
shown it to be capable of lifting more and
heavier materials. A bypass gate allows
air to be routed directly to the fan,
thereby providing variation in air flow {n
the separation chamber and drawing less air
in the heavy fraction discharge at lower
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air flow settings. Tests are planned to
tune the clasgifier by varying this air

bypass area.

Alr Classifier

This equipment (No. 13 in Fiqure 1),
with its attendant 'wclone and conveyirg
system, was never installed. The purpose
for its inclusion in the design was to
remove metal, glass, and other inert
raterial from the shredded trowmmel oversize.
Tests have shown that the ghredded trommel
oversize contains few recoverable materials.
The exception is the ferrous metal, which
is removed in the curvent configuration
(i.e...m25not before the trifurcated chute).
To air classify the siream to recover the
small amount of aluminim was not congidered
cost effective. BAlso, nc market for the:
RDF, which can bec made by further size
reduction of the light fraction from the
second air classifier, has been developed.
Therefore, the decision was made to defer
the purchase and installation of this air
classifier.

FERRO(S RECOVERY SYSTEM

ferrous recover’ system as
initials; designed and ccnstructed
consisted of two overhead rotating drum
nagnets removing magnetic metal from both
shredded and trommel undersize materials.
Purther cleanup consisted of a Triple/s
ferrous concentrator, vhich performed a
three~way separation: (1) light organics,
(2) hecavy ferrous, and (3) light ferrous.

The systew was then modified to
include a hydraulically powered compactor -
in an attempt to increase the density in
order to make the minioum railcar product

" weight of 60,000 1bs. A compactor designed
for canstock scrap was purchased from
Proler International: this incrcased the
product density, but it was still
insufficient.

Even with the initial modification to
the ferrous system, the ferrous product was
not acceptable to Proler International.
After two years of adjusting the initial
oystem, a decision was made ro make a major
revision. This revision is currently in
operation. It produces a ferrous product
which not only meets the specification for
but is the cleanest ferrous scrap produced
from MSW by a commercial-scale resource
recovery facility.

‘tion.

Forrous Mctal Mass Balance

The ferrous recovery system as built
constitutes the initial flow system, shown
in Fiqure 4. The rectangles represent cach
unit. process, and the figures alcng the
flow path indicate the mass of ferrous
metal based upon an 'SW feed rate of
6€2.5 tph. The ferrous metal concentration
in the Msw is 3.7%. This value is based
upon the year~-lonq sampling discussed
earlier.

The primary product of this system,
light ferrous sheet metal, was sold to
Proler International for Jdetinning. The
product was unsatisfactory for two reasons.
First, the contamiriation level averaged 15%;
the specification called for 4%\ contamina-
Also, even with the compactor
mentioned earlier, the bulk density of the
light ferrous shipped averaged about 16 lbsg
per cubic foot, legs thar the 21.5 lbs per
cubic foot required.

In addition to these two problewms),
there is a 39\ loss of ferrous metal in the
system, a8 shown in the mass balance,
Pigure 4. The largest loss of ferrous metal
occurred at the magnetic drum separators.
The efficiency of the two magnetic drums
differs markedly. The trommeled undersize
magnet {No., B in Pigure 4) has an efficiency
of 93\, while the shredded material magret
{(No. 7 in Figure 4) is only 27% efficient.
This results in a loss of over 6 tons of
recovered magnetics per day. Most of the
loss (3.6 tons) is heavy ferrous, for which
there is no market. However, the loss of
2.4 tons of potential light ferrous product
is gignificant. The reasons for the
inefficiency are twofold: (1) the field
strength of the unit is too low for the
aj plication, and (2} the bulk density of
the shredded troomel oversize is lower than
anticipated, causing a higher conveyor
burden. The unit should be replaced with a
stronger one.

‘These problems led to a cogplete
revision of the system. The moc fications
congsisted, in brief, of eliminaring the
ferrous concentrator and the compactor and
adding an air knife, a light ferrous metal
shredder, and a secondary magnetic separator..
Figure S5 shows the revised system flow and -
mass balance. This system is currently in
operation. A detailed description of the
modifications and testing was published by
the AsMe [9].
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Ho'.e that there is a reduction in the
amount of ferrous metal which reports as
»rodurt with the revised systexr. This
reducvion of SOV can be seen by comparing
Figures 4 and 5. The change is caused
by the air knife, and is tne result of
two factors: (1) less heavy ferrous mis-
reports to the light ferrous product, and
{2) mcee cans report to the heavy ferrous
product due to entrapped contaminants or to
their aerodynamic shape. Howevar, the
revenve is higher, due to the higher value
of the product.

~Quipment Modifications

The ferrous .ecovery system was the
surject of numercus emall modifications
and a major redesign. 1ln the following
paragraphs, the individual equipment items,
in both initial and revised confiqurations,
are discussed.

Magnetic Drum Separator

The purpose of this drum-type electro-
magnetic separator (No. 7 in Figure 4) is
to remove the magnetic material from the
shredded material ~ both trormel oversize
and Gruendler product. The unit is mounted
avove the head pulley of the shredded
material ccnvevor and turns against the
material flow. The drum has eight cleats
to move the magnetic material ir. the direc-
tion of drum rotation. This contiguration
of the cleats and the location »f the drum,
relative to the conveyor head pilley, has
been changed several times.

The burden depth on the conveyor
feeding this magnet varies as a function of
which processing line, primary or secondary,
is in operation. Figure 6 shows the
relative positions of ~omponents. If the
secondary {Gruendler) shredder line is
operating, the burden depth tends to be
lower, thercby calling for a magnet loca-
tion with less gap. Conversely, when the
primary line is in operation, the feed
conveyor containg shredded trommel oversize
material with a very low bulk density and
higher burden., Further, there are varia-
tions 1n the turden - peaks and valleyg -
when either shredder {s operating.

Observaticns showed magnetic material
would often roll on the drum traveling over
the lower cleats. This material would not
be carr.ed out cof the magnetic field for
further recovery. This rolling phenomencn

1

accelerated the formation of clusters of
wire and fabric, “wire balls,” which caused
hlockeages. These blockacges could occur ot

‘the ragne.; or 1if the "wire ball” wag dis-

charged from the magnet with the other
magnetic material, the blockage occurred in
the downstreat equipment.

optimum hnight for this magnel was
different, derending on which processing
line was in onmeration. The magnet and its
frame was then hinged on one end and made
adjustable up and down by two hydraulic
actuators. Limits of the actuator travel
allowed for a gap range of 14.8 to
21.9 inches. This corresponds to an angle,
@, of 26° to 309, as shown in Fiqure 6.
The difficulties with jams or wire balis
seem to have been eliminated. To further
reduce the possibility of these tangled
clusters of wire and textiles, a timer was
installed in the magnet power circuit which
interrupts the current, shutting down the
field tor a period of 3 seconds at intervals
of 2-1/2 minutes.

No test data exist for wagnet

. efficiency under the final condition of

variable gap. Tests were conducted under a
confiquration which differed considerably
from the as-designed conditiors [10]. The
parameters for the as-designed and as~tested
conditions are shown in Table S.

As-designed efficiency was guaranteed
to ba 95\, As-tosted recovery efficiency
was approximately 3On. Since that test,
the variable gap hydraulic systen was
ingtallod. The smaller gap has been
estimated to result in an efficiency of 50w.

Magnetic Drum Separator

This unit (No. 8 in Pigure 4) is
similar to the No. 7, and was to remove
magnetic material from trommel undersize
material before air classification.

Because the trommel acts to concentrate
the ferrcug matal in the undersize, this
nagnet is exposed to S9% of the magnetics
in the MSW. It recovers 90\ of the mag=-
netics in its feed stream. Design recovery
rate wag 95%, but called for a gap of
11.5 inches; it was not possible to install
it closer than 14.9 inches. This resulted

"in a 23% reduction in gauss strength at the

surface of the conveyor belt feeding the
magnet. No difficulties have been noted
with this magnet. A summary of its
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Pigure 6. Primary Magnet System locations

TABLE 5. MAGNETIC DRUM SEPARATOR (NO. 7)

As-Designed As-Tested
Peed mass fiow rate .75 tph (max)* 23.5 tph
Nominal particle size of feed 998 <5 inches 948 <S5 inches
Bulk density of feed 3.5 1b/fe? 2.5 1b g3
Magnatics content of feed . (wst wt) 7 to 108 6.60
Inclination {above horizontal of feed conveyor® 17.9° 18.5°
Feed coaveyor belt speed 300 to 350 fpm 450 fpn
Alr gap ibetween belt and drum surfaces) 14.5 inches 21.4 inches
Angle (between a line joining shafts of the 30°. 22.4°
head pulley and MDS, and the vertical) ]
Offset (betveen feed conveyur and MDS centerlines) 0 inches 2 inches
Maximum magnetic atWh (at feed conveyor 460"gauss at 140 gaugs at
belt surface, est.) 21.1 anps 18.5 amps
hicent’ recovery of magnetics (wet wt) 954 ~28%
Percent loose contaminants in product (wat wt}) 5% Q.3

- *Designed for secondary line operation.
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as~designed and as-tested parameters is
shown in Table 6, The results of the tosts
have been publighed {11].

Ferrous Motals Concentrator

Thig device (No. 9 in Figure 4} was
designed to sevarate material rexoved by
magnetic separators Nos. 7 and B into
three discrete strecams: light ferrous
metal, heavy f{arrous metal, and a light
organic fraction.

The separation is accomplished by
concurrently exposing the feedstock to
vibration and turbulent air flow. Tesgts
made on this device showed varving deqrees
ol success, For instance, of the light
ferrous metal that entered the concen-
trator, less than it misreported (o the
heavy ferrous fraction, and less than It
was carriec¢ away with the light orcanics.
Purther, the machine removed 54% of the
loose contaminants. However, of the heavy
forrous enter.ng the concentrator, onaly
23% reported correctly. Tho majority cf
thé heavy. ferrous metal, 7%, reported as
light ferrous preduct.

The large -=unt of loose contaminant
and heavy ferrvous which treported to the

light ferrous product stream represented
contamination 2bove the level allowed by
the buyer. A partial solution was the
addition of a picking station to remove
large, highly vi.ible loose contaminants.
However, this was only an futerim sojution,
as the resulting product still failed to
meet - the specification of 48 for orcanic
contamination. Also, the Large amounc of
haavy ferrous reporting to the light
farrous product wag only partially solved
by che picker, who temoved about 50V of
misrepnrting heavy ferrous.

The internal dimengions and s ape of
the concentrator were too small to pass
som2 ob)ects re ‘ed by the primary -
magnets. These caually sonsisted of wire
clusters and long, thin aobjects such as
exhaust pipes and small-diameter iron
piping, Consequently, numerous blockaous
and jams occurred. These, coupled with the
insufficient product cleanup, led to the
elimination of the concen“rator and the
manual picker during the major systen
reVviBlon.

In the revised confiquration, the
device is byyassed, The functions which
the ferrous concentrator performed are now
accomplished by the alr kaife (No. 45 in
Figure S5)

TABLE 6. MAGNETIC DRUM SEPARATOR (NO. 8)

As-Dusianed As-Tested
feed mags flow rate 40 tph {(max) 40.8 tph
Wominal particle size of feed "99% <5 inches 98% <4 inches
Bulk density of feed 10 1b/fed 16.5 1b/fe?
Magnetics content of feed {wet wt) 7 to 108 4.5%
Inclination {above harizontal of feed conveyor) 17.9° 17.6°
Feed conveyor baltr speed 300 to 3150 fpm 360 fpm
Alr gap (between belt and drum surfaces} 11.5 inches 14.9.inches
Angle (between a line joining shafts of the 27¢ 26.5°
head pull:y and MDS, end the vertical)
offset (between feed oconveyor and MDS centeriines) 0 inches 5-2/8 inches

Naximum magnetic strength (at feed conveyor
belt surface, est.)

s rotatiaul_speed
Parcent racovury of magnetics (wet wt)

Percent loose contaminants in product (wet wt)

575 gauss at

440 gauss at

14 amps 15.3 amps
28 rpm 28.3 o
95 Q0.3%
3 to 5% 2.08

14



Air Knife

The purpose of this device (No. 45 in
Fly're 5 is to perform two separationg of
the magnetic material: (1) separation of
light ferrous ‘rom heavy ferrous, and
{2) removal c¢f light organic material.

The air knife consists of a separation
chamber with one material and two air
inlets. The air inlets are thfn, near-
horizontal nozzles. The bottom of the
separation cnamber forms two chutes, one
for light ferrous metal and one for heavy

ferrous. The air discharge is. at the top
corner, away from the air nozz,. The
configuration is shown in Figure In

addition to the separation chamber, the
system consists of a negative pressure
cyclone and a blower in a circuit which
recycles most of the air. The blower drives
the air knife nozzles.

Some difficulty has been experienced
.with the air knife. Tnigially, air-veloci-
tiec were insufficiert to orevent
excessive light ferrous metal from
reporting as haavy ferrous. The drive
motor ctheave was changed to a larger
diameter to increase the air velocity.
tiowever, this resulted in the separation
chamber operating under a positive pressure,
giving p>or separation of loose organics.
The excess rressure was partially relioved
by slightly opening the cleanout door on
the air knife “an (see Figure 7 for
cleanout door ocation}..

The knife c.ntinued to yiald a large
agount of ligh. ferrous with the heavy
ferrous fraction. It was thought that this
was caused by a rolling air flow inside the
air knife box that carried light- ferrous

around past the light ferrous chute. In an
attempt to break up this circulation,
various baffles were installed. The knife

was built with two movable baffles, but
noither was satisfactory, and both were

. subsequently either modified or remvved
Fiqure 7 shows the location and size of air
flow baffles installed on site to irmrove
the air knife performance. Succesas of these
modifications was mixed.

As Figure 7 shows, the light ferrous
shredder (No. 46 in Piqure 5) is immediately
below the light ferrous chute. Rotor
action occasionally causes material to be
fhrown back out the chredaer infeed. This
material often reports to the heavy ferrous
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chute. However, not all light ferrous
found in the heavy ferrous fraction
followed this path. Tests showed that 30
to 308 of the light ferrcus was lost to

the heavy ferrous chute, an uracceptable
value. "'The manufacturer has been contacted,

‘and efforts to correct the prcblem are

being made,
Light Ferrous Shredder

This unit (No. 46 in Fiqurc 5) was
oricinally manufactured by the Gruendler
frusher and Pulverizer Company as an
impactor, and was initially instailed in
the aluminum recovery system. It was
found to be unnecessary and was removed
fom the aluminum sysiem.

rhe intcai of the shieidding cof the
light ferrous product was nct specifically
£1ze reduction, but to rip open or “butter-
fly" the can. Also, t¢ impact the can
sufficiently to dislodge any attached or
entrapped contamination. This wuld allow
cleanup by subsequent separation by the
secondary magnet separator (No. 47 in
Figure 5).

Aftér consultations with Gruendler,
the impactor was modified o accommodate
four rows of four bull-headed hammers each,
and an eight-compartment {approximately
8 by 4-inch openings) grate for can
shredding. The unit was re-sheaved to
obtain a rotor speed of 920 rpm. This
produced a hammer tip speed of approximately
6,000 ft/minute,

As modified, the shredder was rated at
3 tph, with surges to 5 tph allowed. The
shredder experienced jams caused by objects
too large to be shredded.

¥:.e primary problem is thrat large
objects are coming through the primary
shreddex. ' One oersized f{tem removed from
the ferrous shredler was an auto muffler,
24 by 12 by 6 inches, The problem is com-
pounded when a large object reports to the
light ferrous chute in the air xnife. In
addition,’ the ferrous shredder is slightly
underpowered, restricting its ability to
shred large items.

Secondary Magnet
This belt-type magnet separator (No. 47

in Figure 5) removes the magnetic metal in
the light ferrous product, leaving behind
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the organic contaminaticn after shredding.
The unit was purchased under a warranty to
recover 95V of the feed material, sized
between 1 and 4 inches, with the unit sus-
pended 8 inches above a stainless steel
vibrating pan convevor. 7ests on the magnet
showed it recovered ferrous metal with an
efficiency of 98,5\, with a contamination

of 4%.

The purchase order for the magnet
called for a 30-inch-wide rubber belt with
stainless steel cladding 24 inches wide.
This cladding prevents pieces of wire from
embedding into the rubber, wearing holes in
the unclad portiun and allowing metal to
work its way between the cladding and the
rubber belt.

Storage Bin

A number of problems in obtaining and
scheduling railcars developed soon after
the startup of the ferrous recovery system.
The most severe was the delay in obtaining
cars from the railroad on any schedule after
a request was made. The ferrous system had
to be shut down during these periods,
resulting in loss of product. 1In addition,
when production was slow, the resulting low
filling rate would incur derurrage charqes
for the railcars after one day on the site.

These problems were ameliorated by the
construction of a storage bin, made from an
old railcar with extended sides. One end
of the storage bin is open to allow
entrance for . front-end loader *o vremnve
ferrous procuct and load it into a railcar.
The dimensions of the storage bin are
50 reet long, Y feet wide, and 8 feet high.

ALUMINUM RECOVERY SYSTEM

The aluminum recovery system processes
@ glass and aluminum concentrate - the air
clagsifier heavy fraction. This contains
contaminant materials which need to be
removed. ' The initial processing step is a
large, double-deck screen which functions
ag part cf both the aluminum recovery
system and the glass recovery system.

The function of this screen is to sulit
the air classifier heavy fractinn into
two major streams: (1) a glass-rich
fraction, and (2) an aluminum-rich fraction.
The aluminum metal targeted for recovery
consists mainly of canstock and occurs in
~ the middling (4 by 2-inch) fraction. The

1

2-inch material is routed to the glass
recovery system. The oversize fraction
(larger than 4 inches) is rejected to
landfill.

The non-canstock aluminum contained
in the incoming MSW consists of mixed
alloys. These cone from various castings
(auto parts, extrisions), lawn furniture,
and stampings (cookware), and comprise
almost 0.3% of the MSW. Most of these
items are larger than a nominal 4-inch
size, therefore they report to the trommel
oversize for shreddina. The non-canstock
aluminum would be recovered for processing
if air classifier No. 13 had been installed.
However, as discussed in the Recovery Feed
Preparation section, this was not
considered cost effective.

Further size separation nd aluminum
recovery by the eddy current separator
(A1-Mag) follows, Cleanup prior to
nneumatic transport into a highway trailer
completes the alumi.um recovery process.

Aluminum Mass Balance

The process flow and the mass balance
for the aluminum recovery system are shown
in Figure 8. This diagram depicts the
flow as it is currently operated. The
equipnent items which have been removed
during the shakedown are also shown,
represented by dashed lines,

The mass balance for aluminum is
fogrecentoed by the figures adjacent to each
flow path. The mass is expressed in pounds
per hour of aluminum canstock and represent.
the operation of the plant at the design
throughput, which specified an input of
MSW at 62.5 tph. This was the basis of
formal testing. As mentioned elsevhere in
this paper, the plant regularly is operated
at above 100 tph.

The incoming MSW contains 0.3%
aluminum canstock, as discussed in the
Recovery Feed Preparation section. At the
design throughput of 62.5 tph, this
represents 375 pounds of aluminum canstock.
At the design throughput, the trommel is
93¢ efficient in its separation of aluminum.
This results in 350 tph of aluminum
canstock being present in the air
classifier feed.

wWhen the trommel is operated at
100 tph or more, its efficiency of aluminum
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canstock separation drops to about 73%.,
This results in 50 to 70 tph of air
classifier feed. 1In order to prevent the
air classifier from plugging, the necessary
air.flow and velocity are so high that most
of the aluminum canstock reports to the
light fraction. An alternative is to
divert about half of the air classifier
feed material to landfill, with tne
resulting loss of aluminum,

At the design throughput, the aluminum
recovery system currently recovers 49% of
the aluminum canstock it receives. The air
classifier is the gource of the largest
loss, having a recovery efficiency of only
70%. The second .major loss point is the
vibrating s2reen (No. 16 in Ficure 8).

Here the problem has been to develop an
effective top deck - one which removes
oversize flexible materials such as paper
diapers - which dces not cause some of the
aluminum to report to the oversize. In the
flow shown in Figure 8, some 25%¢ of the
aluminum feed to the screen misreports to
the oversize and is rejected. From this
point on, the rrocess is quite efficient,
with a total of only 10% of the remaining
aluninum canstock being lost in six
separation processes.

The overall recovery rate of aluminum
canstock is 172 pounds per hour, resulting
in an overall éfficiency of 46\ when the
facility is operated at the design through-
put. Shipments totaling 29 tons have been
purchased by Reynolds Metals at their
primary grade.

These flow data are the result of
several individual tests. -The details are
given in the Test Report Series [2}.

Equipment Modifications

In the following paragraphs, each of
the equipment items in the process flow
(Pigure 8) ig discussed. The initial con-
figuration and ‘subsequent modifications are
covered.

Only the processing equipment is
discussed. However, many problems were
experienced with the materials handling
operations in this system. Subsequently,
modifications were made. Basically, the
conveyors, elevators, and chutes were
undersized. This stemmed from three causes:
(1) over-estimation of the bulk density
during tre design, {2) inadequate allow-
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ance for surges (a 1008 surge is not

unusual) , and (3) operating mode of the
entire facility.

Overload of eguipment causes jams and
blockages in the short run and {milures in
the long run. These have both affected

. the reliability and availability of the

aluminum recotery system. A variety of
changes have Leen made to solve thesé
problems, including enlarged chutes with-
out sharp bends, increased speed of
conveyors, full skirtisng on conveyors,
larger buckets on bucket elevators, and
finally, replacement of conveyors by
larger units.

4 by 2-Inch Vibrating Screen

The purpose of this device (No. 16 in
Figure B8) was to produce three fractiens
from the air classifier heavy material: =
(1) an oversize stream, (2) a 2 by 4-inch
aluminum-rich middling stream, and (3) a
minus-2-inch glass-rich undersize stream.

The screen was initially coufigqured
with the top deck made of 1/4~iach round
rods with rectangqular openings 4 by
8 inches. The lower deck was >f heavy-
duty 5/8-inch-diameter woven vire with
rectangular openings, 2 by 8 inches. On
both decks, the 8-inch.dimension was longi-
tudinal to the screen. The top deck of

_this screen was to remove large non-.

recoverable materials. The bottom deck was
to separate the glass concentrate,
generally smaller than 2 inches, from the
aluminum concentrate, -generally larger than
2 inches. The feed material to the screen
contained about 0.4% aluminum as tested.

Also, 1.6% of the material was larger than

4 inches, and 89% was smaller than 2 inches
on a dry basis.

Problems were immediately encountered
with both decks. The openings were too
large on the top deck, and little screening
of oversize material occurred. The rectan-
gular 2 by 8~inch openings on the bottom
deck allowed aluminum cans to wedge into.
the openings., Material immediately began
to build up on the wedged cans, blinding
the screen. In addition to can wedging,
the large opening allowed slender objécts
such as sticks to pass through into the
glass recovery circuit. Cleaning of the
material blinding the bottom deck was
difficult. Beginning in March 1978, a
series of differenc decks were tried. 1In



July 1979, a punch-plate top deck with
5-inch-diameter holes on 5-3/8-inch
staggered centers was installed. Aluminum
logss was reduced, but at the cost of an
increase in large, flexible contaminants.
Little effoct was seen in the minue~2-inch
material transferred to the glass recovery
plant,

In an attempt to reject large,
flexible materials and those in plate form,
6-inch~high grizzlies of 1/4~inch steel
plate were installed on the top deck. This
was generally ireffective, although some
material travcled down the grizzlies to be .
rejected. ) '

Several modifications were made to the
top deck, including adding a static partial
flat plate deck with vibrating grizzly bars
above the top deck. In conjunction with
this tor deck modification, a new distribu-
tor was fashioned which provided better
distribution of the material on both top and
bottom decks.

In early October 1980, both decks of
this screen were replaced. ‘The top deck
wag repliced by a punched plate with 4-1/2-
inch~diameter openings on 4-1/8-inch
stagqered centers. The bottom deck was
replaced by a punched plate with 2-1/4-inch-~
diameter openiags on 2-5/8-inch staggered
centers. It has been determined that this
screen does not have sufficient capacity
for this application, particularly the
bottom deck.

Air Concentrator

The purpose of this zig-zag type air
classifier (No. 17 in Figure 8) was to
remove any nonferrous metals from the over-
size material from screen No. 16 and the
eddy current reject stream. However,
composition analysis showed almost no heavy,

"oversize metal in that fraction. In
addition, the device wae subject to
plugging, - The unit was converted into a
chute.

Impactor

This @achine (No. 18 in Figure 8) was
designed to crush any friable material in
‘the 4 by 2-inch screen (No. 16) fraction.
This was to be removed by screeaing for
further processing in the glass recovery
system. This also reduced the amount of
material in the 4 by 2-inch aluminum-rich
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stream, which cided the recovery of
aluminum by the eddy current. separator.

hnalysis showed the impactor was

crushing large friable objects satisfac-
torily; however, the unit would jam when
gurges occurred. Further, little glass was
found in the 4 by 2-‘nch stream. There-
fore, the process was streamlined by
removing the impactor and discarding the
glass that was contained in the undersize
material that was produced by scrien No. 19.

Double~Deck Vibrating Screen

The priginal purpose of thie screen
(No. 19 in Figure 8) was to remdve friable
material crushed by the impactor and any
residual minus-2-inch particles in the
aluminum-rich stream. However, it is
currently a supplemert to screen No. 16,
which is too small.

The screen, as purchased, was fitted
with single-screen wire cloth. Rectangular
openings were 2 inches wide by 6 inches
long. Aluminum cans flattened on one end
tended to wedge into the openings,
obistructing material flow and blinding the
screen. A l-inch-square opening of woven
wire was tried, but soon blinded with paper
and textiles. Next, a 2-inch-diameter hole
punched plate was installed, but this alsc
blinded. 1In addition, the driven speed of
the eccentric shaft was increased from 600
to 900 rpm., Amplitude remained at
0.32 inch., No noticeable improvement in
screéning was observed.

Experience indicated that a grizzly or
bar deck was necded to prevent blinding.
The punched plate deck was removed and
repiacgd with grizzly bars 2-1/2 inches
high, 1/8 inch thick, set on a 1-3/4-inch
spacing.

Based upon the insights yained in
several pre.ious changes, the scréen was
torn down and rebuilt. The rebuilt screen
utilizes two decks. The splash plate was
increased in length from 12 to 24 inches,
and two chevron-shaped flow distributors
were welded in place. Also, the screen was-
raised,

The top deck is' made of grizzly bars
24 inches long and 2 inches high with
2-1/2~inch spacing. The purpose of the
grizzlies is to catch flexible material,
such as rags. If the bars are longer than



24 inchey, the action of the screen causes
the rags to drop off the bars onto the
gecond deck. The lower end of the grizzlies
extends over a flat plate which completes
the top deck. The second deack consiats of
a punched plate with 2-1/4-inch-diameter
openings. This configuration, ghown in
Figure ¢, is currently in use. These
improvements work well, ags the grizzlies
remove a signifjcant amount of flexible
material and the scseen does not blind,
although periodic cleaning is still
required, The 2-1/4~inch punched plate is
9348 efficient in removing the undersize
material from the 2 by d~inch fraction.

Doum Magnet

This secondary drum magnet unit (No. 20
in Fiqure B) removes residual ferrous metal
{not removed by magnets Nos. 7 and 8) from
the 2 by 4~inch frarct on prior to the eddy
current separator. Magnetic items become
tragped in the eddy current separators for
a time and cause blockages.

The principal difficulty of this unit
has been its inability to pass long, thin,
nonferrous objects, such as sticks. Items
as short as 4 inches have caused jams. Two
changes were eFfected toc alleviate the
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problem. The infeed side of the housing
was cnlarged. Also, the drum's original
3/4-inch-wide by 1/4-inch-high knockoff bar
wags augme:ated by adding two bars 1/8-inch
thick by l-inch high.
metal from sliding on the smooth drum and
not discharging.

Eddy Current Separator

The purrose of the eddy current
separator, or Al-Mag (No. 21 in Figure 8},
is to remove aluminum from the 4 by 2-inch
fraction, which appears in this feed mate-
rial at a concentration of 5%.

Problems with the Al-Maq centered on
the water coclant system. Each of the
eight -banks of electromagnets contains
four iron-core copper-wire-wound magnets
that have copper tubing carrying coolant
water wound in the core. Once-through city
water is used. Overheating was experienced
The inl~t water pressure was measured and
was at the lower limit allowed by the
separator's manufacturer. Pumps were
installed to boost the water pressure to
60 psi. This was not ‘encugh to prevent the
magnets from heating up from low ccolant
flow. Magnet temperature causes an
increase in the coolant water temperature.
The copolant water routing is a series
arrangement such that the last bank of
magnets receives water heated from passage
through the other magnets. The heat
increase was sufficient to cause the
calecium carbonates to precipitate out of
the water ancd adhere to the walls of the
copper coolant tubes. This caused a
restriction which, in turn, caused the
coolant flow to decrease, The reduction in
coolant flow caused even more heat to be
transferred to the water, which accelerated
the mineral deposition.

The water coolant lines outside the
Al-Mag were modified to introduce a
flushing liquid and recirculate it until a
clean coil condition was obtained. . The
liquid selected is made by A. O. Smith,
brand -named “Unlime." It is ‘circulated in
all coils as the liquid tlowraters are

- monitored to determine ligquid flow rate
increase as the coils are cleared of the
mineral scale buildup.

‘Table 7 shows the recovery efficiency .

of the Al-Mag at various belt speeds for a
constant volume of feed material. Prepared
seed cans were used, Deformed cans had

This prevents ferrous
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one end crushcd. Note that the efficiency
is éependent upon can shape. The
efficiency was epproximately 8% lower for
native {non-seed)! aluminum of similar
shapes. Approximately 11y .oose organic
contamination is contained ir. the Al-Mag
product.

TABLE 7.  AL-MAG EFFICIENCY

(In Percent)

Belt

Speed Can Type

{fpm) Flattened Deformed ~ Whole Total
300 97;7 98.4 100 ag .4
400 92,9 98.4 100 98.0
500 90.7 95.0 B6.6 94.5

‘snaqqed on the butterfly dampe: gate.

The eddy current separator has shown
it is capable of satisfactory szparating
ecfficiencies. Howeves, it requires more
attention than other materials recovery
equipment.

Air Classifier/Air Xnife

The purpose of this two-stage device
{(No. 23 in Figure 8) is to remove contami-
nants from the aluminum product of the
Al-Mag. The contaminants in this 2 by d4-
inch fraction are in two forms: (1) light
materials (paper and plastic film}, and’
(2) heavy items (such as grapefruit and
nonierrous metal castings). These cumprise
144 of this material, sufficient to lower
the price received for the aluminum. Tests
indicate that .90 to 100% of the light con-
taminants are removed and virtually all of
the heavy contaminants. '

This aluminum cleanup system consists

of a zig-zag air classifier, its attendant

cyclone and airlock, and an air knife with
blower, as shown. in Figure 10. Taken
separately, no difficulties have been
encountered with' the 2ig-zag air classifier.
The cyclone that de-entrains the organics
from the zig-zag has been modified. This
was built to operate under negative pres-
sure with the butterfly damper and fan on
the downstream side. Light, filmy organics
occasionally passed through the cyclone and
This
#was corrected by removing the gate from
inside the butterfly damper, and making a
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bleed gate and port on the air pipe above
the zig-zaq air classifier to modulate the
air flow.
a viewing window, allowing air tuning by
observing the separation.

The system was delivered with a
7-1/2 ‘hp motor driving the cyclone blower.
It was retrofitted with a 10 hp motor to
obtain sufficient air flow. Testina on the
zig-zag showed 97.2% of the aluminum cans
correctly dropped into the air knife, while
918 of the organic light materi~rl was
removed by the classifier and bl: m to the
cyclone for disposal.

The air knife separates light and
heavy material reporting as heavy from the
‘alr classifier immediately above its
infeed. During shakedown, it was deter-
mined that the 8-1°2 hp side channel com-
pressor did not produce enough air to
consistently blow aluminum cans across the
knife to the lights side. It was replaced

The air classifier is fitted with
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by a 10 hp blower. However, light aluminum
continued to report to the heavy chute.
Viewing window observations in the air
knife showed that light aluminum was being
initially deflected to the light material
side of the air knife, but then rebounding
back into the heavy material side. This
was qreatly reduced bv installing two
screened openings to allow the air to
exhaust rather than deflect back into the
air knife box.

Aluminum Hammerwmill

The purpose of this hammermill (No. 24
in Figure 8) is to reduce the aluminum to
less than l-inch particle size. Tkis
raises the bulk deasity to 15 pounds per
cubic foot. The increased density allows
for economical shipping. The shredding
also liberates moisture and some non-
aluminum. No problems have been
encountered with the mill operation.



12-Mesh Vibrating Screen

The purpose of this screen {(No. 25 in
rigqure 8) is to remove minus-12-mesh mate-
rial from the aluminum product. The
purchase specification for this product
allows only I\ minus-12-mesh material. The
material removed :s St of the feed to the
screen; of this, 30V is aluminum. The
screen has performed satisfactorily.

GLASS RECOVERY SYSTEM

As originally designed, glass recovery
was to be done by screening, crushing,
electrostatic removal of conductors, and
optical sorting, all dry processes. This
was described an the Feagibility Study
published by NCRR in 1972 [12]. A com-
-mitpent to. purchase glass recovery system
equipment had to be made in 1974. At that
time, NCRR's tests indicated that none of
the optical sorters available could meet
the Glass Packaging Institute‘s specifica-
tions, which are incorporated into the

"REACENT ADOLD
TO FARST
RDUQHER CilL FRED

.market agreements at Recovery 1. ‘This
resulted in the decision to implement froth
flotation. Tests of this technolugy at the
U. S. Bureau of Mines' pilat facility in
College Park, Maryland, indicated that the
specifications could be met., However, it
was recognized that the lack of color-
sorted products was a limiting factor on
prrduct markets. Markets were secured for
the mixed color cullet trcia Recovery 1.

Giass Mass Balance

The froth fiotation process flow was
designed by the NCRR staff, with technical
assistance from Bureau cf Mines personnel.
This initial flow appears in the chart in
Figure 11.

The shakedown effort made many changes
in the process. Some of these were small,
_but some entailed removal of equipment
items. The modification and tuning effort
is still in progress. The process [low ag
it exists at this time is shown in
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Piqure 12. Also shown in the flow is the
mass balance for glass in the syitem.

These data are based upon samples taken
during operation in Septesber 1980. No
formal testing of the glass system has been
conducted,

The mass balance for the qglass is
calculated at 100 tpd input of MSW, as this
was the operating rate during the testing
period. At this rate, the loss of glass in
the trommel is estimated at 63, This is

$ S

much higher than the 1t loss found during
‘the trommel testing at 62.5 tph, as
discussed in the Recovery Feed Preparation
section. Also, there is a loss of the
minus-1/4-1nch qlass (about 108) in the air
classifier. The figure for the guantity of
minus-1/4~inch glass is based upon the
trommel testing. A larger loss, 'bout 20%,
occurs on the vibrating screen (No. 16).
The changes to the screen discussed below
are expected to reduce thig:; however, some
of this loss may be shifted to vibrating
screen No. 28,
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As can be seen in Pigure 12, there is
a markcd flow rate change (4 to 1) at the
surge bin. This highlights the very impor-
tant function of this item in the glass
system operation. The hydraulic portion of
the system must e run at 'a continuous
process. However, the front end of the
glass system operates only when waste is
being shredded. The shredding operation,
part of the recovery feed preparation, is
on a start-stop basis. .The stops are caused
by lack of ‘a landfill loadout trailer,
coffee and lunch breaks, shift changes, and
equipmerit cutages.

Tho wet portion of the glagss systen is
currently operated at about 40V of deaign
capacity., There are no specific known
bottienecks which prevent increasing the
flow, However, insufficient feed material
is presented during the 8 to l0-hour glass
systom operation to make increasing the
flow wvorthwhile., The recovery in this
portion of the system Is 80%s. There are.

o current plans to try to raise this yield.

The current goal is the producticn of a
sufficient quantity of recovered glass to
allow a large-scale melt test to be run in
a glass plant. Approximately 350 tons of
product have been delivered to the Owens~-
1llinois plant in New Orleans. Tests
indicata that this meets the Glaas
Packaging Institute specification.

Bquipment Modifications -

The glass recovery system is
esgentially the last module in the recovery
equipment traiv. Because of difficulties
with upstream processing cquipment, work on
the glasg system was delayed for a number
of montha. During attempts to operate the
systen in 1977 and early 1973, it proved
impossible ‘to achieve uninterrupted opera-
tion of sufficient duration to perform the
tests necessary for evaluation. Effort
was concentrated on the ferrous and
aluninum systems. In mid~-1979, effort was
again directed to the glasse recovery
system. Since that time, the focus has

o



been on sequentially operating, modifyihg,
and evaluating the aluminum and glass
systems,

The glass recovery technology employed
involves wet processing. Initial hydraulic
balancing problems caused water to overflow
the tanks and equipment, which cortributed
significantly to the difficulties encoun-
tered. Overflow is now under reasonable
control. This is the result of both equip-~
ment improvements, which have led to better
operation, and to the installation of over-
flow control sumps and piping. This not
only improved housekeeping, but tho
modifications made to control overflow
allow the operator more time to correct tle
problem without having to shut lown the
entire glass plant. Operating days wi‘h as
much as 10 hours of continuous -ypera<ion
have been achieved. This has aliowed for
test and evaluation and the beqinning of an
optimization process.

Each piece of equipment shown in the
initial process flow (Figure 11) is dis-
cussed briefly below., The emphasis of each
is the modification made. Equipment items
vhich werc eliminated are also discussed,

Two equipment items, the impactor
(ko. 18) and the screen (No. 19) are shown
in the flow diagram in Figure B. These are
discussed in tha Aluminum Recovery System
section. The impactor, which was installed
to break large glass in that flow path, was
reroved when analysis showed very littls
glass in that stream. Also, the underflow
from the screen (No. 19) was rerouted to
the residue discharge.

"4 by 2~Inch vitrating Screen

This screen was discussed in some
detail in the Aluminum Recovery System
gection. :

Double Roll Crusper

This crusher (No. 27 in Figqure 11) was
intended to reduce the size of all friable
material in the minus-2-inch undersize
fraction from the 4 by 2-inch screen
(No. 16). ‘

Numerous jans occurred in the crusher,
These wero -caused by stones and metal items
lodging batween the tocihed rolls., Jams
could be prevented by increasing the dis-
tance between the two spring-loaded rolls;
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however, less size reduction resulted when
this was done. A review was made of the
particle-size distributicn of glass
reporting as trommel undersize. It was
determined that approximately B0V was
minus~l-inch before crushing. BRased upon
this data, the crusher was removed.

One~Inch Vibrating Screen

This screen (lio. 28 in Figqure 11) sizes
the marerial for the minerals.jig. The
undersize, minug-l-inch, is discharged into
a surqe bin for tfeeding to the ‘jig. Studies
have shown one inch to be the practical
upper limit on the size of the jig feed,
Initial calculatiouns based on an infeed
rate of 12.3 tph indicated that 3 screen
area of 40 square feet was required. The
supplier, Vibranetics, cubmitted that a
screen with 16 square fect area would
suffice. This proved groscly inadequate.
Several remedies ware tried. The original
l-irch (nominal) opening sizc screen cloth
was, in fact, cnly a 0.875-inch opening.
This was chanaed to a cloth with a l-inch
clear opening, but no improvement was
observed. Two symptoms were noted:

(1) insufficient area, and (2) excessive
blinding. washir; with high-pressure not
water provided short-term relief. Constant

‘washing with ambient~temperature water was

better than no washing, but this increased
the moisture content of the undersize mate-
rial being stored in the surge bin, which
increased the difficulty of flow control
into the jig. Also, washing separated the
fine dirt from the oversize materiel,
resulting in a mud buildup on the bottom
of the screen.

As a method of alleviating the
blinding problem, a cloth with 2 by l-inch
rectangular openings was tried. But this
allowed particles which exceeded the jig
top size to pass. A l-inch-diameter hole
perforated plate was installed, but the
open areca was less than the l-inch-square
mesh. As a result, it could not process
material rapidly cnough 1o keep pace with
the jiqg.

A temporary solution was to remove the
screen completely and make the l-inch size
separation on screen No. 16 {see Figure 11},
as mentjonecd previously. This change was
made, and sufficient throughput capacity
was obtained. However, sticks and other
long (3 inches or more) jtems entered the
jig and caused plugging in the jig dis-



charge pumps, Also, a negative effect was
the introduction of an increased asount of
1 by 2-inch material into the middling
fraction. This additional material had a
detrimental effect on eddy current separa-
tor performance. A pertorated screen wita
1 by 3-inch ovals was tried:; this so.ved
the stick problem, but it alse locked the
necesgary capacity,

The supplicr, Vibranetics, offered to
exchange the amall screen for a
S by 12-foot unit (mors than three timos as
large in area). However, this could not be
easily accommodated into the existlag con-
figquration, due to the sirzre and weight. A
price rezs.dec .s failr by NCRR was
negotiated. However, it was determined
that a light-duty screen could be purchased
for less cost. Also, the light-duty screen
woula not have the spacc and structural
requirement as the one proposed by
Vvihzanctics. A 4 by lu-toot screen was
installed with a punched plate with l-inch
diameter openings. A slotted punch plate
with 3/4 dv 3-iach oval openings has been
ordered for the unit.

Surge Bin

- Thig kin (No..29 in Fiqure 11) was
constructed on site by the erection
contractor. Its purpose is to absorb surges
50 that unjform feed to the jig can be main-
tained. The bin ic rectanqular, with a
converging bottom. The top 7 feet has a

"6 by 7-foot cross section. The bottom
7 feat conveirge o three sides to a rectan-
gular size of 2 Ly | feet.  The nature of
the material and tie converging bottom
caused bin discharge j'roblems from the
initial testing. Several remcdies werc
tried.

digh-density, low-surface-friction
polyethylene ‘was used to line the steepest
converging side. No apparent improvement
was sgen. . Water injection on three sides
was tried with limited success.

Direct spray onto the upper suriace
has becn the mos: successful. The disad-
vantage of this method is the lack of
control on rate ¢ discharge of the wet
material from the bin bottum.

A modification was alsc made to the
discharge of the bin. A manually adjustable
ringed opening was fitted which allows the
discharge from the bi~ to he molulated.
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Also, because the sizc of the bin discharge
openina can be quickly doubled, incipient
plugging can be avoided by opening the gate.
This provides additional modulation to the
variable speed which discharges the bun.

The disadvantaqe of the gate is that it
requives the attention of an operator.

Minerals Jig

The purpose of the minerals jig (No. 30
in Fiqure ll} is to remove organic materials
from the glass-rich fraction. A secondary
purpose is to remove the small dense
objects, mainly nonferrous metals, from the
jig product.

Thigs jig wag originally fitted with
BETZ water spray nozzles to fluidize the
incoming material in the vertical chute at
the feed end of the machine. These nozzles
did not prove to he practical, anld were
removed.

The bad of the jig was initially
operated with l/4-inch-square mesh cloth
over 1’3-inch=-wide Ly 3/i-inch-lony siotted
holes in steel plate. At the recommendation
of the manufacturer, this upper screen
cloth was removed. The jig was then
operated with punch plate steel and ball
ragg: g, t/2-inch diameter in the flrst
half of the bed and 5/B-inch diameter in
the second. Frequent plugging of the hutch
drains occurred frow large objects passing
the slotted holes. Therefore, a new
1/4-inch~-square mesh stainlesgs steel sc¢reen
cloth wus installed. This provented large
objects from paesing into the lLutch, but
did not totally solve the hutch Jrain
problem.

Early jig operation was done with gate-
type valves fitted to each of the hutch
drains which were difficult to clean. The
gate also contributed to plugging. These
valves were rceplaced by short sections of
soft foam rubber hose fitted with circular
hose clamps. This allows for a variable
orifice with a circular cross-section. Also,
the transition in size is smooth, so the
wutlets are no lenger %0 prone to plugging.
Periodic disassembly <nd cleaning is |
required. {Concentric valves are available
commercially, but are expensive.)

The jig was initially set with a 7°
angle of declination. This caused the
fluidizing of materigl to occur about half-
way down-the l6-foot-long bed. To rluidize



the material closer to the feed end, the
jig angle of declination was decreased
to 5°.

This aided the jigging process, but
still did not illow btottom water to pulse
up through the bed of the first hutch.
Therefore, the fiist third of the bed was
covered with a steel plate and horizontal
spray nozzles installed at the feed end to
sluice the material! into the working
sections of the bed. This reduced the
capacity, but proved workable at the
reduced feedrate.

In summary, the jic has proven to be
the most sensitive and difficult machine
to operate. Difticulties were encountered
with balancina top and bottom water and
maintaining proper bed height at varied
infeed rates. Orerating procedures derived
from the ninorals bencficiation industry's
use of the jig do not always apply to
jigging glass frow or/janic waste.
Variadility of the waste requires adjust-
ments in the 3)ig control settings to assure
satisfactory material separation.

“r tanic3 Dewoaterint Ccreen

. Thig vibrating screen (No. 31 in
Piqure l1) was to receive the erganic residue
discharge fro. the )ig and dewater it. The
residue was to be discharged to landfill and
the water recycled. : :

The scroen was initially fitted with a
60-mesh stainless steel woven wire cloth
which proved too tight a weave. The result
was no dewatering, with most of the water

passing over the screen anc beinq discharged

with the organics.

To alleviate this problem, a 3i0-megh
wire cloth was tried, with little i{mprove-
mont. Finally, lé-mesh wire cloth (G.ClB-
inch-diameter wire) was installed and is
satisfactory. The penalty extracted by the
more open screen is the addition of minus-
lé-mesh qrit -and finee t¢ the recycled
water. This increascs the frequency of the
cleanout of the recycled water tank. The
oveérsize material is dewatered sufficiently
to be conveyed by conventiunal smooth belt
conveyors. Periodic washing of the screcn
with high-presgure hot water is vequired to
crevent blinding by fatty materials which
close the screen openings,

1/4-Inch by 20-Mesh Vibrating Screen

The purpose of this screen [No. 32 in
Figure 11) was twofold: (1) to size the
ylass fraction for the froth flotation
cells at less than 20 mesh, and [2) to
remove any non-friable material larger than
1/4 inch from the crushing circuit.

This dnuble-deck screen was delivered
+ith a top deck of l/4-inch square opsning
wire screen cloth supported by 1/4-inch
rods longitudinal, and a bottom deck of
carbon steel with slotted openings 15-mesh
by 5-mesh (nomanal 20-mesh) .

Two problems were .encountered with
this arrangement. The carbon steel 1 aterial
rusted and began allowing oversize (plus-
20~-peshl material to report to the underxr-
s1ze (minus-20-mesh), thence to the froth
.flotation cells. Also, oversize materiul
penetrated the seamns in and arcund the
screens.

The rusting problem was solved by
replacina the original cloth with 304 stain-
less steel screen cioth. The ‘irst artempt
te solve the unsupported joint problem was
with two sections of screen cloth 1 *eet
wide by 10 teet long, with hooks on hoth
sides. M Jongitudinal sean appeared
feasible because tiiere was a flat bar
supported down the screen canterline which
could be used to retain the hooks. This
arringerent solved the support problem, but
placed excess tension on the hooks, which
resulted in the cloth tearing away from the
tension hooks on the sides.

After several attempted solutions,
digscussions with the screen manufacturer,
CE-Tyler, res.lted in replacing thc bottom
deck with a two-piece stainless steel
{216 SS)} 20~mesh screen (two 6-foot by
5-foot paneis with 0.017-inch-diameter
wire}. Backing cloth panels were installed
(8-mesh, 0.025~inch-diameter wire} to

- provide tensile strength and prevent the
liqhter—qauqe wirc cloth above it from
tearing. These were installed uring the
rubber wedges that provide seals along the
edge where the two panels abut and at
eitnor end. problem was encountered with
the impingemcnt nf the gylass on the top
screen. The result was wéar and bveaking
of the screen wires., Several :hanjes to
the feed distributor in the Nt w>re made,
In addition a third B-mesh screen cloth
was instalicd over the 20-mesn deck in the



upper half of the screen to serve as a
velocity brake for the glass particles.
This appears to be satisfactory.

Rod Mill

The purpose of the rod mill (No. 33 in
Figure 11) is to crush the glass fraction
prior to froth flotation. Sizing at 20 mesh
is done by the vibrating screen {(No. 32).

It was noted that the slurry inside
the mill was seeping out on the feed end
near the large bull gear. This slwury
contained small particles of very aorasive
glass that were being picked up by the
revolving bull and pinion. gear and abrading
the faces of the gears. The leak was
stopped and the gaps between liners sealed
by applying a coating of Nordback, an epoxy
manulactured by Rexnord. The first layer
was of steel powder-impregnated epoxy,
followed by a layer of ctramic bead-
impregnated epoxy Jor abrasive resistance:
No further leaks have occurred.

Several rod charges have beea used
since shakedown started. The size of the
charge - nunber of rods - and the amount of
water for a given amount of feed devcrmine
the particle size of tne discharge.
Currertly, the mill charge is 37 rods
totaliny 4,073 pounds. This is approxi-
mately 208 of mill volume. The charge
varies as the rods wear. The particle size
distribution of the mill product isanalyzed
to ¢ <armine the need for rod replacements.

Hydrocyclone

The pmrpose of tlis 10-inch
aydrocyclone (No. 34 in Figure 11) is to
remove the solids which are finer than
15C mmsh from the undersize materisl (minus
20 nesh) from Screen No. 32.

The initial configuration had a 3-1/2-
inch vortex finder and a 2-inch adjustzble
apex. The underflow was observed and
attempts were made to optimize its opera-
tion by adjusting the inlet pressure. The
performance was not satisfactory: therefore,
the 6-inch-long spool section immediately
above the apex was removed. This improved
the performance. However, the most
critical parameter affecting cyclone opera-
tion was found to be pulp density, or

*The cquipment number "35" is applied to the entire eight-cell unit.

percent solids of the slurry fed to the
hydrocyclone. Low pulp density resulted in
mus2 solids reporting to the overilov, where
the potential for their loss is greate..
This must be controlled upstream of the
hydrocyclone by modifying the jig feed
rate. Minor adjustments may be made by
adding water t. the rod "ill circuit.

-
Froth Flotation Circuit

The configuration of the flotation
cells is an eight-cell unit (Model 18
Special Tvpe A), consisting of two prefloat
cells, three rougher cells, and
three cleancr cells. The andividual
functions in the circuit are discussed
below.

Prefloat Cells (No. 35* in Figure 11).
The purpose of these two cells is to provide
an opportunity for non-qlass, greasy, waxy,
and other organic material to float in
untreated water. The initial operation
resulted in the second cell in the two-cell
series flow vath saading up, and not dis-
charging the tailings for further glass
processing. To a lesser extent, the first
prefloat cell was slow in discharging its
tailings, (sink fractien) to the secondcell.
Both sand relief port bushings (first cell
to second cell and second cell to dis-~
charge) were removed, providing a 3-inch-
diameter passage for the tailings.

-Hydrocyclone. This 6-inch
hydrocyclone (No. 36 in Figure 11) is fitted

with an adjustable, air-actuated apex for

underflow particle-size control. As with

hydrocyclone No. 34, the only operational

difficulty is controlling the pulp density
of the tfeed.

Flotation Cells (No. 35* in Figurell).
These six flotation cells are confiaured
into three roughers set in a combination
of series and parallel, and threce clcaners
in series. Aside from adjustments to weir
heights to balance cell-to-cell water
levels, no changes or problems in the
equipment have been encountered. ’

Problems have been experienced with
the flotation of the larger glass particles.
Tests show thut 30 to 353% of the glass in
the 20 by 40-mesh size range does not float
and is lost to the tailings.

The different

functions of the individual cells are discussed separately.
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Increased reagent concentration
increases the yield, but does not recover
all of the fraction. Also, it increases
the cost. The system now recovers 87% of
the glass entering the first rougher cell
{initial flotation cell). A slightly
smaller particle-size distribution might
improve the yield, but has not been tried.

Hydrocyclone (No. 38 in Fiqure 11).
The purpose of this 6-inch hydrocyclone is
to feed the vacuum filter and partiaily
dewater the slurry deposited on the vacuoum
table.

Thig unit is located immediately ahead
of the vacuum table (No. 39). 1Initially,
all of the underflow {apex discharge) was
put directly on the vacrum table, with the
overflow water piped to the recycle water
rsystem. To balance the cyclone, a tee was
fitted to the overflow and valved so that
one leqg of the overflow was routed back
into the sump serving the pump which
supplies the cyclone slurry. The second
leg was routed to the waste water tank.

Vacuua Filter (Ko. 39 in Figure 11).
The purrose of the vacuum filter is to
partially dry the glass product. Problems
experiénced with this filter have been in
the area of appropriate-size filter cloth
weaves and filter media.

Magnified examination of the original
top filter clot: (400 SCFM rating) revealed
the individual polypropylcne threads had
swollen, thereby reducing the open area.
All 20.panels were stripped from the table
and new- polypropylene cloth rated at
250 SCFM caulked onto the table above the
existing backing cloth. Moisturé removal
down to 5t is now possible, and no other
oroblems of dewatering were found. ’

The vacuum pump 4raws air through the
vacuum table to remove the free moisture.
It is constructed with carbor steel
impeller vanes that tend to rust and seize
to the vane housing if not frequently
rotated. In extreme cases, the pump must
be disassembled and cleaned to free the
vanes. During shakedown, several periods

of two to three weeks with no activity were’

encountered. After the initial period of
inactivity, the impeller froze, but was
freed by rocking the impeller shaft. A
standard operating procedure was adopted to
start and run the vacuum pump for several

minutes once a week when an outage prevents
normal plant operation.

Dryer (No. 40 in Figu.. 11). The
purpose of the Holoflite dryer is to reduce
the moisture level of the glass roduct
from 5 to 10% of the feed to less than 1%,

This device jis essentially a twin-screw
conveyor which works by passing a hot
(600°F) thermal fluid through both the
jacketed trough and the hollow scrow flites.
When the Holoflite drver was purcha:ed
used, both flites and jackets sustained a
hydrostatic pressure test. In addition, the
rotary valves were rebuilt by the squipment
supplier prior to purchase.

In.mfficient moisture removal to
satisty the nroduct speci‘ication was a
problem from the beqinning. Tests showed
the trough jacket was .~ceiving sufficient
heat transfer oil to reach cverating tem-
perature. However, the flites .=re not.
This was traced to improper valve operation.
The rebuilt valves had been used in a
different configuration and had been
improperly modified for this application.
New valves were purchased and installed,
and no further heat irbalance was seen.

“Although the dryer passed hydrcestatic
pressure tests, it developed two leaks in

" the trough where rust had caused several

pitted are.s of chin metal. The conse-
quence of thuse leaks was contamination of
tie class product with heat transfer oil.
The contaminated glass was rejected, and
metal plate patches were welded over the
weakened areas.

.The thermal fluid for the dryer'is
heated to 600°F by an oil-fired heater.

‘This experienced some initial control

problems which have since been corrected.
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SUMMARIES OF COMBUSTIONS OF REFUSE-DERI- 2D FUELS AND DENSIFIED FUELS

Carlton C. HWiles
U.S. Environmental brotection Agency
26 West St. Clair Street
Cincinnati, Ohio 45268

ABSTRACT

The Solid and Hazardous Waste Research Division has supported investjoations of

the use of refuse-derived fuels [RDF) for onwer aeneration.

Two projects used fluff

RDF in municipal power generating boilers. ' The St. Louis-Union Electric refuse fuel
project was the first demgnstration plant in the United States to process raw mynicinal

waste for use as a supplementary fuel in a utility boiler.

Ames, lTowa.

A second such project was at

Two other projects investigated the use of densified RDF [d-RDF) as a sub-
stitute for lump coal in smaller spreader stoke= boilers.

Approximately 2,500 tons of

d-RDF were combusted with and without cpal at plants located in Hagerstown, Maryland,

and Erie, Pennsylvania.
these four are summarized in this paper.

INTRODUCTION

Recent concerns about th2 cost and
availability of energy have sparked great
interest in the possibility of recovering
energy from refuse. Such energy recovery
would not only offset steeply rising fuel
costs, it would also help solve the Ha-
tion's sotid waste disposal problem. The
U.S. Environmental Protection Agency (EPA)
assigned the Municipal Environmental Re-
search Laboratory {MERL) in Cincinnati,
Ohio, major responsibility for research
and development in the field of recovery
and use of municipal solid waste. This -
paper describes four major EPA projects
that are aimed at the recovery of energy
from salid waste. These projects combust
refuse either directl:' for steam recovery
or in combination with fossil fuels for
power generation. The latter involve the
processing of the refuse to remove the
combustibles for use in a mod(fied power
generation boiler, usyally in combinatjon
with coal. The processed refuse is usu-
ally referred to as refuse-derived fuel
(RDF).

The RDF concept in the Unfted States
was originally considered for major power

Althoujh other RDF combustion projects have been supported,

oenerating facilities that burned pulver-
jzed coal. However, the use of RDF need
not be limited to larce users and may in
fact be more valuable to small power aen-
erating facilities. Small industrial and
institutional boiler owners may find RDF
an attractive and cheaper alternative to
fossil fuels, for which they receive no
quantity discounts, as do the laroe users.
In addition, small users may have increased
flexibility in neaotiatina contracts for
ROF (especially with regard to length of
cormitment). Many small power generators
are econpmically marginal because -their
boiler facilities are older, coal-burnino .
models that require costly air pollution
equipment. The uyse of RDF may itelo such

facilities absorb the cost for such controls.

ﬁDF prepared for large utility boilers
is typically composed of the 1ight fraction
of shredded refuse that has been air-clas-

sified, screened, or otherwise processed to .

remove the noncombustibles. In this fluffy

-form, it can be pneumatically fed into the

suspension utility boiler. For the smaller,
stoker-fed boilers, however, a densified
form of RDF is prodably more desirable,



This densified refuse-derived fuel (d-RDF)
may approximate the physical Lharacteristics
of the stoker coal fed to the toiler. RDF
“in this form offers increased flexibility

in transport, handling, and storage, and

it can be mixed directly with the coal and
fed to the boiler with few if any modifi-
cations.

EPA realized that for fuel recovery
from refuse to be widely implementzd, a
credible experimental program was needed
to establish the environmental acceptabil-
ity and economic and technical soundness
© of such fuels. .0f major importance to
users would be the effects on boilter phys-
ical facilities and operations, and on the
environment. A number of demonstration
projects were thus undertaken by EPA to
provide the necessary experimental data
and gperational experience to interest
" potential users in implementing the con-
cept.

Among these projects were the four
combustion studies that are the subject
of this paper. They include two demon-
strations of tne preparation and firing
of RDF (one at St. Louis, Missouri, and
the other at Ames, lowa) and two demon-
strations.of the firing of d-RDF pellets
in spreader stoker-fired builers (one at
a Hagerstown, Maryland, institutionaj heat-
ing boiler, and ure at a larger industrial
boiter in Erie, Pennsylvania). The com-
bustion studies are summarized as follows:

St. Louis/Union Electric Refuse Fuel Demon-
stration System

This project was the first demorstra-
tion plant in the United States to process
raw municipal waste for use as a supple-
mentary fuel in a utility boiler. It was
designed as a simple, minimal investment
experiment to test the combined firing of

" toal and RDF. Two separate facilities
make up the system--a processing plant
operated by the City of St. Louis, and an
RDF receiving, handlirg, and firing oper-
ation at the Union Electric Company's
Meramec plant near St. Louis. At the
processing plant, raw solid waste is mill-
ed to a.rominal 38.1-mm (1-1/2-in.) par-
ticle size and air-classified into light
and heavy fractions. The light fraction
“[which accounts for approximately BG% to
85% of the incoming municipal refuse) is
temporarily stored and then hauled 29 km
{18 miles) by transport truck to the
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Meramec Plant. At the power plant, RDF
is unloaded from the transport trucks in-
to a receiving bin from which it is con-
veyed pneumaticaily to a surge bin. A
prneumatic feeder system conveys the RDF
from the surge bin through four separate
pipelines directly to the boiler.

Ames, ‘lowa, Solid Waste Recovery System .

The Ames project was the first con-
tingous, full-scale solid waste recovery
system for the processing and burning of
munictpal solid waste as a supplementary
fuel for power generation. Two fac{l{-
ties mike up the system: One is a 136-
Mg/day (150-ton/day)} waste processing
plant where the RDF {s received by means
of a pneumatic transport system stored
in a 454-Mg (50C-ton) Atlas bin, and
fired into two small steam-electric
boilers. The 50-ton/hr processing plant
incorporates two stages of shreddine,
ferrous and nonferrous metal recovery,
and an alr density separator.

Firing of Coal:d-RDF Blends in Spreader
Stoker-Fired Boilers at Hagerstown, Mary-
land

£xperimental combustion tests of d-
RDF pellets were conducted at the State
of Maryland Correctional) Institution for
Men. The d-RDF pellets used in these
tests were prepared by the National Cen-
ter for Resource Recovery (NCRR). The
boiler plant censists of a battery of
three 150-psig Erie City bofilers. Their
design steam ratings are 78,500, 60,000,
and 25,000 1b/hr. Each unit is equipped
with Hoffman Combustion Engineering Fire-
rite spreader stokers to distribute the
Tump fuel in the furnace. The large coal
pieces that do.not burn in suspension are
combusted on the surface of Hoffman vi-
brating grates, and ash is discharged to
the front. The boilers have tube-and
tile furnaces.

. Firing of Coal:d-ROF Blends in an In-

dustrial Spreader Stoker Boiler in Erie,
Pennsylvania

Long-~term demonstration tests were
conducted at the General Electric Power

-Plant in-Erie, Pennsylvania, to determine

more accurately the general performance
of d-ROF in a boiler representative of
those us2d throughout industry. Pellets
of d-RDF were supplied by Teledyne Na-
tional and NCRR. - The demonstration con-



sisted of four tests during which fuel
handling, boiler performance, and stack
emissions were monitored. The test boiler
was a 150,000 1b/hr steam generator con-
sisting of a Babcock and Wilcox two-drum
Sterling Boiler with a Detroit Rotograte
Spreader Stoker,

Other Related EPA Project

Several other projects were under-
taken to establish the economic impact of
burning d-RDF. Briefly, they include:

-- A research grant to tk- National Cen-
ter for Resource Recovery (KCRR) to
study production -requirements for d-
RDF;

-- A research grant to the University of
California to supplement the NCRR
grant in examining the theoreticat
basis for producing and using d-RDF;

-~ A contract with Teledyne National to
produce 2000 tons of d-RDF and provide
additional information on production
processes. :

ST. LOUIS/UNION ELECTRIC REFUSE FUEL DEM-
ONSTRATION SYSTEM

In April 1972; the City of St. Louis
began ‘to operate a 300-ton/day municipal
solid ‘waste (MSW) processing facility. de-
signed to produce RDF and to recover fer-
rous metals. The RDF has been burned and
tested by the Union Electric Company as a
supplement to pulverized coal in steam-
electric boilers. During the tests, the
ROF ‘made up 0% to 27% of the heat input
to the bailers.

This project was partially funded by
an EPA arant to the City of St. Louis.
Tochnical, economic, and environmental
evaluations of the project were conducted
by Midwest Pesearch Institute under con-
tract to EPA. Performance assessments
were made botn at the processing plant
that produced the RDF and at the power
plant where it was burned as a coal
supplement.

Processing Plant Evaluations
Process Description--

Residential and commercial waste is
first shredded in a horizontal hammermill
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to a 1-1/2-in. particle size. A cyclone
particulate collection system over the
hammermill feed throat collects large
picces of paper that blow back out of the
mill. The cshredded material is then air
classified by a vertical chute classifier,
where the lighter materials sucn as paper
and plastic films ave separated in a tur-
bulent air stream ‘vom heavier materials
such as metals, glass, rubber, wood,
textiles, and thick, dense plastics. The
light materials is de-entrained from the
air-stream in a cyclone and is conveyed
to a storage bin before it is trucked to
the power plant. The heavy fraction is
processed to recover ferrous metals for
use as a scrap charge in a steel mill.
The remaining residue is landfilled.

Plant Onerations--

Processing rate--The overall process-
ing rate average for the 53-week test
period was 168 Mg/8-hr day (185.5 tons/8
hr. day) a* 31.0 Mg/hr. (34.2 tons/hr.)

The plant was operated at maximum capacity

of 272 Mg/8 hr. day (300 tons/B-hr. day)

" during the first 2 weeks of the testing,

demonstrating that the plant could sus-
tain this rate for at least a short pe-
riod. The maximum 1-day average process-
ing rate was 45.8 Mg/hr. (50 tons/hr.).

Down _time--Two major equipment. break-
downs occurr<a at the processing plant,
along with several plant shutdowns vesult-
ing from equipment maintenance outages at
the Union Electric power plant and from
repair of an electrical substation serving
the processing plant. Planned shutdowns
for normal ma‘ntenance also occurred.

Material balance--Plant materia?

. balance by weight showed that plant outL

put averaged 7.6% less than input. Scale
error and moisture and particulate loss

from the air classifier and dust collect-
ion system were identified to account for
1.6% loss, leaving a 6% error. Moisture

“loss from the hammermill is thought to

be the major cause of this loss.

Product Analysis--ROF has avprox- -
imately 42% of the heating value and 2.7
times the ash content of I1linois Orient
6 coal, but the refuse fuel has only some
12% of the sulfur and 35% of the nitrogen
content of the coal. Ferrous metal re- .
covered is a marketable byproduct used
as part of the scrap charge at a near-



by steel mill. On the average by weight,
the RDF represents 80.6% of the process-
ed raw refuse, and the recovered ferrous
metal accounts for 4.5%, The plant re-
Ject material, which is landfilled, has
very low energy content.

Operating costs--

Operating costs increase rapidly
when the plant is operated below its de-
sign capacity. Total monthly operating
costs for the refuse processing plant
plus the receiving facility ranged from
$4.45 to $57.99/Mg ($4.04 to $52.6/ton).
Total average operating costs for the 53-
week period were $8.26/Mg ($7.49/ton).

Fnvironmental Assessments--

Air--Future plants using an air class-
ification system of the type used at the
St. Louis demonstration plant will need
an air emission control device ts control
particulate emissions from the large de-
entrairment cyclone. Particulates in
the air exhaust to the atmosphese from
this cyclgne averaged 0.57 g/im~ (0.25
grains/ft~). Also, tnis exhaust air
contained total counts of bacteria and
viruces that were much higher than those
found in suburban ambient air.

Water:-A small quantity of washdown
water from the paved area around the
plant is the only water emissions, and it
poses no pollution problem.

Noise--A sound survey of the plant
revealed several lccations with noise
levels above 90 dBA, the maximum allow-
able for continuoys 8~hr. exposure. But
since no worker is present at these loca-
tions for 8-hr. or more, no noise
exposure problem exists.

Leachate--Analysi: was made of lab-
oratory-produced leachate from plant prod-
ucts that might be landfilled (RDF and
magnetic belt rejects). Results indicated
that groundwater contamination could re-
sult 1f the dilution rate were not high
enough.

Power Plant Evaluations
Process Description--

The processed ROF is unloaded at the
power plant from the transport trucks into
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a receiving bin, from which it is conveyed
pneumatically to a surge bin. A pneumatic
feeder system conveys the RDF from the
surge bin through four separate pipelines
directly to the boiler. Unit 1, a corner-
fired pulverized coa" suspension beiler
with 2 nominal generating rate of 125 Mw,
was the boiler used for this test program.

Plant Operations--

Operations at the Meramec power plant
using RDF as a coal supplement extended
over several months and demonstrated that
burning 5% to 20% RDF as a supplementary
fuel in a coal-fired boiler is a viable
concept. Shutdowns occurred for routine
mocification and maintenance, and many
short-term shutdowns or reduction in RDF
firing rate resulted from problems with
the pneumatic conveying lines and block-
ages of the discharge chutes from the
Atlas storage bin (surge bin). No major
equipment problems were encountered, how-
ever, and the burning of RDF had no dis-
cernible effect on boiler erosion/corro-
sion.

Leaks in the pneumatic conveying
lines to the boiler were a frequent prob-
lem.” The erosion of these lines was
caused by the abrasive materials in the
ROF, which were initially preseat at high
levels because no air classifier was used
to remove metals and glass. But even
after an air classifier was added, some
metal and glass fragments remained in the
RDF, and erosion of the carbon steel pney-
matic pipelines continued to be a problem.

. Performance of the electrostatic pre- -
cipitator decreased with increasing boiler
load. Above 120 Mw. the burning of coal
plus RDF did decrease ESP efficiency.
Note, however, that the boiler was oper-
ating in excess of desigr capacity above
120 to 125 v, |

Costs--

Cost estimates for firing of RDF do
not include any expense for purchase of -
RDF from the city or any credit for the
coal saved by using the RDF. Costs for
the receiving building, which was owned
by the City of St. Louis, were included
as part of the operating cost for the
power plant, All other equipment was
owned and operated by Union Electric.



Capital cost of the facilities at
the Meramec plant was $945,640. Of this
cost, $578,097 represants Union Elect-
© ric's initial tmestrent, and $367,543
represents the City's cost for the re-
ceiving building and associated equip-
ment.

Over an 8-month period {October 1974
to May 1979), operating and maintenance ‘™
costs averaged $9.39/Mg {$8.25/ton) of
RDF. These costs ranged from $5.67/Mg
to $17.70/Mg ($5.14 to $16.05/ton) and
did rot include amortization of equip-
ment. These costs are probably not
representative for such plants, however,
because the system usually operated
below design capacity and maintenance
costs were high because of the need
for frequent repair and replacement of
pneumatic conveying lines. Future well
designed plants should be able to oper-
ate more economically than the Meramec
plant.

Environmental Assessments--

Potential emissions associated with
combined firing of coal and ROF include
{1) boiler bottom ash and fly ash from
the ESP, {2) boiier sluice water and ash
pond effluent, and (3) air emissions
(botr. particulate and gaseous} from the
boiler stack. To assess the potential
environmental impacts of these emissions,
comparisons were made of test results
when firing Orient 6 codl only and Orient
6 coal mixed with 5% to 10% ROF.

Bottom znd fly ash--A sevenfuld in-
crease in bo ler bottom ash occurred with
the burning of coal plus RDF. This in-
crease was accompanied by higher concen-
trations of Cu, Pb, Na, In, 2nd Cr, and
decrease Al, Fe, Li, and S. Landfilling
of bottom ash from combined firing could
create water poliution problems, but it
was not possible to assess them relative
to those of the coal-only bottom ash.

Fly ash from combined firing had a
higher heating value than the coal fly
ash {2,361 compared with 1,551 kJd/kg).

The RDF fly ash also had higher concen-
tratfons of Sb, As, Ba, Cr, Cu, Pb, Hg,
1n, Br, and C1, whereas the coal-only

fly ash had a greater iron content. These
differences n f se
greater d%spgggl 350 gm;c:$QE gep%DF fly
ash, but they might create leaching prob-
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" tions.

Tems during 1andfilling. The relative
impacts are difficult to assess, however.

Boiler sluice water and ash pcnd
effluent--Levels of trace constituents
Tn boiTer sluice water are approximately
equal for the two types of fuels, but
the coal plus RDF produces higher con-
centrations of tota) dissnlved solids
(7DS).

Ash pond effluents from coal-only
firing meet proposed Missouri gquidelines
with respect t¢ biological oxygen demand
(BOD), dissolved oxygen (D), and sus-
pended solids {55}, but effluents from
coal plus ROV Jc .not. The latter are
lower in sulfates but higher *n ammonia,
8, Ca, chemical oxygen demand(CUD), Fe,
Mn, and total organic solids. Measure-
ments of 48 other parameters shawed no
significant differences.

Convent1onal;gaseous emissions-~
Except for chioride emissions, {which
increased by some 30%), combined firing
of coal ptus RDF did not produce major
changes in the emission of gaseous
pollutants compared with the firing of
coal-only. Average carbon monoxide
emissions were slightly higher for the
RDF fuel (89 compared with 82 ppm). Mo
apparent change occurred in N0, emis-
sions, and the levels measured complied
with current federal and State requla-
Hydrocarbon levels did not
appear to be higher with the ROF fuel,
50, emissions world tend to be lower

ih the burning of RDF, which has a
Yower sulfur content than coal; but
the decrease would ngt be sufficient to
meet Federal regulations. A shift to
Tower sulfur coal or use of an S0, con-
trol system would be required. ﬁ%ssions
of particulates from the ESP at loadings .
above 100 Mw could rit meet Federal

requirements, regardi s nf the fuel rax.

Potentially hazardous ~Irticulate em.s-
sions {Be, Cd, Cu, Pb, 1, T, Zn, and
F) did facrease when ¢121 and RUF were
fired. (Y, Br, Pd, may oxceed accept-’
able limits even when cc:” alone is
burned, and RDF only compounds the prob-
Tem.

AMES.'IDHR SOLID WASTE RECOVERY SYSTEM

fhe city of Ames, lowa has been
cormmercially operating a system for

~materials and energy recovery from



municiral solid waste since Novembar
1975. Constructed and operated solely
with municipal funds, it was one of the
first municipal resource recovery systems
and represented a giant step in this
field. As part of their resource

recovery research and development program.

EPA implemented a 3-year detailed evalu-
ation of the system.

Processing Plant Evaluations

Eipcess Descripticn--Both industrial
and private vehicles deliver refuse to

the tipping floor where it is reduced

to a nominal {6-in.) size by the first
stage shredder. After passing the mag-
netic separator for ferrous removal. the
shredded refuse is further reduced to a
nominal size {1 1/2 in.). The shredded
material is then air classified into a
combustible fraction (ROF) and the heavy
rejects, which are further divided into
ferrous and nonferrous material.

Characterization of Reruse—Deriveq Fuel--

The Ames RDF aopears to be of higher
quality than that produced at St. Louis,
even though the processing systems are
quite similiar. The reason is probably
that the Ame. waste contained a large
amount of commercial waste with a high
percentage of paper, whereas the St.
Louis RDF was produced strictly from
residential refuse with a high ‘proportion
of food waste and roisture.

The Ames ROF heat value averaged
£,700 BTU/ib, the average moisture con--
tent was 22 percent, and the ash content
averaged 17 percent.

Processing Plant Performance--

The plant operated_regqularly except
for . shredder bearing fiilure and two
fires at the processing plant. Average
production rate was 50 tons/hr. The air
classifier was a major maintenance area.
The second stage shredder was discovered
to use nearly twice the electric power
required for the first stage shredder.

A major disappointment was the aluminum
recovery system, which produced only -
minor amounts of marketable aluminum
scrap during 1976.

Costs—-

Tha net cost of operating the refuse -
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processing plant (net cost of refuse dis-
posal) for 1976 was $18.90/Mg of raw _
refuse received. This total represents
the cost after credits are given for the
ROF, dump fees, and recovered metals.
Improvements in net cost can be achieved
by reducing operating expenses and in-
creasing the volume of raw refuse re-
ceived,

Power Plant Evaluations

Process Description--

Originally, RDF was to be used as
a supplementary fuel with an [owa-¥yo-
ming coal mixture in & suspension-fired
steam generator. The supplementary
burning of the RDF 1n the stoker boil :rs
was to occur during snutdown of .the,
pulverized coal unit. However, attempts
to fire RDF in the suipension system
revealed that continuous burning was
prevented by high dropout of unburned
wood, cardboard, and large paper. Yhus
RDF i3 now burned in the stoker-fired
boilers at an average rate of (4.5 to 5
tons/hr), or 507 input on the basis of
heat energy input.

Boiler Description--

Tie two stoker-fired boilers used
at the Ames power plant were installed
in the 1950's and use cyclone collectors
{mlticyclones) for particulates remov-
al from the exhaust gas to the atmo-
sphere. Both are traveling grate

~spreader stokerc. RDF i{s fed into the

boiler by a pneumatic conveying system.

- .Environmental Emissions--

Particulate emissions showed no
clear trends regarding the function of
ROF heat input, either before the par-
ticulate collector or in the stack par-
ticulate emissions to the atmospheve.
N0_-and SO_ emissions both tended to
defragse with increased percentages of
RDF. Chloride emissions increased with
the percentaqge of RDF for all boiler
loads. The substantially higher levels
of chloride emissions for coal plus RDF
appear to be a function of the chlorine
in the RDF. Formaldehyde, cyanide, and
phosphate emissions were quite variable,
with no clear trends based on the per-
cent of RDF burned. No significant
hydrocarbon emissions in the C, to (¢



range, were found, and many of the

heavy organic compourds in the stack
emissions were below the labora-

tory detection level. Most of the or-
qanics fourd wore in the stack gases- and
not in particulate form.

Batler Performance--

RDF -combined with coal was suc-
cessfully fired in the stoker boilers
with some difficulty but with no major
problems. The maximum RDF firing rate
was 50% of the heat input to ‘he boiler.
Tne burning of RDF had no sianificant
direct effect on the measured boiler -
thermal efficiency. The averaae heat
input leaving as combustibles in the
ash was about 5% for both coal and RDF.
Secondary air (excess air) supplied was
increased by the RDF pneumatic feeders
and the additicnal overfire air required
to burn RDF.
required to burn ROF reduced the boiler
thermal efficiency. The qeneral con-
sensus among the boiler operators was
that more combustion air through the
grate was necessary when firi~ng 9°F to
prevent slagging and to maintzin a
proper fire bed.

Ultimate foulina occurred in the
super-heater section of one toiler.
‘Calculation of the fuei fouling index
correlates with this behavior. The most
significant influence is the higher
‘sodium content of RDF,which has a detri-
mental effect on the fouling index. Soot

- blowers would reduce this foulina, as
might an alternate method of RDF fnjec-
tion. : ‘

- At most boiler Yoads, bottom ash
tended tc increase somewhat and fly ash-
tended to decrease with increasing per-
cent RDF..

~ Ash fusion temperatures of PDF are
typically 60° to 110° C lower than for
coal, but no specific correlation of
boiler performance to ash fusion temper-
atures has been determined. ’
” .

Boiler Corrosion Studes--

Examinations by metallography,
microbe, and chemical analysis were copn-
ducted of waterwall tubes, superheater
tubes and their scales, and deposits.
Results show that during exposure to

The increase- in excess air -
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“12% to 18% sulfur.

firing of a mixture of 50% coal and 50%
solid waste for a period of 1,018 hr.,
the corrosion of the waterwal) tubes
was virtually zero. Corrosion of super-
heater tubes, if any, did not exceed
approximately 0.025 mm. The scale on
the superheater tube contained up to
\ikether this amount
which is present along with other ele-
ments constitutes a potential for cat-
astrophic corrosion is not known.

Chiorine in both wzterwall and
superheater tube scales is present in
amounts below the 1imit of detection
of the analytical method used (600 pom),
and 1t is thought to ccnstitute a sig-
nificant factor in tube corrosion.

FIRING OF CDAL:d-RDF BLENDS IN SPREADER
STOKER-F JRED BOILERS AT HAGERSTOWN,
MARYLAND

Introduction

After experience was gained with
the cofiring of RDF and coal, little

Anformation was available on the oro-

duction and burning of d-ROF. EPA
therefore implemented parallel programs
to (1) determire tn economics of pre-

paring d-ROF, and (2) assess the tech-

nical and envirommental implications of
vsing d-RDF as a coal substitute. The
first part of the program involved the
three projects described earlier: Grants
to NCRR and the University of Californfa

't study the production and use of d-ROF, -

and & contract with Teledyne National to

-produce 2000 tons of d-ROF and provide

information on production. The second

- part of the orogram involved a contract

with Systems Technology Corporation
{SYSTECK) to conduct a comprehensive
technical and environmenta) test prcqram
for coal :d-RDF cofiring., The first
phase of The SYSTECH program was a
feasibility study with demonsiration
tests carrifed cut at the Maryland
Correctional Institute for Men (MCI),
at Hagerstown, Maryland. The second
phase was a longer-term demonstiration
test in an industrial sized boiler at
the General Electric plant in Erie,
Pennsylvania.

The MCI plant of Hagerstown had
three small institutional heating
boilers that produced 3.1, 7.6, and
9.9 kg/sec. (25,000, 60,000, and 75,000



tb/hr) of 1034 kPa (150 psi) saturated
steam, .

The test was designed to combust
258.5 Mg (285 tons} of d-ROF during 236
hours of firing various biend ratics of
ceal:d-ROF., These tests were conducted
" in 3 series of burns with coal:d-RDF
volume ratios of 1:1, 1:2, and 0:3, and
with test durations ranging from 20 min.
to 132 hr. The cofiring tests were pre-
ceded and followed by a coal only test
with duplicate conditions. Because of
plant steam demand., the tests were de-
signed to ensure that d-RDF could be
safely burned without jeopardizing the
boiler's ability to meet the steam
demand.

d-RDF characterization

The {1/2-to 3/4-in.) pellets had
an average 3“‘“ density of 425 kg/m
(26.§ Tb/ft”) and ranged from 400 to 465
kg/m” (25 to 29 tb/ft”). The material
density for intacy pe])sts ranged from
1.32 to 1.34 x 107 kg/m” (76 to 84 b/
ft~}), and that for3deter§orated pel&ets
averaged 0.98 x 10” hg/m” (6) 1b/fr”),
The as received properties were 12.10
to i5.12 MJ/kg (5200 to 6500 BTU/1b),
20% t0.29% ash, 9% to 105 fixed carbon,
12¢ to 132 moisture, 50% to 57% vol-
atiles, and 1142°to 1152°C (2088° to
2105°F) hemispheric reducing fusion
temperatures. NCRR, who produced and
supplied the peliets, projected that
further processing of the shredded
refuse to remove glass and other incrts
could produce 2 pellet with a heat con-
tent of 13.1 M}/kg (5200 BTU/Ib) and
an ash content of 10% to 12%.

Material Handling

Throughout the field testing, 259
Mg (285 tons) of d-RDF was received,
stored, and coaveyed to the botlers
without major difficulty or malfunction
of the fuel handling system. Difficul-
ties wee limited to dusting and pellet
hang up in the feed hoppers.

Pellet Storage--

~.During successive periodg, the
pellets were stored in (20-yd”} open
containers, in a warehouse (uncovered),
and on an outdoor concrete slab {tar-
paulin-covered). :
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Pellets stored in the open containers
tended to steam when received during the
winter, and eventually they Yroze in a
solid mass. But minimal rodding broke up
the frozen pellets, and subsequent han-
dling further restored the indévidual
pellet integrity without significant
degradation to the pellet.

Storage in ar unheated warehouse
was the most effective method for main-
taining pellet integrity over extended
storage periods (2 months). Mild odors
and some funqus growth occurred, but
temperature increases resulting from
composting were negligible since pile
depth was limited to 1.8 m (6-ft). Pile
temperature stabilized at 60° C (140°F).

The tarpaulin-covered pellets stored
in a 1.8-m (6~ft) piles on an open con-
crete slab accumulated moisture under the
cover and caused pellets at the top to
deteriorate and cake., Swelling and
roughed edges alse occurred in some
pellets because of water infiltration.

Pellet Feeding--

Coal and d-RDF were volumetrically
blended in various ratios by separately-
feeding coal and pellets from two hoppers
te a conmon bucket elevator, which sub-
sequently conveyed the mixture to a weigh
lorry. This feed system worked well
generally, but as the fines increased from
excessive handling, the pellets would not
flow from feed hoppers without rodding.
The considerable dusting caused by these.
fines thkroughout the plant was subseguently
controlled by installing 2 steam jet at
the conveyor transfer point.

Bojiler Performance

Feeder Performance--

The (1/2- by 3/4-in.) peliets gen-
erally handled and fed well, with the
larger pellets traveling to the rear of
the grate and the fines falling close to-
the spreader. Ouring the initial com-
bustion tests with 100 percent pellets,
the spreader had to be adjusted to de-
crease the pellet tra*ectory by approx-
imately 0.3 m (12 in.}. In addition,
because of vo'lumetric feceding capacity
limitations, the maximum load that the
boiler could carry was 24,500 kg/hr
(54,000 1b/hr), or 70% of rating.



Combustion of d-RDF--

The combustion of the various bleuds
of coal and d-ROF was generally as good
as that of coal only. But the length,
intensity, and volume of the fireball
grew as the proportion of of the d-RDF
was increased. Flame temperature (1.5 m)
above the center of the grate also in-
creased from 1200°C (2192°F) for 100% coal
firing to 1240°C (2264°F) for 1003 d-RDF.

When the 1:1 blend and 100% d-RDF
were test fired, the fireball was kept
well away from the rear wall of the fur-
nace Sy adjusting the overfire air. Once
these iets were adjusted for minimum smoke
and ma, 'mum efficiency for coal-only
burning, they continued to meet the mixing
and wall protection requirements when
either blends or 1002 pellets were burned.
As viewed from the side of the furnace
when firirng both pellets and blends, the
bed was well burned out by the time it
approached the front ash pit. The flame
pattern aoove the grate indicated that the
fuel bed was maintaining proper porosity
with minimum clinkering or acqlemeration.
This operation wac achieved when burning
a double-screened coal with a high ash
fusion tempera ire (1370°C, or 2498°F).

A 10% to 12% carbon.dioxide content in the
flue gas at the boiler outlet was readily
obtained with little attempt te apt1mize
the system.

Fouling--

After tne tests, & light coating of
ash was observed on-the tubes, and a third
of the rear wall of the boiler was covered
with stag. The slagging was subsequently
eliminated when a spreader was adjusted to
prevent pellet impingement on the rear
wall, Subsequent inspections of the
boiler after being on line for 8 days
revealed that the slag had sloughed off.

Clinkering--

The use of coal with a low ash fusion
temperature (1204°C, or 2200°F) caused
frequent ciinkering on the grate during
initial tests. The clinkering stopped
when the coal was replaced with one having
a higher fusion temperature (1373°C, or
2500°F). However, no clinkering was ex-
perienced with the firing of 1001 pellets,
which had a low ash fusion temperature of
1151°C (21G3°F). This observation is
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valid within the constraints of the test
conditions (a &4-hr-test burn at 30% of

_rated boiler design capacity and 100%

to 130% excess air).
Corrosion--

Eight clamp-un corrosion test Spec-
imenc were installed on the supply tubes
of the rear screen wall 1.5 m {5 ft.)
above the fuel beg. After 478 hr. of
exposure to firings of various blends
and of coal-only, normal wastage (less
than 5 mils per year) was evident on all
specimens except one. This test-speci-
men, which had extremely high metal wast-
age, was mounted in the area where the
heavy slagging occurred because of the
maladjusted spreader.

Boiler Operation-~

Air Flow Controllers--During periods
of load shedding, the fuel bed was.more
susceptible to clinke: ing when coal:d-RDF
blends were fired. The clinkering was
eliminated by biasing the ynderfire air
control to supply approximately 70 per-
cent excess air to the fuel bed. On the
basis. of these results, boilers that are
tight {minimum air leaks) should be ca-
pable of satisfaztorily burning coal:d-
RDF blends with 50 percent excess air.

Oscillating Grate Dwell-Shake--
Throughout the test, the duration and
amplitude of the grate shake pulse was
adjusted to advance the fire line at the
rear of the boiler approximateiy 15.2 cm
(6 in.) per excitation. In all advances,
the pulse frequency was the principal
controlling variable. At 40% load, the
frequency of the pulse decreased from 11 -
min. for 100% coal to 3 min. for 1002
pellets. When a blend was fired, the
pulse duration tended to increase because
the bulk density of the blend ash was less
than that of the coal ash.

Ash Handling--

Bottom Ash--The sieve analysis of
bottom ash samples taken during blend
firings indicated that conventional pneu-
matic ash handling systems should be able
to handle the bottom ash from blend fir-
ings as well as that from the firing of
coal-only. On a few occasions, fire
occurred in the bottom ash hopper during
blend firing. Rodding of the clinkers in



the ash hopper revealed that the ash had
a taffy-like consistency. Under similar
conditions, when coal only was fired, the
bottom ash was much -easier to break up

by rodcing. :

The bottom ash removal system mal- -
functioned only during 1003 pellet firing.
The bottom ash was so fine that it would
not de-entrain properly in the cyclone. The
particles, which had been wetted by the
steam in the vacuum ejector, passed through
the cyclone and eventually plugged the
ejector,

Dust Collector Ash--As a greater
proportion of d-RDF was substituted for.
coal, the fly ash particies became finer.
The size of the particies in the dust
collector ranged from 200 um for 100% coal
firing to 90 um (sizes at the 50th percen-
tile) for 100% pellet firing.. Also, the
- carbon content of the fly ash decreased
significantly with increasing 4-RDF sub-
stitution. ‘

Mass and Energy Balance---

Mass Balance--The mass balance indi-
cated that an unusually large ‘amount of
tne fuel 2asn nad accumulated in the col-
lectors. Subsequent analysis of tre col-
lector fly ash revealed that the high
collector ash weights were due to the
presence of 50% to 70% carben in the col-
lector ash. Also, since 90% of the par-
ticles existing from the boiler were great-
er than 50 um. in diameter, these large
particles were removed by the cyclone.

The carbon content of the stack fly ash
(not captured by the cyclone) was 302

to 40%. Analysis of the stack fly ash as
a function of blend revealed that its
carbon content decreased as the d-RDF sub-~
stitution increased.

Efficiencies--During the testing the
boiler efficiencies were extremely low
(55% to 60%) primarily because of the low
boiler loads {less than 30% of ratingj,

high excess air (80% to 115%), and extreme-

1y high losses of combustibles in the
refuse (up to 252). Results indicated
that the coal-only and blend firing effi-
ciencies had no discernable differences.
However, this observation may be unique

to the boiler instaliatinn ac MCI, since
the large amount of nburned combustibles
removed by the coltectors is certainly

an anomally to expected boiler performance.
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Environmental Performance

Data Normalization--Since the co-firing
tests spanned a 6-month period, the
properties of the coal anc d-ROF bu.aed
in the successive tests varied consicer-
ably. To eliminate the effacts of those
variables, all the emissions data were
corrected to 50 percent excess air and
then normalized to a reference coal and
d¢~-RDF composition. All the co-firing
emissions data were then statisticaily
compared with a coal-only daselines plot
of emissions concentration versus boiler
Yoad. If the co-firing emissions data
fell outside the 903 confidence limits
for the coal-only emissions data, they
were considered to be =ignificantly
different.

Particuiate Emissions--

Mass Concentration--The particulate
mass concentration in the 1:1 and }:2
blend firings was slightly less than in
the coal-only firing, but the reductions
were not significant at the 90% confidence
level. The mass flux at 2 40% boiler load
for 1:1 and 1:2 blend firings averaged
0.45 g/scm corrected to 12% CO,. The coal
fired during these tests was a nominal
size of (1 1/4 x 1/4 in.,), with a max-
imum- of 30% passing through a nominal
{1/4-in.) screen.

Farticulate Size--As more d-RDF was
substituted for coal, the particulate
diameter decreased. In the May test, the
diameters for tne coal-cnly firings were
3 um, and those for the d-RGF-only firings
were 0.8 um (2t the 50th percentfle
point}.

Particulate Resistivity--Because of
the unusually high carbon content in the
fly ash during the coal-only firing, the
resistivity was generally less than 10
ohm-cm. As d-RDF was substituted for
coal, the carbon byrnout in the fly ash
improved.land the resistivity increased
to 2 x 10~ ohm-cm for the 1:1 biend
firing.

Opacity--As d-RDF was substituted
for ¢coal, the overall opacity of tie
pluna,- reduced significantly. At 403
boiler load, the opacity for coal-only
firing was 162 (based on a 1.22-m-(4 ft)
diameter stack). At the same boiler load
and excess air, the opacity was only 10%
for d-RDF-only firing.



Gasecus Emissions--

$0,--Since the d-RUF had & syifur
content“of 0.41, the S0, emissigns de-
creased with increasing™d-ROF substitution.
The decrease wds particularly significant
for the 1:2 coal:d-ROF blend and the 1001
¢-RDF firings. At 409 boiler load and the
same excess air levels, the 30, dropped
from 1300 ppm for coal-only fifing to 250
ppm for d-RDF-only firing. This reduction
in SO, follows exactly the reduction in
syl fur content of the fuel.

NQ_--No siynificant changes occurred
in NO_ 3s o-RDF was substituted for coal.
At 40% hoiler load and the same excess air
leveis, the Z) -copncentration: ranced rronm
IPs o 350 ppriwith either fuel.

. Chlorire--As d¢-RCF was substituted
for r0al1, the chlorivs in the emisstons
increased from 60 ppm for ~pal-cnly firing
to 650 ppm for d-RBF-only firing., There
appeared t0 he np appreciable change in
chlorine concentrations as the load

changed from 70" to 50% of design capacity.

Fluorine--Fluorine concentrations
aten dincreased with increasinn 4-00F qyb-
stitution, hut the concentrations. were
very Yow {e.g., 8 ppm for coat-only firing
‘and 12 ppm for d-RDF-only Firing at a 40%
builer lpad and constant excess air
conditians). '

“Hydrocarbons--No significant changes
oczurred in hydrocarbon emissions when
cybstituting d-RDF for coal. At a 40%
boiler load. the toal hygrocarbons ranged
from 13 to 25 ppm. As the boiler load
increased, the hydrocarbon concentrations
decreased significantly. Thic reduction
‘is probably attributable to the impraved
combustich conditions at higher boiler
toads.

Frace Organic and Inorganic Emissions--

Organic_Emissions--The overall emis-
sions of polycyclic compounds for coal-
only and blend firings were well below
the thrashold limits proposed Ly the Na-
tional Academy of Science., Typical mea-
sured values were 543 ga/m” for anthracene/
phenanthrene, 100 ng/m Sor methyl
anthracene, and 137 ng/m” for flupranthene
(a1l at 1:} tlend firing).

Inorganic Emissions-~-Fly ash amalysis
for trace metals revealed that relative

- and fuel handling systems,

to coal-only firing, the blend firing
enriched some metal but reduced others.
For examples, when a blend of 1:2 coal:
d-ROF was fired, compared the gmount of
Jead,in the stack paSticuIates was 8217
ug/m~, with 230 ..a/m” for coal-only
firing. Though d-RDF was the main con-
tributor of Be, Ma, Pb, and Sh, codl

was the primary source of As, Ni, and V.

_Several elements. particularly As,
Ga, Na, and Sb, Lended o roncentrate
in small particles. In addition, as the
d-RDF substitution increased, poth the
solubility of the fly ash and the quantity
of small particulates in the respiratory
range increased. Cansequently, each of
these effects pose potential nazards
from [1) respiration of heavy metals
associated witn aerosols, and [?) leach-
ing of high- levels of heavy metals in
landfitls.

Conclusions

While the test was lirited to firiac
af reduced boiler loads, the preliminary
results from these field tests indicate
that coal and 4-RDF can be co-fired at
untu=etric cral-4-70F »atigg yp to Y:2
with only minor adjustments to the boiler
Subsequent
testing should address the long-term
effects of corrosion and erpsion on
bailer tubas.

FIRING OF COAL :¢-RDF BLEHDS‘!N AN INDUS-
TRIAL SPREADER STOKER BOILER IN ERIE,
PENNSYLVANIA

Introduction

Larlier field tests (Hagerstown and
others] involving the co-firing of coal
ang d-RDF blends were typically of short
duration and were performed under less
then desirable boiler operating condi-
tions and specifications. The gbjectives
of demonstration tests conducted under
£PA contract to SYSTECH at the General
Electric plant at Erie, Pennsylvanis,
were to provide longer-term cofiring
tests in a boiler representative of those
used throughout industry. Sufficient
testing was to be done to determine (1}
whether or not d-ROF has any detrimenta?
effects on the bailer system or its
performance, and (2} whether it can be
burnad within existing environmental
constraints.



The test program was designed to de-
termine the technical and envirormental
effects of cofiring d-RDF and coal in an
industrial power plant. To determine
these effects, a (150,000 1b/hr) steam
generator equipped with a chain grate
spreader stoker was instrumented to
monitor efficiency and emissions. The
demonstration zonsisted¢ of four distinct
tests: (1) an initial coal baseline
test, (2) cofiring of coal anc d-RDF using
pellets from NCRR, (3) cofiring of coal
and d-RDF using pellets from Teledyne
National, and ?4) a final coal baseline
test.. Portions of the last two tests
were conducted without fly ash reinjection.
Throughout each test, fuel handling, boiler
performance, and the stack emissions were
monitored and evaluated.

Fuel Characteristics .

Five different coals were used during
the blend flring and coal baseline tests.
Their sulfur contents ranged from 1.7%
to 6.8%, and ash contents ranced from 9.5%
to i8.2% (dry weight basis). Two differ-
ent -d-RDF's were tested. Both were formed
as (1/2-in) diameter cylindrical pellets.
The peliel produced by NKCRR contained over:
30% ash and had a heating value of £,755
BTU/Yb on a dry weight basis. Thre pellet
produced by Teledyne National contained
14 percent ash and had a dry weicht heat-
ing value of 8,123 BTU/1b. Moisture con-
tents of the d-RDF ranged from 145 to 34%,
and dulk,densities ranged between 30 and
35 ib/fe”. :

To ensure an adequate supply of
pelletized d-RDF, EPA contracted with
Teledyne National and NCRR to produce and
ship pellets by truck to Erie. Ultimate-
1y, 1702 tons of péllets {1256 tons by
Teledyne and 446 tons from NCRR) were
procuced and shipped to Erie. Because
of difficulties encountered in the pro-
ductfon or the pellets, this quantity was
approximately BOO to 1000 tons less than
anticipated. )

Boiler Performance

At a 1:2 coal:d-ROF volumetric blene
ratfo., a 2% to 3% reduction in boiler ef-
ficiency was experienced because of the
increased flue gas moisture formed during
d-RDF combustion. When firing was done
at full load with coal:d-RDF blends, the
combustion volume. Puffs of flame were
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observed in the screen tube section. This
increased flame activity is directly as-
sociated with the nigher volatile content
of d-ROF as compared with coal. No sig-
nificant increases in hydrocarbens or
carbon monoxide were detected in the flue.
gas, however. Uniform flome distribution
across the fuel! bed was easily achievable
when firing both types of d-RDF. Though
NCRR pellets had a tendency to clinker,
the lower-ash Teledyne pallets did not
show this tendency.

When d-ROF was burned, an iacrease
of slag accumulation occurred on the
Yower furnace walls. Boiler operators
observed, however, that this slag accu-
mulation was easier Lo remove than coal
stag. Small globules of slag were also
observed on the screen tubes, but they
did not accumulate. Short-term courrosion
testing, performed by soaking metal spec-
imens in heated slag samples, indicated
that no corrosion problems should be
caused by the slag. Fouling was not
observed to be a problem during this
test.

Since the test boiler was designed
with approximately 20: excess capacity,
no derating was experienced from the
compustion of d-RDF. Calculations show
that combtuztion of 100% d-RDF recuires
lcs< forced draft fan capacity, 5% more
induced draft fan capacity, and 3 1/2
times the volumetric fuel feed capacity
of coal. Grate speed was increased by
about 25% when combusting a 1:2 (coal:
d-RDF) volumetric blend.

Material Handling

The d-RDF was stored up to 6 months
at Erie, Pennsyivania in an open coal.
yard through winter and spring weather.
The piles of d-RDF formed a protective
crust {6 to B-in) thick. Wnile in =~
storage, the pellets increased in mois-
ture and fines content. Also, the aged
pellets expanded and formed serrated
edges that subsequently created handling
problems. While being conveyed to the
bunker, the d-RDF blended thoroughly with
the coal. But the low bulk density, .
high elasticity, and fibrous shape of
the deteriorating pellets required con-
stant rodding for them to flow out of
the conveyor feed hopper. In the bunk-
er, the coal/d-RDF.blend would “rat.
hole" and demonstrate angles of repose.
in excess of 90°. Bunker vibrators and
air blasters did not eliminate the need



to manually rod the fuel blend into the
nonsegrating distribution chutes feeding
out of the bunker.

Compared with coal, the d-RDF blends
required more frequent ash removil becausa
07 the increased ash content and decreased
heating value of the fuel. Except for the
manual removal of the infrequent clinkers,
no ash handiing problems were noted with
the ppeumatic ash handling system.

Environmental

The combustion of d-RDF blends exhib-
ited the same range of particulate emis-
sions as the burning coal only. Though
NCRR blends caused decreased particulate
size, firing the Teledyne blends resulted
in increased particulate size wnen com-.
pared with coal oanly. The LSP performance
was unchanged by the substitution of d-
RDF for coal. However, dzRDF raised the

. fly ash resistivity to 10° chm-cm resis-
tivity of the coal-only fly ash.
sions increased by a.vactor of six. Cd,
In, and Cr, emissions increased 50% to
1002 when firing d-RDF.

The substitution of d-RDF for coal
had no significant effect on NO_, CO, or
hydrocarbon emissions. Bul as Bxpected,
(-RJF caused a 3J«¢ to 50. decrease in.SO
emissions and a 2507 increase in chierig
emissions.

Pb emis-

156

Fly ash reiniection from the multicy-
clones was found to have no effect on the
mass rate or size distribution of particu-
lates at the ESP inlet when d-POF blends
were fired. Fly ash reinjection was
found to decrease particulate size when
firing coal only.

Conclusions

Coal/d-RDF blends can be combusxed
in an existing spreader boiler at the
same excess air levels as coal only. No
derating of the boiler was caused by the
d-RDF ~ubstitution, and the decrease in
‘boiter 2fficiency was minimal. With a
Tow-ash d-RDF, no operdtional problems
{clinkering) were experienced. No ad-
verse impacts were measured an the plant
emissions as a result of firing d-RDF.
Materials handling problems were experi-
enced with the existing coal nandling
equipment, but such problems had not been
observed in earlier tests. They may
therefore be due only tc the aged and
weathered condition of the d-ROF.

Further study is warranted on ‘he
long-term corrosion and erosion effects
of d-ROF combustion.
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ABSTRACT

Converszion of the organic fraction of municiral sé6lid waste to 'a pow-
dered fuel nffers a number of advantaaes for improving both the auality and

marketabilitv of the nroduct.

Cellulose ermbrittlement processes have heen
develcved to convert the organic fraction of MSW to a nowder.

This project

concentrated on improving the embrittlement nrocess develoved in an earlier
studv and characterizina the properties of the powdered fuel obtained.

Over 363 kg.
studies.

project, the phvsical,
were evaluated.
measured-

+<he conmnbustion chdaracteristics of the

coal and 0il were extensively evaluated.

fillment of Grant %o.

chemical and thermal proverties of the nowdered
Particle size distribution, morvhology and density were
Proximate, ultimate and ash analvsis were determined and TGA,
DTA and heat content were established.

(R00 1b) of powdered fuel were processed for characterization
The processing nrocedures used for converting the RDF from the
Americoloqy vlant in Milwaukee is described.

In the initial whase of this
fuel

In the second phase of this project,
powder alcne and mived with rowdered
This work was conducted in ful-

R-806535010 bv the University of Davton Research In-

stitute under the sponsorship of the U.S. Environmental Protection Agency.

INTRODUCTION

The primary purpose of thicg
study was to devclon effective pro-
cesses to conver!. the organic frac-
tion inm MSW to a opowder. The oro-
cesses for converting the organic
fraction in MSW to a powdered mate-
rial cffer a number uf advantaaes
for improving bcth the qualitv ani
marketabilityv of refuse derived bro-
_ducts. In the powdered form the re-
fuse is.a more effective fuel, caa
be used as a filler material in nlas-
tic and ‘rubber products and can be
used as a2 feedstock in several bio-
mass conversion nrocesses facid hy-
drolvsis, oyrclysis, etc.).

This study concentrated on im-
proving. the embrittlement process de-
velooed in an earlier study and
better characterizing the properties
of the powder obtaincd from embrit-
tling RDF from the americology Plant
in Milwaukee. Ovcr 363 kg (800 1b)

of RDF were orocessed and the combus-
tion characteristics of RDF powder,
nowder/coal and powder/oil mixtures
were extensivelv investigated.

POWDER PREPARATION

A major emphasis of this oroject
was the nreduction of large auanti-
ties of onowder from RDF for combus-
tion analysis. About 453.6 kg
(1009 1b) of RDF were obtained from
the Americoloay Resource Recovery
Plant in Milwaukee, Wisconsin to be
used as the feedstock for the embrit-
tlemer t treatments. During the
course of the project some 363 kg
{800 1>) of RDF were processed in the
UDRI Pilot Reactor Unit for the oro-
duction of 252 kg (555 1b) of minus
149 (100 mesh) powder for testing
and evaluation,

Banches of 2.3 kg (5 1b) of the
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RDF were embrittled in the reactor
unit at a treatment temperature of
149°C (300°F) using a 72 percent hy-
dregen chloride, 28 percent nitrogen
reactant gas mixture for treatment
times of 3-5 min. The embrittled RDF
was ball milled for two hours and
then screened in a sieve stack for
one hour. A tabulation of the ovow-
der prevaration conditions is pre-
sented in Table 1. The reactor unit
built by the University of Dayton
Research Tnstitute (UDRI) is shown
in Figures 1 and 2.

POWDER CHARACTERIZATION’

Samples of the rpowder wroduced
were obtained throughout the program
for chemical, physical, and thermal
analysis. Ir addition,. samples were
sent to the Commercial Testing and
Engineering Company and Battelle
Columbus Laboratorv for analysis of
celected chemical and thermal pro-
gperties.

.Physical and Chemical Analysis

Particle size distribution,
meisture content, morchology and den-
sity of the vowder samples were mea-
sured ‘using a RoTap with quartered
powder samples and the results are
shown in Table 2. The data present-
ed include the moisture content mea-
sured for each size fraction. All of
the data reported reoresent the aver-
age values calculated from five or -
more measurements.

Using a scanning electron micro-
scope, the mecrohology of the minus
142: and 74y (100 and 200 mesh) pow-
der were studied. Representative
elec.ron micrographs are shown in
Figures 3 and 4.

© The density of the loose powder,
lightly compacted, and compressed
was also measured. The loose density
of the minus 149u {~100 mesh) RDF
powder was measured by filling a 50
ml graduated glass cvlinder with pow-
der to a defind volune and then :
weighing the cylinder contents. The
cvlinder was then gently tavped to
remove air gaps, more powder was add-
ed to maintain the same volume and
the new weight determined. The com-.’
pressed density. of the powder was de-
termined by pressing 1.5 g (0.053 oz)
of powder in a cylindrical die with
a hydraulic press to 1.55 x 10°¢ kg/m’
{220 psig). Using this procedure,
several 1.27 em x 1.27 cm (0.5 in.
x 0.5 in.) cylindrical pellets were
made' and the average density of the
pellets were measured. The results
of the density measurements are re-
vorted in Table 3. The data show
that a 400 percent ircrease in den~
sity was obtained when loosely vacked
vowder wes compressed to a pellet.

Chi:mical proverties of the pow-
der were reasured at both the UDRI
and the Comercial Testing and Engi--
neering Company, Chicago, Illinois.
Proximate and ultimate analysis, min=
eral analysis, and fusion temperature

TABLE 1. ‘POWDER'PROCESSfNG CONDITIONS

Quantity of RDF
orocessed

Processing
temnerature

Processing time
HCYl flow rate
Nz flow rate

'HC1 adsorbed
by RDF

Ball mill time
Screening time

2.3 kg (5 1b)

143°C (300°F)

3 - 5 min ]

439 cm®/sec (0.93 ft'/min)
170 em?/sec (0.36 ft}/min)
2% by wt -

2 hr
1 hr
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Yigure 1.

of the ash in the powder were measur-
ed by the Commercial Testing and En-
gineering Company and the results
are presented in Tables 4 through 7.
A number of ash analyses were also
.conducted by the UDRI on several dif-
ferent size fractions of powder
" using ASTM standard D271. The re-
sults obtained ‘are présented in Ta- -
ble B. As shown in Table 8 almost
40 percent’ of the minus 345u (-45
mesh) powder from the ball mill is
noncombustible. The higher ash con-
tent found in the minus 74u (-200
mesh) - fraction indicates that the:
finer fraction of the powder contains
a greater ‘fraction of inert materials
believed to be predominantly glass
particles,

Thermal Analysis

" The heat content of the powder
was measured at the UDRI and the
Commercial Testing and Engineering
Company. - At the UDRI the heat con-
tent was measured using 1 gm (0.035
oz) samples in a Parr Adiabatic Bomb
Calorimeter following ASTM D2015.
The results obtained are presented
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- s;uumto Wlﬂ! YI".ON
AND

ﬁ 5”[“ R!l'.l

laSlE

\

" o DR Nt-Allll

\
!
4

SCRIBEL R R~

FRNTTED. GLASS ™[~
FUNNEL ’

Process flow diagram for pilot reactor.

iq Table 9.

Thermogravimetric (TGA) and Dif-
ferential Thermal Analysis (DTAR) me-
thods were used to:-further evaluate
the thermal proverties of the RDF
vowder. These studies were conducted
by Rattelle Columbus Laboratory. A
summary of the data from the thermo-
grams is presented in Table 10 aloug
with- comparatlve data for coal.

POWDER/OIL SLURRIES

Suspension of the RDF powder in
a fuel oil offers. a number of ‘advan-
tages for extending the commerc1a1
potential of the RDF powder. Powder/
oil '‘suspensions should be easier to
transnort and less subject to explo-
sions. 1In addition, suspension of
the powder in oil should. facilitate -
introduction of the vowder into con-
ventional oil fired boiler and fur-
nace units. During the course of
this. program two different technigues
for preparing powder/oil slurries
were investigated and selected oro-
perties of the slurries prepared were
evaluated. The two methods were:
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(a) gradual dispersal of minus
149u (-100 mesh) powder in diesel
oil by conven.ional blending proce-
dures; and

(b) combined ball milling and
mixing of the treated RDF with die-
sel oil.

Unfortunately, the slurries
prepared by both nethods did not dis-

play long term stability. Within 8
hours the powder was found to have
completely settled out of the diesel
oil. Dispersion agents were inves-
tigated for enhanced slurry stabili-
zation. Slurries of 23 and 37 weight
percent solids were prepared to eval-
uate settling characteristics, den-
sity, and viscosity.

3

Several 150 ml (40 x 10™° gal)

Figure 2. Pilot reactor.



- Fiqure 3. 1491 (100 mesh).material at 300X.
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Figure 4. 74u (200 mesh) material at 300X.
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TABLE 2. PARTICLE SIZE DISTRIBUTION AND MOISTURE
CONTENT OF POWDERED RDF

- W LA AWWA T LA AA TR LS Y e s St o PR oea

Particle Size Quantity Moisture
u (mesh) ) 2
+354 (+45) 18.1 5.86
=354 + 149 (-45+100) 12.5 . 6.54
~149 + 74 (-100+200) 31.1 5.91
-74 (-200) 38.3 - 5.03
100

TABLE 3. DENSITY OF MINUS 149u (-100 Mesh) POWDER'

H et 7 e WxED S T R e

-

Condition kg/m>  (1b/ft’)
Loosely packed 271 (16.9)
Compact 418 (26.%

Compressed 1096 (68.4)

R — re=a

TABLE 4. PROXTMATE ANALYSIS?

e v s remTETm T L S R A

Property ﬁowdered RDF (%i ‘ Midwestern Coal (%)
As Recv'd 'Dry Basis ‘ As Recv'd Dry Basis

Mnisture o 7.32 XXKXX . 11.07 XXX XX

‘Ash ‘ 24.91 26.98 12,26 13.79

Volatile 51.83 55.93 34.96 39.31

Fixed Carbon 15.93 17.19 | 41.71 46.90

' 100.00 . 100.00 100.¢0° 100.00

R ey

TABLE 5. ULTIMATE ANALYSIS™

A —— Ty~ "~ — A s

R woamra

Property . Powdered RDF (%) ) Midwestern Coal (%).

As Recv'd gﬁx Basi§ As Recv'd Dry Basis
Moisture 7.33 xxkxx 11.07 XXXXX
Carbon 32.70 . 35.29 o 59.49 .- 66.89
Lydrogen v 4.30 4.64. ' 4,15 4.67
Nitrogen - 0.68 T 0.73 . 0.92 1.04
Chlorine : 3.11 . 3.36 . 0.16 0.18
Sulfur _ 0.20 0.22 4.39. o 4.94
Ash 24.91 26.88 12.26 13,79
Oxygen 26.77 28.88: . 7.56 8.49
100.00 100.00. , 100.00 - 100.00

*Data from Commercial Testing and Engineering Company
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TABLE €.

SRt Lm - LTI T EETEETICC

FUSION TFMPERATURE OF ASH*

AT W R TR TN YRl T T

TSl TR ISTETRIET AT 1T

Proverty Powdered RDF €C(°F) Midwestern Coal °C(°?)
Reducing Oxidizing nheducing Oxidizing
Initial De- ' :
formation 1065(1950) 1100(2010) 1093(2000) 1260(2300)
Softening Point 1218(2220) 1222(2230) 1182(2165) 1332(2430)
Hemispherical . 1238(2260) 1250(228C) 11193(2180) 1343(2450)
Fiuid, Tem-
perature 1318(2460) 1360(2480) 11271(2320) 1432(2610)
TABLE 7. ASH ANALYSISY
T T T T T T bowdered RDF | 4idwestern Coal
Min€e.al % Weight, 1lgnited % Weight, Ignited .
Silica, 8$i0; 56.40 47.52
Alumina, A1203 9.55 17.87
Titania, 'I‘iO2 1.10 0.78
Fernic, Oxide, Fe203 3.17 20.13
Lime, Cal 12,590 5.75
¥aanesia, Mq9d 6.30 1.02
Potassium Oxide, K40 1.50 N.36
Sodium Oxide, Na,0 6.88 1.77
Sulfur Trioxide, SO3 1.92 -
Phes. Pent. PzOS 0.30 -
Undetermined 0.38 4.8
Silica Value 71.97 '63.85
Base,Acid - 0.45 0.44
Ty59/Poises 1291°C (2355°F) 1299°C (2370°F)
TABLE 6. ASH DISTRIBUTION IN RDF POWDER"
Particle Size Ouantity " Ash
u_(mesh) CR ) 8
+354 (+45) 18.1 -
-354 + 149 (-45.0 100y 12.5 35.1
-354 + 74 (-100 + 200) 31'1, . 37.5
-74 (-200) 38.3 43.6
g

*Ccommercial Testing and Engineering Compary

“UDRI

163



TABLE 5.

Particle Size
__u_tmesh)

-0.64cm (~1/4 in)
+354 - 0.64cm {+45 - 1/4 in)
+354 + 149 (-45 + 100)
-149 + 74 (=100 + 200)
=74 (~200)

Average -354u (-45 Mesh)
Commercial Testing &
Cngineering Co. data

*tmeasured at UDRI
slurry samples with 37 percent by
weight powder were prepared. The
slurries were wrepared by gradually
mixing 50 g (1.8 0Z) of powder in
100 mL (26 x 1073 gal) of diesel oil
with a magnetic stirrer until uni-
form suspension was obtained. Slur-~
ries of minus 149u (-100 mesh)} and
minus 741 {-200 mesh) vowder were
prepared.

The blended slurries were placed
in a hood and the sedimentation char-
acteristics were observed. The sed-
imentation pattern for these slurries
are analogous to zone settling where
a zone is formed when rapidly set-
tling coarser particles act as a
group and collective settling occurs.
wWhen particle concentration reaches
this point, a definite interface is
formed between the settling particles
and the fluid. For these initjal
evaluations the solid fluid inter-
phase was recorded as a function of
time and was used as the criterion
to compare the stability of the dif-
ferent susoensions prepared. 1n an
effort to obtain more stable suspen-
sions, various dosaqes of the dis-
persing agent, Rheotol (manufactured
by R. T. Vanderbilt) were added to
the newly vrepared slurry. samples
and the solid fluid interohase read-
ings were recorded every four hours.

. The results of these prelimin-
ary slurry stability tests are sum-
marized in Table 1l1l. From the re-
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Heat Content
as Received

M3j/kg_(BTU/1Db)

HEAT CONTENT OF RDF POWDER?

Heat Content

Dry

Mi/kg (BTU/1b)

‘ture varies with shear rate,
- determinations were made with rumber

13,255 (5699} 13,428 (5773)
14,883 (56399) - -
13,632 {5861) 14,658 (6302}
13,132 (5646) 13,198 (5674)
13,060 (5613) 13,777 (5923
13,274 (5707 13,877 (5966}
12,846 (5523) 13,863 (SQQEJ
sults, it appears that powder/oil

slurriec of both minus 14%u {(-100
mesh} and minus 74u (-200 mesh) pow-
der settled rapidly (4 hr) without
any significant differences in the
settling characteristics. However,
addition of a dispersing agent, Rhe-
otel (1 percent by volume) resulted
in the stabilization of slurries
with powider of both sires., Greater
stability was observed in the slur-
ries prepared from the minus 74y

. (=200 mesh) powder.

The avpparent density and visco-
sity of powder/oil slurries were '
measured immediately after prepara-
tion and were compared with pure
diesel 0il. A Brookfield Viscometer
{Model RVF 7) was used to measure
the viscosities of the mixture and
the pure diesel oil. Since the ap-
parent viscosity of powder/foil mix-
four

1 spindle at 2, 4, 10, and 20 RPM.
The averaqe of the four determina-
tions is reported in Table 12. The
preliminary results in Table 12 show
that the density and viscosity of

the o0il are increased significantly
{as expected) when the powder is dis-
persed in the oil. It is interesting
to note that the density of the
freshly made 37% by weight powder/oil
slurry is approximately the samc as
water and should have interesting
transport and storage characteris-
tics.
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TABLE_10. THERMAL ANALYSIS OF POWDERED RDF*

it e A 7, ira e >m—————
Thermogravimetric Analysis(2)

Property Powder RDF ‘ Coal
Ash % | 45.4'° 10.3
Temperature Range (P} (°C) . 130-380 (266°-716°F) 220-585 (428°-1085°F)
Maximum Rate of Weight Loss (mg/min) 37(81.6 x 107° 1b/min) 17.5(38.6 x 10”6 1b/min)
femperature at Maximum Rate of Weight 290 (554°F) 320 (608°F)

lLoss (°C)

Differential Thermal Analysis(c)

Starting Exotherm (°C) 222 (4131°r) 233 (451°F)
Ignition Point. (°C) 276 (529°F) 426 (799°F)
:Rnd of Ignition Exotherm (°C) 289 (552°F) 615 (1139°F)
Secondaky Exotherms}(’e) 379-433 (714°- R11°F) - = @ eeee-
Endotherm (°C) 457 (855°F) 400-584 (752°- 1082°F) fd)

{(a) TGA performéd with Cahn Electrobalance at 15°C/mir (59°F/min) and air flow of
800 ml/min (.0035 gal/sec)

(h) Tnmperature range over which most of wieght loss occurs

(c) "DTA perfsrmed with Stone Model 202 at 15°C/min (59°F/min) and dynamic gas flow of
0.0057 m?/hr (0.2 SCFH)

(d) Endotherm range in presence of N, gas. Three pcaks in each range
(e) Residue measured after combustion in the test burner

*Pattelle Columbus Laboratory




TABLE ll. PRELIMINARY EVALUATION OF OIL-PCWDER SLURRY

T L K4 ML F L el Y TR T LTI R A S R S F AR TATNOIG Td N RLATE ST a3 W A T L YL b P AR e

Parucle- gquant ity ot Pow- Quant ity of antity of Dis- Settling Settling
Size der on Sluryy Wt Slur:y/ m) Voring Anerc.mi Time ucpzq. ml
# (megh) ) {x10-4 gal) (x19-3 qal) hr xto ??}i
~149 (-)oOU) 1 150 (40} [] ] 106 261
~143 (~100) a7 150 (40) 1.9 1.3 ] 75 16.6)
~149 (-10D) V7 150 (40) 1.5 (.39} 20 100 (26}
-74 (~200) ) 150 (40} o - t ©o100 (26)
=74 (-20M) Y 140 (401} 1.5 (.3 i 15 13.9)
-74 {-200) 12 150 {40y 1.5 1.9 20 100 (26]

NOTE: Above screening was conducted in 250 ml (66 x 10-3 gal) beaker.

TABLE 12. DENSITY AND VISCOSI™Y OF OIL AND POWDER/OIL SLURRY
: lat 24°C (7%°F) & 10,336 ka/m~ (14.7 osia)}

s e - YTt LR T ST ST R A ST emat e e erwam e - 3w W Ty

LAl

Diesel 0il 37% Powder/0il Slurrv
pensity {2), g/cm’ {oz/in?, "D.84 {0.49) 1.01 (0,58)
Viscosity (i), co 10.62 . 32.00

RTINS £ ST 4 ST s e W B, I 3T % TR M T VI A ar N eeern o TR —

" NOTE: The Brookfield Viscometer Model #RVF®7 with number l spindle
was used for-all viscosity meafurements.

. —

It should be noted that orly " and two RDF-coal mixtures were rired:
preliminary slurry characterization in- Battelle's small oulverized coal
studies have been conducted, and combustor units. The fuel feeder
effective design of trarsportation . and combustion unit used in this
and atorage svstems for the oowder/ studv are showd ir Figure 5. Fuel

_oil slurry would require an extensive is fed to the combustor by lifting
investigation of the flow and possi- the smvall particles from the solid
ble corrosion characteristics ot the fruel zurfice with air jets and en-
slurry. training them in a 0.64 cm (0.25 in.)

. 0.D. tube, which leads te the burner
INVESTIGATION OF THE BURNING CHARAC- head. With this arrangement, the

TERISTICS OF THE POWDERED RDF "COAL combustar can burn oulverized coal.-
AND POWDER/OIL SLURRIES at rates from 0.454 to 1.13 kg/hr
' {1 to 2.5 )b/hr) and can maintain
In this part ~nf the study the maximum combustion temperatures ao-
combustion characteristics of the proaching 1462°C {2709°F) for short
RDF powdnr as a fuel was .nvesti- periods of time and lower tempera-~
gated.. RDF powder, powdered coal,’ tures awproaching [+1371°C [~2500°F))

+11linois No. 6 Coal for extended periods of time. The
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drs pulverized coal is -transported

to the combustor from a feeder by
wvrimary air. This primary air com=-
prises about 1/3 of the total air re-
quired. The remaining (secondary)
air can be introduced axiallvy and/or
tangentially to the cohlbustor to pro-
duce varying amounts of turbulence
and to alter flame shave. Gas resi-
dence time in the combugstor chamber
ranges from about 0.7 to well over -
1.0 sec depending on temperature con-
ditions, fuel type, firing rate, and
excess air level. '

The fuels and fuel mixtures used
.in this study were as follows:
1. 1Illinois No. 6 coal®
2. RDF powder
3. 25 percent RDF; 75 vercent
coal (by weight)
4. 50 percent RDF; 50 bercent
-coal (by weight)

The Illinois No. 6 coal was used as

*+I1linois No. 6 Coal is a midwestern
bituminous coal
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Combystion sctup

A referernce coal. Six combustion
rvns were condacted with the various,
fuel combinations. A compiiation of
the combustion runs and the results
obtained are presented in Table 13.

A slurry of RDF powder and dis-
tillate oil was fired in the Battelle-
37 *w (SC he} research bciler racil-:
ity: shown in Figure 6. This slurry @
wag prepared without the use of 2
dispersant agent. " The slurry burned
sattisfactorily although fuel pumping
problems were exoerienced when the
powder settied out of the distillate
oil. The primary objective of these
combustion tests was to demonstrate
the. feasibility of burning the RDF
powder in an oil slurry.

In these experiments, RDF vow-
der was co-fired witi No. 2 fuel oil
in a 37 kv (50 hp) fire-tube boiler
with firiBg rates between 1.3! and
1.48 x 10° j/hr (1.3 and 1.4 x 106
BTU/hr). The slurry ignited easily
and burned well. In order to feed
the powder/oil mixture into the boil-
er without plugging the nozzle, a



TABLE 13. RESULTS OF THE COMBUSTOR EXPERIMENTS'
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*Caonducsted at Nattells Colurbus Laboratory

special, large bore oil nozzle was
used in the boiler.' The nozzle used
is rated at aporoximately 13& xa/hr
{3C0 -1bs/hr!. Four atomiziny air
iets [~0.4 cm (0.0625 in) diameter]
intersect the 0il exit port at a 90°
angle. ) ’

The nozzle that was used requir-
ed in excess of 27 kg/hr (60 lbs/hr)
atomizing air in order to ecnsure
adecuate fuel vanorization. Low air
flows thrcigh the air iets 27 ka‘’hr,
(60 lbs/hr, qive rise to hiah CO
levels {650 P¢M) and high s=oke num~
bers (10*) even though adequate pri-
mary air is available for complete
combustion.

Pumping and feeding of the pow-

+RIPCO, South Charleston, West Vir-
ginia

der/oil mixture proved to be the
rost difficult phase of the combus-
tion studies. Conventional qear
Fimps would be likely to jam so a
screw pump was usea to feed the fuel
mixture. This oump did not exoeri-
ence any oumping eoroblems at the 15
nercent nowder concentration, but it
did plug at powder concentraticns
above 15 percent. At the higher con-
centrations feed lines plugged and
valveg jarmmed.

Although there were no combus-
tion oroblers exverienced when fir-
ing the 10 percent powder/oil mixture,
extenced runs couié not be sustained.
The flame produced avneared to be a .
very bright yellow and was quite
stable. This experirent lasted onlv
30 minutes because the fuel feed
lines pluagged and the tests could not
be continned.



Figure 6,

Table 14 surmarized the results
of the combustion tests for the 15
percent by weight powder/oil mixture.
Visual examination of the flame in-
dicated good combustion with tle
generaticn of only a few "sparklers”.
Smoke numbers could not be deter-
miyed with any degree of accuracv
because of the presence of a yellow-
ish tint to the soot. Apparently
the combustion of the RDF nowder
somewhat "colored" the soot parti-
cles. This same phenomenon has been
observed when firing residua! oils
containing trace metals. At excess
air levels above & percent, CO level:s
were reasonably low. S0, and NO
levels are consistent with predic-
tions based on fuel analyses.
T

N e ~nl s

A PAlCITULATe J0oadYyy

mg/Nr’ was measured for the powder/
vil mixture. This is relatively

high compared to the levels normally
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Dattelle-Columbus Combustion Kesearch
Facility

recorded for residual il (100 mgq/
Nm’' and distillate oil 20 mg/Nm’).
Chemical analysis of the filter
catch indicated that less than one
percent of the vparticulate was un-
burned carbon. This result confirms

" the observaticn that the powder/oil

slurry underwent comnlcote combustion.
These results also show that the high
inorganic content »f the RDF powder
cause high particulate loading dur-
ing combustion.

As noted earlier, the slurry
with 30 pmercent powder burned well:
however, sustained boiler operation
could not be achieved because of
fuel line and pump plugging problers.
Table 15 summarizes the data for the
30-minute run.

Based on the lim»*ed tests con-
ducted it appears that the RDF pow-
der can be fired in slurry form.



TABLE 14. SUMMARY OF 15% RDF POWDER IN DISTILLATE O1L CRMBUSTION
EXPERIMENTS. 'BOILER FEED RATE WAS 36 KG/HR (80 LB/HR)]

053 CO,% CoO - NO

S0»y Particulate

(dgy) (dry) PPM PP PP Loadina “a’/Nm”
8.4 9 20 125 55 --
. 10.4 55 126 60 --
5.3 10.7 211 125 65 --
60 800

6.5 10.2 25 112

TABLE" 15, SUMMARY OF 30% RDF POVDFER IN nlSTILLA“E OIl CO'-

BUSTION EXPERIMENT

0yt CO,% co NO S0,
{cdry) (dry) PPM © PPM PPN
6.8 10.0 25 147 70
5.8 11.0 235 140 7%

.2 10.5 85 140 65

However, the high :nert content of
the powder will cause sianificant
particulate loadinc. In andition, a
stabilizing agent is needed to main-
tain a homogeneous mixture of gpowder
and oil to inhibit settling in the
fuel handling system.

SUMMARY CF FINDINGS, CONCLUSIONS,.
AND RECOMMENDATIONS

During the course of this study,
over 363 kg (800 1lb) of RDF were pro-
cessed by embrittlement treatment for
conversion tv a fine powder. The
major objectivz of this project -was
the evaluation of the RDF powder as
a fuel. The powder produvced was
characterized and its combustion  per-
formance with powdered coal and in an
0il slurry were measured.

Powder Characterization

(-i0D mesh) in size. Disversed in
the fibrous mix are-irreaular shaped
inert materials (predr:iinantly sili-

_cate glasses). The vowder contained -

S to 7 1/2 rercent moisture and 25 to
44 percent noncombustible material.
The high quantity of noncombustibles
(rlass, metal and minerals) -is a
characteristic of the RDF prepared
by Americoloagy in Milwaukee and will
vary considerablv for differert oro-
cesses and for different arecas of
che country. From the proximate

and ultimate analysis it was found
that the powder contained about 528%
volatiles, had a carbca content of
35%, and a chlorine coatent of 3%,
The powder had a loose Fensity of
271 kg/m? (16:9 1b/ft?) and ax aver-
age heat content of 13025 Mj, ’k3
(5600 RTU/1lb). 1f an RDF with lcwer
inert content were used, a higher
heat content wonld he ahtained. The

.inert fraction of the powder was an-

The powder obtained by the cm-
brittlement of RDF consists primarily-
of short chopoy fibers minus 150u
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alyzed to be a calciwum, magnesiunm,
sodium, aluminum silicate low in
iron. It had a fusion tempezature



above 1360*C (2480°F). Baseu on TG
and DT analysis 1: is observed ti.-*
the RDF powder is easily ignited
{ignition temperature, 277°C (53D°F))
and burns readily.

Compared Lo powdered <cal the
RDF powder has a lower ignition tem-
perature, higher volatile content,
mech lower carbon content, about
half the heat content, twice the ash
content, one-tenth the sulfuvr, fif-
teen times the chlorine content ar3
is four-tenths the density. As a

-fuel the RDF powder will ianite and

-burn more rapidly then coal, but it

will generate less thermal energy.

Combustion products will present

about ag much corrosion oroblems as

~coal (€1 versus S) but should pre-

‘-sent greater handling problems be-

cause of a lower density and hign ash
content.

Prwder/0il Slurries

Suspension of the RDF powder in
fuel oil offers a number of advan-
tages for enhancing the use of the
NOF powder as 1 fuel {easior *ransg-
port and storade, Jreater safety,
etc). The nrocedure for preparing
oowder/oil slurries and selected-

-

.properties were cvaluated.

The powdered RDF can be easily

“slurried in oil up to about 40

weight pernent. The only problem-en~
countered was the sedimentation cf
the powder within four hours. lHow-
ever, more stable suspensions [(in ex-

-cess of 20 hr) were obtained with.

small (1¢) additions of a dispersion
agent (Rhectol). As would be zxpect-~
ed the density and viscosity of the
powder/oil slurry is ccnsiderably
Ligher than the vnure fuel o1l (o .

1 g/cm?, . = 32.00 cp).  The stabil-

_ized slurry does not appear to pre-

sent transport and handling d4iffi-

cult:es, however, long term exwer-

ience with these fuel mixtures will
be requiread.

ROF Powder and ROF Powder/Coal Mix-
tures .

The RDF powder and RDF powder/

" coal mixtures were fired in a pul-

verized coal test combustor. The

m

RDF vowder and mixtures of 25 and S0
woight percent R0F powder with ccal
were studied. \lthough some hand-
ling proeklens w're encountered with
the RDF powder Jae to its lower den-
sity and heat cuntent, the RDF now-
der/coal mixtures (gacticularly the
50/50 blend) handled wve~v well and
all the composition:s tested hLurned
well. Tn addition to its dood hand-
lina characteristics the 50750 blend
prored to be the most effective fuel
mix studied. The lower icnition
tempnerature and higher quantitv of
veclatiles in the RDF aided the com-
bustion of the coal,

More complete combustion is also
achieved ir the coal when it is mixed
with the ROF powder. The very low
suifur and alkali content ‘'of the RDF
oowder effectively. reduced 50, in the
combustion gas emissions. MHowever,
the high chlorine content in the RDF
powder may cause corrosion prohlems
and some envirnnmental concerns. The
use of a less corrosive embritriing
agent 'e.q..'HNO3. H3P0 . 01, H403,
etec), 1if effective, could rederce or
eliminate this problen.

RDF Powder/0il Slurries

The RDF nowder/oil slurries
with up to 30 v2icht percent RAP
burned well in the test Tfurnace.
However, above 15 weight uercest there
were a number of nroblems enceuantered
in transovorting the slurrv. 2lugging
of the pump and feed lines due to
powder sedimentation was the grimary
nroblem encountered during the com-
bustion tests. The use of 3 diswer-
sion agent should alleviite tkis oro-
blem. The combustion of the mowder/
0il slurries »roduced considerably
more ash than is obtained when the
oil is burned alone. This csuses
considerable handling vprobless since
the conventionai 2il burning znits
are not designed Lo process large
aguantities of asb. The ash content
of the RDF powder is likely te be the
limiting factor for deterrwinies the
RDF powder to oil ratio for siarry
preparation,

Cunclusions

An effective procedure 7ar con-



verting RDF to a fine powder by em-
brittlement treatment has been de-
veloped. The RDF powder avpears to
be an effective fuel compatible with
coal and some o0il burning equipment.
Although the RDF powder can be burn-
‘ed alone or in comhination with coal
and oil, its best verformance was in
a mix with pulverized coal. The most
promising application for the RDF
vowder is in a 50/50 mix with pulver-
ized coal. This fuel mixture burns
well (better than either component)
and results in lower SO; emissions.

he major .difficulties with the
use of the RDF powder as.a fuel is
the hich inert content {ash) and the
potertial problems from the hiagh
chlorine content. The use of screen-
-ing and other classification oroces-
sing of the raw refuse should result
in a significant reduction of the
inert content and the use of differ-
ent embrittlement reagents (HNOj,
H3P04, ctec.) should eliminate poten-
tial corrosion and environmental |
nroblems. However, selection or ef-
fective unit processing procedures
to reduce inert content and selection
=f 4 less corrosive erbrittlement
agent will require additional re-~
search studies.

During  the course of the worx
conducted on this project a number
of observations have be.n made per-
taining to the cffectiveness of the
technology, the notential applica-
tions of the techn.logy and the areas
needing further development. In this
work a technology for converting re-
fuse to a fine wowdar has becn estab-
lished based on the use of cellulose
embrittlement techniques. However,
the mechanisms of the process are’
not completely understood and need
further elucidation. The identifica-
tion of effective alternative em-
brittlement reagents, particularly
reagents that would not leave resi-
dues which could be corrosive or de-
trimental in other ways is also need-
ed.

The RDF powder
effective fuel when
_______ with pulver-

ized coal. The RDF powder provided
considerable enhancemert for combus-

proved to be an
used in a 50/50

.3
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tion of the
needs to be

coal. However, more
known about the handling
(transport, stodrage, etc.) behavior
of -both the “OF vowder and the pow-
der in a 50/50 mix with pulverized
coal. In addition, more needs to be
known about the emissions from com-
bustion of RDr/coal mixtures.

It would appear that a varietv
of biomass materials, particularly
cellulose wastes from industrial and
agricultural sources (stalks, husks,
bark, wood and crow residue, .straw,
etc.) could also be converted to a
powder for use as a fuel or as a
feedstock for biomass conversions.
However, more work is needed to de-
velop effective processinag procedures
for powdering the variety of biomass
materials which might be available
for conversion to a powdered fuel.

Based on these observations the
following recommendations for future
work are proposed: (1) further elu-
cidation of the embrittlement mechan-
isms; (2) identification of alternate
embrittlement reagents; (3) further
characterization of the RDF powder
mixed with pulverized coal: and (4}
extension of the entrittlement ovro-
cess to other biomass materials.
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ABSTRACT

Energy may b~ obtained from municinal refuse by a number of processes, including direct
combustion, cofiring with coal, pyrolysis, catalytic reduction or hydrogasification, acid

hydrolysis, ind bioconversion

the U. S. Environmental Protection agency (EPA) has sup-
ported research in these areas, but no single energy extraction process is 3

panacea.

In the carly stages of EPA's resource recovery program, consideratle emphasis was placed

on the use of microorganisms to convert cellulose into protein and chemicals.

Research

the last 5 vears has focused oa the deve'opment of cellulose-to-glucose acid hydrolysis

technology for alcohol an¢ chemicals production.

This report summarizes research aimed

at the recycling of cellulosic waste and discusses recent advances in acid hydrolysis

technology.
INTRODUCTION

An estimate 122 millioa metric tons of
solid waste are penerated each vear from
homes and commercial establishments (1).

A study completed in January 1979 (2) pro-
jected that gross solid waste discards
would ctotal 142 million metric tons in
1030. Converting the organic fra.tion

(70% to 8027) of solid waste to fuel could
provide energy equai to approximately 2%

to 3% of the Nation's requirements. In the
future, however, technology for using cel-
lulose as a feedstock for chemicals, fuel,
and food production may be of even greater
1mportance than direct combustion procec«cs.

Energy may be nbtained from municipal
refuse by a number of processes, t.cluding’
dire:t combustion, cofiring with coal, py-
rolysis, catalytic reduction or hydrogasi-
fication, acid hydrolysis, and bioconverx-
sion. No single process is a panacea,
howsver. For example, direct ‘combustion to
produce steam requires a uea-by customer
for this product. Ccfiring with coal has
few applications on the West Coast, where
boilers are most often oil- or gas-fired.
Furthermnare, the substantial moisture cuon~
teat of municipal wastes reduces the effi-

[ riency of pyrolytic processes. Additional
envirconmental hazards may +lso Le produced
by waste incineration Je.g., increased lead
emissions in cofiring waste and coal),
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Interest persists in biochemical waste con-
version processes for these reasons and be-
cause the processes offer alternative pro-
ducts such as mothane, ethyl aloehol, and
chemical feedstocks.

For -approximatzlv 10 vears, EPA has
supported researcin on the development of
proccsses for recvcling large amounts of
celluluse. Considerable research has been
focused on the rdentification and deve.op-

‘ment of promising cellulose conversion

technology that could make an impact on
the growing problem of municipal waste
disposal. A review of some of these EPA-
supported investigations follows,

- Microbial Protein Production Studies

At Bay St. Louis, Mississippi, Calli-
haa (3) desizned, constructed, and op:rated
a chemical-microbial pilot plant to produce
microbial protein from cellulosic. waste.
This project -as directed to determine the '
technical and economic optimization of the
pilo: plant (3).

More basic knowledge of the thcory and
techaique of cellulose ifermentation was
sought . Areas of investigation included
(a) means to improve cubgtratc tooaimont
to enhance fermentation rates, {b) increased
cell prodnctivity. and (c¢) improved cell

harvesting techniques. The cellulolytic



bacteria used in the study were mixed cul-
tures of Alcaligenes faecal:s and Cellulo-
monas. A microbial cell concentration of
12 g/liter and rates of cell synthesis of
1 g/liter pr hr were achleved in each
batch and occasionally in continuous fer-
mentat ion operations. A 55% protein pro-
duct was produced with an amino acid pro-
{ile tuat cowmpared favorably with other
protein sources.

In another study, Leatherwood (4)
studied the use of anaerobic bacteria to
ferment cellulosic wastes; strains of a
cellulolvtic organism isolated {rom hovire
rumen were evaluat2c. Products identified
included volatile fatty acids, soluble
cérbohydrates, and microbial cells as a
potentially useful protein,

Undegraff (5) investigated the con-
version of waste paper c¢o a protein sup-
plement for use as livestock feed. Only
one of the fungi evaluated, Aspergillus
fumigatus, was capable of atracking puri-
fied cellulose, ballmilled newspaper and
newsprint.

3oth the Leatherwood and Undegraff
studies were discontinued because of the
slow rates of celluleose-to-protein conver-
sion by test microorganisms.

Pretreatment Processes

Physical and chemical processes de-
signed to enhance the dipestion of waste
cellulose during fermentation processes
were studied both in-house (f) and by other
workers through FPA grants and contracts.
The processes investigated are described
oriefly.

Sensitized Photodegradation

A 1967 patent of Schwartz and Rader
(7) revealed that polysaccharides such as
starch and cellulnsic materials can be con-
verted to saccharidesof lower molecular
wveight by irradiating them with light rich
in frequencies near 335 nm when the ma-
terial is in the presence of a water solu-
ble metil or a nitrogen-based salt of
nitrous or hvponitric acid. On the basis
of this information, Frohnsdorff an.

TABLE 1. RESULTS OF A, FUMICATUS GRUWIH TESTS O
MATERTAL FROM WASHED AND DRIED FILTER CAKRES
Amount of Amount of  Irradia-
:::z;: Solka-floc NaNo, tion” time Proteinb
. (g) {(Z:mI) (hr) Additives -pP )
U-182 10 63100 19 inl acid® 336 9.8
v-183 10 1;100 19 2ml acid 160 8.7
w-187 10 0;100 12 2ml acid 328 10.5
X-188 10 1:106 19 3ul acid 149 9.1
Y-198 10 1:100 19 0, 284 11.9
2-200 10 1:100 19 PO.:20ml acid 222 10.3
AA-2 10 1;100 19 N 193 9.9
AB-3 10 1;100 19 NS :2ml acid 296 8.8
AC-5 10 1:100 199 2 808 11.3
AD-¢ 10 11100 64 _ 884 1i.1
AE-7 4 1;148 1 "' 811 10.2
AF-? 4 1:148 0,5 - . 840 10.5
AG-8 10 0;100 49 T 945 11.4
AB-9 A 0:0 l 5 11.3
“Sixteen lamps; 2537 A.
bFollowlng 68 hr incubation. Samnles aweecloved before fnncculation wiih fungi.

cIn ail cases the acid vavaN HZSO&.

d
Stirred only; no frradiation.



“nokson (8) investigated the technical and
:curomic feasibility of using the sensi-
tized vhotodegradation process fo enhance
the usc of waste cellulose in recycling
processes.

When 2.72%, 200 mesh cellulosic slur-
ries were i{rradiated in a 12 sodium ni-
trate solution of 2537 Angstrom, the degree
of pal meriration (DP) vas reduced from
1000 to 800 in less than 2 hr, and finally
to 125 after 48 hr., The number of scis-
sions calculated from the DP also increased
linearly,

Table 1 presents the growth response
of Asperpillus funigatus on irradiatued cel-
lulose under varicus conditions. Based
on protein vields, there appears to bde no
relationshio between the DP and the diges-
tion of cellulose by this fungus. Those
findings were contrary to cxpected results.
Further tests with other Fungi confirmed
the findings observed with A. fumigatus.

Microwave

‘Johnson (9) reported that slurries
with starch contents as high as 75% could
be hydrolyzed to sugars and other decompo~
sition groducts with wmicrowave energy at
180° to 200°C. To enhance the bfodegrada-
tion, cellulose was treated with micro-
wave energy as follows:

Twenty milliliters of a 1% cellulose sus-
pension in water was placed in each of
several Pyrex tubes with 3/4-in. 0.D. and
1/8-in. walls. These tubes were frozen,
sealed under vacuum, and then treated for
various lengths of time in g 2450-mega~
hertz wmicrowave oven. Durlng a period of

TABLE 2.

25- to 30~min, tcmneratures rose above
20"°C and pressures above 400 psi were
attained. As a measure of cellulose wodi-
ficatfon, the filtered, treated solution
wvas tested for the presence of soluble
sugars, A 1% cellulose suspension in 2%
hydrochloric acld was also subjected to
microwave treatment., After the Jiquid was
analyzed f[or sugar concentration, the re-
maining cellulose was washed, dried. and
subjected to enzvmolysis. Sugar produced
by cellulose action was taken as a measure
of cellulose structure modification bLy
microwave troatwent. Under these experi-
nental cond.:ions, microwave energy did not
improve enzymatic degradation of celluiose
(Table 2).

Laser Treatment

Klein (10) demonstrated that ligio-
sulfonate could be photomodified to improve
biological availability »f thie material. '
Biclogical responses were measured by as-
says of substrate carbon before and after
growth, by fungal dry welghts, and by the
presence of bacterial populations relative
to substrate photolysis treatment time.

The energy source used for lignosul-
tonate mogification was a medium-pressure,
500-watt, type A mercury vapor lamp, model
#6.3A~36. The power source was a #20651-1
transfrrucr (Larovia Company, Newark, NJ).
A Hacovia double~wall immersion well (model
#194%,) contained the lamp and allowed the
coolant water to circulate. A Pyrex reac-
tion vessel was desizned to fit extemrmally
to the immersion well.

A 1% W/V cellulese slurry (200-mesh
Solka~fluc) in tap water was irradiated for

EFFECT OF MICROWAVE FNERGY ON THE SUSCEPTIBILITY

OF CELLULOSE TO DEGRADATION BY ENZYMES

Glucose produced at various enzyme reacrion times

1.5 hr 3.0 hr 4,5 hr 6.0 hr
Control (unheated cellulose) 55.5 53.5 57.0 63.0
Cellulose heated 25 min {n water 47.0 47.5 49.5 63.5
Cellulose heated 30 min in water 44,5 47.0 53.5 57.0

3Cellulose (D.32 g) was suspended In 25-ml buffer (pH 4.0) and was incubated at

.aguc,
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Atter incubation, tne enzyme was inhibiied Ly lheatiag ts 209C for 10 min_



1, 2, 16, and 20 hr with an air flow of
approximately 200 al/per mixture.

When these laser-treated samples were
. ~ested for increased rates of biovlogical
growth response, all showed a marked im-
provement over the control.

Alkalt

Cellulosic substrates were subjected
to an alkali-oxidation treatment (11).
The treatment sequence was designed to
swell the cellulose structure, break up
the lignin physical structure, and modify
‘the cellulose into shorter molecular
‘chains. One gram of each alkali-treated
cellulose was tested to determine the bio-
degradation rate and compare it with that
of untreated cellulose. All samples showed
modestly improved rates of biodegradation
over the control (6).

High-Temperature Hydrolysis

A high-temperature, stirred chemical
reactor constructed of Type 316 stainless
steel was used to study the effects of
high-temperature hydrolysis on the Liode-
gradation rates of cellulose. This treat-
pent process.wis designed to remuv: some
crystallinity and to provide sowe readily
fermentable sugars so the initial growth
of the molds would be accelerated. Theo~
retically, 10X fermentable sugars could be
liberated under the conditions used. The
12 cellulose suspension in the reactor was
removed and adjusted tc pH 5. Biodegrada-
tion rates were then compared with that of
untreated cellulose. The treatea samples
vere less susceptible to biodegradation
vhen comp:r- * with controls (6).

Electron ..cadiation

In an experiment deslgned to deter-
aine whether irradtated cellulose was wore
susceptible to degradation than untreated
cellulose, two polyethylene bags (one con-
taining 10.0 of 40-mesh ground cellulose,
and the other containing 10.0 of 100-mesh
ground cellulose) were irradiated for 1
and 2 hr, rspectively. A dynamic electron
source (Dynamatron, NASA Lewis Laborsatory,
Cleveland, Ohlc), provided an exposure of .
108 rad/hr. The frradiated samples were
then used in biodegradation studies and
compared with nonirradiated cellulose

'samples of the same mesh sizes (6).
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Evaluation of Pretreatment Processes

The degradation of untreated pure and
waste cellulosic substrates was compared
wvith that of cellulosic substrates previous-
ly treated by alkali oxidation, high~tem-
perature hydrolysis, elect-on radiation,
and the nitrite photochemical process (8).
The medium for these studies contained 1
each of NH,Cl, KpHPO4, KHpPO4, MgSO4, CaCl,y,
and yeast extract, and 40 mg of thiamine
combined with steril water to a final volume
of 1 liter. This mineral salt m~dium was
adjusted to pH 5, and 100-ml portions were
placed ia 5G0-ml shaker flasks, each coun-
taining 1 g of cellulose. The (lasks were
autoclaved at. 121°C for 15 min. After
cooling, the medium was Inoculated with
selected fungi, incubated at 35°C in an
environmental troom on a reciprocal shaker
for 4 days, and observed for the disappear-
ance of cellulose and the growth of the
fungal mass. The inocula for these experi-
ments were obtained from 4B8-hr fungal cul-
tures grown in a mineral salt medium con-
taining glucose, cellobiose, and cellulose
in 0.1% concentrations. The dry weight of
each inoculum was approximately 10% of the
weight of the substrate (6). Samples were
taken after 4 days of incubation and ana-
lyzed for their protein value based on the
content of amino acids.

. The ,amino acid contents of peanuts,
soybean meal and cellulolytic fungi grown
on cellulose are reported in Tabie 3. These
data confirm that fungi can produce ‘protein
containing complements of essential amino
acid from cellulosic waste. The improve-
ment, identification, and development of
new, more effective pretrreatment processes
will be required, however, if cellulose-
protein conversion is to tecome a technical
and economically feastible reality.

Hydrolysis of Cellulgse

Acid Hydrolysis

new technidue
use both agri-

Portecus (12) .proposed a
for waste disposal that would
cultural and municipal wastes as raw materi-
ala. This proposal consisted of hydrolyzing
the ccllulosic -rastes to sugars. '

Faga: et al (13) explored this concept
in detall  The kinatizs faor

cellulose in paper were experimentally de-
termined over a range of 180° to 240°C with

el aVaral o r
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TABLE 3.

AMINO ACID CONTENT OF SELECTED FUNGI, PEANUT MEALS, AND SOYBEAN MEAL
(wram amino acid/100 grams protein)

et e e — g

Iricke- Geotrn rwm
A purigares A fumgas Penwcdliwm drrews Choelamaum cunchdum Peanut Sushcan FAL
Amuno sad Na 3 Nu. 6 1p. Mo T sk 5009 sp. No. 10 No. 1} meals neal® reft
Alanine 390 S 60 $ % 240 & 60 6 08 42 330
Arginunc 3 380 78 400 8 6 70 106 70
Asparic acd 8 ki 3 3 B9 - 710 10 7 6 40 151 L] .
Cystine, haif 0 30 1 60 19 12
Glutamic acud L L] I3 13 0 L1 o 11 30 17 18 W
Glycihe R 38 - SW W S0 i S0 14m
Hustidine 20 b Y t 60 4N 1 210 2w
bsoleucine *n 70 150 A S & 190 100 6 00 42
Leucine 8 Bu 10 90 570 LA\ 6 60 & 6 70 E &3 48
Lysine 4 40 b 570 40 5 60 53 3 a0 6 8 42
Mcihronine T 6 50 110 20 b 1] 1 (it 1 22
Phenyinlamine 6.10 5 37 S s 6 W 14 s S 28
Profine - 290 l40 360 3w 2B J 5 s m
Serne -5 %0 4+ 10 450 b, 1] 1M LY H 60 40
Threon:ne T 00 49 560 40 180 740 160 19 28
Tryplephan rd
Tyrosine I w0 300 6 10 i 420 420 $ 30 40 28
Vahne - 28 $ 30 610 1 B0 s 1240 140 51 42

* Block and Bolling (1943,
* Chemical and Eaguneering News {1367),
* Food and Agriculture Cigansraton £1987).

0.2% to 1.0Z acid in a batch 1eactor. The
sugar scolution obtained from refuse hydro-
lysis can be concentrated to 12% with the
use of a multi-effect evaporator, .and it
can he used in commercial fermentation
pracesses.

This hydrolysis study further indicated
that development of continuous acid hydroly-
sis techrology is needed to convert large
tonnages of cellulose to a readily, fermen-
table product for use in the production of
fuels, foods, and chemicals.

Cont inuous Acid Hydrolysis

The EPA-supported experimental inves—
tigations of the dilute acid hvdrolysis of
waste cellulose to a glucose have been on-
going at the Department of Applied Science
of New York University (NYU) owver the past
§ years (14). The waste cellulose fecdstock
employed in these studies was primarily uscd
newsprint.

Initially, the hydrolysis experiments
NYU were carried out in a l-liter stirred
autoclave equipped with appropriate acces-
sories, including electrical heating units
and a quick-discharge ball valve for remov-
ing the reaction mixture from the autoclave
after acid hydrolysis. The data obtained
with the 1-liter stirred autociavle reactor
experiments were analyzed to determine the

glucose yield at various reactiom conditions.

1M

This work was followed by additional test-
ing in a 5=liter stirred autoclave reactor.

The batch-scale hydrolysis experiments
showed that glucose yields up to 507 more
of the charged available cellulose values
could be obtained. The optimum reaction
conditions were found to be temperatures
of 22¢° to 230°C and reaction times of less
than 30 seconds, with about 1% of sulfuric
acid by welght. These conditions agree
rather well with the results of the kinetic
rate studies previously reported by Fagan
et al (13).

.The NYU work includes investigation of
continuous processing technology for Indus-
trial-scale conversion of waste celiulose
to glucose. Frox this part of the study
emerged a continuous waste-cellulose-to -
glucose pilot plant with a capacity’of
1 ton per day. This pilot plant utilized
waste paper and sawdust as cellulosc feed-
stock, and a reactor device for continuous-
1y .reacting cellulose at suftable elevated
temperatures.

The Werner & Pfleiderer ZDSDS3 (53-um)
twin-screw extruder was selected because of
its capacity for conveying. mixing, and
extruding the required amounts of cellulo-
slc feedstock. This machine allows accu-
rare contrel of temperaiure decing inten-
sive mixing.



For continuous processing, the extru-
der must be coupled with a feeding mechu:-
ism for cellulose slurries and a discharg.
systen for reacted materials while mai.z:-in-
ing pressure and temperature in tie reac-
tion zone. A steam-jacketed crammer-feeder
made by Werner § Plleiderer was integrated
with the twin-screw extruder to maximize
throughput with preheating as required. An
iutensive-service 2-1in. ball valve (Kamyr
Valve Company, Glems Falls, New .York) was
selected as the major component for the de-
"sign of the discharge system. Other ancil-
lary equipment includes a high-pressure
steam gencerator {or supplying energy to the
reactor, an acid pump capable of high-pres-
sure injection, and a slurry pump for intro-
ducirg feedstock into the cratmer-feeder.

The ccntinuous acid hydrolyvsis optimi-
zation <tudfes are continuing. Even though
the study has achieved a 50% conversion of
cellulose to glucgse, further ‘experiments
are underwiy to optimize reaction conditions
for maximum glucose yields.

Two-Stage Hydrolysis System

A proposed two-stage hydrolysis system

“development based on the NYU work (Figure 1)
wouid consist ol two extruder reactors --
one operated at 336°F for pentosan hydroly-
sis, end the sécond operateu a. 450°F for
-hexosan hyJrolysis. The pentosan 1is hydro-
lyzed at lowcer temperature and lower acid
concentrarion :than hexosan. The feedstock
is hydrolyzed in the first-stage reactor
and discharged into slurry tank that coen-
nects the two hvdrolyzers. The feed ma-
terial containing the hydrolyzed pentosan
and unhydrolyzed cellulose is mixed with
water in the slurry tank and pumped into the
second reactor. The pentoses are recovered
by the action of the twin screws at the de-
watering draln, and the cellulose (free of
pentosan) is conveyed through the second -
unit and hydrolyzed to glucose. The pre=~
hydrolysis of pentosan is expected to im-
prove further the 50Z to 60% cellulose-glu-
cose ylelds now being achiuved with the
_l-von/day unit.

Ia the past, little or no consideration
war given to recovering pentoses. Arid
hydrolysis rea.tor developmert studies fo-
cused primarily on converting hexosan to
sivecse. Cata ok Cliemival sualyses oi agri-
cultural residues and wood (Table 4) re-
vealed that pentosan constitutes up to 29.5%
of some agricultural residues (15). The
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- recovery of the sugar.
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pentosan fraction is important because it
has been demonstrated that both pentoses
and hexoses can be fermented to ethanol by
yeast (14). If waximum feedstock utiliza-
tion is to be achieved, acid hydrolysis
technology must be developed to recover
both the five~ and six-carbon sugars
efficienfly.

Yield Prcjections

Investigators have used diluted and
concentrated sulfuric acid in two stages
te yield 952 conversion of pentosans to xy-
loge and 90% conversion of hexosan to glu~
cose (15). Optimization of the two-extruder
process is expected to achieve up to 952
convetsion of pentosan to xyiose and 8032
With the removal of
pentosan by prehydrolysis, we further ex-
pect to achieve values greater than 60% con-
version of celluose to glucose.

The combined two-stage process has the
advantage of (a) having a design potertial
for recovering up to 100% more sugars than
the single-stage process, (b) reducing de-
gradation products of pentose that are dis-
charged as a glucose mixture, and (c) sup-
pressing glucose fermentation.

Table &4 presents sugar vields that
could be expected i{f the two-stige extruder

reactor were optimized to recover 80X

TABLE 4 - OKIRCAL AAL VSIS OF AGREDMA TURAL
ALEOULS AMD WOOD
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pentose and 60% glucose f{rom agriculrtural
residues .nd wood.

In the United States, an estimated 271
million metric tons of agricultural resi-
dues from.food production are unused (14).
1f this tonnage were used to produce ethyl
alcohol, a comsiderable savings in corn
could be nchieved. At projected rates of
gasoline consumption, 10 billfon gal of
ethanol will be needed by 1990 to achieve
universal use of gaschol.

To calculate the amount of sugar avail-

able from the unused 271 willion metric tons
of agricultural wastes, consider the follcw—
ing. Total sugar potentially recoverable
from the acid hydrolysis of agricultural
residues ranged from 31.1% to 44.4%

(Table 5). Thus, if we assume only a 39X

cugar recovery from the hydrolysis of agri~

cultural residues, 271 wlllion metric toas
of waste would yleld 81.3 million metric
tons of sugar,

In thke project of alcohol yields, it
is assumed that 15 lb of waste-recovered
sugar (as opposed to approximately 14 1b
of corn-recovered sugdr) are requirved to
produce 1 pal of alcohol. Ethyl alcohol
vields from 271 million retric tons of agri-
cultural residues are therefore calculated
are follows:

271 million - metric tons x 30% =
81.3 million metric tons of sugar
Gallons of ethyl alcolel

o 31.3 million metric tons x 2,000
15 pounds of sugars

6.0 x 1% x 2.0 x 107 of alcohol

12.0 x 10° gal

Thus ethyl alcohol requirewents-for
gasohol can be theoretically produced from
unused waste agricultural residuss.

TABLE 8 -+ JACTNT RICOVE RASLE SUGARS FAOM
AGRICUL TURAL RESLOUED AND WOO0
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The corn equivalency is 4.4 billion
bushels of curn: Divide the projected al-
cohol yield frow agricultural residues (12
billion gallons) by the number of galluns of
190° proof alcohol derived from 1 bushel of
corn (2.7). 1In 1979, about 7.8 billion
bushels of corn were ciown in this country.

Developing and implementing hydrolysis
technology couid contribute greatly to meet-
ing our energy requirements by saving the
energy necded to cultivate an addditional
119 million hectares of grain for the 10
billion gal of ethanol. Savings would aiso
be effected on fertilizers and chemicals,
and a morc efffcient use of torai crop
would be provided. Considering the poten-
tial of hydrolysis technology, it is incun-
bent thdt nothing less than a national
effort be compmitted to the development and
wideaspread implementation of this technology.

Conclusions

The widespread use of grain to produce
alcoliol as automobile fuel will likely
cause a8 surge in food prices. Ic¢, therefore,
appears that Alcohol produced from grain is
not, therafore, likely to be cost competi-
tive with gasocline derived from oil. The
key to using ethyl alcohol as a gasoline
extender depends on a technological develop-
ment that provides for the conversion of
cellulosic materials into simple sugars for
alcohol production. Currently, tesearch is
under way to optimize hydrolysis conditions
with the extruder reactor for maxim'm 31ucosE
vield.

The prospects for developing pretreat-
ment technology to improve direct conversion
of cellulosic materials by microbes into a
protein product is not encouraging. Con-
versely, two-stage acid hydrolvsis technolc-
gy allows conversion of muaicipal and agri- -
cultural vastes into simple five and six
carbon fermentable sugars. Complete develop-
ment of acid hydrolysis 1s a preprequisite
to p.>duction of chemicals, foods, and fuels
from waste. .
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ADVANCES IN THE RECOVERY AND UTILIZATION OF LANDFILL GAS
Stephen C. James

U. S. Environmental Protection Agency
26 W. St. Clair Street
Ciicinnati, Ohio 45268

ABSTRACT

Natural decomposition processes within a landfill produce gas consisting prinarily
of methane and carbon dioxide. The generation of this gas within a landfill poses many
potential problems due to migration through the surrounding soils. In order to .ontrol
migration, collection systems have been installed. The gas coliected from tne systems had
traditionally been flared. Now, however, methane gas generated in landfills is being ef-
ficiently collected, processed, and used as a source of energy. Eight utilization tystems
are currently on-ljne, with several others scneduled for start-up within 1981.

INTRODUCTION - organic acids. Hethane-forming bacteria
. then use these organic acids as food ard

The amount of recoverable eneray avail- produce carbon dioxide and methana ¢as.
able from-landfill aas i$ unknown; however, . '
it appears that approximately 100-200 bil- When the waste stabilization process
lion cubic feet of raw lancfill gas is pro- Joroceeds normally, approximately 40 to 60
duced each year from disposa! of municipa) percent of the gas produced will pe methane.
sol1d waste. While this is a very small The remainder wili primarily be carbon
amount in terms of U. S. natural gas needs,  dioxiue.
landfil) gas can play a significant role in .
‘meeting industrial and utility energy reauire- Methane formers grow quite slowly con

ments when considered on a case-by-case basis. Pared to acid formers since they obtain
very little energy from their food. - This

PRODUCTION results in the methane formers being very
sensitive to slight changes in the environ-

Decomposition - The Basic Process mental factors. The acid formers are-rapid
- . growers and are not so sensitive to environ-
. The process ~f landfil) gas formation mental conditions. Thus the production of

is mainly an anaerobic process, not unlike landfill gas is largely dependent upon

that of a sewage sludge digester. Aerobic maintaining optimum corditions for the

digestion takes place initially because methane-forming bacteria.

large quantities of air are entrained in the - A : .

wasge guring placement. The oxygen is Environmental Factors Affecting The Decom-

quickly consumed and the process becomes position Process

anaerobic shortly after refuse placement. Unfortunately, the landfill cecorposi-

. . . . tion process is different ‘rom a sewage
_Anaerobic refuse decomposition is a sludge digestion process because critical
continuous pricess that stabilizes the environmental factors {temperature, pH,
organic wastes and results in the production  ang mcisture) cannot be easily controlled.
of methane. The organic material, such as

leaves, paper, and food waste, is used as ‘Temperature control is a key fartar
foed tor the acid-torming bacteria. lhis for successful anaerobic stabilization of
organic material is then chanded by the organic matter because sudden tenperature
bacteria to simple organic material, mainly changes greater than two degrees centi-



grade will result in losing the buffering
capacity and possibly incapacitating the
digester. The temperature should 21so be
controlled in the range of 29 to 37 degrees
centigrade so that the optimum gas production
may be acitiieved. - Although the temperature

in the iandfi11 cannot be controlled, it has
been determined that the internal temperature
of many landfills ialls within the optimum
temperature range for gas production. It

has aiso been observed that the core tem
perature of deeper landfills is not affected
by diurnal temperature fluctuations.

The moisture content required for op-
timum anaerobic decomposition has been
revorted to be greater than 60 percent.

This, again, often occurs in landfill situ-
ation, although many landfills with far

lewer percentages of moisture have been found
to produce large quantities of gas. Mois-
ture addition at landfills has been pro-
posed to enhance ges production. ’

The optimal aperzcing range for pH is
from 6.8 to 7.2. Many landfills report
lower pH levels but still produce signifi-
cant quantities of gas. It is believed
that the pH within a landfil! does not fall
below 6.2 when methane is produced.

The factor which is probabiy most cri-
tical to the landfill stabilization process,
particularly when methane gas recovery is
anticipated, is air infiltration. Whenever
methane gas is removed from a landfill,
there is a tendency for air infiltration
due to leakage through the recovery wells
and 1andfill surface. -Air is toxic to the
methane-forming bacteria and thus will stop
the production of mechane gas. Here the
typical configuration (depth) of the landfill
becomes an important factor because the oxy-
gen in the infiltrating air is consumed in
the upper portion of the landfill and does
not hinder the anaerobic process at the
bottom of the landfill. Depths greater
than 100 feet are ideal for landfill gas
recovery. Depths as low as 30 to 40 feet
are suitable for gas recovery, but more
control over minimizing air infiltration
is needed. -

RECOVERY

Control and Recovery Methods

.In the last 10 years, landfill opera-
tors, cwners, and engineers have become
incrensingly aware of the potential hazards
caused by the methane components of landfill
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gas. Methane migrating through soils
adjacent to the landfill has on occasion
collected in nearby structures and ignited,
resulting in structural damage, injuries,
and even deaths. This has resulted in the
technology for the collection and recovery
of ilandfill gas.

Actual recovery of landfill gas for
methane resulted from efforts to stop the
migration of gas to adjacent properties.
The first control methods used to prevent
landfill gas migration were peripheral
trenches filled with porous media or peri-
pheral vent pipes which allowed gas to vent
to the atmosphere. These contrgl methods
were found to be generally ineffective.

Recently, the technology has advanced
to the point that most new control systems
were power exhaust vent systems composed of
wells and a header connected to an exhaust
blower. This advance in the technology
coupled with the impending natural gas
shortage was the catalyst necessary to
lTaunch the landfill gas recovery industry.

In general, recovery of landfill gas
for utilization employes one of the following
two options. First, raw landfill gas can
be used with minimum processing. Removal
of moisture and some compression are neces-
sary for initial upgrading. In this form, .
1and7i1Y gas can be-used to generate elec-
trigity and fire boilers for space heating
#nd industrial processes. The other option
is carbon dioxide and, if necessary, nitro-
gen removal. This produces a gas which can

" be directly injected into an existing natural

gas pipeline. These options are currently,
in operation at landfill methane recovery
sys tems.

ON-LINE LANDFILL METHANE RECOYERY SYSTEMS

Mountain View Landfill, Mountain View,
California

This is a demonstration project started
in 1975 and jointly funded by Pacific Gas
and Electric Company and U. S. Environmen-
tal Protection Agency. This facility recov-
ers landfill gas from a 30 acre site by
means of 33 weills., Since this is a shallow
landfi11 (36' - 40' deep), a greater number
of wells are necessary due to the lower
rate per well. The gas is upgraded by
compression and adsorptian to remove water
and carbon dioxide. The resultant 700 Btu/
scf gas is then injected into a PG&E main
transmission line.



Palos Verdes Landfill,
Lalifornia

Rolling Hills Estates,

This is the first landfill methane re-
covery system. The plant is owned and oper-
ated by Getty Synthetic fuels, Inc., and
has been in operation since 1975. Severe
corrcsion problems experienced in the pre-
treater regeneration system adversely af-
fected the system's operational reliability.
A plant modification program was completed
in 1976 and the system has cperated reli-
ably since January 1577. The product gas
is sold to Southern California Gas Company
and has a higher heating value of approxi-
mately 1,000 Btu/scf. In May 1979, further
plant modification increased the capacity to
two million cubic feet per day inlet capa-
city.

Azusa Landfill, Azusa, California

Since 1978 Azusa Land Reclamation
Company, Inc. has been recovering and sel-
ling Yow Btu landfill gas to Reichhold
Chemical Company. A well system consisting
of 20 wells recovers 400,000 cubic feet per
day of raw gas. After water remgval and
compression, the treated gas (500 - 520
Btu/scf) is transported via a 4,000' pipe-
line to Reichhold Chemicai Company for use
in their boilers. The corcept of on-site
electrical generation is being investigated.

Ascon Landfill, Wilmington, California

This system is owned and operated by
Getty Synthetic Fuels, Inc. and represents
an advancement over their Palos Verdes opera-
tion. This operation consists of dehydration

and carbon dioxide removal te produce 4,000,000

cubic feet per day of pipeline quality gas

at maximum capacity. The pipeline quality
gas is sold to Southern California Gas
Company for injection into their transmission
tine. - .

City of Industry Landfill,
California

City of Industry,

This system was designed by SCS Engineers
to supply medium Btu gas as fuel ior the
bofiers at the Industry Hills Convention
Center. The system consists of dehydration
and particulate removal to produce 500,000
cubic feet per day of treated gas.

Sheldon-Arleta Lan.

.11, Los Angeles,
California

Completed in November of 1979, this
project supplies low Btu gas to the Valiey
Generating Station for use as boiler fuel
for the production of electricity. Four-
teen recovery wells provide gas for the
dehydration and compression system. A 1.8
mile 10-inch pipeline carries the gas to
the generating station. At the power
station, the landfill gas is used as a
supplemertal fuel supply during normal
boiler operation. However, the landfill
gas can also be used for tgnition and boiler
start-up when natural gas is not available.

Cinpaminson Lanifill, Cinnaminson, New Jersey

Started in 1979; Public Service Electric’
and Gas Company of Newark, New Jersey, recov-
ers raw landfill gas for the purpose of sel-
ling it untreated to a nearby sponge-iron
factory owned by Hoeganaes corporation.
Initial quantity of gas delivered to the
plant was 230,000 cubic feet per day. How-
ever, consumption has increased to 600,000
cubic feet per day with plans to deliver
1,000,000 cubic feet per day in the fiture.

Systems Nearina Completion

Getty Synthetic Fuels, Inc. is cur- .
rently starting-up systems in Calumet City,
I11inois, and the San Francisco Bay Area :
(San Leandro). Both of these systems are
patterned after the Monterey Park Landfill
recovery system.

Brooklyn Union Gas in conjunction with
New York City Office of Resource Recovery
and Waste Disposal and iew York State ERDA
will:be conducting a one-year test on -a
landfill gas electricity-generating faci-
Tity supplying 100 KW of eleccricity for
on-site use.

~1n addfition to the above projects,
many studies are being conducted at various
landfills to determine the technical and
economic feasibility of recovery and uti-
lization of landfill gas. These studies
are concerned with the direct use of low
and high Btu gas as well as the conversion
to electricity.

ON-GOING RESEARCH

Corrosion Studies

Pacific Gas & Electric Company is
currently conducting a study to determine
the corrosion pctential of landfiil gas at



the Mountain view Landfill. Corrosion pro-

blems were observed in the radtation coo’’i;
tubes prior to the injection of a corrosion

inhibitor. Corrosion monitoring probes

have been installed and this problem {5 cur-
rently being studied.

Industrial burner tests at the Fresh
Kills Landfill have shown the recovered
landfill gas to be a non-corrostive fuel for
use in conventional natural gas designed
equipment.

Controlted Landfill Process

Pacific Gas & Electric Company and
Southern California Gas Company are conduct-
ing joint studies at the Mountain View
Landfill concerning enhancing gas production
and improving gas recovery. Initial studies
have been performed and a field demonstra-
tion program is being developed. Factors
such as moisture content, nutrient additions,
buffering agents, and the effect of density
on gas production will be investigated in
the enhancement project. In the area of
improving gas recovery, the effectiveness
of different extraction systemc and the
effectiveness of different cover systems
will be investigated.

Development of Models for Gas Production

Currently, one major problem involved:
in landfill gas utilization is the deter-
mination of production rates. Production
rates determine the size of the landfill
gas processing plant and are the guidelines
for economic success. Presently, Dr.
Charles Moore of Ohin State University is
developing computer programs which will
allow design engineers to assess the varying
system parameters to optimize preduction.

Max-Blanchet of Pacific Gas & Electric
Company has a)sc developed a model! for pre-
dicting gas production over and beyond the
operation 1ife of the landfill by examining
the various decomposition rates of the com

“ponents of municipal refuse.

NEEDED RESEARCH

baslProduction

Further testing and development of
models for gas production are needed. The
need 15 not just for evaltuation in conjunc-
tion with recovery systems, but also in
conjunction with gas migration probiems.
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In reference to migration problems, there
is a definite need for prediction of pro-
duction rates over a time period for com-
pliance with RCRA.

Pollution Aspect

There are generally two waste streams
from landfill gas treatment technology.
The first 15 a condensate from the dehydra-
tion procecs. The second is a Tow quality
Btu blowdown stream from the carbon dioxide
removal system. Currently, the condensate
is recycled back to the 1andfill and the
blowdown is vented to the atimosphere. Both .
of these waste streams should be further
analyzed to determine their pollutional
aspects.

QOther Aspects

Further studies on corrosion including
impurities in the pipeline need to be per-
formed. Utilization of by-products, such
as carbor 'dioxide, need to be further inves-
vigated, especially in the area of markets.
Methods for reduction of air intrusion into
the landfill also need further investiga-
tion, especially at shallow landfills.

In addition to the technological
aspects, the following economic and insti-
tutional aspects need to be further inves-
tigated:

o marketing difficulties

o risk assessment

o utility regulations
CONTACTS

The following is a 1ist of contacts
for the projects described in this paper.

Max Blanchet

Pacific Gas & Electric Company
245 Market Street

San Francisco, California 94106
(Mountain View Landfil1)

Fredrick Rice

Getty Synthetic Fuels, Inc.

2750 Signal Parkway

3ignal Hi11, California 90806
(Patos Verdes, Monterey Park, San
Leandro, and Calumet City}



Mike Miller

L.A. Bureau of Sanitation
Poom 1410, City Hall East

Los Angeles, California 50012
(Sheldon - Arleta Landfill)}

Anthony Giuliani

Brooklyn Union Gas Company, Inc.
195 Montgue Street

Brookiyn, New York 11202

(Fresh Kills Landfitl)

Douglas Nielsor

Pubiic Service Electric & Gas Company
of Hew Jersey

80 Park Place

Newark, New Jersey 07101

{Cinnaminson Landriii}

Joseph Seruto

Watson Energy Systems, Inc.
Suite 207

22010 S. Wilmington Avenue
Carson, California 90745
(Ascon Landfill)

Palph Rule

Southeasiorn Portland Cement Company
3055 Wilshire Doulcvard

Los Angeles, California 30010

{Azusa Landfill)

Robert Stearns’

SCS Engincers

4014 Long Beach Boulevard
Long Beach, Califoirnia 90807
(Industry Landfill

Dr. Charles #oore :
Department of Civil tagineering
Ohio State University

2070 Reil Avenue

Columbus, Chio 43210 )
{Methane Generation Rates)



A REVIEW OF EPA-SUPPORTED RESEARCH ON PYROLYTIC OILS

Charles J.

Rogers

U. S. Environmental Protection Agency
Cincinnati, Ohln 45268

ABSTRACT

Sumnmaries are given of two FPia-supporced research projects to characterize pyrolytic

ofls.

{me project alms to separate pyrolytic oils into fractions that each contain a

broad class of chemicals, and the other project is directed toward i{dentifying the speci-

fic chemicais within those fractioms.

Separation (extraction) techniques show the preatest

promise for processing the oil into the large fractions, and the distillation process ap-
pears to be the bes¢ method for processing an oil fraction into more nighly refined and

purified products.
INTRODUCTION

This report pummarizes the results of
two EPA-supported research projects on py-
rolytic oils. One study was being conducted
at Georgia Institute of Techmology (EPA 600/
2-28-122) to develop methods for the separa-
tion of pyrolytic oils into broad classes of
cherlcals (1), and the other is at Atlanta
University (Crant #RB04440-02) to identify
specific chemicals that make up pyrolytic
olls (2).

Large quantities of agricultural, for-
estry, and municipal wastes are produced
each year in the United States. The proper
utilization of these materials is extremely
important if they arc to become a resource
rather than create disposal and environmen-
tal problems. DPyrolysis is one approach to
using these materials that has received &
great deal of attention in the past several
years. Pyrolysis of lignocellulesic or
cellulosic material produces char, pyroly=-
tic oil, water-containing/water-soluble or-
ganic substancens, and noncondensible gases.
The char is primarily carbon that can be
used as a fuel or ccnverted to activated
carbon. The major components of the noncon=-
densible gases are hydrogen, carbon monox-
tde, and methane along with ainor amounts
of the other hydrocarbon gases. These
gases can be used onsite zs a clean burning,
Low-BTU, gaseous fuel. The pyrolytic cils
are clean burning, with heating values that

are approximately two-thirds of those for
fuel oils. In addicion to thelr vatue as
fuels, these ofls have great potential as
a source of industrial chemicals or as a
chemical feedstock. Such uses may have
greater economic value than the use of these
oils as fuels. Also, the use of pyrolytic
olls as a scuice of chemicals would reduce
the demand for tne petrolevm now used to
make chemical feedstock. To realize the
potential of pyrolytic oils as a source of

_ chenicals, the processing technology must

be developed to produce refined fractions
of the oils. )

Comparison of the Georpia Pvrolvsis Process

with the Original Wood Distillation Process

Pyrolyeis is an o0ld process that has
been used industrially in the past on a
batch basis to produce charcoal, pyroligne-
ous liquor {mostly water with dissolved or-
ganic compounds), Inscluble tars, and non-
condensible gases. The process was used
during and after World War I in this country,
and it was known as wood distillation. With
the uge of petroleum as a chemical fecedstock,
however, the pyrolysis process became uneco-
nomicgl and was discontinued. Yariauys as-
pects of wood distillation and its products
have been discussed in the literature
{3, 4and 5).

The distillation of wood was generally
carried out as a batch process in a retort



with external heat. The signiflicant and
important difference between the Georpia
Institute of Technology pyrolysis process
(1) and the old wood dJdistillation process

is that the Georgia process is self-sus-
tained and continuous. The difference is
significant because the pyrolytic oil pro-
duced in this manner from a given feed
material under specific operaging conditions
i8 a reproducille product with definite phy-
sical and chemical properties. The product
therefore has potential as a chemical feed-
‘stock {or making other products on a con-
mercial scale.

Potential Yield and Dewmand
for Pvrolytic Oils

Pyrolytic ofl from various wastes re-
presents A potential feedstock for the.
chemical industry. Of all oil coasumed in
the United States, about 6% (or 50 mjllion
metric {ons annually) 1is used to derive
feedstock -for the chemical industry (6).
The yield of pyrolytic oil frem lignocellu-
losic materials varies from 15X to 25Z,
depending on feed materials and operating
conditions (7). Comsequently, it would re-
quire 181 to 299 million metric tons of dry
lignocellulosic material to supply pyrolitic
oil in quantities comparable to the petro-
leum used by the chemical industry. This
observation does uot i1mply that pyrolytic
01l would be processed in the same manner
as petroleum feedstock or that 1 ton of py-
rolytic oil is equiviient on a feedstock
basis to 1 ton of petroleum.

Accurate estimates of wastes produced
by different sources are difficult to obtain.
Bagsed on inquiries (particularly with the
U.S. Forest Service), the amount of fores-
try waste in the United States is estimated
to be 91 million metric dry tons annually
(Heywood T. Taylor, Forest Service, Private
Comunication, June 1976). This quantity
could yield pyrolytic oil tonnage equal to
332 to 50 of the petroleum tonnage now used
‘by the chemical industry. The significance
of these data is that the potential exists
for pyrolytic- oil from forestry wastes alone
to make a significant contribution as a
source of :liemical feedstock. Anderson in
1972 (8) estimated that 1.1 billion barrels
‘of oll potentially could be produced from
the total organic wastes gererated each
year in the Uni ed States. Tillman (9) has
recently reported that approximately 1 bil-"
1ion dry tons of cull or rough trees and
salvable dead trees presently exist in the
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United States. The fmportant fact is that
large quantities of waste materials exist
that have the potential of being converted
to pyrolytic ofls to telp meet the Nation's
energy needs.

Analvsis and Characterization of

Pyrolvtic Oils

The chemical and physical properties
of pyrolvtic oils havz been determined by
standard analytical techniques. The oils
are dark brown to black with a burnt, pun~
gent odor. Their boiling range {8 about
100° to 200°C, above which thermal degra-
dation beings to occur. The heating values
of these clean-burning ofls are¢ approximste-
ly two-thirds of those for petroleum fuel
oil. Pyrolytic oils are acidic and exhi-
bit some corrosive characteristics. They
are composed of many oxygenated cowmpounds
with a wide spectrum of chemical functicn-
ality. Results of this study showed pyro-
lytic oils ‘to -contain phenolics, polyhy~
droxy ncutral ccmpounds, neutral cowpounds
of a high degree of aromaticity, and véla-
tile .acidic compounds.

Because the olls obtalned froa the
pyrelysis of lignocellulosic materials are
complex mixtures of organiec corpounds and
usually contain some water, their charac-
terization requires a variety of amalytical
and testing techniques. Prope.ties that
are of intere<- in characterizing pyrolytic
oile irclude (but are not necessarily limi-
ted co) densiry, water content, heating
value, acidity, flash point. corrosiveness,

. filter.b5le solids, ash, solubility in

various solvents, distillation range, vis~
cosity and elemental cimtent (particularly
carbon, hydrogen, nitrogen, sulfur, and
oxygen) (see Table 1}.

Sources of 611 Samples

Samples of pyrolytic oils for this
study were obtiined from two mijor sources:
(1) the 45 dry metric ton/day field demon-
stration pyrolysis facility at the pilot
plant of the Engineering Experiment Sta-
tion, George Institute of Technology, which
is operated on campus. Some samuples of
oil were produced in a é-in. tube furnace
fitted with a condensation train and cas
collection system. A complete description
of this apparatus and the pyrolysis proce~
dure has been reported on by Knight (1).



TABLE | PRIWERTLES OF WOOH QILS FROM LFCHAIR S0 DRY TOK DAY FACIHIN

Prowercy Comdanser 011 Cracc Fes D11 Mo thod
b 3y
Lamatey 114} bp/n 1,101 upls -
(9923 1bs‘gai) 3.242 1de/gal}
Uster conreat 1a.01 Slo.s2 ASTH D 83-00
(watgne 1)
Resttng Velus 1.2 g 1.8 ¥/ag AsTH D 2084
(wat baste) (9.200 8eu/id) 110,590 Bruflb)
(1] 2 i | I 011 dispersed
: in watet
Acld ambe 73wy OM/g Il g £r¥/ig ASTM D-6AA- 30
Flash Potnt ni'r e ASTH D-3)-23
. Qnn a'n -
Piltacable 3olide 0.3t 0.4t Acetone Inacluble
(weagnz %)

Copper Stelp 1 i Classtticatioo~
Corroulon ASTN D) M-/
Suttur (waight 1) 0.811 X133 ASTM D-1 19t
Pour Paisc .7°C PLYS i+ ASTN D-07-68

- (m'r) ta'r -
Ash (weight 1) 0.00t 0.0
Barriidation ATTH D-B86
first Dvop ”"C m1°c Ceoup )
132 Pefnt 103°C 1°C -
41 Umdpoint L1 A4 -
SN Isdpoin: 824 ™ -
Sulubtitey
(wetght 1)
Acexvne .51 o 61
Hezhyive
Chioride .51 . “.07 -
Taluane Sitehtly Sliadtly -
Nezane Stigazly Slighely -
Tlemenral Analysis )
(weight 2}
Carbon $1.2 “.¢ -
Wydeoges 1.6 1.8 -
NicToges 0.8 0. -

Methods for identyfying Chemicai
Species and Compounds

The chemical species and compounds
present mugst be identifled along with rela-
tive quantities {f methods are to be devel-
oped for using pyrolytic oils in applica-
tions other than as a fuel oil. Among the
most useful techniques for obtaining these
data are gas, thin-layer. and liquid chro-
matography (LC); gas chromatograply)/mass
spectroscopy .(GC/MS); and infrared and UV
spectroscopy. The two methods used in the
studies described here were LC and GC/MS.

Liquid Chromatography

Pyrolytic olls are heat sensitive and
reactive, and they contain a relatively
large number of organic compounds. A tech-
nigque was needed for analyzing the oil frac-
tions obtained by the dif "erent processing
wethods that would not change the chemical
characte: of the fractions. LC appears to
be the method of choice, bacause it is car- .
ried out 1t ambient temperatures, it is
capable o1 high resolution of cemplex mix-
tures, an¢ ccmponent detection is nondes-
truccive. 1In addition, the pyrolytic oils

are soluble in organic-aquecus zolvent sys-
tems that are very useful in LC.

The varisbles that were studied to find
satisfactory LC conditions were LC columms,
UV wave length, sclvent gradient and sol-
vent flow rate. The first two variables are
discussed briefly here. :

LC Columms‘

To select the most suitable LC colum,
several columns were tested with the raw
wood oi] using a l-ml/min flow rate and a
UV detector at 254 nm. - The chrouatographic
columms and conditions tested and the re-
sults are given below in the order in which
the testing was carrvied out.

A. Vydac adsorption silica gel 30 .
column. Solvent, 0 to 1002 2-propanocl in
isooctane, 20-min gradient, 20 concave.
Results: No resolution obtained; only one
large peak.

B, Partisil adsorpticn silica gel S
column. Solveat, I to 30% 2-propanocl in
isooctane, 20-min gradient, linear.
Resuite: Resolution of only eight peaks.



C. Partisil PAC 5 column. Solvent,
0% to 100X 2-propancl in isococtane, 30-min

gradient, 35 concave. Results: Resolu-
tion of 12 to 20 peaks.
D. Partisil ODS S columm. Solvent,

107 to 100% acetonitrile in water, 3C-min

gradient, 35 concave, Results: Resclutiom
of 30 to 40 peaks
E. Partisil ODS 5 column. Solvent,

10% to 100% acetonitrile in water, 10% to
40% with 20-min hold, then 40X to 100% 35

concave gradient. Results® Resolution of
47 to 50 peaks. Total run time: '60 min.
F. Partisil ODS 5 columm. Solvent,

0% to 1002 acetonitrile in water, 3D-min
linear gradienct. Results:  Better overall
presentation of chromatogram and better
resolution of later peaks without excess-
ive run time.

The resolutions obtained with the
conditions given in item D above are very
suitable for our survey chromatograms; the
conditions in E and F yleld even greater
resolutioas.

UV Wavelength

UV wavelength of 200, 220, 254, 280,
300, 320, 360 nm were selected, and LC runs
were made using constant conditions (E
above) other than wavelength. The results
were as follows:

a. Many :omponent responses appeared
or. d1sappeared with the change in wave-
longth;.

‘b. No single wavelength was entirely
satisfactory at'the shorter wavelengths of
200-220 nm peak resolution; '

c.- The longer wavelengths of 30D to
360 wm produced sharply resolved peeks,
but only a small toral number of peaks
actually appeared;

d. The most satisfactory results for
our purpose were ubtained at 280 nm, with
254 nm being tho alternative choice. -

The sets of LC conditions for obtain-
ing chromatograms of the oil samples are
given 1in Po}k (2).
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Gas Chromatography/Mass Spectrometry

Qualitative analysis of pyrolytic oil
distillate by GC/MS analysis was performed
on & DuPont Model 21-490 GC Mass Spectro-

meter. The GC conditians were as follovs:
Column ... 6ftx 1/8 in. Se-30 Stain-
less steel with 10 ml/min
flow rate
He initial temperature ... -25%
Programming rate ... ..... 4%c/miz
Final temperature ........ -200°C,

detector flame ionization

Some of the mags spectral results are
listed in Table 2. Details of the quali-
tative analysis of pyrolytic oils are re-
ported by Polk (2).

Techniques for Separating Larpe
0il Fractions

The broad classes of chemical sub-
stances in raw pyrolysis oil are phenolics,
aromatic neutral compounds (neutrals of
high arowaticity, NHA), acidic cnmpounds,
and a group of substances witn sugar-like
characteristics that are tcrmed pelyhydroxy
neutral compounds (PNC). The emphasia in
the separation experiments has therefure
been to focus on obtaining fracticns of the
o1l that cortain essentially one of the
general classes of chemicals. The five
major extraction techniques tested wera:

1. Extraction of oi% aquent;allx
vith water at 25, 50 and 95 C.

2, Extraction of ofl with sodium sul-
fate solution .(salting~out effect).

3. Extraction of oil ‘'simultaneously
wvith an organic colvent and water
(three-phase system).

4. Extraction of sodium hydroxide
soluble fractions of pyrolysis oil.

5. Extraction of orgsnic solvent so-
lutions of pyrolysis oil with water.

Results of a number of extraction and
separation experiments on a batch basis with
raw and vacuum-stripped pyrolytic oils,:
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inrdicated that vacuum-stripped oil gave bet~
ter results than the raw ofls. The vacuum
stripping provides for the removal of the
volatile organics and most of the water in
the oil with potential subsequent recovery
of these orgauic compounds. The analysis
showed that the major organic component in
the volatile fracticn ir acetic acid. Our
preliminary separation techniques are there-
fore based on using vacuum-stripped ofl. A
100-g sample of crude pyrolysis oli would
vield 82.1g of vacuum-stripped oil, 10.8g
of water, and 7.1g of acid vhen processed
‘at 2um and ambient temperature (see Figure
1).

Extras:ion gf 01} Sequentially with Water
at 25 C, 50°C, and 95°C

A sample of vacuum-stripped oil was
extracted eequentially with water at 25,
30? and 95°C in an effort ta geparate the
more water soluble substances. Figure 2
illustrates this separation process and
the recovery of the different factions are
given in Téble 3.

The significance of these results is
that the oil cas be separated into water
soluble and water insoluble fractions that
offer the opportunity for recovery of use~
ful fractlions of aromatic compounds. The
water imsoluble fractions, based or our
analysis, are composed of phenolics and
neutral aromatics. The separation of this
fraction into a highly concentrated pheno—
lic fraction and a highly concentrated
fraction of aromatic neutra) compounds
could probably be accomplishod by either
fractional distillacion or ex:irsction with
alkaline solution. The aqueous phases
could be combined and subjected to a sepa-
ration of the components with an aqueous
salt solutlon tc yield a fraction with main-
ly phenolics and another fraction with main-
1y polyhydroxy neutral substances.

Other Extraction Techniques

Results from this evaluation of other
extraction techniques tested are presented
in Knight et al, (1).

Conclusions

The yield of pyrolytic oils from. Iig~
nocellulosic materials vary from 157 to
252, depending on feed materials and op=ra~
tional conditions. +Aa estimated 1.1 bil!lion
barrels of o0il could be produced from the

Crude Pyrolysis 041, 100 g

temper

Vacuum stripped at
2 mm and ambient
ature

F -
Yacuum Stripped 011, 82.1 g

~
Volatile Fraction
Water 10.8 g
Acids 7.1 g

Figure 1, Removal of volatiles from pyrolytic oil.
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Yorwam Scripped Pyrotysis 031, 41,3 g

Kirer sad l
Beper.

Mater s 23°C
Tetlom ;

1
Merous fTactien

BN
Polytrydenry osutta)e-10.00

4
laselobte Crgeate
leactine- 7).42

{
Tneeluble Orpamic - Aqueans Placjon
Trectiom- 4).50 Pheoolics - 3.1%
Pelykydrony nevtrele~7.21

Uater ;1 $3'C

»
hesoluble Ovgeaic
attiom - 49. :

rel. resy ceutfals-).J03
Meonstic soutsslu-42.71 rraresy aleed.22

Fuge © Eatzactuon of «il wquentally wid sater o1 26°C, 0°C, and O5°C,

total organic wastes genmerated annually iun
the United States. The extraction techni~
ques reported-here show promfse of having
the greatest potential for processing py-
rolytic oils into fractions containing
specific classes of chemical compuunds.
Further study will be rejuired to deter~’
mine if any of the oll fractions can be
used as chemical feedstock in industrisl
applicarions.
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TABLE 3.YIELDS OF FRACTIONS FROM WATER EXTRACTION OF OIL

Water Ingoluble

Water Soluble Fractions

Praction 25° 50° 95° Total
Phenolics 10 g 6.7 8 1.7 8 0.6g 9.0
Aromatic '
neucrals - 39.2 8 - -— -- -
Polyhydroxy . : o .
. anutrals - 15.4 g 5.9 2.6 g 239 g
‘Totals 49.2 g 2.1 ¢ 7.6 8 3.2 8 3298
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ABSTRACT

The American Society for Testing and Materials, through a grant “rom the U, S. Environ-
mental Protection Agency, is developing standards and specifications fer the reclamation

of materials and energy from refuse.

Introduction

The pressures for the implementation
-of resource recovery are {ntensifying.
Sanitary landfills, long considered to be
the ultimate soluticn to the problem of

soYid waste disposal are frequently indict-

ed as sources of ground water poliution
and often represent a necessary nuisance
to the community. Further, tne cost of
land close to the centers of solid waste
prodyction are forcing new landfills fur-
ther away from comminities, thus increas-
ing transportation costs. In some com-
munities, there simply are no further
landfi71 sites, and aiternate methods of
solid waste disposal are needed.

One historically important alterna-
tive is incineration, or thermal volume
reductfon. Due to the extremely strict
air emission standards now required by
many states, and increasing value of
energy from ever decreasingly reliable
sources, the use of incinerators only
as volume reduction pracesses has become

The need for such standards and four examples of
typical tasks in this project is discussed.

econontically questionable.

The only other alternative to the
1andfi11 is tha recovery of energy and
materials from municipal solid waste.
This option not oaly provides a solution
to the problem of disposal of refuse, but
has the added advantage of providing
secondary materials for industry so as to
preserve our virgin sources and nake us
less dependent on foreign supplies. In
addition, resource recovery contributes
useful energy to our increasingly energy-
limited society. In short, resource
recovery solves two problems, ’

o disposal of sciid wastes

e savings in energy and materials.

The promotion of this alternative 1{s
thus in all of our interest.
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The Need for Standards

Although the secondary materials
industry s an old one, the large scale
recovery of metals, glass and organic
fractions from municipal refuse is a
fairly new problem.* The three major sec-
tors in this process--the public, the re-
fuse processor, and the user of the re-
covered materials--all have conflicting
interests. The public simply wants the
refuse to dicappear since it (by defini-
tion) no longer has value to the individ-
ual. The processor would like to have
the public perform separation of the waste
materials, but since this represents a
bother to the public, such source separa-
ticn programs, with a few notable except-
tions, have not caught on.

The refuse processor thus must sepa-
rate the mixed compenents into individual
fractions. His objective, however, is to
produce as dirty a product as possible and
still be able to market it to secondary
materials users.. Finally, the purchaser
of thes~ materials is seeking macimum
purity since pure materials require the
least cost for processing and subsequent
manufacturing. In short, the three major
groups involved with resource recovery all
have different objectives, and yet need
each other in order to make resource re-
covery successful.

One means of promoting and facilita-
tirg such cooperation is to develop
standards for refuse derived materials
and resource recovery processes. Quanti-
tative and well-defined derinitions of
secondary materials, properties and the
processes used to produce them will act
as a catalyst in the promotion of resource
recovery--to the benefit of all of us:

This recognition led the U. S.
Environmental Protection Agency Cffice of
Research and Development to fund a program
to assisi “he American Society for Testing
.and Materiuis in the development of stand-
ards for refuse derived materials. This
project, administered through ASTM's E-38

*One of the firt la-ge scale resource
recovery pruj.cts vas started by Colonel
Waring, *a New York City, in 1880. The
faciiity reportedly paid for itself in
recovered materials, but was nevertheless
-closed within a year.
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Committee on Resource Recovery, has been
ongoing for four years and has signifi-
cantly assisted in the prumulgation of
such standards.. The objective of this
paper is to rerort on the progress of
this program.

Organization

E-38 Committee on Resource Recovery
is organized into a number of subcowit-
tees. In addition to such service sub-
committees as editorial, terminology, and
research and planning, the 1i.e subcom-
mitees (those charged with the develop
ment of standards) include the following:

£-38.01 Energy

£-38.02 Ferrous Metals

E-38.03 Non-ferrous Metals

E-38.04 Paper and Paperboard Prcducts..

E-38.05 Glass

E-38.06 Construction Materials

E-38.07 Health and Safety

E-38.05 Processes and Unit Operations

These subcommittees meet bi-annually
and by the process of consensus and com-
promise, develop the standards as needed. -

As a need for background information
such as round robin testing and commercial
laboratory analysis are identified, re-
quests are made to the £-38 Management
Board to assist in the funding of these
tasks. If the need is judged to promote
the development of standards, the task 1s
funded.

At the present time E-38 has 21 stan-
dards in various stages of approval and
development, of whicn all are financially
assisted through this project. Tern of
these standards will be published in the
near future.

In this short presentation it is
obviously not practical to discuss all of
the ongoing projects. We thus have chosen
only four tasks to illustrate the type of
work being performed and .the potential



benefit from such studies.

Four Typical Tasks

Development of Test Methods and Sperifi-
cations for Recovered Glass in Structural
Clay Products

This project is under the guidance
of E-38.0f Subcommittee on Construction
Materials. The objective is to develop
test methods and specifications for vari-
ous resource recovered glass-rich frac-
tions for use in structural clay products.
This can be achieved by determining
chemical and physical properties of glass-

“rich fractions as related to their effects
on maturing temperatures, shrinkage, water
absorption and compressive strength. The
properties which require specifications
include, for example, glass content, solu-
b1e salts, and fluxvng effect.

The program involved a two-step ef-
fort: laboratory studies and production
-testing. The first phase of the work was
successfully completed and the results
published in a report "Development of Test
Methods and Specifications for Resource-
Recovered Glass in Structural Clay Pro-
ducts”, presented at the [ITRI Conference
in August 1979. The next phase of the
study is now on-going.

Structural ciay products encompass a
wide range of materials such as building
brick, roofing tile and pipe. The build-
ing brick industry produces the largest
volume of structural clay products. The
initial commerical application of the
proposed test methods and specifications
are therefare to be tested in the pro-
duction of building brick. .

This phase invclved three phases:
1) characterization of the glass-rich
fraction by Bureau of Mines, 2) brick
production tests to be performed by a
manufacturer, and 3) testing by a com-
mercial laboratory.

The Effect of Aluminum and Iron on the
Heating Value of Refuse Derived Fuel

This task originates in E-3B.01 Sub-
committee on Energy, and addresses the
prcblem of gbtaining heating values for
a refuse derwed fuel which contains me-
tals such as aluminum and iron. If 2
sample of ROF with these metals is

_heterogeneous mixture such as RDF-3,

combusted in a bomb calorimeter {the
common method of measuring heating value
of solids.) the results will include the
heat generated by the exothermic oxidation
of the metals. This oxidation, however,
does not occur at the much lower tempera-
tures experienced in RDF combustion
chambers, and the calorific values can
thus cverestimate the :ctual heating v.lue
a.hieved in the combustion of ROF.

The objective of this task is to con-
duct round robin tests to establish what
correction factors, if any, are necessary
for describing the usefu) heating value
of RDF when it contains significant
amounts of aluminum and iron.

Method for Preparing a Gross Laboratory
Sample from a Gross Lot of Refuse Derived
Fuel

Refyse is a nighly heterogenegus
material, and thus any RDF produced from

. refuse can be expected to retain consid-

erable heterogeneity. A shredded and air

“classified light fraction (commonly known

as RDOF-3) can have pieces of paper on pla-
stics as large as 5 ¢m (2 in). Labora-
tory samples for such analyses as heating
value must, however, be as small as one
gram. The statistica) problems involved
in obtaining a representative sample are
thus imense.

This task, under the Yeadership cf
£-38.01 Subcommittee on Energy, addresses
the problem of how a truly representative
sample can be obtained from a highly
The
test hos been developed, and the task is
presently engaged in a series of round
robin analyses tu develop its precision

. and accuracy.

Development of a Test for Measuring Refuse
Derived Fuel Pellet Characteristics

The organic fraction in refuse,
separated out and used as a source of

_energy, can take mrny forms, depending on

the processes used. One potentially use-
ful fuel is pelletized or densified refuse
derived fuel (dRDF). The organic fraction
is first separated out using processes
such as shredding and air classification.
The material is next processed in a pelle-
tizer which, under high pressure, extrudes
or cuts the ROF into dense chunks. These
pellets have significant advantages over -



other forms of RDF, particularly if the
fuel is to be burned on grates. Pelleti-
2ing also enhances the ease of handling
and increases the fuel stability.

The objective of this task is vo
develop and evaluate a test for determi-
ning the characteristics of pellets, in-
cluding physical properties and pellet
integrity.

The £-38 subcommittee on Processes
and Unit Operations is developing a
standard for evaluating the characteris-
tics of pellets as well as pelletizer
perfurmance. In this task, a series of
appropriate tests for measuring such
characteristics are being developed.

This project is in three phases:
a} review of exicting information on
pellet tests and testing procedures,
b) development of specific test procedures
and precision and accuracy statements,
and ¢} round robin of pellet tests, using
the test procedures developed.
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Conclusion

The promotion of resource recovery is
a well-established public benefit. Re-
source recovery can be facilitated by the
development of standards for both the
production as well os use of the secondary
materials. The American Society for Test-
ing and Materials. through a grant from
the U. S. Environmental Protection Agency,
is developing such standards using a
broad-based voluntary consensus mechanism.
Significant progress has occurred to date,’
and the project is continuing. The E-38
Committee on Resource Recovery is a purely
voluntary organization, open to all
interested persons. - Assistance and parti-
cipation is welcomed and encouraged.
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ABSTRACT

This paper discusses the results of environmental assessments at five different
types of waste-to-enerpy conversion cystems: refuse pyrolysis; municipal 1nc1nera§or fired
with MSW; power plant boiler fired with wood waste and fuel oil; steam boller fired with
coal and d-RDF; and power boiler fired with ROF. L

Introduction

Increased emphasis on energy and mate-
rial recovery and the need for alternatives
to solid waste disposal in landfills have

generated growing interest in waste-as-fuel

processes.. The processes include, on a ge-
neric basis, waterwall incinerators, pyrol-
ysis systems, combined fuel-fired systems
{(coal plus refuse derived fuel (RDF), RDF
plus municipal sewage sludge, coal plus

wood waste), and biochemical conversion of

wvaste to methane.

For the past three years, Environmen-
tal Protection Agency’s (EPA's) landustrial
Environmental Research Laboratory (IERL}
in Cincinnati has sponsored a program at
Midwest Research Institute (MR1) to conduct
environmental assessments of some of the

above waste-to-energy conversion processes. .

The overall objective of this program is

to evaluate the potential multi-media en--
viromngental "impacts resulting from using
combustible waste as an energy source aad
thereby identify control technology .needs.
As part of this prograa, MR{ has undertaken
extensive sampling and analysis efforts at
the following waste conversion facilities.

* A 181.4 Mgfday (200 ton/dsy)
refuse pyrolysis-system

. A 108.8 Mg/day (120 ton/day)
sunicipal incinerator fired with
municipal solid waste (MSW}

. A 10 M power plant boilcer fired
with wood waste and No. 2 oil

< A 31,752 kg/h (70,000 1b/h) steam
boiler fired with coal aud densi-
fied refuse-derived fuel (d-RDF)

. A 20 KW ﬁower plant boiler fired
with RDF

A description of ‘tbe facility, the
sampling and analysis methods used, and the
results odtained are individually presented
below for each of the above facilities
tested.

Refuse Pyrolysis Systea

The Union Carbide refuse pyrolysis
system (PUROX) zt South Charleston,
West Virginia, vas designed to pyrolyze
181.4 Mg/day (200 tons/day) of RDF. The
refusé fuel was produced by shredding MSW
to a 7.6 cm (3 in.) size and then removing
aagoetic materials from the shredded waste.

_ The PUROX system is-a partial oxidatica

process that uses oxygen to convert solid
wastes into a gas having a higher heating
value (HHV) of about 14.5 M)/m3 (370 Btu/
scf). '

Raw refuse is received by truck in
the plant's storage building. 1t is soved
and stacked in the storage area by a froot
end loader. The same loader picks up the

‘stored waste, weighs it on a platform, and



dumps it on a conveyor leading Lo the
shredder, where it is shredded to a 7.6 co
(3 in.) size. Ferrous material is removed
by a magiLetic recovery system.

The refuse fuel is fed into the top of
the reactor, the principal unit on the pro-
cess, by two hydraulic rams. There are
Lthree general zones of reaction witlin the
reactor (drying, pyrolysis, and combus~
tion). The reactor is maintained essen-
tially full of refuse, which slowiy de-
scends by gravity from the drying zone
through the pyrolysis zone iuto the com~
bustion zone. A counterflow of hot gases,
rising from the combustion zone at the bot-
tom, dries the incoming, moist refuse. As-
the material progresses downward it is py-
rolyzed to form fuel gas, char, and organic
liquids.

Oxygen is injected into the bottoa
hearth section at a ratic of about 20% by
weight of incoming refuse. The oxygen re-
acts with char formed from the refuse to
generate temperatures of 1370 te 1650°C
{2495 to 3002°F) in the lower zone, which
converts the noncombustibles into a molten
residue. This residue is discharged into a
water quench tank where it forms a slag.

The kot gases from the hearth section
are cooled as they rise through the zones
of the reactor. After leaving the reactor,
the gases are.passed through a recirculat-
ing water scrubber. Entrained solids are
separated from the scrubber water in a
$0lid-liquid separator, and recycled to the
reactor for disposal. The water product
discharged from the separator system is
sent to a plaut treatment system. The gas
leaving the scruboer is further cleaned in
an electrostatic precipitator (ESP) and
then cooled in a heal exchanger prior to
combustion in a flare cowbustor. During
the tests the gas was burned in a package
Yoiler transported to the site for these
tests. The fuel gas consisted of about 40%
D by volume, 23% CO., 5% CHQ. 26% H,, and

; 2
the rest being ﬂz, CZH“, etc.

Sampling at the Purox facility was di-
rected to the three effluent streams; slag,
scrubber effluent, and gaseous emissions

from a8 boiler when fired with PUROX gas and -

vhen fired with natural gas. An overview
of the sampling and aralysis scheme is
shown in Figure 1. As can be seen in this
tigure, sampling and analysis of each
strecm was rather complex, being directed
to conventional pollutants but including,

among others, priority pollutants in water
samples and ssmpling of both liquid and
gaseosus emissions for most of the analyses
prescribed under EPA's Level 1 environmen-
tal assessment protocol. Particulate emis-
sion sampling in the boiler stack was
conducted according Lo EPA Methed 5, but
using a High Volume Sampling System (HVSS)
because of the expected low particulate
loading. Boiler stack sampling also in-
cluded use of the Level 1 Source Assess-
aent Sampling System {SASS) train.

Water samples also underwent analysis
for priority pollutants, but the data are

. too lengthy for inclusion in this paper.

The results of these analyses showed thst
few of thesr pollutants were present at
detectable levels in the scrubber effluent,
but that the Unox system did effectively
reduce their conceatrations.

Results of the testing effort showed
that, of the criteria pollutants, only NC
and particulate emissions increased when
burning Purox gas as compared to natural
gas. NOX and particulate levels were of
the order of 350 to 400 ppm and 0.0046 to
0.011 g/scm (0.002 to 0.005 gr/scf}, re-
spectively ' S0, esissions averaged 70 to
100 ppm. PartiCulate and SQ., emissions
sere below present starndards, whereas NO
required further reductioa. Also, analy-
s5is for metals and other pollutants indi-
rated that these should not present any
problems.

Because of the difficulty involved ia
interpreting much of the data collected in
this test, especially the Level 1 analysis
results, the eavironmental assessseat vork
was extended to ianclude application of the
methodology known as the Source Analysis
Model (SAM/1A) developed by EPA. Basi-
cally, this model compares the messured
concentrations of pollutants with approxi-
mate emission cvncentration guidelines
knovn as minimum acute toxicity effluents
(MATE) values. These MATE values have been
tabulated for several coumpounds or classes
and there is a specific MATE concentration
for each compound and for each type of ef-
tluent stream (solid, liquid, or gaseous).

 The MATE values are used to compute the

cratic of the measured conceatration to the
MATE concentration, and this ratio is
termed the "degree of hazard.” The "de-
gree of hazard” for each pollutant is then
sumped to provide the "degree of hazard”
for the effluent stream under considera-
tion. This value, when multiplied by the

by
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efflueul [lowrale, in specific units (e.g.,
liters per second), establishes the “toxic
unit aischarge rate” (TUDR) for the stream.

The SAM/1A methodology, as described
above, was utilized to analyze the data ob~
tained for each of the three primary efflu-
ent streams from the Purox process (slag,
scrubber effluent, 2od boiler stack gas).
Based on the SAM/IA methodology, the scrub-
ber effluent had the highest "degree of
hazard,” being considerably greater than
the "degree of hazard™ for the input river
wvater. - llovever, the slag stream had the
highest "toxic unit discharge rate." The
boiler flue gas efflueat had the lowest
"degree of hazard" and the lowest "toxic
unit discharge rate.” Both of these values
vere comparable to the baseline velues com-
puted for boiler flue gas when burning
natural gas.

Municipal Jocinerator Fired With MSW

The Braintree municipal incimerator
(Braiotree, Massachusetts), is a mass-burn
facility consisting of twin vaterwall coa-
bustion units, each with a design capacity
of 108.8 Mg (120 rons) of MSW for a 24-h
period. - A portion of the steam produced.
(20 to 35%} is supplied to meighboring wan-
ufacturers and the remsinder is condensed.
Each furnace is equipped with aa ESP and
both ESP's exhaust to a common stack.

The Riley Staker boilers are of the
single pass design, each having a rated ca-
pacity of 13,608 kg (30,000 1b) of steaash
at 204.4°C (400°F) and 1,723.7 kPa (250
psig). . The ESP units ere single field, 12
passage precipitators with a specific col-
lection area of 0.0068 m®/acah (125 ft2/
1,000 acfm); each has a design collection
efficiency of 93%. i

Environmental assesswment of the incin-
erator facility was conducted using EPA
approved sampling and analysis procedures
similar to these identified in Figure 1.
Results and conclusions of the testing ef-
fort are sumparized delow.

0f the criteria pollutanmts, SO,, NO_,
and hydrocarbon emissions were low. How?
ever, CO levels were high and could not be
explained considering the lsrge quaatities.
of excess air that were used. The average
particulate conceatration was 0.55 g/dscm
{0.24 gr/dscf), corrected to 12% €0,. This
level exceeded the federal and statg

regulations. However, subsequent tests for
compliance had an outlet particulate load-
ing of 0.17 g/dscam (0.074 gr/dscf), which
showed compliance.

Elemental analysis of the glass- and
metal-~free bottom ash revealed an overall
increase in the elemental cancentrations
when comparea to the retuse feed. The col-
lected fly ash contained levels of chlo-

‘rides, sulfates, and some tracc metals

which may be of concern. PCB's were not
detected in the collected fly ash; 4 PAH
co.pounds were identified.

Levels of BOD, COD, oil and grease,
TS5, and TDS in the bottom ash quench water
ao not appear to be of concern. The phen-
olic content was found to be <0.1 mg/liter
i sll samples.

Levels of gaseous rhlorides and other
halides were low. Presence of PCB's was
confirmed only in the 5ASS train XAD~2
resin at.a concentration of 3.6 pr/md.

Results of the SAM/1A environmental
assessaent proceduce showed the incinerator
stack emissions to bave the highest appar-
ent degree of health hazard. . Further ansl-
ysis is needed to determine the exact com-
position of the organic components of the
stack emissions to better ascertsia the
hazard potential. SAM/1A also showed that
the bottom ash effluent had the largest
toxic unit discharge rate due primarily to
the abundaace of phosphorus and metals in
this siresn.

Power Plant Boiler Fired With Woodwaste
and Fuel 0Oil

The No. | unit at the Burlington
Electric Plant (Burlington, Vermont) was
originally a cosl-fired boiler which was
wodilied to fire wood chips with supple-
mentary No. 2 fuel oil. Becauge of the
high moisture content of the chips, the
boiler camnot provide the desired steam
output on wood alone. Therefore, No. 2
fuel oil is used. Steam production is
rated at 45,360 kg/h (100,000 1b/h), which
powers a 10 MW turbine generator. Residual
ash from the boiler is discharged at the
end of the grate into a bopper and is then
pneunatically transported to an emission
control systew consisting of two, high ef-
ficiency mechanical collectors in series.
For a flue gas flow rate of 101,940 acmh
(60,000 acfm) at 165.6°C (330°F), the



cullerlors were designed for an overall
pressiure drep of 1.6 kPa (6.5 in. H.,0)
and a collection efficiency of 97.7%1.

Sampling and analysis was based on
the matrix shown in Figure 2. Major re-
sults and conclusions of the tests are as
follows:

On a heat input basis, wood accounted
for B0} of the boiler fuel, and oil the
renainder. The heat of combustion of wood
was 13.65 MJ/kg (5,870 Btu/lb) as received,
and for oil, the heat of combustion was
45.36 Mi/kg (19,500 Btu/lb).

Bottom ash analysis indicated that
most elements were more concentrated in
the ash relative to the input fuels. No
PCB's were detected in bottom ash but one
PAR compound, phenanthrene, was present at
a concentration of 0.89 pg/g. Primary and.
secondary collector asa contained no PCB's
but several PAH compounds were identified
in the secondary ash, with one sample con-
taining 10 pg/g of phenaothrene.

Particle sizing at the collector
inlet and outlet could not be established
due to constant plugging of the optical
counter's dilution system. Stack concen-
tration of particulates averaged 0.i8
g/dscm (D.0B gr/dsci) and the collector
had a particulate efficiency of 94.2%.

"~ NO_ and SO, concentrations averaged 66
and 138 ppa, respectively. CO averaged
213 ppam and hydrocarbons 9 ppm. Analysis
of Method 5 particulate indicated concen-
trations approaching 100 pg/dsce for Pb,

Ba, Sr, Fe, and Ti in the stack gases.
PCB and PAH tests of the stack gases were
negative.

EPA's SAM/IA analysis indicated that
‘the secondary collector ash contained the
highest degree of hazard although all
three ash streams were similar in the mag-
nitude of their hazard values. Stack emis-
sions showed a low degree of hazard. The
primary collector ash had the highest toxic
unit discharge rate.

Steam Boiler Fired With Coal and d-RDF

Epission tests were conducted oa the
GSA/Pentagon facility’s No. &4 boiler in
Arliogton, Virginia during a test burn pro-
grem coordinated by the General Services
Admipistrati-a {GSA) and the National
Center for Resource Recovery (NCRR). The

No. & unmit is an underteed-retort stoker
boiler with a rated steam capacity of
31,752 kg/h (70,000 tb/h) st 861.9 kPa (125
psig) and 176.7°C (350°F). Duriog the
tests, the boiler was equipped with a mul-
ticlone collector for removal of particu-
lates from the exhaust gases.

The test burn program ..:-'nded three
fuel firing modes: 100% coal (baseline
conditions), 20% d-RDF + 80% coal, and 40%
a-RDF + 60% coal. Samples of coal, 4-RDF,
and the coal/d-RDF mixtures were collected
hourly by RCRR and analyzed for moisture,
ash, heating value, and cheamical composi-
tion. Several daily samples of bottom ash
were alse collected by NCRR and anzlyzed
for loss-on-ignition and chemical composi-
tion. MR! condr ted sampling and anslysis
of the stack effluent. Parameters messured
included particulate conceatrstion, gaseous
criteria pollutants (S0,, NO_, CO, and to-
tal hydrocarbons), and thlortdes. The par~
ticulate samples were further analyzed for
lead canteant.

Results of the emission tests showed
that:

Particulate emissions were re-
duced frow 22 to 38% when d-RDF
was blended with the original
coal fuel. Filterable particu-
late emissions were lowest when
using the 20% d-RDF blend and
rose again vhen the proport.ion
of d-RDF was raised to 60%. This
finding may not be conclusive,
however, siance the boiler lead
was held steady during the 20%
RDF firing but mot during the 60%
mode.

The amount of particulate lead
emitted when burning d-RLF with
coal is substantially higher than
that from combustion of coal
alone (an average of 1,000 pg/m?
with 20% d-RDF, and 2,260 pg/e?
with 60% d-RDF, versus 330 pg/m?
with coal oanly).

Chloricde emissicas showed no def-
inite trend which could be used
to correlate chloride emissions
vwith RDF modes, though slightly
higher concentrations of HCl were
observed in two of the samples
collected during combustion of
the 60% d-RDF blend.
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Concentrations of sultur dioxide,
zitrogen oxides, and carbon mon-
oxide all appeared to decrease
slightly when the RDF was used
with coal. Because of the very
low sulfur coatent of d-RDF, SO,
epissions were reduced progres-“
sively as the proportion of d-{UF
with coal was increased. Hov-
ever, the reduction in NO. and CO
levels, may or may not have been
the direct result of burning
d-KDF since they are highly de-
pendeat on boiler combustion
conditions.

Power Boilec Fired With RDF

The Hempstead Resource Recovery Plamt
(Long 1sland, New York) receives MSW, pro-
duces a RDF and converts the fuel to elec-
trical power. The facility consists of
two distinct segments: a refuse process-
ing operatica, utilizing the Black Clawson
Hydrasposal system; and a power house,
wvhich contains two steam boilers and two
20 MW electrical turbine geacrators, plus
the associated control equipment.

Tests were conducted by MRI on the
No. 2 unit of the power house, which is an
air-swept spreader stoker, waterwall boiler
vith a nowinal capacity of 90,720 kg/h
(200,000 1b/h) of steam at 4,309.2 kPa (625
psig) and 398.9°C.(750°F). The boiler was
fired with 100% RDF, although auxiliary oil
burners were used for start-up and duriag
fuel feed interruptions. Air pollution
controls for the boiler consisted of a
bank of 12 mechanical cyclones followed by
an ESP. .

The purpose of the assessment was pri-
marily to investigate organic comstituents
of the stack gases and to quantify odorous
companents. However, other tests were also
included. Emission streams evaluated in-
cluded the boiler bottom ash, tyclone ash,
ESP ash, and the stack effluent gases.
Samples of the RDF were also collected and
snalyzed for moisture plus chemical apd
elemental composition. The three ash
" streams were apalyzed for elemental compo-
sition. Stack enissions were contiauously
monitored for SO, , €0, 0., and total
nydrocarben concentraixons, afid were also
tested to determine levels of vaporous mer-
cury and aldehydes. In addition, a saample
was collected using the EPA SASS for apaly-
sis.under EPA's Level 1 protocol.

. hydrocarboas.

Initial results of the test program
did not indicate any pollutant emissions of
major concern. Stack gases contained rela-
tively low concentrations of SO,, M _, and
Carbon monoxide levels were
slightly greater than anticipated.

Emission of carbonyl compounds (a'de-
hydes) were detected at a maximum level of
7 ppm (2.95 kg/h).

Mercury vapor concentrstions n the
stack effluent were very low (<0.12 mg/m?),
and it appears that mercury levels are
greatest in the fly ash collected by the
ESP. The concentration of mercury in sam-
ples of the RDF was constant at about
3 pg/g.

Several trace metals were detected in
the stack gases at ‘relatively high concen-
trations. Of these, lead, autimony, chro-~
mium, and arsenic were most notable. Their
respective concentrations in the SASS
saople were 580, 460, 640, and 560 pg/m3.
Elemental analysis of the bottom ash. cy-
clone ash, and ESP ash streams also indi-
cated that many of the more volatile ele~
ment- were associated with the smaller
sized particles.

Organic analysis of the SASS zample,
using EPA Level 1 and additional gas chro-

matography/mass spectrometry (GC/MS) ana-

lvtical techniques, showed a variety of
organic constituents. . No siogle compound
grcup appeared to predominate, although
several polynuclear aromatic hydrocarbons
were detected. All orgacic results were
qualitative.

Compounds consistently observed in all
SASS component extracts included naphtha-
lene, fluoranthene, acenaphthylene, pyrene,
phenanthrene/anthracene, bis(2-ethylhexyl)-
phthalate, and diphenylamine. The majority
of additional compounds were found in the
KAD~2 resin extyact and included two chlo-
robenzenes, hexachlorobenzene, fluonene,
and dibutylphthalate.

Detailed reports for all of the prcj-
ects discussed in this paper are in various
stages of publication. Requests for these
reports should be forwarded to Incxnerat‘on
Research Branch, IERL-Ciocianati,
Cincinnati, Ohxo 45268.
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ABSTRACT

Rescurce recovery activities are rapidly growing in the United States and among the most
actively pursued technologies are those that recover enerqy from Municipal folid waste
{MsW). More than 80 Waste-to-Energy facilities may be operational by 1985, in which
M3W is either directly kurned to produce steam and/or electricity or processed into
Pefuse Derived Fuel fROF) which can be subsequently burned to recover energv. These
facilities will have the capacity to process about 30 million tons of MSW per year and
will be potentiai sources of aumospheric contamination.

Lead is known to exist in MSW and RDF in relatively significant amounts, most of which
can be released to the atmosphere upon combustion. The quantity of lead released from
MSW and RDF combustion facilities may exceed 6,200 Mg per year by 1985. If resource
recovery activities achieve their -apected growth, these emissions can considerably
double by 1990. ) :

The toxic nature of lead, the fact that it is emitted in the form cf particulates in the
respirable size range, with aerodynamic diameters usually less tharn Z um, and the
locatiun of the facilities typically adjacent to densely populated arcas require that
the subject be given carveful astention.

INTRODUCTION

Almost four pounds of MSW are gener- omentally acceptable manner.
ated per person per dar in the United
States, amounting to an annual 140 million In the<e major urban areas, landfills
Mg (160 million tons). If the rate of in- which have in the past provided an
crease in waste generation maintains its immediate solution to the MSW disposa.
historic g.owth of 1.5% a year, by the end problems have become scarce, expensive
o' this century the iI.S. will e faced and its use restricted by stringent
with the problem of disrasing mure than’ environmental control regulations. .
180 million Mg {200 millio: tons) of
garbage annually (12). Ironically. at the same time the MSW dis-

’ ‘ posal problenms faced by these urban .en-

Sixty percent of that waste is gener~- ters increased in magni*ude, the U. S,
ated in the 150 major urban centers, popu- entered a period of restriction on the
lated by close to 14C million people. availability of inexpensive fuels, which
These areas have to dispcse of almost a fostered the development of new sources
quarcer million Mg of garbage daily (12) 9f energy.

in an efficient cost effective and envir-
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The ability to solve the MSW dis-
posal problem of the cities, while simu-
raneously contributing Lo the solution
of the erergy situation became a challeng-
ing goal. Consequently waste-to-energy
preYects proliferated, using various
technological approaches, most of which
had in common combustion as the final
fate for all or part cf the MsSW.

Al the same time, concern rapidly
_surfaced abcut the environmental sound-
ness of these alternatives relative to
convention>l disposal. The release to
rhe atmosphere of pollutants either
present in the MSW or formed during com-
bustion were possibilities that had to
be carefully investigated.

Lead is one of the toxic elements
found to exist in MSW. 1lts deleterious
effects on human beings heve been
known for certuries. (10} (13} tHence, the
or:gin and the amount of that pollutant
1n MW and refuse derived fuels (RDF),
its fate cluring combustion and the degree
of air contamination thidt could result
from the proliferaticn of energy rezovery
facilities, have been the subject of an
investigation sponscred by <he EPA. (35)

OCCURRENCE OF LEAD IN MSW

Lead exists in both the combustible
and the non-combustible fraction of MSW,
In the non-combustible fraction it may
be found in materials such as piping,
cable sheathing, ceramics, glass, solder,
ete. {28). ln the combustible fraction
it 15 primarily found in the pigments
used in printing inks, ip paper joods,
and in the stabilizers used for plastics
products (20} (21) (24).

Little information about lcad analy-
sis performed in representative samples
of MSW is available, perhaps because of
the enormous difficulty in obtaining
- such a sample. ‘levertheless, results of
analyses nerformed in different fractions
of MSW indicate that between 1000 and
5000 ppm by weight ©. lead can be
expected,’ {d) (32} (36)

“The combustible fraction has been
-analyzed in different facilities, at
various locations and using different
"sampling techniques and analyctical
methods. The values resulting from

these nalyses range from 7 t, 1749 ppr
of lead as shown in Table 1, the averace
being 350 _ppm.

TABLE 1. [LEAD CONTENT OF THE CCMBUSTIBLE
FRACTION OF M5W

Average or

Typical Value Rauge of

Erao Weight % Reference
232 116-1300 (37
265 ’ 220- 300 (17)

1z 7- L4 {15)
1ad le- 124 (14)
390 85-1600 (a)
400 ———- (26)
H 125- 178 (2
~66 ———— {16)
956 447-1749 %) (22)
500 ———- 41)

The components of the combustible
fractiorn of M3W, thelr contribution to
its lead content, the ariain of that ~
lead and the ranges of concentration are
presented in Table 2.

It is evident that MSW components
Searing: pigments and stabilizers carry
the major responsibility for the presence
of lead in the combustible fraction of
MSW. Certain printing inks, probably
rich in lead chromates, may have Lp to
20,000 ppm of lead. (17)

ENERGY RECOVERY TECHNOLOGTES

Several technologies have been
developed to recover energy from MSW.
The ultimate goal of these technologies
is toé burn MSW or its combustible
fraction to generate steam and/or
electricity. (42)

The technologies can be grouped in
two basic categories:-

{1} Separation processes, which produce
-different types of RDF. ‘

{2) * Thermal processes, which generate
steam and/or electricity through
the thermal processing of MSW or
ROF.

The pleparatidn of RDF can be
achieved by the separation of the various



TABLE 2.

LEAD CONTENT OF THE CCMBUSTIBLE FRACTION OF MSW IN THE U.S.

Cosponent Lead Component Lead Content-ppm
Corrugated board ¢ - 50
Newspapers (26) Pigments-Printing Method Recycle 1 - 69
Paperboard Pigments 40 - 500
Paper packaging (26) Pigment«s 2 -10,0C0
Of fice paper - 10
Magazines, books (20)

21) (26) Pigments, Glazes 8 - 3,600
Tissue paper, towels (26) From recycle . com 2 - 150
Paper plates, cups )

Other

Yard waste Pesticides, Fungicides

Food Waste ’

Plastic (16} (21) Stabilizers, Pigments 10 - 1,000
wood Paints, Primers

Leather, rubber Stabilizers

Textiles

components of MSW into specific fractions,
one of which is a combustible fraction,
usually organically rich in cellulosic
and- plastic materials. According to the
separation process employed, the RDF
produced may be classified as one of

four different types: (33) (42) (45) (47)

(1) Fluff-RDF (f-RDF), essentially
plastic and paper products, three
inches or less in size, obtained
by a combination of trommeling,
shredding, air classification and
magnetic separation of MSW.,

(2) Densified RDF (d-RDF), obtained as
. f-RDF, shredded again and pelletized
in a pellet mill. i

(3) Powdered RDF (p-RDF), prepared as
f-RDF and then chemically treated
and put through a hot ball mill,
resulting in a very fine powder.

(4) Wet RDF (w-RDF), where the shredding.
and ‘separation of the combustible
fraction is accomplished in an
agueous medium, the resulting fuel
typically having about 50% moisture.

The thermal processes can also be
divided into four categories, as present-
ed in Table 3. ’

TABLE 3. TYPES OF THERMAL PROCESSES

Systems Material Burned
wWaterwall MSW
Incinerators Shredded MSW

RDF

Co-firing Systems RDF & Fossil Fuel

Modular Combustors " MSW
Pyrolysis Systems MSW
Shredded MSW
RDF

LEAD EMISSIONS

Analyses performed in sediments and
materials of biological origin indicate
that the natural concentration of lead
in the atmosphere should be about
0.0006 kg/m3. (1)

However, the actual concentration is
considerably above thnat level, duc essen-
tially to the widespread use of lead for
a multitude of purposes.

The lead content of the ambient air
varies with location and that variation
can be related to the activities of the
particular areas, i.e.,

o Suburban areas, about 0.1l uq/m3
o Cities, on the urder of 1.0 ug/m
0 Near highways, during heavy

- traffic, up to 20 ug/m3
o Near poorly controlled. smelters,
© up to 300 ug/m3



The major source of lead contamina-
tion in the U.S. is the antiknock addi-
tives used in gasoline. They are
resporisible for 88% of the lead pollution
in the air.(l) The restriction in their
use is expected to reduce lead emissions
from mobile sources from 130,000 Mg
(144,000 cons) per year, as they were in
1975, to less than 40,000 Mg (44,000 tons)
per year.by 1985. (1)

The second largest contributors to
‘armospheric lead are waste motor oil
combustors and municipal incinerators,
with combined emissions of about 12,000
g (13,200 tons) of lead per year. (1)

These contributors and other
stationary sources, in particular coal-
fired power plants which in 1976 were
estimated to release approximately 640 Mg
(706 tons) of lead to the atmosphere(8)and
MSW/RDF burning facilities will become
even more important a3 their numbers
centinue to increase.

Emission of Lead from Stationary
Combustion Souzces

Lead is emitted from stationary
combustion sources such as coal, oil,
and refuse burning facilities mainly as
particulates, although the possibility
exists of some fraction leaving the
stacks in the vapor form. (16) (19) (22)
(31) (39)

The concentration of lead in the
fly ash generally increases as the
particle size decreases, a phenomenon
explained by vaporization-condensation
theory (19) (20) (21) (24). Due to the
high vapor pressure of lead and some of
its compounds, much of the lead is

vo:atilized during the combustion process

and subsequently deposited on the rurface
of particulate matter by condensa.icn in
the cooler sections of the 'system. The
smaller-sized particles, with their
higher surface-to-mass ratio can be
expected to have a higher proportion of
lead than the larger-sized particles.

Figures 1 to 4 illustrate this phen~
omenon and are based upon data from emis-
sion tests performed at the St. Louis
demonstration plant and at a coal-fired
power plant respectively. (16) (7)

The characteristics of thes:
emissions indicate that more than one-
half of the lead emitted may me concen-~
trated in the particulates with aero-
dynamic diameters less than 2 um (25).
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When analyzing data from different
sources it lecame evident that rarely
do the mass balances close reasonably.
It would appear that some of the lead
simply cannct be accourted for. In the
Ames facility, for example, 445 g of lead
per Mg of fuel burned were expected in
the emissions according to the mass
balance, however only 203 g per Mg of fuel
were detected by emission testing. In St.
louis, 43 g of lead per Mg of fuel was
calculated tc be released in the stack,
however only 3.6 g of lead per Mg of fuel
were found in the emissions. This situa-
tion has also been reported for coal-fired
power plants (27) and tor waste motor oil
combustors.

Although in the case of MSW and RDF
burning facilities some errors can be ex-~
pected because ;0of the heterogeneity of the
materials to bé sampled and hence, the
difficult task of obtaining a representa-
tive sample, it seems puzzling that almost
always, a "loss"” of lead occurs. Further-
more, in the case of coal or waste oil,

- the lark of homogeneity cxcuse does not
seem valid.

. The problem could also be in the
sampling of the bottom ash. This is
suggested by the fact that a wide range
of iead concentrations (from less than
1 ppm up to several hundred ppm) have
bean found in the bottom ash at the
various plants.

The possibility exists also of lead
exiting the stack in the vapor form or as
" very small particles, undetected by
standard particulate collector trains.

In any case, further investigai.ion should

be performed to determine the f-te of
that "missing”" lead.

Particulate Emissions from Stationary
Combustion Sources

Most of the lead that leaves the
combustion zone is carried on the surface

‘of particulate entrained in the combus-

tion gases, with the relative concentra-
tion of lead on these particles a function
of their size. Hence, the amount of
particulate emitted and the size distri-
bution of these particulates are impor-
tant factors to be considered.

The amount and characteristicg of
uncontrolled particulates produced by
stationary combustion sources depends
upon several factors, including:

0 Type of the fuel Lurned

o Mode of combustion (suspension
firing, stoker, etc.)

o Degree of mixing

Combustion chamber .design

o Boiler parameters (load, air supply,
combustion zone temperature profile,
heat rate, etc.).

[+

Hence, substantial differances in
lead emission levels can be expected for
different waste-to-energy facilities.

Table 5 and Figure 5 present parti-
culate emission rates for several station-
ary combustion sources and their effect
on particle size distribution.

CONTROL OF LEAD EMI3SSIONS

The elimination cf lead from MSW
prior to burning does not appear
economically feasible at tnis time.
Separation of the inorganic fraction
containing 2 portion of the lead is
feasible ard routinely performed’in
the manufacture of RDF. This, of
course, will reduce the amount of lead
per unit weight of the combustible
(organic) fraction. Nevertheless, the
RDF still contains a average 350 ppm of
lead, as previously discussed. That
lead is inherently attached to the very
macterials thet form the combustible
fraction and the .IDF in the form of
pigments and stzlilizers. Although
several methods exist for "de-inkinq”
paper, the use of such techniques to



TABLE 5. PARTICULATE EMISSION RATES

Type of Plant Exission Rates (Kg of Part./Mg of Fuel)
Municipal Incinerators

without heat recovery (39) 11

Municipal Incinerators

with heat recovery (5) 10

Pulverized Coal .

{10% ash coal) (5} L] (80% of total :mwal ash)
Sroker

{10¢ ash coal) (5) 50 {50% of total coal eshy
Cyclone {5) i0 (10% of tota! coal ash)

Cofiring-Tangential Firing

(T2 ROF + 8,6\ ash coal) (14} 46 (424 of total fuel ash}
cofiring-Spreader Stoker (19) 45 (22% of total fuel ash)

o so] Prmeveimecan The differepce batween va'rious
el I » control systems in their capacity to

¢ o.rmy com / retain lead is directly related to

E 40+ Py their capacity to control fine particu-
x K late. This is evident from emission

~ 304 | ] » data obtained from three different

s - // o municipal incinerators for which.it is
x 204 \ 4 / valid to assume sieular composition of
E G the MSW burned. Thesc data are presented
PR PR N P . in Table 6. i .
. . .

* i~ The difference between the total

n T A \J L) L L
25 50 7% 100 w25 150
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TIGURE 5. TYPICAL PARTICLE SIZE DISTRI-
BUTIONS OF VARIOUS COAT, COMEUSTION
SYSTIMS

remove lead from a material that will
ultimately be used as a fuel is not
econemically attractive at this time.
¥u other technology that would be used
to eliminate lead pricor to combustion
has yet becn commercially demonstrated.

No information about methods tc
retain, the lead durirg the combustion
process were found, although limited
data from the combustion of MSW with
sewage sludge suggests that a reduction
in iead emission may be possible with’
co~-disposal, another area deserving
further investigatijon. (6)

At the present time it appears that
the reduction of lead emissions from
MSW/RDF burning facillties is restricted
to particulate control in the stack gases.

- combustion sources.
‘& few waste~to-energy facilities have been

efficiency of particulate control devices
and their efficiencies to control lead

s evident from data reported from the

Ahmes (16), St. Louis (22), and Braintree
{15) facilities, as shown in Table 7.

POTENTIAL LEAD EMISSICNS

As previously discussed, there are a
variety of factors that can influence the
amount of lead emitted from stationary
Unfortunately, only

comprehensively tested for lead and the
results published.

The criteria used to obtain samples
from the different streams have not

~always been the same, neither have been

the analytical techniques used to deter-
mine lead concentration in those streams.
Furthermore, mass balances for lead were
very difficult to close, hence to predict
lead emission rates accurately based
solely upon the data available is all but
impossible. Nevertheless, an assessment
of the magnitude of these emissions can



TABLE 6.

LEAD EMISSION RATES FROM INCINERATORS WITH
DIFERENT AIR POLLUTION CONTROI. EQUIPMENT

e ——
Particulate Control Lead Emissions
Incinerat~> Equipment g/Mg of MSW burned
Nicosia Plate (water, counter-flow) scrubber 280
Alexandria | Spray (baffle) scrubber 272
SWRS #1 Spray quenching/multiclone/ESP 35
TABLE 7. VERALL AND LEAD REMOVAL LFFICIENCIES

. Particulate Overall Lead Removal
Plant Control Device Efficiency 4 Efficiency %
‘St. Louis (coal/ROF) ESP 90-99 a7
Ames (coal/RDF) Multiclone 82-92 ) .7
Braintree (MSW) ESP 74 . 53

be obtained making certain simplifying
assumptions. Table 8 identifies the
plants that have been tested for lead
emissions, the type of fuel burned, the
air pollution control equipment used
and the lead emission factors based upon
the combustible fraction of MSW. When-
ever possible, emissicns have been
calculated through mass balance.

P11l the existing and planned waste-
to-erergy facilities in the United States
can be grouped into four different
categories represented by the plants
in Table 8.

It can be assumed that all the plants
in each category will behave, with
respect to lead emissions, as the one
that represents that category, indicated
in Tz»le 8. Then, knowing the nominal
capacity of ecch plant (127 (36) (42)
and using the 'lead emiszion rates from
Table 8, the total lead ecmissions that
can be expected, if all the plants become
operational at full capacity can be
calculated.

This esitmate assumes that all f-RDF
and p~RDF produced will be .cofired in
facilities similar to those at Ames and

TABLE 8. PLANTS THAT REPRESENT DIFFERENT CATEGORIES OF WASTE-TO~ENERGY SYSTEMS
- . Y

Stack Lead Emission

Plant Particulate Factors (g lead/Mg MSW)
{Catecory) Fuel Control Device Combustible Frac.ion
st. Louis (14)

{co-firing) Coal/f~RDF (8\) ESP : 305*

Ames (19) : .

tco-firing) Coal/f~RDF (20%) Multiclone 896¢
Arlington ({12) :

{co-firing) Coal/a~RDF Mult‘clone 82
‘Braintree (13) ) :

(w.w. incinerator) MSHW ESP 52

North Little Rock (11) '

(MCU) *SW None 95
Baltimore (22)

‘(pyrolysis) ' MSHW Wet Scribber/Dehumidifier 9

* Calcclated through mass balances.



St. Louis; that d-RDF will be fired as in
the Arlington plant: that water wall
incinerators will produce emissions
similar to those produced by the Braintree
facility and that all modular combustars
will behave at the North Little Rock Unit.

Table 2 identifies the number of
facilities of each catecory wlhich are
planned to become operario:al by 1985,
(10} (32) (37) (38) the total MSW that
will be processed and/cr burned and the
expected lead emissions.

The figqures indicate that if 30
million tons of MSW are processed and
burned there is a potential for the
emission of 1500-€000 M9 of lead per
year and:as it has previously stated,
much of this emission will be in the
form of very fine particulate matter, in
the respirable size ranre.

1f resource recovery activities
advance at the expected rate (i0), it
is projected that by 1990, >0% of the MSW
generated in the 150 largest urban areas
in the U.S. will be processed in
resource recovery facilities. This
amounts to about 34% 0f the tntal MSW
generated in the vhole country. The
technclogies that are most likely to be
pursued ‘are those that allow for recovery
of both materials and .energy. Therefore,
it can be readily appreciated that the
potentiai emissions of leiad from MSW/RDF
combustion could reach 12,000 Mg/year
by 1990.

The figures for the potential emis-
sion of lead can be put in perspegtive by

comparing them to estimated atmospheric
lead emissions from other sources. Thus,
gasoline combustion is estimated to have
been responsible for the atmospheric
emission of about 140,000 metric tons of
lead in 1975 (1). Projected lead
emissions from MSW/RDF combustion are
small compared to those of automobiles,
they are similar to the 1975 estimate of
10,000 Mg of lead emissions from waste oil
combustion (1), and are far greater than
the 640 Mg emitted from coal combustion
in° 1975. (&)

POSSIBLE EFFECT CN THE AMBIENT AIR

One of the criteria by .which emissions,
of lead from RDF/MSW combustion will be
judged, is certain co be the cffect of
these emissions upon the national ambient
air quality standard. The standard of
1.5 ug-of Ph/m3 is set on the basis of a
time weighted average calculated over a
calendar quarter.

Some simplified calculations were
performed to determire the instantaneous
effect of emissions from the St. Louis,
Ames and Braintrea facilities. (35) (46)
The calculations were 1ntended to show
the maximum epission rates that can be
tolerated without having the instantaneous
maximum, ground level, downwind lead con-
centration in the ambient air exceed
1.5 Uq/m3

The values obtained must be viewed
with caution. In the first place, the
calculations assume that the emission
source is sitting on flat, featureless

terrain with a normal, rather than invert-

TABLE-é. NUMBER OF PLANTS, CAPACITY AND POTENTIAL LEAD EMISSION FOR EACH CATEGORY

No. of Plants in Total,Naminql'

U.S. (Operational, Capacity Mg of Potential lead

in Construction and MSW Processed Per Emission
Type of Plant Planned (12) (36) (42) Day (12) (36) (42) (My/Year)
Waterwall Units 34 46,668 497
Modular Combustion Units 16 2,123 38
RDF Plants 29 33,100 925-4935
Pyrolysis’ 4 1,800 4
Undecided (RDF) 1 3,000 83~'147
TOTAL 84 86,691 1547-5021

Possible Emissions were calculated for an average of SO weeks a year at 6 days a
week of operation. Lsing emissions factors shown in Table 7.
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ed, temperature gradient. Local topography
and atmospheric conditions could, in a
real case, give rise to results which may
be dramatically lower. or highe. than those’
that have been calculated. Secondly, it
must be noted that at any site, it is
almost impossible that steady state condi-
tions will occur for extended periods of
time. 1In the natural meteorological pro-
gression, the emissions from a ~iven
sourze will be spread over 36090 according
to the local wind rows. Accordingly, the
three month average of the lead concentra-
tion at any given site can be a_fraction
of the instantaneous values that have

been calculated.

The results of these calculations
indicated that for the St. Louis
facility there is a broad set of condi-
tions where the actual emissions from
the plant are at a level that could
cause the instantaneous, maximum, ground
level concentration to be at least 25%
of the standard. For the Ames and
Braintree seurces there are a number of
conditions that would give rise to
instantaneous, maximum downwind, ground
level concentrations of lead that are
35% to 45% of the standard.

The standard is, of course, based
on & three month average, and it is
certain that changing atmospheric con-
ditions will. in any three month period,
tend to disperse the emissions over a
much broader area than that considered
in the calculations.

1t is, therefore, highly improbable
that the emissions from any of the
sources studied in themselves would
cause a violation of the national ambient
air standard. On the other hand, allow-
ing for changing wind directions and
meteorclogical conditions, it seems
possible that all of the sources could
emit sufficient lead to consume a signi-
ficant fraction of that allowed by the
national ambient air quality standard.

The calculations made are of a type.
which serve to make preliminary estimates
of concentration of species in the
ambjent air. However, the results do
indicate that the effect of a given RIF/
MSW combustor upon lecad in the ambient
air, cannot be dismissed lightly. It
would seem prudent to extend the calcu-

an

lations in a more rigorous manner prior
to making any Jdefinitive statements,

CONCLUSIONS

Lead mainly in the ‘orm of pigments
and.stabilizers, is an inherent
part of much of the combustible
fraction of municipal solid waste.

Lead in the combustible fractiocn of
municipal solid waste, as well as in
refuse derived fuel, is present at
about 350 ppm.

Good mechanical separation of the
combustible and non~compustible com-
pouents of municipal solid waste will
help to reduce the amount of lead in
MSW and RDF. However, it will not
solve the problem.

At present there are no economically
feasible, commercial methods for dis-
associating lead and its compounds
from. the combustible fraction of
municipal solid waste.

When MSW or RDF is combusted, much

of the lead is emitted with particles
that are extremely small and difficult
to retain effectively in conventional
particulate control devices. Multi-
clones are very inefficient in the
retention of lead and ESPs have a
better performance althcugh they
retain only about 508. Baghouses
probably could be the solution to

the problem.

The assessment of lead emissiors via
the collection of particulate
material on a 0.3 um filters, may

be underestimated. Since a signifi-
cant proportion of lead is likely to
be associated with submicron particu-
late matter, or may even be in the
vapor phase, it is possible that

some proportion of the lead may

not be captured in the sampling train.

The studies of lead emissions published
in the literature are not consistent

in two critical areas - the collection
of representative samples and the
analysis of these samples. These
deficiencies make for difficulty in -
the comparison of data.



o Emission of lead from the combustion
of MSW or FDF may be responsible for
the emission of 1500-6000 Mg of lead

per year into the atmosphere by 1985.

The figure could approach 12,000 Mg/
year by 1990.

o At least S50% of the lead will be

emitted on particles with aeradynamic

diamcters below 2 hm.
RECOMMENDATIONS
o The suspicion that emissions of lead

may be underestimated as a result of
.lead passing through the sampling

device, warrants further investigation.

o- Although particulate control devices
can capture a portion of the lead-
bearing particulates, there is
considerable room for improvement.

Effort in this direction would be well

advised,

Q@ Scinacted MSW or RDF combustion units

should be studied i1n a specific, care-

fully designed, well thought manner,
for the purpose of accurately deter-
mining lead emissions.

o Atmospheric modeling calculations

should be.performed to p-ovide realis-

tic estimates of the effect of indi-
vidual emission sources upon the
concentration of lead in the ambient

air.
o The idea of curtailing the use of lead-
ed pigments in paper should be studied.
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HEALTH AND SAFETY ASPECTS OF RESOURCE RECOVERY

E. Joseph Duckett
Schwartz & Connolly, Inc.
wWashington, D.C. 20006

ABSTRACT

Health and safety concerns have been addressed by all major sectors of the resource
recovery community. To date, there is no evidence that resource recovery pcses any
significant and unmanageable risks to health or safety but there rave been concerns raised
about "dusts, airborne microorganisms, noise, explosions and fires that may be encountered
during refuse processing. The response of the resource recovery community to these
concerns {s reviewed for the e¢xamples of microblological aerosols and explosion nrotection.

EPA, particularly the Municipal Environmental R.search Laboratorv, has played a major
positive role in identifying and helping o resolve health and safety problems. Important
roles have also been plaved by other governmental agencies, by private companies and by
non-profit crganizations.

Although some issues have ‘been mishandled and some remain to be resolved, the response has
gernerally been straightforward, technically sound and marked by an unusually high degree
of government-industry cooperation.

Introduction the risks or even to explain that the.
) measured emission concentrations did not
Not long ago, a headline in a major represent human exposures. The purpose of
U.S. newspaper began with the phrase, this 1llustration is not to criticize the
"Health Hazards Beset Trash-fired Plant.” magazine but only to ind:cate thedifficulty
The rest of the article then oroceeded to of expressing health risls in straightfor- .
describe a variety of problems allegedly ward, quantifiable terms.
associated with this plant but, bevond the :
headline, there was no further mention of Both because of the attention it
any specific health hazards or health "attracts and the confusion it can create,
effects attributable to the plant. The the subject of health and safety aspects of
purpose of this illustration is not to - resource recovery is difficult to address.
comment upon the issue of whether health The middle ground between alarmism and
problems really did exist at thic planc, Pollyannaisa is often difficult to find,
but simply to point out that health hazards not just when writing news articles but,
make headlines. more {mportantly, when attempting to
i identify and contrel whatever health or
Several years ago, a major U.S. ) safety hazards may exis:. ' )
magazine included in an article on problems .
facing resource recovery the reported - Generally, the resource recovery
enission of bacteria from a demonstration community~-g-vernmental agencies and-
facility in concentrations of up to one private companies alike--have acted
million .(per cubic foct of exhaust air). responsibly to protect the health and
.The.implication of the article was that safety of those who work in the industry
" larze numbers of airborne microorganisms ‘and those who live near resource recovery
meant large risks to human ‘health. No facilities. This is not to say that every
" -attempt was made in the article to quantify potentia. hazard has been remedied

s



immediately or that there have not been a
few false alarms raised, but on balance,
the record is a good one. To date, there
i8 no evidence that resource recovery poses
any significant and unmanageable threats to
health or safety.

/ A higtorical rev.ew of the handiing of
health and safety issues in resource
recovery suggests that there has been a
patrern to the way in which these issues
have been dea.t with. The pattern has
often begun in an atmusphere of anxlety and
confusion but hac of:en ended inacondition
of reasoned ?esponse. In between, a process
has been evolving tha: mav well signal two
encouraging trends. One trend is towards
the application of state-of-the-art sclence
to clarify the nature and extent of health
or safely hazards at resuurce recovery
facilitles and co develop methous f{or
controlling chese hazards. The second
trend ic toward Increasing government-
induscry cooperation in identifving and
corrvciing potential health or safety
nroblems.

As a means of illustrating hew this
process seems to be working, it is
worthwhile reviewing two examples. These:
examples are chosen because they cover two

of the three major health and safety areas

that are of concern to the resource
recovery cumunity, These two areas are:
a) microbfological aerosols generated
during refuse processing; and b) explosion
protection, especfally during refuse
suredding. A third major area, air
emissions from refuse combustion facilities,
has already been covered in two preceding
papers.

Microbicloglcal Aerosols

1t is obvious to anv observer of a
refuse~processing facility (whether
processing le for resource recovery or not)
that the processing generates airborne
dusts. Not as obvious, but of concern, is
that, because these dusts origina.e in
municipal refuse, they may contain chemical
compounds and/or microorganisms of potential
health significance.

The first published reports in which
airborne dusts from a resource recovery
plant were sampled and analvzed for
microtivlogical content were based on
testing of the St, Lguxs Resource Recov.ry
Demonstration Plant.’ This plant was
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constructed and operated as an EPA-
supported demonstration of the processing
of refuse to produce refuse-derived fuel
(RDF) and to recover ferrous metals. Over
the period 1974-1975, EPA's Municipal
Environmental Research Laboratory (MERL)
sponsored a series of tests at the St.
Louis plant, including an environmental
evaluation.

The 1974~75 environmental evaluation
of the St. Louils plant was designed to in-
clude noise sampling, wastewater sampling
and determination of toral particulate
emissions, What attracted most attentfon
and ralsed serious concerns, however, was a
small series of bacterial and viral
analyses conducted on samples of dust
emissions from the exhaust ducts of the atr
classifier and the RDF storape bin.

By EPA's own description, these early
measurements of microblological aerosols
at the- St. Louls plant were “cursory" and
were not intended to be representative of
conditfons at the St. Louis plant 1tgelf,
much less all refuse processing facilities.:
Cursorv or not, the reported bacterial
concentrations of one million per cubic
foot and the reported detection of viruses
aroused serious and understandable concern
within the resource recovery community and
identified the need for a much more
thorough assessment of microbiological
aerosuls ac resource recovery plants,

The limitations .and inadequacies of
the 1974-75 tests of microbiological
aerosols at the 5t. Louls plant were
acknowledged by EPA and included:

a) lack of background data on
microbiclogical concentrations in
ambient air or in other types of
waste-processing facilities;
lack of sampling in areas where
workers or the public could actually
be cxposed to the microbiological
aerosols; . .
absence of standard methods for
sampling airborne bacteria or
viruses;
sampling confined to only one plant,
a demonstration facility not -
designed for iong-term operation
and therefore not equipped with a
dust cleaning svstem;
lack of quantified data on the
concentrations of specific
pathogens that way have been
present among the large reported

b}

c)

d)

e)



counts of total microoganisms;
lack of confirmatory data on the
presence of viruses; and

lack of health effects data on
which to judge the potential
slgnificance of measured
concentrations.

£)

g)

Because of these acknowledged
deficiencies in the initial St. Louis
report, EPA~MERL supported a second saeries
of tests at the St. Louls plant. The tests
took place over the 1°76-77 period.* For
this second series of tests, sampling.
protocols were carefully designed and
reviewed, ambient concentrations (both
upwind and downwind) were measured, samples
were taken In areas where workers might be
exposed, analyses for specific pathogens
and for viruses were performed, and the
effect of dust cleaning was evaluated.
Importantly, the tests were extended beyond
the St. Louis plant to include an ’
incinerator, a landfill, a transfer station
a sewage treatment plant and the back of a
refuse collection truck. )

The results of the 1976-77 tests
suggested that bacterial concentrations
recorded in and around the St. Louis plant
fell or the high side of the range of
concer.trations measured in and around other
waste treatment facilities.8 The
quantitative differences in concentrations
between resource recovery plants and other
facilities were :hown to be much smaller
for specific pathogens than for total
organisms.. No viruses were detected in any

.of the factilities studied. A small number
of baghouse syst.m tests revealed that
conventional gust cleaning equipment was
effective in removing airborne micro-
organisms.

This second series of St. Louis tests
d1d not ovércome all of the shortcomings of
the infitial series but, both directly and
indirectly, the second.series represented
significant progress in the assegsment qf
the "microbiological aerosul problem.”
Among the direct accomplishments were:

a) first-of-a-kind comparison of

*Actually, by the time this second series
of tests were conducted 2t the St. Louis
plant, the demonstration program had ended
and the plant had been closed. Therefore,
.the plant had to be returned to operation
solely for the purpose of conducting

the microblological aerosol tests.
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microbiological concentraticns in
in-plant and ambient air at several
typeu of waste processing facilicies
using a fixed set of sampling and
analytical protocnls;

reporting of concentrations of
potentially pathogenic organisms as
well as total and indicator
organisms;

acknovledgement that the previously
reported detecticn of viruses could
not be confirmed and may well have
been in error;

illustration of the large degree of
temporal and locational variability
among reported concentrations of
airborne becteria and of the
imprecision of the sampling and
analytical protocols;

review of the literature on .
infective dosages in an attempt tq.
gulde the interpretation of the
Fealth significance of reported
concentrations; and

empirical demonstration of ‘he
ability of conventional dust
cleaning equipment (i.e., fabric
filters) to remove airborne
bacteria.

b)

c)

d)

e)

£)

* The 1976-77 tests at St. Louis were
still based on sampling at a plant without
dust controls and did not resolve such
issues as the effects of employing a dust
control system in a full-scale plant or the
health significance of exposure to airborne
bacteria. The St. Louis tests did, however,
stimulate a number of efforts to better
understand and control microbiological
aerosols at solid waste processing
facflities.® Government-sponsored efforts
included: EPA-MERL support for testing at
refuse processing pilot plan:ts at Richmond,
California and Houston, Texas: .1 Energy
Research and Development Administration
(ERDA, vow Department of Fnergy or DOE) and -~
EPA support for testing at the Ames, [owa
resource recovery facility;12 and DOE
support for development ard evaluation
of improved sampling methods at

*1t -18 notewcrthy. that although this
paper focuses on solid waste processing,
there has been considerable research on
the microbiological aerosols generated
during sewage treatment and spray irriga-
tion.1'2'1°-25'26 Nuch of this research
has been supported and/or stimulated bv
EPA and has complemented the solid-waste
related research, ’



the Ames-DOE Laboratory.> Industry-
sponsored efforts Included testing of dusts
at the National Center for Resource
Recovery's pilot plant in Washingtom, D.C.,5
and scveral -unpublished studies of
microblologicul aeroscls at full-scale
resource recovery plants. Interest in
airborne microorganisms extended to ocher
countries and sampling programs were .con-
ducted at waste processing facilities

in Logland, Sweden, Swivzerland, and
Brazil. 1317 an action taken 'ndependent-
ly of governmeatal agencies and specific
companies was the forwation of a health and
safety subcommittee (desigrated .s E-38.07)
within the American Soclety for Testing and
Material (ASTM) Committee E-38 on Regource
Recovery. Functions of this ASTM
Subcommictee are discussed later in this
paper. The results of the St. Louls
studies and the other efforts cited above
were a better understanding of the
wicroblological aerosol issue and a
refinement in the technigue employed to
address the issue.

Building upon the experience of these
earlier efforts, the National lInstitute for
Occupational Safety and Health (NIOSH) is
currently sponsoring a series of industrial
hygiene surveys of selected full-scale
resource recovery facilities. The NIOSH
contractor for these surveys 1s the Midwest
Research Institute. Included within these
surveys is a microbiclogical aerosol
sampiing and analysis program which 138 more
extensive, more technically advanced, and
more carefully controlled than any yrevious
program of its type. The NIOSH-sponsored
program includes quantitative analysis of
speclfic pathogens, size fractionation of
airborne bacteria, detailed quality control
procedures and an experimental attempt to
detect viruses. It is interesting that
sunicipal and corporate operators of the
selected resource recovery facilitles have

* voluntarily agreed to have their plants
swrveyed and, in some cases, have actually
requested that their plants be included in
the survey.

The NIOSH survey is stfll in progress
and no final reports have yet been
phblished, Preliminary data has been
‘presented, however, and these suggest
several findings.l For example,
conyentional dust control systems, as
‘{nstalled 41n most full-scale resource
. recovery facillties, have been shown to
. reduce airborne concentrations of
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microorganisns to levels 10 to 100 times
below those recorded in pilnt plants not
equipped with dust controls. Reported
concentrations from the full-scale plaats
are still generally higher than
concentrations reported for ambient air
or for air within manufacturing plants
but are at or below the levels reported
for other types of waste-processing facil-
ities. Some specific pathogens have not
been detected st all (e.g., Salmonella,
Shigella, Nocardia asteroides) and others

have been detected sporadically and in
low concentrations (e.g., Staphylococcus
aureaus, Mvcobacterium §g.)ﬂ Some micro-
organisms (e.g., Klebsiella pneumoniae
and Aspergillus fumigatus) have been re-
covered In as many as one-third of the
dust samples collected but in concentra-
ttons that, on a daily basis, could account
for no more 0% of the reported in-
fective dose?ﬂiﬁ'gA No viruses have been
r~covered in any of the samples to date.
The final report of the NIOSH-sponsored
study 1s scheduled to be available by
Junz, 1981.

Explogsion Protection

Interest in explosion protection
ariges. from tvo features of refuse
processing plants. First is the fact that
the golid waste stream can contain
flammable and/or explosive materials,
including pasoline, solvents, propane, and
even dincarded military ordnance. Second
{s the opportunity, during various stages
of processing, for these materials to
accumulate and wix with air to form
explosive concentrations before
encountering a scurce of ipgnition.
Shredders, dust hoods, pneumiatic ducts,
cyclones, and storage bins are examplés of
places vhere exploslons have ocurred in
refuse processing plants.

Refuse processing is not unique in
providing an opporrunity for explosions.
Dust explosfons Jduring the mi{lling of grain
have ‘been reported since early in the
1900's.- Coal dust explosions within bdall
mills coatinue to be of great concern to
utilitleg and others using pulverized coal
as a boiler fuel. Explosions involving
gasoline, solvents and propellants have
been reported amcng scrap processing plants
and other industrial facilities. .

Within these other Lndustries and



within the refuse processing community,
most of the concern for explosion protection
has been focused on shredders, or more
generally, size reduccion equipment.
is understandable for several reasons.
Shredders are often the firat strp in the
process flow through a refuse prucessing
facility. Ino some cases (e.g., shred and
landf{ll cperdtions}, shredding may be the
only processing step, and many resource
recovery plants that recover materials
employ some type of size reduction
ejuiprent. Alsce, shredders can provide the
conditions (enclosed space and metal-to-
metal sparks) that can lead to accumularcion
and ignition of explosible gases or vapors.

This

The first detailed investigation of
explosfons within refuse shredding plants
was sponsored by ERDA (now, DOE) in 1976.
Just as in the case of the initial St.
Louis tests for microblologlcal aerosols,
the ERDA~sponsored study of explosions came
about aimost as an afterthought. During
ERDA's review of plans for a demonstration
piant for biological conversion of refuse
to fuel gas (the Pompano Beach, Florida
project), questions were raised about the
safety of shredding refuse in preparation
for biological digestion. 1o answer these
4 .estlons, ERDA commissioned a survey of
explosions that had occurred in refuse
shredders.

The ERDA-sponsored study documented
over 100 explosions that had taken place at
refuse processing faciliries (primarily
shred-landf1il operations) over a three-
year period.27 - The study excluded such
incidents as "pops" due 10 merosel cans and
reported that three of the 100 explosions
had resulted i{n injuries (none fatal) and
five had caused more than $25,000 in damage.
The study determined that most shredder
explosions are due to flammable wvapors and
gases rather than dusts. An important
feature of the study was the {dentification
of epproaches to preventing and controlling
explosions in refuse processing plants.
These include: removal of explosive
materiale from the waste streaw; provision
of a venting system to relieve pressures;
use of chemical explosion suppression
agente; and the iselation or shielding of

plant personnel from likely explosion areas

The reaction to the ERDA-sponsored
survey ol shredder explosions was more
muted than had been the reaction to the
EPA-gponucred St. Louls tests. The

il

explosion survey did not irmediately launch
a series of follow-up studies nor did it
attract as much attention in the news media.
There were, however, several follow-up
activities that did occur. A subcommittee
on explodlzn safety was formed within the
Haste Equipment Manufacturers Institute of
the Natural Solid Waste Management
Agssociatlon. Several articles appeared in
the trade journals of the solid waste
industry. 22423 Approaches to controlling
shredder explosions were developed by -
shredder manufacturers and at least one
operator of a refuse shredding plang20,21
but the interest in such approaches had not
yet peaked within the industry.

tnfortunately, and peculiarly, the

event which probably accoun..d for renewed
interest in refuse shredder explosions was
a nighly publicized explosion that did not
occur in a refuse shredder. This was the
explosion that occurred in November 1977 at
the East Bridgewater, Mass., resource
recovery plant. The explosion killed one
worker at the plant. Apparently, the

"explosion took place in a cyclone designed

to de-entrain pulverized refuse-derived
fuel from a pneumatic conveyor. The causes

.of this explosion were never conclusively
determined.

The renewed interest that followed the

" tragic accident at East Bridgewater was

sustained by several other explosions at
resource recovery facilicies and eventuslly
stimulated a major EPA-supported

iovestlgation of explosion venting systems

for refuse shredders. This study, which is
still in progress, 1is significant not only
because of its technical subject but also

because of the way it wag originated and is

being managed.

Technically, the explosion venting
study is the first rigorous (and non-
proprietocy) investigation of explosion
protection for refuse shredders. Venting
is viewed by many as an essential form of
passive explosion protection for industrial
equipment in which explosions may occur. 18
The current study Is designed to apply
generally recognized principals of
explosion venting to the gpecific
clrcumstances of a refuse shredder. This
is being accomplished by actual explosion
testing of various vent configurations on
a8 mock-up of a refuse shredder. Detalls of
this testing program are described in a
paper presented earlier in this conference. -



The resulta of the shredder venting tests
are to be available later this year and
should be useful as a guide for the design
of venting systems.

The initiation and wmangeme-* of the
current shredder venting Investiation
represents an. unusual degree of cooperation
among all parties imvolved. As noted,
there had been considerable industry
interest stimulated by the ERDA-sponsored
syrvey and by the explosions that had
occurred. This interest was noted by
another agenty, EPA-MERL, and, in late
1978, EPA tentatively decided to support a
follow-up study in the general area of
explosion protection. Before deciding on
the specific scope for the study, however,
EPA sought the opinions of refuse
processing system designers and operators
fawiliar with the explosion protection
problem. . The major vehicle for seeking
such opinions was a newly-formed explosion
protection task group within the
aforementioned ASTM subcommittee on the
Health and Safety Aspects of Resource
Recovery (£-38.07). This task group
contains representatives of shredder
manufacturers, englineering firms,
governmental agencies, research
organizZations and other explosion
protection specialists. The group
recompended that EPA focus the Study on the
design and testing of venting systems and
offered its services for periodically
reviewing the results of the study. [To
avold any potential conflicts of interest,
the task group was not involved in selection
of an EPA contractor to conduct the study.]
As the study has progressed, the EPA
contractor (Factory Mutual Research
Corporation) has reviewed its vesearch
plan with the ASTM task group and has
presented formal progress reports at the
reguiar (semni~annual) meetings of the
group. Current plans call for the task
group to be the vehicie through which the
results of the EPA-sponsored study will be

. incorporated into an ASTM standard for the
explosion venting of refuse shredders.

Conclusion and Research Needs

Despite sowe dissimilarities, the
nicrobiological aerosol and explosion
protection examples seem to fit a pattern
that has also been followed for such topics
as gtack emlsslons from refuse-combustion
facilities and physical and chemical
characterlstics of dust concentrations

_exploaion venting systems.

within refuse processing plants. The
pattern hegins with an initlal (sumetimes
inadvertent) finding or event that usually
generates concern and controversy, but not
understanding. The intermediate steps in
the pattern tend to document the nature of
the concerns. The later stages empley
advanced techniques of sampling, analysis
and control to provide sound advice on how
best tn reduce any risks to health or
safety.

Obviously, it is oversimplification to
suggest that all safety and health problems
in resource recovery have been handled
smoothly and according tn a fixed pattern.
It i8 fair to --v, for example, that EPA
mishandled some € the early publicity on
the St. Louis microbiological aerosol
resules and that private companies were
slow to respond to the early warnings om
shredder explosions. On balance, however,
the pattern has been a positive one and has
been marked by honest concerm, careful
analysis, informed application of control
tecnnology and productive industry-
government cooperation.

One vehicle ror industry-government
cooperation has been the above-mentloned
ASTM E-3B8.07 subcommittee. ASTM is the
world's largest voluntary consensus
standards-setting organization and it
provides an excellent setting for
cooperation ¢f the type needed on health
and safety topics. The membership of the
E-38.07 subcommittee is drawn from all
major segments of the resource recovery
cormunity. Among the subcommittee's
current activities are the development of a
standardized method for sampling
microblological aerosols, the compilation
of explosion protection guidelines, and
the preparation of recommended practices
for health record-keeping in resource
recovery facilities., Both NIOSH and EPA
have used the subcommittee as a mechanism
for independent and interested review of
the progress of studies of heaith and
safety fssues in resource recovery.

It {s encouraging to note the progress
that the resource recovery community has
made in addressing health and safety isaes.
It is now almost common practice for the
design of a resource recovery facility to
include dust cleaning systems and shredder
EPA has played
a major--and generslly positive--role in
enabling resource recovery to make such



progress. NIOSH, DOE (especially the Ames
!abs) and several companies have also made
large contributions,

There are, however, healzh and safety
1ssues which remain to be resclved. Among
these are: documentation of health and
safety &xperiences among resource recovery
worters as compared with workers in other
industries; developument of improved
gampling methods for airborne viruses;
validation of explosion venting guidelines
in actual refuse shredders (as a follow-up
to the current tests of a shredder mock-up),
and deteramination of whether recently-
imposed federal h. 1rdous waste regulations
will indirectlv in. ase the amount of
industrial wastes ii_acitly entering the
wunicipal waste stream and, if so, what
effect this might have on health and safety
within a resource recovery facility.*

*The controversy suc-ounding

the presence and potential health
significance of diovins, speciilcally
2,3,7,8-Tetrachlotrodilenzo~p-dioxin
.{2,3,7,8-TCDD), in stack emissions {ram refuse
combustion facilities could 'vell be added
to the current list of {rsur.s in need of
resolution. To date this issue has not been
addressed with elther the sudentific rigor or
the government-industry cooperation which has
characterized the handling of earlier health-
‘related issucs. There are some signs

that this nituation may soon improve.
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VERMICOMPOSTING OF MUNICIPAL SOLID WASTES

John F. Donovan, Albert B. Pincince, and Ira D. Cohen
Camp Dresser & AcKee Inc.

This paper is an engineering and scientific assessment of municipal solid waste mana-
gement by vermicomposting. Vermicomposting is the conversion of waste materials by
earthworm consumption to castings which may be used as a soil amendment. The cost of
vermicomposting is estimated to be high compared to those of alternative methods.

for this reasun, and because of the lack of established market for the castings, it
is believed that comwnities have available to them technologies that are more

attractive than vermicomposting.

Introduction

Vermicomposting is the degra-
dation of organic wastes by earth-
worm consumption. Some species of
earthworm (Eisenia foetida and
Lumbricus rubellus) thrive in
managed conditions on 2 diet and
substrate composed almost entirely
of organic matter. They feed on
the wastes, consume a portion of
the- organic matter and expel the
remains as feces, or castings.

Kfter the worms have fed on
the waste anc converted it into
castings, they are usualily
separated from the castings. Horms
can be recycled into new vermicom-
posting beds or, possibly, marketed
in some form. Castings, once dried,
have properties that might make
them a desirable soils amendment.
A portion of the wastes is usually
not biodegradable and simply remains
as residue for disposal. The end pro-
ducts of vermicomposting, there-
fore, are worms, castings, and
solid-waste residue.

The role of earthworms in
nature has been recognized since

‘ancient times and was studied

extensively by the biologist
Charles Darwin in the late 19th
century. Despite this awareness,

. and despite the fact that success-
_ful culture of earthworins need
_involve no new technology, the
~practices of ratsing worms

. (vermiculture) and using them for

waste management (vermicomposting)
have nct been advancec until
recently. :

There are now numerous indivi-

. duals, gardeners and entrepreneurs
“raising worms in a soil/peat/manure
bedding in indoor bins or outdoor

plots; most of those practicing
vermiculture depend heavily on the
baitworm market to realize some
income from the business.

Only since 1970 has the ver-
micomposting of wastes (including
municipal snlid waste) been
attempted at more than backyard
scale. Pioneering efforts commonly



mentioned in the literature

(3, 4} include a demonstratiovn sro-
ject at Hollands Landing, Ontariy
{Canada), which was begun in 1970
and has since been operated under
private ownership. A pilot-scale,
cne-time demonstration of vermicom-
posting runicipal solid waste
{MSW), was conducted in 1975 at
Ontario, California. Neither
operation was conducted under the
controlled conditions that would
yield relisble engineering design
parame.ers. The Hollands Landing
facility has vermicomposted small
amounts of manure, food-processing
wastes, and sludge {Klauck, per-
sonal communication);  the Ontaric,
Catifurnia, project involved the
vermicomposting of municipal refuse
in a ! .;ram jointly conducted by
the City and North American Bait
farms Inc. The short-duration pro-
Jject involved a total of 10 tons of
mixed municipal refuse, which was
hand-picked to remove glass, metal,
plastics, and rubber. The
.remaining 9 tons were windrowed
adjacent to established earthworm
beds at a wormbreeding farm.
Reportadly, consumption of organics
was 90-percent corplete in 68 days.

Only castiags, bulky materials such -

as tree limbs, and inorganic resi-
dues remained.

In a late - experiment at the
same facility, a shredded and air-
classified organic fraction of
municipal solid waste was
transported from a local resource-
recovery facility. Reportedly,
consumption of the wastes was
faster. and more complete than in
‘the earlier experiments, even
though the process was hampered by
large quantities of plastic present
in the waste and by very dry cor-
ditions resulting from the
windrow's direct exposure to
sunlight. No documentation is

available on the amount of castings .

produced during the Ontario tests
or their ultimate use.

Another demonstration of
solid-waste vermicomposting was
carried oyt in 1978-79 by the
American Earthworm Company (AEC) in

24

florida (Wesley Logue, -personal
comunication). This project
involved vermicomposting, over a
12- to 18-month period, of about
500 tons of municipal solid waste.
Wastes were truckea to a l-acre
vermicomposting facility in
Sanford, Florida, where cans, large
objects, and newsprint were removed
by hand. The remainder was fed to
a hammermill shredder, which

reduced the wastes to a 3-in par-

ticle size. The shredded waste was
placed in windrows about & in deep,
which were irrigated to increase
moisture, Moisture levels achieved
and other pertinent data are not
known. AEC used approximately one
ton of earthworms in the vermicom-
posting operation. Reportedly,
some of the finished castings,
which contained glass, were uti-
Vized by 2 local nursery. The
facility is no longer in operation,

Other work has been carried
out in Japan, where some pulp and
food processing industrialists have
turned to vermicomposting tech-
niques for management of sludges
and waste byproducts (8).
Information was obtained through
two sources in the vermiculture
industry: Aoka Sangyo o, Ltd and
Toyohirs Sciden Kogyo Co. The Aoka
sangyo Co. reports they have three
1,000-ton-per-month plants pro-
cessing wastes from pulp and food

processing companies {Shizuro

Aobuchi, personal communication).
The operation appears to be
Tabor-intensive, and the economics
appear to depend heavily on dispo-
sal fees paid by the industry.
leportedly about 400 tons of
casting and 10 tons of earthworms
ave produced per month. The earih-
worms are freeze-dried and sold as
fi?h feed. Worm castings are also
sold. ’

The Toybhifa.Seiden Kdgyo Co.

" reports that rice-plant straw,

municipal sludge, sawdust, paper-

.making wastes, food-processing

wastes and manure are vermicom-
posted (Katsumi Yamaguchi, personal
comunication). They estimate that
about 20 private companies with



monthly capacities of 2,000 to
3,000 tons are in operation. An
additional 3,000 individuals may be
vermicomposting 5 to 50 tons of
wastes per ronth. However, these
estimates are only approximate as
the enterprises are not well-
organized.

in Europe, no commercial-scale
vermicomposting operations have
been reported in the literature. A
demonstration facility was recently
established in Modena, ltaly,
however {Carla Chiesi, personal
communication), Reportedly, a
screened and composted municipal
refuse is fed <0 Cisenia foetida.
In several other turopean
countries, university laboratory
research in waste vermicomposting
is underway (5, 7). ‘

Ogden, Utah Vermicomposting Pilot
Program

When this study was conducted, the
vermicomposting pilot facility
operated.at the Weber County Refuse
Disposal Facility in Ogden, Utah,
by Annelidic Consumption Systems,
Inc., was the only operating ver-
-micompostiny facility in tne United
States exclusively utilizing muni-
cipal solid waste.

At the Weber County Refuse
Disposai Facility, which is
operated -5y Teledyne National,
about 350 tpd of mixed, residential
and comnercial waste: are burned.
gefore combustion, the wastes are
shredded to a nominal size of 6 to
B in, and ferrous metals are

"removed by a magnetic pulley.

In early Auqust 1979, opera-
tors at the Weber County Facility
used front-end loaders to transfer
approximately 47 cubic yards of
shredded waste to three windrows in
an area prepared for a sanitary
landfill operation {Figure 1).
Based on a field measured density
of apprcximately 240 1b/cu yd,
about 5.6 tons of wastes were
windrowed. The windrows, each

rneasuring 20 to 35 ft long and
about 9 ft wide, were spaced 10 ft
apart. The maximumn depth of each
windrow was approximately 3 ft.
The windrows were watered to
increase the moisture content.

After several days, tem-
‘peraturcs began to increase in the
windrows due to bacterial breakdown
of organic matter (composting).

The elevated temperatures continued
through 27 August; windrow tem-
peratures on that day were measured
at about 32°C.

The windrows were wet down on
27 August, in order to drop tem-
peratures within the range at which
vermicompos<ing car begin. (After
wetting, the windrows had a tem-
perature of 24°C). At this point,
some 1,450 1b of earthworms were
applied to the windrows. The worms
reportedly infiltrated the windrows
within a day.

On three occdsions during the

‘next 35-day period, 1-ft incruments

of shredded and unshredded wastes
were added at the top of ench
windrow. About 36 cu yd ‘4.4 tons)
were added during this period; in
all, a total of 83 cu yd (and 10
tons) of solid wastes were ver-
micomposted. For the next 1-1/2
months, the earthworms converted
the waste to castings.

. 0On 31 October 1979, four addi-
tional windrows were constructed
between existing windrows. The new

"windrows contained about 13 tons of

sotid wastes and occupied about
1,050 sq ft.. No new earthworms
were added- to these windrows. Some
of the earthworms migrated from the
first three windrows to the second
set of windrows in search of more
attractive food sources.

Facility workers began har-
vesting portions of the first three
windrows on 14 December 1979, 100
days after earthworms were first
added and about 130 days after
wastes were first windrowed. [n
the judgment of Ronald E. Gaddi of
Annelidic Consumption Systems,



Inc., 90 percent of the wastes had
been converted at this point.

Based on the screening results
obtained later, however, a much
lgwer percentage had been con-
verted. .

Harvesting was accomplished usiny

an inclined cylindrical, rotating
screen dériven by a smal) motor, a
type of device commonly used in
vermiculture (Figure 2). In normal-
-gperation, this type of screen '
separates castings (which fall
through the screen) from earthworms
and residual solid waste {which
travel the length of the screen and
‘are discharged). Because of the
Targe amourti of plastic in the
waste stream, however, and perhaps
because not 2!l wastes had been
shredded properly pricr to
‘windrowing, the harvesting screen
did not work very well. It was
apparent that less than 50 percent
uf the material fed to the device
was screened out as castings. Most
of the material either had to be
removed by hand from the front of
the machine, which ¢logged
repeatedly, or was discharged
through the length of the harvester
as residuc. Very few earthworms
were separoted. Figures 2 also
shows the castings recovered and
the residue discharged. Figure 3
is a:closeup of the discrarge end
of the screen,

“In the epring of 1980, new
windrows of prepared solid wastes
wera: placed adjacent to the
existing rows. [t was anticipated
that the worms would migrate into
the ne material and begin producing
castings there. The area was
struck with heavy rains at 2bout
that time, and the ‘worm populations
migrated away from the piles. At
that point, the project was aban-
doned.

In the literature, estimates
of worms' performance in. vermicom-

posting vary widely. Entrepreneurs

working in the vermiculture
industry routinely report that

vorms will consume one-half to
twice their weight in waste cach
day. To provide a rational basis
for the design of facilties, we
calculated a4 consumption rate based
on.the experience at Ogden.

At Ogden, 10 tons of wastes
were processed during a 110-day
period using 1,450 1b of earth-
worms. This time does not include
3 weeks of composting prior to the
introduction of earthworms, even
though this preliminary composting
is-essential in order to maintain
optimum temperatures during ver-
micomposting. The calculated con-
version rate of vermicomposting at
Ogden is, therefore, about 0.13 1b
waste processed/ib of earthwrrms
per day.

" Area reauircments for ver-
micompostinag are determined fron
the ratio of the weight of earth-
worns utilized per unit of area.

" At 0Ogden, 1,450 1b of carthworms

were applied to about 800 ft of
windrows. The resulting worm:

area ratio of 1.8 Ib/sq ft compared
with ratios used in vermicomposting
of wastewater sludge of 0.4 to 2.3
1b/sq ft. (1).

Based on the conversion rate

(0.13 b wastes/lh earthworms per

day) and area reguirements (1.8 1b
earthworms/sq ft of wastes) )
observed at Ogden, 2 loading rate

of 0.23 1b/sq ft per day is calcu-

‘lated. Stated another way, cach-

ton/day of waste requires about 0.2
acre, plus about 20 percent to
allow for composting before worm
addition, '

L practice, earthworms would
be added to the initial set of
windrows. After 130 days, new
windrows would be constructed bet-
ween the existing windrows. This
allows the earthworms originally
added to the first set to migrate
to the second set of windrows.
Then the initial set of windrows
are remov~d and screened. n this
wdy, the land is used in 130-day
cycles and earthworms are reused.
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Figure 1: (left) Oaden, Utah, Vermicompocting

Pilot Facility

Fioure 2: (left) Rotary Screening Device

Fioure 3: (above) Solid Waste Residue



ACS speculates that under more
favorable climatic conditions,
and/or with an earthworim that is
acclimated to solid wastes, uniy 70
duys would be required for conver-
sion {Gaddie, personal
communication). 1f this were so,
onty 0.13 acre would be required
for each ton/day of municipal
wastes. Additional research could
establisk the tine required for
conversion under various loading
and climatic conditions.

Analysis of Feasibility

For this purpose, (DM examined
a hypothetical small facility and
larae facility. The small facility
was defined as one receiving 10U
tans per day of wastes, 6 days per
week, representing the total mixed
residentiai and corercial wastes
of a municipality of sbout 90,000
persons. Bulky iteos such as
“white goods" flarge household
_appliances) and demolition wastes
would be managed by separate
collection. For a facility of this
size, three other candidate waste
-processing technigues wonld be (1)
sanitary landfill, (2) incineration
" of wastes in a modular combustion
unit {MCU}, a technique beconing
economically attractive for small-
and medium-sized communities with a
large and stable market for the
recovered energy and (3) windrow
composting,

The Targe facility would
receive 1,200 tpd of wastes, & days
per week, representing residential
and commercial wastes generated -in
@ city or metropolitan area of
about one-half willion persons.

Area requirements for windrows
alone, in the 1,200-tpd facility,
would *1tal 250 acres. Dedication
of this much land to the vermicom~
pasting process is inconceivable,
and mechanization (for example in
siles) has not been demonstrated.
In this report, therefore, it is
assumed that the municipality would
dlreddy hdave in gperaticn a 1,200-

tpd facility converting solid waste
to refuse-derived fuel (RDF) and
recovering steam energy from inci-
necation of the RBF. Only a small
portion {92 tpd) of the shredded
wastes would be diverted to the
vermicomposting facility. This
diversion would allow for produc-
tion of humus material for local
use. The fact that the necessary
preprocessing would have been
completed as part of an existing
processing train would be expected
to make the economics of vermicom-
posting as attractive as possible
for a facility of this size,

Materials Balance

In a vermicomposting facility, dif-
ferent materials are removed at
yarious steps in the process. In
tHe grocess shown in Figure 4,
ferrous material is removed in
nagnretic separation, moisture and

- volatite material s lost in ver-

micomposting, and residue from the
screenings step is landfilled.
Most likely, economics woulg not
warrant further removal of
material, but glass, aluntinum and
paper could be removed.

Figure 5 presents a materials
balance adapted from Gaddie for a
100-tpd facility. In the figure, a
Yarge portion {36 percent by
weight) would be removed before
vermicumposting. Substances

" removed would irclude paper, glass -

aluyminun, ferrous metals, and other
items (23). Of the 64 tpd of solid
waste to be vernicomposted, about
18 tpd would be ultimately landg-
filled. Of the remaining 46 tpd,
about 70 percent (33 tpd) would be
converted to castings, and 30 per-
cent (13 tpd) would be volatilized
or evaporated.

Figure 6 shows a materials
balance for & waste stream exposed
only to processes of shredding and
ferrous removal prior to vermicom-
posting. In this case, approxina-
tely 92 tpd of the total received
would g3 to vermicomposting, The
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remaining 8 tpd would consist of
ferrous material recovered for
sale. (Ferrous recovery may range
between 6 and 10 percent, depend:ng
on local waste composition and
facility design and operation.)

The vermicomposting fesility would
also receive the 92 tpd of shredded
wastes with ferrous material
renoved from the 1,200 tpd faci-
iy,

Of the 92 t~d diverted to ver-
micoposting, about 31 tpd --
inclyding glass, rubber and wood
wastes -- would be landfilled. The
amount of castings produced would
be 70 percent of the remaining por-
tion, or 43 tpd. The other 3C per-
cent (18 tpd) would be volatilized
or evaporated..

It is important to note that
none of the above estimates has
been varified at actual demonstra-
tion facilities. The rotary
screening operation at Ogden has
not yielded the quantities of
‘castings used for this report. As
noted above, however, much of the
work at Ogden has been carried out

. at less than optimum conditions and
with sore unshredded wastes pre-
sent. The materials balance is
optimistic in order to provide the
most favorable economic analysis.

~ Preprocessing Facilities

Preprocessing facilities can
be subdivided intu units for
receiving, shredding, magnetic
separation, and storage of solid
wastes. Figure 4 shows prepro-
cessing, vermicomposting and r¥si-
due disposal facilities for the
100-tpd facility. For the 1,200
tpd facility, separate prepro-
cessing would not be required,

Shredded wastes would be introduced

directly to the windrows.

Collection and transfer of
municipal solid waste would ter-
minaté at a receiving building,
where refuse would enter the
preprocessing system. .There, the
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transfer-haul trucks would tip
their solid waste onto the floor,
where a front-end loader would
stockpile it into the center of the
building. Large bulky items, such
as tree stunps aad white goods,
would be sorted out of the process
stream by front-end loader, prior
to dumping onto conveyors. Hand-
sorting could be performed during
the conveyor stage to eliminate 4
targe portion of other unpro-
cessable items,

Refuse then would pass into
the shredder building. Particle
size of the shreddod product could
be varied to meet the requirewnents
of vermicomposting. A shredder
would be expected to reduce refuse
to a nominal 4- to 6-inch size,
Annual maintenance costs for the
shredder and building would be high
in comparison tu other equipwment,
due in part *o the relatively fre-
quent occvrrence of damaging exnlo-

. sions.

For the 100-tpd facility, only
ferrous removai could be economi-
cally justified. Aluminum recovery

‘may or may not be justified, but

its exclusion from this amalysis
will not affect the cost of ver-
micomposting relative to other .
methods. Ffurther preprocessing,

-inciuding the mechanical removal of

Jiass and paper is not econcmically
feasible at a small facility.

In the smaller faciiity (100
tpd), the shredded product would be
bunkered in a passive, three-walled
tipping floor arrangement. The
waste would then be fed to trucks
by front-end 1pader and transported
to the vernicomposting facility.

~ For the larger, 1,200-tpd ROF
facility, the processed waste (ROF)
would pass from the shredder
building via conveyor to a storage

_bin. This facility would incor-

porate live bottom hoppers to feed
conveyors which, in turn, would
feed semi-suspension boilers or
transfer-haul vehicles. Prior to
reaching the storage bin, approxi-
mately 92 tpd of processed waste



would be redirected via a conveyor
into trucks dedicated to hauling
the processed waste to the ver-
micomposting facility,

Veraicomposiing and Residue
Disposal Facilitics

The 92-tpd remaining after
renoval af ferrous material would
yield a volume of about 900 cu
yd/day at a density of approxima-
tely 200 lbo/cu yd.

figure 4 shows the major steps
in vermicomposting: windrowiny and
screening,  Shredded wastes would
be trucked to nearby windrows and
spread by a second smaller loader.
This method would be less expensive
than utilization of loaders alone
because of the distance and time
required to travel to the windows
1n a typical operation,

To determine the area required
for vermicomposting, the assump-
tions presented above are followed.
Total residence time would be 110
days, resulting in a Yoading rate
of 0.23 1b waste/sq ft per day. An
additional 20 percent is added to
the area to provide space for pre-
liminary composting. For a daily

average loading of 92 tpd, the ared

requirement would be 23 acres,
including land for an access road.

One possible site arrangement
would be a configuration approxima-
tely 1,000 ft square. About 95
5C0-ft-1ong windrows could be
accormodated on each side of a
central access aisle.. Each windrow
would be 10 ft wide and 3 ft deep.
Initially, wastes would be
windrowed in every other row.

About three 500-ft windrows would
be constructed daily, and, duiirg
the first month after earthworm
addition, three additional top-
dressings of wastes would be
applied to each windrow, as at
Ogden. After one-half of the total
area for windrows was constructed,

shredded wastes would be windrowed

on the alternate rows. The site
‘would be equipped with a sprinkler
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system for initia) moistening of
the windrows to achieve the proper
noisture content.,

Based on pilot-plant
experience, earthworms would be
added to one-half of the windrows
{480,000 sq ft) at a rate of 1.8
1b/sq ft; a tota) of approximately

- 430 tons of earthworns would be

required for this initial carthwornm
addition, Earthworms recovered
during harvesting would be reused
for new windrow construction. Some
of those working in the field (6) rave
suggested that excess earthworms
could be produced during vermicom-
posting, but more research is
needed to determine the rates at
which earthworms will breed under
conditions of vermicomposting., In
order to reduce capital costs,
several vermicomposting operators
have suggested that .nly one-fourth
to one-third of the total required
stock night be purchased initialiy,
with the process phased into full
operation over a period of several
months as excess earthworms are
produced. For this report, we have
assumed that one-half of the total
area would be stocked with
purchased earthworms because of the
lack of data on eartl-worm procuc-
tion during vermicomposting. Even
if minimal costs were included for

.earthworm purchase, the net costs

of vermicomposting would be relative-
ly unchanged with respect to other
alternatives.

_ After a total residence time

‘of 130 days, the wastes would be

recovered from the windrows by a

‘front-end loader. At this point,

nearly all of the biodegradable
portion thai can be converted by
earthworms would have been con-
suned. Approximately 450 cu.yd (74
tons) of material would be removed
daily. . The wastes would be
transported by front-end loader to
a movable surge hopper located
above a central collecting con-
veyor, which would move material tc

.the screening area.

"Tuo rotary harvesting screens,
each approrimately 6 ft in diameter



and 12 ft 1ong, would be employed;
one screen would serve as a
standby. The screens would be fed
directly by the variable-speed con-
veyor. Castings would fall through
the screen to a product storage
pile. The operation cculd be
nxpected to produce approximately
300 cu yd (43 tons) of castings per
day. Residual waste would be
discharged at the low end of the
inclined screen to a conveyor,
which weuld remove the material to
another storage pile. These wastes
--totalling about 150 cu yd, or 31
tons of residue per day -- could
then be recovered by a front-end
loader and trucked to the landfill,

The harvesting screen would
also be able to collect earthworms
for reuse. The compacted residue
volume would be about 19 acre-ft

- per year. Based on a total lift of
about 10 ft, about two acres of
Tandfill would be required each
year. For a 20-yr period, a 38-
acre landfill site would be
required. The site might be devel-
oped in 5- to 1l0-acre modules.

Costs

The costs of vermicomposting
municipal solid wastes can be
divided into three components:
preprocessing, vermicomposting, and
residue disposal. The costs are
shown in Table 1.

Preprocessing costs include -
receiving, shredding, and storage
facilities. About two-thirds of
the capital costs of vermicom-
poscing -is for purchase of the ini-
tiz2? stock of earthworms.
Amortization of capital costs -
accounts for about 60 percent of

. the total annual costs of vermicom-
posting. Costs for residue dispo-
sal include development and
operation of sanitary landfill.

The net costs of vermicom-
posting inctude the credit for
revenues generated by the sale of
ferrous metals and earthworm
castings. Ferrous metals can
currently be sold for $30 to $50

233

per ton. Based on a recovery of
2,500 tons per year, the revenue is
between $75,000 to $125,000 for the
1U0-tpd vermicomposting facility.

There are no existing markets
for the sale of earthworm castings
derived from municipal solid waste.
Several vermicomposting operators
have suggested potential market
prices. Estimates range from $0 to
$15 per ton, reflecting the lack of
marketing experience. Eased on
13,400 tons of castings recovered
per year, up to $200,000 in annual
revenves might be accrued. Taking
into account potential product
revenues, the total costs of ver-
micomposting are about $750,000 to
$1,000,000 or approximately $24 to
$32 per ton processed.

For a runicipaiity producing
100 tpd of solid waste, three
alternative methods of solid waste
management are a sanitary landfill,
combustion in & modular combustion
unit and windrow compostinyg, Costs
of these methods compared to ver-
micomposting are shown below:

Approximate Net

Method Cost {3/ton)

Sanitary Landfill 6
Modular Combustion

Unit . 15
Windrow Composting 24-28
Vermicomposting 24-32

The - _micomposting process is
at the high end of the scale. In the
case where a. port.ion (100 tpd) of
the solid waste frum a large com-
munity (1200 tpd) would be ver-
micomposted, vermicomposting would
not be attractive, primarily due to
substantial lost revenues from
reduction in the refuse/fuel
stream. ‘

Findings

Vermicomposting of municipal
solid waste is not an economically
feasible technology. Although the
technique appears to offer the



TABLE 1. TOTAL COSTS OF VERMICOMPOSTING 100 TPD
MUNICIPAL SOLID WASTES

Capital Annual
Preprocessing Facilities $1,800.000 $ 450,000
Vermicomposting Facilities 3,150,000 520,000
Restdue Disposal 575,000 95,400

Sub-Total (rounded)
Revenue:

Ferrous Metals

5 500,000 37,100, 000

S 75,000-125,000

Earthworm Castings 0-200,000
Net Cost {roundea) 35,500,000 $1,000,000-750,000
Cost per Ton 932 - 524

advantage of resource recovery, it
has several major disadvantages
compared to other management
methods, Briefly, some of the
disadvantages are:

o Expensive preprocessing
required (shredding)

o i.ai-ge 1and area requirements
(23 acres of windrows for a
100 ton per dav {(tpd) facility)

o High capital costs (35.5
million for a 100 tpd facility)

0 High net unit costs (%24
$32 per ton)

0 - An unknown product merket
(for castings)
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ENERGY AND MATERIALS RECOVERY FROM
HUKICIPAL SOLTD WASTE
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ABSTRACT

Ir this study, selected resesrch and development documents dealing with
energy and nmaterinls recovery from municipal solid waste are reviewed and
svathesized by & Committee of the Building Research Advisory Board
(BRAB). Eleven review documents vepresent projects- sponsored by the

U.S. Envirornmental Protection Agency and other federsl spencies over a
five year period. 1ln its report, the JRAB Committee presents a summary
of the documents reviewed, a discussion on the stste of the art of
resource recovery implementation, impediments to implewentation, on-going
and needed research, and conclusions reached by the Committee #s a resulr
of its study.

INTRODUCTION at through these research,

development and ceconstration
As 8 result of tne Resource projects. The Envirormentai

Conservation and Recovery Act of Protection Agency Selieved thst a

1976 (P! 94-580, 197¢) numerous review and synthesis the results

project . have been sponsored by of thesc studies would provicde a

various agencies of the federal valueble information service and

government o prorote the pro- asked that fhe Building Research

tection of health and the envi- Advisory Board undertake the task.

ronment and to conserve valuable -

material and energy resources. Conduct of the Study

Congiderable attention has been

given to the investigation of Under contract to the

existing snd emerging technol- Environmental Prctection Agency,

ogies (o1 rvecovery of resources an ad hoc committee vas appcinted

-from solid waste and to the in accordance with the policy anc

potential for implemcntation of procedures of the Rational )

recovery systems. As is usually BResearch Council to reviev and

the case, investipations were synthkesize eleven reseerch and

underteken by a variety of inves—~ deveiopment documents selected by

tigators under individual con- the sponsor. The veports

tracts or grants with several selected for reviev were:

federal egencies and dissemi- . ‘

nation of the results of these - 1. Energy (onservation Waste

studies wese limited and ad hoc in Utilization Pesearch and

nature. Thus no collective know~ Development Plan.

ledge was available ro asgsess the

ctote of the art and the conclu- 2. Energy and Resource Recovery

sions and recommendations arrived from Solid Haste
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3. Vlisterisls snd Enerpy from

. Municipal Waste.

4. . National Recvcling Research

Agenda Project. :

5. 'Waste Resources as a
Fotential Topic for
Inteprated Basic Research.

6. Unit Operstions in Kesource
Recuvery Engineering.

Resource Recovery.

7. Present Status and Research
Needs in Energy Recovery from
Wastes.

8. -Study of Processing Equipmwent
for Resource Recoverv Systems,

to resource recovery; and
research and developments needs.
The Committee also presents its
findings and couclusions based on
the documents reviewed and the
collective expertise represented
by the Committec.

Committee on Energy and Materials

Volume 1 - State of the Arc
and Research Needs.

Study of Processing Equipment
for Kesource Recovery Systems,

‘Volume 1l - Magnetic
Separators,Air Classifier and
Ambient Ay Enmissic~s Tests.

Processing Equipment for
Resource Recovery Svstems,
Voluvm: 1]) - Fieid lest
Evalustion of Shredders.

§. Resource Recovery Research,
Development and Demonstration
Flano.

10. Maste-to-Energy Technology.

11, Fuels and Feedstocks from
- Solid Waste.

"The review documents were
reviewed by the Comrittee,
abstracts of each were prepared
and the Committee’s report vas
devéloped. Included in the
report is a discussion of the
raticnale for energy and
msterials recovery from municipal
solid waste; a discussion of the
state of the art in terms of
implementation of existing
techniques; impediments
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ABSTRACT

Nationa! attention on the growing solid waste problem was first evidenceu by eractment
of the Solid Waste Disprsal Act in 1965. Subsequent legislation rclating to solil waste
management and resource recovary has been passed by the U.S..Congress, the most recent
being the Energy Sccurity Act in 1980, Puyblic anticipation that recycling will eventually
solve the waste management and conserve limited natural resources ha< persisted for more
than a decade now, but progress toward these goals has fallen considerably behind initial
expectations. \Various reasons for the lag in recycling have been offered, and federal
research efforts have conceatrated particularly on sclution of the technological difficul-
ties encountered by recvcling plants.

The United States Environmental Protection Agency in 1978 contracted with Mathtech,
a division of Mathematica, to evaluatc the impediments to recycling and their economic
effects. Facilities selected for indepth study represented a broad cross-section of re-
cycling rechnologies, cwnership types, geographical locations, and recovered products.
Ad justments for differences in accounting procedures and normalization of data were made
and economic performances for eight plants compared on a net cost of disposal basis.
Performance pased on cost of disposal permitted comparison with alternative modes of
disposal, mainly landfil}s.

Based on the recemt financial data, none of the facilities were found to be economi-
cal in the sense ‘'of previding the I~ast cost mode of disposal for municipal =olid waste;
all facilivies experienced net losses in operations. Indications were that performance
for the projected year (1979) would improve somewhat allowing at least onc facility to
realize a slight profit. ‘A major deterrent.to recycling was the predominance of lower-
cost landfills. Competition from landfills is expected to diminish in some areas when
new environmental regulations for land disposal of solid waste become effective. Results
of the Mathtech study have the usual limitations imposed by sampling, missing data, and
possibly computational errors. The results, however, provide useful information to
policy-makers and decision-makers having responsibility for efficient management of munici-
pal solid waste.

Introduction

In 1970 Richard M. Nixon, President of inevitable the mounting costs of waste re-
the United States, wrote "We can no 1/nger moval . We must move increasingly toward
afford the indiscriminate waste of our nat- closed systems that recycle what now are
ural resources; neither should we accept as considered wastes back into useful and
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productive purposes. (1) Soon afterwards,

in October 1970, the U.S. Congress enacted
the Resource Recovery Act of 1970 which in-
cluded among its purposcs the demonstration,
construction, and application of solid
waste management and resource recovery sys-
tems. (2)

A number of issues conccrning re.y-
cling #=2 . 2source recovery svstems for
nunicijal solid waste arose in the decade
that followed. The tederal government
sponsored numerous symposia, funded a Jong
list of research and demonstration projects,
encouraged industry, and gave orders to .
federal agencies to implement recycling
activities, The Resource Conservation and
Recovery Act, enacted in 1976, established
a Resource Conservation Comittee cumprised
of representatives from various departments
and agencies of the federal government.(3)
The recent nassage of the Energy Security
Act of 1980 which anthorizes federal price
supports.and loans for waste-to-cnergy
actisities constitutes vet another step in
the continuing efforts to increasc recy-
cling. (3)

This paper 1s limited to an appraisal
of the problems with recycling municipal
solid waste. .In particular, it discusses
tne findings of recent case studies con-
ducted by Mathtech under contract to the
‘U.S. Envirommental Protection Agency. The
discussion of these findings will hopefully
clarify many issues on recycling and in-
crease the understanding of local officials
and others interested in resource recovery
programs for municipal solid waste.

Optimism Changes to Pessimism

The initial expectations were that re-
cycling would reduce or eliminate the
mounting solid waste probler and also con-
serve valuable resources. (5) Newspaper
articles containing captions such as
“American Trash Could Be Bonanza As Source
Of Ore" led the public to believe that re-
cycling was an immediate and forthcoming
answer(6)Carlsen in Environmental Affuirs
stated that "recvcling will soon become an
increasingly important phase of economic
activity. [t represents the svlution to
both the problems of increasing solid waste
with its attendant insatiable demands of
land and those associated with the growing
scarcity of natural resources.” (7)
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Not all prognosticators agreed with
the initjal optimism expressed by some.
Early in 1971 the privately supported
National Center for Resource Recovery cau-
tioned that managing municipal waste
through resource recovery might be 5, 10,
or even 20 years away.{3) The Institute
of Scrap Iron and Stecl cescimited that 2
the end of 1975 unrecycled ferrous scrap
including that discarded by houscholds
could cover the Xation's capital 100 feet
deep.(9) Observers became more pessimis-
tic. Svlvia Porter in the New Yorh Post
questioned whether recycling wias in a tail-
spin.(10) The Solid Waste Management/
Refuse Removal Journai, a trade publica-
tion for the solid waste industry noted
that the inittal expericnces consisted of
*delavs, breakdowns, cost overruns, mis-
consentions™. (11)

From Materials to Energy Recuvery

Ve
el

The energy crisis in late 1973 shifted
attention away from materiuls to recover-
ing the potential energv value in munici-
pai solid waste. Some facilitics were
subsequently designed solelyv for energy
recovery (Table 1). As with materials
recovery, reports of success were soon
dampened by reports of failure. The May
1978 issue of American City and County
published the article “Despite higher costs
than expected, this lowa City's refuse-to-
energy project is still going strong after
18 months of operation'.(1) The New York
Times reported "L.I. Town a Pioneer in
Recvcling Its Garbage Into Electric
Energy".(13) Meanwhile, a private consul-
tant to the industry declared at an annual
meeting "...our dreams have taken us into
what now seems to be the clouded skies of
resource recovery - of refuse to energy ‘-
of burning to earning. We are not facing
up to the truth about the expense, -in-
efficiency and impracticability of the
waste recovery projects that make Monday
morning headlines...” (}15)And Or. Rocco A.
Petrone, president of the National Center
for Resource Recovery, wrote "even now,
with 30 plants operating, under construc-
tion, or well past commitment, resource
recovery hus not reached the operating
stage.” (15) Three years after the multj-
million dollar waste-to-cnergy recovery
facility began construction in 1976 in the
city of Chicago, Lasterbrook obhscrved that
the SSFF (Southwest Supplexmcntal Fuel




TABLE 1. CHARACTERISTICS. OF PLANTS RECYCLING
MUNICIPAL SOLID WASTE IN U.S.*

Resource Recovery Activity

Starting _InvestmentLThroughput'5 Materizls Energy

Facility Date Status (mil.$'s)‘Design Oper Design Operat. Design Operat.
Altoona, PA 1963 op -- 50: -- X X
Ames, IA 1975 op 6.3 400 200 X x x x
Aasonia, CN 1975 op -- 200 250 b3 X
Baltimore City, MD 1975 op 30.1 1000 600, x X X X
Baitimore Co., MD 1976 op 10.0 1500  550. x x X b
Blytheville, ARK 1975 op 0.8 50 - x X
Braintree, MA 1371 op 3.3 230 186 x X
Chicago(Crawford) IL 1977 . st 20.0 1000 - X X
Chicago(\W), IL 1971 op 23.0 1600 . 1000 X X
Chicago(Sh), IL 1963 cl 6.8 1200. --. b X b ¢ X
Crossville, TENN 1978 op -- 60 - X x
East Bridgewater, MA 1976 op 12.0 1200 S50 . x x X x
Franklin, OH 1971 op 3.4 159 - 50 b3 X
Groveton, NH 1975 op 0.2 30 -- X x
Harrisburg, PA 1972 op 14.1 720 430 X X X x
Hempstead, NY 1970 sh 81.1 2000 -- X x
Lane Co., ORE 1978 sh S.0 360 - X x x x
Lewiston, ME 1ot~ op 1.3 130 -- X
Madison, WIS 1979 op 2.5 400 200 x x
Menlo Park, CA ’ cl .- 100 - X X X X
Miami, FLA 1956 cl 2.5 900 -- X X
Milwaukee, WIS 1977 op 28.9 1600 640 X X x x
Monmouth Zo., NJ 1976 op 3.6 400 375 X X
Mt. View, CA. 1978 op 0.8 1 0.5 X X
Nashville, TENN 1974 op 24.5 1060 400 X X .
New Castle, DEL 1972 op 2.4 800" 300 x x x
New Orleans, LA 1976 op 9.1 7000 650 x x
Norfolk, VA 1967 op 2.2 360 360 x X,
No, Litt!- Rock, ARK 1977 susp 1.5 100. 82 x x
Oscelo, ARK 1978 op -~ 25 - X x
Poapano Beach, FLA 1978 sh 3.6 75 -- b3 X
Portsmouth, VA 1976 op -- 160 115 X x
St. Louis, M0 1972 cl 2.3 300 - x x x x
Salem, VA 1978 op 1.9 100 . x x
San Diego Co., CA 1977 susp 15.0 200 0 b x
Saugus, MA 1976 op 50.0 1200 950 x x X x
Siloaw Springs, ARK 1975 op 0.4 0. 16 ’ b3 x
Tacoma, WASH 1978 op 2.5 S00. -~ x x x x

Source: ,Vgaous government reports, trade publications and newspaper articles.

* Excludes plants in planning or construction stage in 1978.

-§ In. standard tons except Mt. View facility is in million standard cubic feet daily(nscfd).
“ 0p = operating; sh = shakedown stage; <l = closed; st = starting; susp = suspended.

-

Dollars expended in year of investment.



Facility) Qas still in 'shakedown', and
“the city may be better off without it.,”
(16}

.Late in 1977 and early 1978, a U\,S,
congressional committee visited B recovery
sites to observe the state of the art in
recycling. The committee subscquently
issued a report that (1) claims made in
behalf of recycling were overstared and
costs understated, (2) technologies needed
further development, and {3) the economics
for recycling would become more fu.orable
as the costs of disposal rise, (17)

Conflicting reports on the success or
failure of recycling materials and cnergy
have local officials and the public in
genetal greatly confused over what projects
should be undertaken. The confusion stems
from issues aver lack of demand and avail-
able markets for reclaimed materials, in-
adequate and undependable supply of waste,
conflicting public policies such as tax
laws and transportation regulations favor-
ing extraction and vse ¢f virgin materials,
institutional impediments, and the failure
of markets to fully reflect environmental
externalities in land di>posal of waste
and increasing scarcity of mineral de-
posits. These issues form a mixed bag of
social, economic, technological and in-
stitutional problems that inhibit the
growth of recycling,

EPA-lathtech Case Studies

The U.S. Environmental Protection
Agency (Officc of Research § Development)
initiated research in 1978 to identify and
evaluate the impediments to recycling
municipal solid waste. (13) Answers were
sought to three basic questions: 1) Are
recycling facilities in operation economi-
cal? 2) If not, what are the impecdiments
to economical operation? and 3) What _
changes are needed for economical opera- -
tion?

The context in which the term “eco-
"nomical" was applied differs from the
theoretical definition which includes the
consideration of social costs and benefits.
As employed in the Mathtech study, the
term was limited to an accounting compar-
ison of private revemues and costs, ’
synonymous-with successful operation from
a private market perspective. The evalua-
tion of "economical” was restricied to the
above definition because of the many
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difficulties involved in quantifying social
costs and benefits.

Selection of Facilities

Evaluating the financial performance
of facilities required accessibility to
the financial records and operating ex-
perience of sufficient duration for rep-
resentativeness of probable long-term
results. The facilities selected for case
studies were screened from a total number
of plants believe! to have proygressed
beyond the "startup' or "shakedown' stage.
This greatly l.mited the number available
for studv. Privately owned plants -and
those wi:h operating difficulties tended
to be mor: reluctant to provide access to
data. Tatle } lists the facilities
initialiy designed for energy and materials
recovery and indicates whether these in-
tentions were realized at the timc of the
study. Whether a plant was in "startup”
or "shakedown' stage appcared to be arbi-
trary in some cases, Capital investment
included initial and subsequent capital
costs, including expenditures for pollu-
tion control equipment.

The selection of eight facilities was
based on criteria requiring at least one ~
year of aperating history and accessibi-
lity to adequate financial records, These
facilities were selected to obtain a valid
representation of technologies and actual
financial cxperiences in recycling, given
the selection restrictions previously
mentioned. About half of the facilities
were situated 'in the densely populated
Northeast where intense land use and
greater waste disposal problems exist.
Half:of the facilities were owned and.
operated hy municipalities, representing
the type of government managing the major
portion of residential waste in the United
States. The remaining facilities included
ownership or operations by a county, a
large private corporation, an investor-
owned utility, and a joint venture by one
county and small privzte corporation. All
of the sample facilities were constructed
within the past 10 years and included a
variety of technologies currentiy in wvse.
Plant capacities ranged from 100 to 1600
tons per day (tpd}, a range gemerally
considered adequate for the disposal re-
quirements of communities with populations
between 50,000 and one million,



Significance of Impediments

Impediments to recycling were grouped
according to effects on: 1) quantity and
composition of solid waste supply, 21 cap-
ital cost and facility design, 3) operating
costs and efficiency of operations and
1) market demand for energy and materials
reclaimed. " The impediments within these
broad categories are listed (not necessati-
ly in the order of their importance) in
Table 2. The significance of these im-
pediments are discussed in the following
sections. :

At most tacility iocations, land dis-
ro>al was a lower-cost alternative to re-
¢cycling. The few cxceptions to this gener-

al rule included one lotation where all
landfills withip the county had been
closed, and several locations where an
adequate inflow of waste was assured
through contractual arrangements. The
majority of recycling facilities were un-
able to effectively compete with nearby
landfill charges. Tipping fees were
generally below actual operating costs in
order to attract sufficient quantities of
waste; even so, a number of plamts were
unable 10 attract sufficient quantities to
match the design capacity for the facility.

In the United States waste collection
is mostly organized by local jurisdic-
tions.{19) This dispersion of authority
resulted in less waste available for re-

TABLE 2. CATEGORTES OF IMPEDIMENTS ACCORUING TO EFFECTS
ON -RECYCLING OF MUNICIPAL SOLID WASTE

1. Restrict quantity and/or composition of solid waste supply.

Source separation programs.

oan T

. Seasonal and business cycles.

. Pricing land disposal of solid waste below full social cost.

Mazndatory deposits tor beverage containers,
Fragmentation of local solid waste management/authority.

2. Increase capital cost and/or restrict facility design.

a, Inadequate existing technology.

b. High prices for equipment and/or parts.
¢. Limited facility design experience.

d. Restrictions on municipal financing.

e, Low bid approach to public coatracting.

Increase operating costs and/or decrease efficiency of operations. -

a, lLimited managerial and/or opcrating experience.
b. Limited availability of spare parts.

c. Shortage of skilled labor.

d. State and federal regulatiens for air quality.
€. Regulations for disposal of ash and residue.

Diminish the market potential for reclaimed energy and/or materials.

a. Facility siting restrictions,

b. Franchise restrictions on cnergy sales

c. Tax subsidies for extraction of virgin materials.

d. Regulated prices for oil and gas.

e. Lack of future markets for reclaimed (secondary) materials.

f. Unpriced social costs for extraction und processing of virgin materials,
g. -Rate regulation of clectric utilities.

h. Restrictions on use of ash, residue, and shredded materials.

i. Product labeling restrictions. .

j. Government procurement policies.

242



cycling than desired at several of the
case study locations., The cffect of re-
duced volume on cost of operations is
illustrated in Table 3.

Community programs involving source
separation and mandatory beverage containcr
deposits appeared to have only a negligible
effect on facility performance., These
programs were varied but potential losses
of revenues were generally insignificant.
The fraction of aluminum recoveruvd, was
generally small. Seasonal fluctuations in
waste supply caused minor rescheduling of
winter operations at one plant but did not
significantly affect operations at the
other facilities.,

Recycling operations were hampered by
technological problems in at least half of
the facilities studied. Technology prob-
lems, including facility designs and limit-
cd operating experience, are usually
symptoratic’ of a new activity as it pro-

gresses from pilot plants and demonstra-
tion projects to commercial size opera-
tions. Facilities designed for RDF
{refuse-derived fuel) and recovery of
materials had relatively greater tech-
nological difficuitie., mainly because the
materials handling processes were more
complex than for other recycling systems.

Environmental regulations also tended
to impede recycling efforts. Conversions
from coal to oil during the 1970's due to
air pollution regulations resulted in a
greatly reduced number of botilers avail-
able for co-firing RDF with coal, parti-
cularly in the industrial a>~z, uf the
Northeast. ' Several states also had re-
strictions on the reuse or ash and second-
ary materials as an alternative to dis-
posal. Uncertazinty over whether existing
environmental regulations would continue
or be revived was found to produce a wait
and see attitude and consequently delayed
recycling decisions.

TABLE 3. ESTIMATED UNIT OPERATING COSTS
FOR SMALL AND LARGE RECYCLING FACILITIES

Facility Type#*

Modular incineration

Mass burning waterwali incineration

Semi-suspensidn waterwall incineration
with ferrous recovery

Refuse derived fuels with ferrous, aluminum
and glass recovery

Ferrous, aluminum, and glass recovery

Small design®ax

Breakeven-tipping fee#*
Large desigrt*s

$ 8.83 $ 3.91
$ 5.79° $ 3.06
$ 4.68 (§ 0.25)
$16.43 $10.70
$11.25 § 8.30

Source: U.S. EPA contract No. 68-03-2761. Draft revort. Appendix A, Table 5.

"% In 1977 dollars per standard tonm.

*% Incinerator systems assume sale of steam.

**% Small des{zn assumes S0 tornr per day (tpd) for modular fncinerators, 500 tpd for all
others; large design assumes 100 tpd for modular incinerators, 1500 tpd for all other.
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The federal tax code contains certain
provisions reiating to the extraction of
virgin materials. These provisions in
effect amount to subsidies which lower the
supply price for virgin materials. It was
estimated that the likely increases in
revenues from recycling a ton of municipal -
solid waste would be small if the tax ad-
vantages were removed. These estimates
however, were based on short-run clastici-
ties of supply and demand. the long-run
investment patterns and resulting etastic-
itie: might nrovide more favorabie price
relationships for recycled materials. (19}

Regulation of prices for domestically
produced oil and nmatural gas can in cer-
tain circumstances result in retail prices
below what -they would otherwise be, and
lower than world equilibrium prices.

These artificially maintained low prices
can consequently result in lower derand
for enerpy from solid waste as appears to
be the situation in the tnited States to-
da,. Regulated utility rates which pro-
vide for "pass through” incremental fuel
costs ate gencrally assumed to weaken the
demand by utilities for energy from solid
waste; -however, six of the eight facili-
ties werc recovering energy from waste

and utilities were actively involved at
four sites. Frinchise restrictions on
steam and electric sales did not appear to
adversely affect revenues for the facili-
ties. Perhaps because of the increasing
fuel prices, revenues from sales of energy
are lest affected by impediments than re-
claimed materials., Of the eight facili-
ties, five had undertaken materials re-
covery but sales of reclaimed materials
were geneTally small compared with revenues
from energy.

Aluminum recovery was limited to hand

" picking of bulky items at the several
plunts where it was undertaken; recovery of
alumimm cans was not generally practiced
because the technology for separation is
not well developed rather than lack of
markets. Lack of uniformity in product
standards caused abandonment of some
materials recovery in two instances while
institutional restrictions on the use of
reclaimed materials curtailed plans for
warketing certain products at three faci-
tities.'

The difficulties involved in siting
facilities are often assertec to he a
majir problem in expanding recycling; the
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study found this impediment existed in
one cas¢. Siting considerations were
found to be important, howevcr, in delin-
eating the market area for products rcla-
tively costly to transport.

Other factors frequently described as
impediments to recveling, such as restric-
tions on interstate movement of waste and
restrictions on financing and centracting
by public authorities were found to have
generally minimal effects on recycling in
the selected facilities. Uncertainty over
future recvcling poiicices in state govern-
ments contributed to reduced capital in-
vestment at two plents and a high sensite~
vity to rish exhibited by public officials
in one community resulted in a decision
favoring private ownership and operation
of the facility.

Financial Experiencos of Selected .
Facilities:

Anaivsis of the financial performance
of selected recycting facilities indicated
that notie ot tiw case study facilities
were successful from an ac:ounting or :ar-
ket sensT for the fiscal year 19738 (Tadle
4). Net losses ranged from $0.60 to over
$36.00 per ton in fiscal year 1978. With
iw0 exceptions, the projections were that
financial performances would improve during
fiscal year 1979,

The comparison of financial statements
encountered considerable difficulty due to
differences in accounting systems, financ-
ing techniques, and peculiar circumstances
at individual plants. Financizl data were
adjusted for these differences and in sev-

-esal instances adjustments were alse made

because operations were temporarily sus-
pended for mechanical difficuities and
failure to mect air pollution regulations.
About half of the plants kept their records
on the basis of tons processed; these were
converted to tonnage received to maintain
compavability among plants.

Performance Based on Net Dispusal Cost:

The firancial perfomance for each
facility was computed as the total opera-
ting cost less revenues from sale of re-
claimed materidls and cnergy. This was
defined as the net disposal cost incurred
by t.ue recvcling plant. The computatior
permitted comparisons of financlal perform-
ances on a per ton basis and also compari-



TABLE 4, FINANCIAL PERFORMANCES OF SELECTED FACILITIES
IN FISCAL YEARS 1978 AND 1979

Total Cost® Profit(Loss)

Facfliey* 1978 1979 1978 1979+

Ames (RDF) $30.59  $24.83 ($17.49)  ($10.60)
Braintree (WI) 46.91 22.2% ( 36.17)  ( 10.89)
Karrisburg (WI) 18.02 21.17 ( 5.90) { 2.60)
Milwaukee (RDF) 24,31 26.70 ¢ 9.9  ( 9.18)
Mormouth (S) 15.85 11.98 (11.94)  ( 7.96)
Mountain v1e§ (LG) 8.26 8.60 (. 1.04) 0.76
New Castle (S) '7.717 9.81 (" 0.60) ( 1.94)
N. Little Rock (MI) 19.27 20.61 ( 6.10) ( 8.17)

Source: U.S. EPA Contract No. 68-03-2761.

*Legend:
derived fuel, and LC=laidfill gas recovery.

Wicwaterwall incinerators, MI=modular incinerator, S=shredder, RDF=refuse

+Dollars per standard ton includes annualized capital cost; data for 1979 based on

partial year's results.

sons with disposal aiternatives. Disposal
costs for the competing alternatives
{mainly landfilis) ranged from $2.50 to
$20.00 per ton (Table 5). The dispo-al
charge or tipping fee collected by ro -
ciing facilities was generally less than
their actual net cost of disposal. This
meant that recyvcling facilities were sub-
sidized - through general taxation or, in the
‘case of privately-owned facilities, by
corporate funds.

Although most of the facilities were
expected to improve their financial per-
formance in fiscal year 1979, it was esti-
mated. that only one facility would reach a
breakeven point or realize a profit (Table
4). These projections were based c¢n fi-
nancial results up to the time of study.
Revenues at Harrisburg, for example, were
projectec to rise substantially in 1979
because of increased steam sales. At
Braintree, air pollution control modifica-
tions had been completed and an expanded
operating schedule was in effect. Several
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facilities also had improved their equip-
ment and increased throughput over the
previous year.

Performance Based on Capital Cost:

Community officials and local solid
waste managers contemplating recycling base
their decisions on today's costs and expec-
tations for the future, Facility disposal
costs were therefore recalculated to re-
flect current instead of historical capital
costs. In recent years, construction costs
have increased at a more rapid rate than
operating expenses and product categories.
As expected, the calculated net disposal
costs on a capital replacement basis showed
even less favorable financial performance.
by the facilities (Table 5).

Surmary of Case Studies:

Inability to compete with disposal
fees at nearby landfills was a common im-
pediment for recycling facilities whose



TABLE 5. RECYCLING NET DISPOSAL COST
BASED ON ORIGINAL AND CAPITAL TEPLACEMENT
COMPARED WITH LANDFILL DISPOSAL*

+
Net Disposal Cost

Facilicy Original. Replacement Landf i1l
1. Ames, lowa $11.40 $20.50 $ 8.00 -~ 512,00
2. Braintree, tfassachusetts 19.00 28.33 17.00 - 20.00
3. Harrisburg, Pennsylvania 14.03 20.42 4.50 ~ 7.50
4, Milwaukee, Wisconsin 22,78 '25.27 8.00 - 12.00
‘5. Monmouth Co., New Jersey 11,95 12.56 2.50 - 72.50
6. Mountoin View, California 5.88 6.45 6.84
7. New Castle Co., Delaware 9.81 10,92 N.A.
8. No.‘thtle Rock, Arkansas 11.46 14.02 3.33

Source: U. S. EPA Contract No. 68-03-2761.
*Projected for fiscal year 1979 based on partial year's data.

+
Dollars per standard ton computed as total costs less revenues from resource recovery
and excluding transportation costs to the facility.

Excessive amounts of impurities and con-
taminants caused problems to users of the
recycled materials.

financial records were examined. The rel-
ative importance of this and other imped-
iments in terms of frequency of occurrence
is chown in Table 6. As indicated earlier,
facilities were reluctant to col.ect tipp-
ing fees equal to their net operating costs
for fear that solid waste would be diverted
to landfills. Two facilities had an ad-
vantage in not having to compete directly
with landfills; one facility had rcceived

Another major impediment to success-
ful financial performance was tl inaccu-
rate projections. Projections of the
quantities available for markets-and
revenues to be received failed to develop
to expected levels in most cases, . These . -

prior comnitments for the wastes from the
communities which it served and in another
instance the county had closed the nearby
landfills.

Technological difficuitie~ coupled
with limited experience in recy:ling solid
waste resulted in excessive costs and thus
also- impeded successful financial perform-
ance. The technological difficulties in-
-cluded corrosion and abrzsion problems,
explosions, difficulties with the aluminum
separation, and over-sized or bulky wastes.
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projcctions were particularly important for
energy which accounted for the major por-
tion of recycling revenues.

e to faulty projections and over-
optimism, excess capacity was ohserved in
over half of the facilities studied.
Underestimation of capital and annual op-
erating costs were additional causes of
poor performance; these errors caused high-
cr recycling costs. Expenditures for cap-
itat structures and equipment were 30 per-
cent higher than original engincering csti-



TABLE 6 RELATIVE SIGNIFICANCE OF SELECTED IMPEDIMENTS
TO RECYCLING FACILITIES

Impediment

Inabilfty to compete with landfill disposal fees
Technological difficulties and limited experience

Unrealized projections of revenue from product sales

Qccurrence
XXX XXXX
XXX XXXX

XXX

Governmenr. intervention in market pricing and resource

allocations
Overdesign of plant cajacity
Underestimation of initial capital costs

Environmental regulations

Fragmentation/conflicts of governmentai authorities

Underestimation of 0 & M costs -

Overestimation of materials recovery

Overestimation of available waste quantities

Pricing energy below market replacement value

Public opposition to siting

Local politics and labor-management problems

Source-s: ~“rated waste programs

mates in one cas*; in another instance they
were 60 percent higher. The increased cap-
ital costs added as much as $5.00 per ton
to a facility's net disposal cost. At one
facility, start-up and minor equipment
costs were nearly five times above the
initial estimate.

Environmental regulations affected re-
cycling facilities in several ways. 1In the
Northeast a major shift from coal to oil
and natural gas during the 1970's in re-
sponse to air quality regulations greatly
limited the availability of boilers for
utilizing refuse derived fuel (RDF).  En-
vironmental considerations also restricted
reuse of residue from energy and materials
recovery. Decentralization of solid waste
management was an impediment in obtaining 2
siufficient supply of waste in about half of
the cases. Local jurisdicrions are fre-
quently reluctant to relinquish their au-
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XX XXX

XXX
XXX

XXXX

XX
Xx
X
XX
X

thority in order to establish regional
solid waste management. In one case,
however, federal and state activities crea-
ted a climate of uncertainty which later
resulted in government competing directly
with an existing recycling facility.

Failure to properly price energy ob-
tained from recycling reduced the revenues
for several facilities. Existing contracts
had inadequate provisions for adjusting
steam prices as energy costs rose. Lack of
information about the cross-elasticity of
demand for diep®.%' llurough .ecycling vis-
a-vis landfilling may have played a role in
incorrect pricing of the recycling disposal
service; in one instance, however, a facil-
ity had a monopoly position for the dispo-
sal service but yet failed to impose a tip-
ping fee equal to its incremental operating
cost.



Public opposition to siting impeded
recycling in at least one casc. Local pol-
1:ics and labor-management disputes result-
ing in downtimes and delays caused addi-
tional costs at scveral facilities. Source
separation programs, although active in
about half of the locations involved, were
not cxtensive and had no significant effect
on financial performance. Mandatuory bev-
erage container deposits programs also had
little effect except at one facility where
it may have contributed to the discontin-
uance of the cluminm separatcr. Restrict-
ions on interstatc ~ovement of solid waste
did not appear to adversely impact on re-
cycling facilities. in several cases these
restrictions actually helped reduce compe-
tition from nearby out-of-state laudfills,
Seasonal variations in waste quantities
gsenerally had little effect on financial
performances of the facilities.

Limitations of Results:

The FPA-Mathtech study on financial
performances of actual recyvcling facili-
ties represented a pioneering effort in
recyeling analysis.  Past studies on re-
cycling were mostly concerned with techno-
logical performance, comparative cconomic
evaluations were usuallv based on engi-
neering cost estimates and hvpothetical
operations. While the small sample size
and choice of facilities may have unin-
tentionally biased the results, the sample
was limited by the smill number of oper-
ational plants in the United States and
cooperation of owners or managers. A
number of plants had not yet reached full
scale operations at the time of the survey.
Limited research funds also dictated the
sample size. The facilities sclected for
indepth study thus represented the broad-
est cross-section of technological pro-
cesses, scalc of operations, ownership
arrangements, marketable products, and
geographical locations obtainable under
the circumstances.

As in most studies of an economic
nature, data gaps necessitated interpola-
tion and extrapolaiions. Financial data
for the various facilities were standard-
ized to a common ‘ “counting base, and ad-
justments made where necessary. Uncer-
tainties exist with recpect to the true
values for the universe. And the nature
and direction of biases was generally rec-
ognized but not quantified in the study,
nor was the simultaneous effects of the
various impediments fully evaluated. '
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The comparison of net disposal costs
assumed that recycling facilities compet-
ed primarily in the waste disposal market;
consequently, racycling was vicwed as an
alternative disposal mode., Recycling can
also be viewed as competing with virgin
materials in the products market. From
the perspective of influencing prices,
however, for the forsecable future recy-
cling 1s likely to have greater potantial
for in the waste disposal market and will
probably continue to be a price taker in
the material products market.

Recycling might be viewed not as a
separate activity, but as one component of
a total systems approuach to solid waste
management. In this context Sullivan
suggests for efficiency reasons the pri-.
vate sector should be given the responsi-
bility for recycling as private firms are
better able to evaluate its feasibility
in conjunction with the collection service,
(21) Ultimate Jdisposal, it is suggested,
is more likely to produce externalities
and therefore should be the responsibility
of the public sector.

It should be mentioned that the cur-
rent emphasis on waste-to-energy recycling
probably constitutes a short-run perspec-
tive of conservation. Energy an be pro-
vided from rencwable resour>: . while the
non-combustible naterials in solid waste
represent non-renewable resources. While
no credit was given to disposal costs for
materials conserved, a long-run persncctive
of recycling suggests that perhaps greater
emphasis should be given to the value of
conservation of nonrenewabtle resources.

Recycling Municipal Solid Waste
what's Ahead?

In spite of the carly optimism for
recycling in the United States, the record
todate has been considerably below general
erpectations, The results obtained from
the recent EPA-Mathtech study indicate
that recycling of municipal solid waste
todate has not been the least cost means
of disposal. Lo<-cost competition from
landfills has been a major obstacle to
successful recycling operations. Land-
filling costs, however, may increase sharp-
ly if the regulations proposed under Sub-
title D of RCRA become effective. Land-
fill disposal costs presently average
slightly morc than $4.00 per ton.(22) An
increase of 88 percent in costs as project-



ed by Hart Associates would provide a con-
siderable impetus for recycling, particu-
larly in areas where land use is intensive
and considerable investment would be nced-
ed to comply with the new regulations. (23}
The U. S. Congress recently passed the
Energy Security Act Which provides loan
guarantees and price supports for waste to
energy systems . Critics of the lecislation
note, Zwowever, that the principal problem
in energy from vaste is insufficient
demand rather than the supply siude of the
market.

It remains to be seen whether the
future cconomic climate for recycling will
improve and whether new facilities now
under construction or beginning operations
will benefit from expericnces of the
carlier plants. Local community officials
and waste mansoers arc interested primar-
ily in disposing of solid waste in the
least-cost manner. Recycling need not be
economical to the extent that revenucs
exceed costs, however, net disposal costs
incurred through recycling need be compe-
titive with any environmentally acceptable
disposal alternatives unless addiiional
credit and subsidies are included for
energy and materials conservation. In
testimony for a Scnate subcommittce
recently, Abert predicted that only about
one-third of the available waste in the
U.S. would ve Tecycled by the turn of the
century. (24)
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ABSTRACT

This paper summarizes the results of a study of (hc scrap tire problem sponsored by

the United States Environmental Protection Agency.

An overviex of the prohlen is presen-

ed, and the technology and economics of retrcading, rubberized asphalt and cuergy recovery

are briefly discussed.
INTRODUCTION

Each year approximately 200 million
automobile and 40 million truck tires are
removed from service, a total of some 4
million tons, most of which find landfills
as final resting places. Although various
new resource recovery. options (mainly ener-
gy rccovery) for the use of these tires
have appeared at least superficially at-
tractive, the economics of these processes
have permitted only a very slow growth: in
the utilization of them. Traditional in-
dustries for the reuse of these scrapped
tires, rubber reclaiming, tire splitting
and retreading have all experienced zero
to negative growth in recent years, with
the result that an increasing proportion
of these tires are placed in landfills,

There are a number of impacts associ-
ated with this situation that tend to make
tne costs of managing waste tires higher
than the minimum necessary. Basically,
there are two such impacts:

1. Resource Impacts. Tires are nearly
wholely produced from petroleum deriva-
tives. Since a large percentage of this
petroleum is imported, there is an obvious
negative impact on the nation's balance ¢f
payments, especially in a world of cartel-
ized o0il prices. Further, these tires
displace volume in landfills that in many
‘communitics is increasingly scarce in
supply, raising disposal cost. This is a
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problem primarily in densely populated
areas, where the distribution of scrap
tires closely parallels the population den-
sity. Reducing the size of the tires by
splitting or shredding in order to save
landfill - volume is costly. Charges imposed
to cover the cost of shredding creates an
incentive for tires to be illegally dumped
or littered, causing ncgative esthetic im-
pacts. ’

2. tHlealth and Safety Impacts. These im-
pacts are principally the greater risk of
fire and discase from stockpiled and/or
littered tires. Tires have been implicated
in mosquito borne encephalitis cases in at
least one community. -

The causes of the scrap tire praoblem
are to be found in the interplay of tech-
nological and economic factors. On the
technical side, such factors as lack of
simple processes to reclaim high quality
rubber and/or constituent materials such °
as carbon black from used tires means that
such products, if obtained, are costly and
not competitive with virgin materials, al-.
though the rise in virgin feedstock prices
should begin to reduce the cost differen-
tial. Technical difficulties that American
companies encountered with th~ construction
of stecl-belted radial tires have made them
virtually unretreadable, probably leading
to a higher rate tire scrappage than would
have otherwise occurred.



The fact that a tire problem exists
indicates that the market for tires is not
functioning properly. This means that the
tire market, as an institution, is impro-
perly guided by the various resource prices
that affect its operation - in particular,
tires are improperly priced, since the
costs they impose on individuals and com-
munities are not reflected in the prices
consuimers pay for them. Corrections of
these institutional shortcomings would do
much v solve this problem.

One of the manifestations of this im-
paerfection can be seen in the proliferation
of tire sizes, which, apart from denand
considerations, lecads to a 1~duction in the
percentage of tires that arc retreaded.
This percentage is reduced because retread-
ers do not find 1t profitable to maintain
a variety of molds to match all the varia-
tions in tire size that tire manufacturers
offer. This proliferation in sizes is
caused by two factors: (1} the profit mo-
tive leads tirc companies to exploit the
various dimensions of demand in the tire
market, and (2} the auto companies have
been integrating tire design into the de-
sign of automotive suspension systcéms. The
latter source vill probably diminish in
importance- as the auto manufacturers reach
a-new equilibrium with respect to smaller
auto sizes, but this will have little to
no impact on the incontive that tire com-
panies have to increase the nurber of tire
sizes,

TECHN1CAL OPTIONS FOR TIRE REUSE

At the moment, there are four techno-
logies ir various stages of current use and
development that lead to reuse of scrap
tires in some form, and mayv tead to greater
future use. Thesc technologies are re-
treading, shrodding, rubberized asphalt and
energy recovery., Of these, we discuss only
retreading, rubberized asphalt and energy
recovery. Shredding is a fairly well de-
veloped technoingy, and is an intermediate
processing step for disposal, rubberized
asphalt and energy recovery.

Retreading:

Currently, approximately 13 million
truck-tires and 3] million auto tires are
retreaded annually; the figure for passen-
ger auto tires has been declining through-
out the decade of the seventies, and stood,
for example at 36 million in 1974. The
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state of the art is such that well-made
retreaded tires arc produced with relative
ease, but that the variable performance
that is observed is due mainly to the many
small retrecad shops that do not have the
proper equipment for good retreading and/or
seek to avoid the cost of producing high
quality retreads. :

Also, it is true that the shift to
radials is having a significant negative
impact on the rate of retreading. In 1978,
for cxample, the retread rate for bias-
belted tires produced in 1976 was 38%; for
radials, it was 6%. Unless American tire
manufacturers can solve the technical pre-
blems of radial tire construction that
hav* made their radials unretreadable, and
unless retreaders get the equipment in
place to retrcad these radials, there will
be a significant further decline in retread
rates, leading to a.substantial increasc
in the number of tires discharged for dis-
posal .

Rubberized Asphalt:

The concept of adding rubber to as-
phalt is an old oné, although the use of
scrap tires as the source of the rubber
component 1in the mixture has received seri-
ous attention in onty the last 10-15 years.
There are two very similar processes in
use, both developed in Phoenix, Arizona,
Essentially, the process consists of add-
ing crumb rubber derived from a rubber
reclaiming process to hot asphalt in an
asphalt distributor truck and sprayirg it
on the road surfaee in the usual fashion,
covering it with stones (“chips"). The
anticipated benefits in road applications
(porentially the largest use for the mate-
rial) are two: prevention or retardation
of the rate at which cracks reflect
through new asphalt courses that have been
overlaid on older and failing pavements,
and as a waterproof membrane, for use on
bridge decks, for example. The most ef-
fective use may be in prevention of pave-
ment failure resultant fros expansive
soils, such as clays, which stimulate
"alligatoring', so named because of the
dense and interconnected nature of the
cracks, he effectiveness of rubberized
interlayers in tvo other mujor types of
pavement failure, lateral and transversal
cracking, is more problematical. Lateral
cracking stems from weather caused expan-
sion and shrinking of concrete pavements,
and transversal cracking from pavement



and/or base failure, ofren caused or ex-
acerbated by excessive weights in vehicles.

The technical potential for rubberized
asphalt to prevent and/or retard cach of
these sources of reflective cracking is
currently under study in 4 multi-ycar set
of test projects being conducted by the
Federal Highway Administration with sup-
port from EPA. The analvsis of the tech-
rical and economic data will begin next
fiscal vear, and hopefully wili provide
mere precise answers to the technical and
ecoronic questions that .we been posed
about the use of this materijul,

For exumple, rubberizcéd seal costs are
about 70% ($.45/yd2) more costly than the
conventiona! non-rubberized treatments.
Table 1 shows the discounted payback
periods implied by various combinations of
discount rates and cost savings on a square
vard basis. As yet, there doés not exist
good information on what the savings in
fact are. 1In the casc of the stress-
relieving interlaver (placed hetween the
old pavement surface and a new, thicher
overlaver or finish course), some prelim-
inarv evidence from one application of the
miterial in Arizona indicates an annual
maantenance cost savings of §.26/vd-,
supgesting a discounted pavhack of four to
five yecars at rates of discount of six teo
ten percent,

Another important use of ubberized
asphalt 1s in crack and joimt scaling com-

pounds. The preliminary evidence suggests
that the rubberized scaler is technically
superior to conventional scalers, which
often fail in less than 4 year, and the
cust premium is only 30%. Thus, the like-
lihood of the cost cffectivencss of the -
material is high, aithough aguin, the
answer to this question of cost cffective-
ness is not known with precision,

Energy Recovery

Essentially, tuo basic technoiogies
are being considered by a2 numher of firms
as methods of recovering the cnergy con-
tent of tires: direct combustion and
prrolysis, both af which normally reguire
shredded tires as fuedstock. Neither of
these technologies in the various forns in
which they sppear are mich bevond experi-
mental or pilot stages, and many cases’

" have not even reached the pilot stage.

The economics of the processes for the
most part present an onbstacle yet 1o be
surmounted.

Direct combustion techniques have
taken tires, whole or shredded, and burned
them either singly or mixed with other
fuels, especially coal, typically for
stean production. There does not exist
any comprehensive information on the air
peilutinn impacts of burning tires, but
past experiences with the process suggest
that proper feed rates and standard emis-
sions control equipment will be able to
deal wirh tire rclated residuals.

TABLE k. DISCOUNTED PAYBACK PERIODS FOR AN ASPHALT-RUBBER SEAL COAT

{vears)}

Anmual Mainienance
Savings {Cents

Discount Per Square
Rate Yard

.10 .15 .20 .25 .30 a0
6% & 4 3 2 2 2
10 7 4 3 2 2 2
15 3. 5 3 3 2 2
20 13 S 4 3 2 2
% 50 7 4 3 3 2
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Large scale combustion of tires be-
comes dependent on an adequate supply of
tires for the process - as such it is
quite sensitive to the cost of collection,
especially transportation costs, and to
prices to be paid {positive or negative)
for delivery of tires to a facility. Pro-
cessing costs do not seem to he an impor-
tant consideration, at least in terms of
plants of 30 tons per day or mcre. A
study of a hypothetical facility in New
England suggests that the process would be
profitable if as few as six percent of
tites in New Engiand were collected and
detivered to the plant. As of today,
there are still no important facilities
for shredding or otherwise processing
tires for energy recovery. The cost of
collection and the insufficiently high
prices of alternative fuéls seem both to
serve to make energy recovery from tires
‘uneconomical at present,

Pyrolysis of whole or shredded tires
is a process that has attracted and still
attracts the attention of many chemical
engineers. .iwuch companies as Firestone,
Goodyear, Tosco and others have made sub-
stantial investments in the past seecking
to recover fuei o1l, carbon black and
gases from pyrolized tires. Typically the
quality of the carbon black, a mzjor in-
gredient in‘tires, is of insufficient qual-
ity to make it competitive with virgin
blacks without further processing. Again,
-economics proves to be the hurdle that
remains to be surmounted before energy
recovery from tires becomes profitable.

Why the-rise in relative energy
prices has not led to a more favorabie
economic environment for energy recovery
from tires is not really understood. Fed-
eral prices control and entitlements pro-
grams surely have something to do with
this problem, and it may also be that the
process is itself sufficiently energy in-
tensive in the collection phase to leave a
margin betwzcen revenues and costs too
small to be attractive, except at very
high prices for «.iernative fuels.

SIMMARY - AND CONCLUSTONS

At present, the only technologies in
use for reusing tires in any significant
fashion are retreading, tubber reclaiming,
tire -splitting and rubberized asphalt. To
an unknown, but’ probably small extent,
there is direct combustion occurring in

various plants and shops around the country.

None of the trends suggest that there
will be any significant increasc in scrap
tirc recovery in the near future - indeed
the trends are distinctly downward, save
the small and .lowly increasing use of
tires in rubberized asphalt application.
Since collection costs are relatively high,
this aspect of the used tire cycle will
likely remain relatively unorganized and
possibly inefficient until large scale
tire recycling be:omes more prafitable.

A significant rise in the relative price
of petrolerm is a necessary condition for
creating a strong demand which may in turn
stimilate the development of a more effi-
cient collection system. In the absence
of this strong demand, the disposal and
littering problems that exist may vequire
some external mechanism such as product
charges to ensure thiat tires are disposed
of in an environmentally acceptablc manner.
Such a charge on the order of two cents
per pound of tire would probably be suffi-
cient to finznce a nationwide system to
stimulate tire collection and appropriate
disposal. .Little is known in detail,
however, abéut how such a4 mechanism might
work.’
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ABSTRACT

The research program was initiated as an objective of the Resource Conservation and
Recovery Act. It had the overall objective of assessing and evaluating State-of-the-Art
for recovery of glass and plastic resources from snlid wastes. Currently, labor-
intensive source separation of glass and plastics predominate, although mechanical and
*hermal recovery will achieve qreater impnrtance in the years anead.

Literature was gathered from numergus sources, contacts were made with industrial and
recycling organizations, and questionnaires were distributed among applicable firms
invoived in glass and plastic recovery. Data derived from literature was collected,
reduced and evaluated for technical, economic, and environmental content.

This report was submitted in fulfiilment of Contract No. 68-03-2708 by Pacific Environ-
mental Services, Inc. under the sponsorship of the U.S. Environmental Protection Agency,
Stephen James, Project Dfficer. The report zovered the period May 1978 to January 1950,
and work was completed as of July 1, 1980. )

INTRODUCTfON : : MANUFACTURING AND INDUSTRIAL BACKGRNIUND FOR
PLASTICS AND GLASS
The objective of thi; RCRA mandated

study was to define the state-of-the~art Plastics Manufacturing and Plastics

for recovery of plastic and glass resources ] 1ggpstr!

from waste as determined from available

literature. Resource recovery technolo- Plastics is a generic term describino
aies, both mechanical and labor intensive, strong, durable, light, easy to fabricate,
were assessed for municipal and industrial fairly inexpensive materials derived from
waste sources. Where data wac available, ~petrochemical feedstack. Plastics are
these technologies were discussed in terms available in cver 40 “"families” or material
of technical, economic, environmental, and types with a broad ranae of performance
social aspects. Current trends in plastic " characteristics {1}. Plastics are a rapid-
and glass waste recovery practices outside 1y increasing sogment of the economy, and
the United States were assessed. Fast and new and variabie uses and markets make’
present research efforts were identified, industry characterization difficult.

and research needs to enhance recovery of

resourccs were addressed. Study findings All plastics are either thermosettina
are discussed following. or thermoplastic. Thermosetting plastics
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are set into permanent shape by the appli-
cation of heat and pressure and on reheat-
ing, cannot be reshaped. Thermosets
account for over 20 percent of the total
U.S. polymer production and are often used
for durable goods such as counter tops,
pot handles, knobs, highly engineered
applications, and do not significantly add
to the municipal solid waste stream (1).

Thermoplastics soften upon reheating
and harden upon cooling. Ease of use of
thermoplastics, plus specific resin char-
acteristics enhance their uyse. Thermo-
plastics are often found in the municipal
solid waste stream, (1) and they account.
for approximately 80 percent of polymer
production (2).

Plastics manufacturing is a diversi-
fied and complex operation.  From ihe raw
material input to the final consumer prod-
uct, the various operations within the
plastics industry are integrated into
various segments. Figure 1 shows the in-
terrelationship among the various opera-
tions invaived in the manufacture of
plastics {3). Integration of operations
within the plastics industry is extensive;
thus, one company can be a resin producer,
compounder, and fabricator; and a manu-
facturer/packager can sometimes operate
as fabricator and converter. As a plastic
prcduct is riade, starting from the resin,
it normally passes through manufacturing
fecilities that progressively become
smaller in size, and more dispersed geo-
graphically. 1lhe wholesaler/retailer and
consumer segments are dispersed according
to population density and end use markets.

Glass Manufacturing ‘and Glass Industry

Glass has the following characteris-
tics: chemically inert, impermeable 0 all
liquids and gases, sanitary and odorless,
can be made transparent, and versatile and
adaptable in that it can be molded to al-
most any shape and size (4). The manu-
facturing process is usually a fully in-
tegrated one step process which begins with
raw material feedstock and a finished
product at the same location. Basic raw
materials include soda ash, limestone, and
sand. Limestone and sand are cheap and
abundant, Cullet, or waste glass, can be
used in lieu of soda ash, which is in
demand. . ’

As of 1980, there were 12% primary
glass producing companies which altogether
operated 340 individual plants (5). These -
glass manufacturing facilities are lacated
throughout the United States and are
usually situated near the markets they
serve. Plants are found in 34 states with
the majority located in the following 10
states: California, I1linois, Indiana,
New Jersey, New York, Ohio, Oklahoma,
Pennsylvania, Texas and West Virginia.

STATE OF THE ART FOR PLASTICS RESOURCE
RECOVERY

Plastic Waste Generation

Plastic waste is generated from indus-
trial-manufacturer, commercial and munici-
pal sources. The amount of plastic wastes
generated in 1977 and projected for the
years 1980-1990, is presented in Table )

FABRICATOR
COvOUDER
A
CONYERTER
RAW RESIN 1
MRS V] PRODUTER
MANUS AL TUR
REPROCESSOR/ PAcuc.innl
CoP R WHOLESALER/
RETAILER
) IGMHF
Figure 1. Interrelationsnips among various operations

. in the manufacture of plastics.



and was scaled from 1974 data. They pre-
dict a steady increase of plastics. This
would occur principally due to expanded
uses of plastics as a substitute for other
items. Substitution arises from transpor-
tation costs accrued durina distribution
and the need to conserve materials.

wastes as received at landfills, the break-
down by source is 84 percent for house-
holds, 10 percent for commercial/institu-
tional and 6 percent for industrial. As a
fraction of the municipal waste stream,
plastics represent a small portion of
approximately 4 to 5 percent (6)}. Plastics
as a component of municipal refuse has
increased.about 50 percent in the last
decade.

in the municipal waste stream are normally
plastics packaging. No hard data exist to
indicate exact quantites of plastics
recovered from waste streams. Estimates
indicated that of the 7,500 Gg (16,500
million 1bs) generated annually from all
sources, about 2,200 Gg (4,850 million
1bs) were recovered, primarily through
industrial recyclina (1). Solid wastes are
produced at essentially every step in the
manufacture of plastics, with the post-
consumer segment accountina for the
majority of wastes,

TABLE y. ESTIMATES AND FORECASTS 'OF PLASTICS wWASTcS
GENERATED AND RECOVERED
Quantity by yesr (mrllion tons anc 6gl8.0
Category
1977 1387 TSES 1350
| Q Ll jﬂ R ~0G Lg
Tots) s011d waste o 122 160 145 180 163 20 181
Municipal generation 6.9 6.3 8.4 7.6 1.2 0.1 13.4 1241
Coamer.1al generation 0.8 0.3 0.9 0.8 1.2 1.1 1.4 1.3
Industrial generation 0.6 0.5 07 0.6 1.0 S 2 1.0
Recoverst e 2 ne e 248 20 2 s
Total waste as generates 69 6.3 84 2.6 V.0 9.9 132 W9
Percent plastic 1n .
®iaes wostes | 4.9 4.9 5.3 $.3 8.2 6.2 6.6 6.0
Plastics recovery as »
3 of plastic wastes
(municipel) for energy : :
recovery (] ] 4.2 4.2 14 13.4 243 27,3
Tots) wastes as disposed 6.9 6.3 80 7.2 9.6 8.7 WO 9.0

& . Assume no vartation in industrial-aynicipel, cosmerctal ratios of geraration
D . Composite of Miowest Researcn Institute and PES estimates. ’
€ . Recovery 13 composite Of SOurCe 3€DATALION and energy recovery.

9 . Incorporates PLT recycling at 25 percent efficrency.

Plastics production in 1977 totaled
15,411 Gg* (33,948 million 1bs) (1). oOf
that amount, approximately 80 percent were
thermoplastics, which are amenable to re-
melting and, thus, refabrication, to a
certain extent. The largest single end-
use for plastics is in packaging, although
most plastics are utilized in long-term
uses. As a result, plastic wastes found

. ‘Gg"is the metric abbreviation for 109
grams.
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Plastics Waste Resource Recovery

Due to the tremendous qrowth in the
use of polymers or plastics, especially in
short-term packaging usage, increasing
attention has been focused on its recovery.
However, ‘the recovery of plastic. from
municipal refuse within the United States
is basically embryonic. Currently only



specific plastics which are uncontaminated
ang segregated from other polymers and
wastes have potential for recovery. PET
bottles, PVC scrap, polyethylene con-
tainers, and HDFE film are currently spo-
radically recuvered for recycling. As a
result, energy derived from combusticn in
waste to energy plants most likely repre-
sents feture prevalent plastics “"recycling.”

A less familiar but equally important
area is that of “pre-consumer" wastes,
those generated by producers, processors
and fabricators of products. While
recovery of plastics from municipal refuse
is not entersive, industrial, and to a
certain extent, commercial recovery is
quite extensive. Essentially, scrap recov-
ery has long ceased to be an afterthought
in most plastics processing operations.
Scrap handling has the potential of being
as important a plastics processina opera-
tion in its own right as processing virgin
polyners, since the rising costs of feed-
stocks makes even small loses significant.
There are fewer and fewer operations that
cannot justify either regrinding equirment
or recovery of off-spec resin for sale (7).

Post and present recovery programs
~are listed in Table 2.

Reuse strategies have shown that
clean and sinale material plastic waste
streams derived from municipal waste {PET,
for example) can be collected and recycled.
However, this is limited and is useful
only for beverage packaging,

Except on such limited basis, plas-
tics materials recovery from the mixed
municipal waste stream appears to be tech-
nically or economicaily infeasible at
present. The greatest potential for suc-
cessful plastics waste recovery seems to
be (1) the derivation or recovery of ener-
gy from combustion of a mixed plastics/
organics waste fraction in the municipal
waste stream, or to enhance volume reduc-
tion through various forms of thermal
treatment by utilizing the high energy
velue of plastics, and (2) selected source
separation.

In the former, the presence of plas-
tics enhances combustion due to a hich BTY
conient. As waste csntains a number of
noncomhustible items and significant
quantity of .noisture. plastics can be an
imyortant offsetting combustible fraction.
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Thermal Treatment

Thermal treatment can be grouped into
three general categories:

¢ Large scale and modular incinera-
tion (with and without energy
recovery)

o Pyrolysis

e Preprocessing for refuse-derived
fuel

For each of these methods, proponents
desire the high eneray content of plastics
to enhance the overall enercy content of
the solid waste.  Plastics found in MSY
have heating values in excess of 42 kl/g
{19,000 BTU/1b). Refuse heating vaiues
range near 11 kJ (5,000 BTU/1b). As a
comparative point, coal has a tvpical
energy content of 28 kJ/a (12,000 BTY/1b}.

An additioral benefit of the thermal
treatment systems is the potential for
volume reduction of sclid waste hv as
much as 90 percent.

Polyester-polyethylene Terephthalate [PET)
Bottles

Recovery and recvcling of post-con-
sumer (municipal level) PET is established
and growing. Prompted by bottle deposit -
laws, anti-litter movements and the need

‘to conserve costly raw materials, re-

cycling of PET is regarded as fully
commercial. Both DuPont Co., Delaware and
Goodyear Tire and Rubber Co., Ohio, have
started up pilot plants for recvcling,
Industry ectimates that PET recycled in
1979 amounted to approximately 3,499,090

ka {3,849 tens). This is estimatud to
almost double in 1980 (8). Owens-Illingis,
a container corporation has published a
quide to PET recycliing which gives urgent
attention to the recovery of PET in markets
which have container deposit systems. In
this quide, bottle fillers are recormended
to include a reclamation svstem. Most
bottling facilities can accomodate the
neces<ary equipment. The major component
is the granulater. It grinds all materials
into scrap particles. Accessories to the
granulator include variable feed hoppers,
conveyers, air evacuation systems, and
scrap shipping gaylards., A minimum of 400
square feet is required for the processing
system, with aaditiunal space needed for
transfer and storage operations {9).



TABLE 2

PAST AND PRESENT RECOVERY TACILITIES AND RECOVERY PROGAANS

AT NANUFACTURING OPERATIONS
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Recltaimers are interested Tn high packaging. As of February 1979, PET re-

volume usage and purchase truck load
quantities 22 to 24 gayloads which each
are 4 x 4 foot square fiberboard con-
tainers. An averaje purchace price for
PET is estimated at $0.03 per 1b.

Markets for Recovered Plastics

Markets for plastics recovered from
municipal refuse is limited. Most poly-
mers will not find markets for reuse. The
emeraing market is for PET. Specifica-
tions vary according to market.

PEY

Recycled PET currently finds its

- largest end use in strapping and fiber
fill; insulation for winter clothing, car-

_pet backing, thermoform sheeting for clear

29

cyclers were documented in literature (8
anq are listed. .

- Building Components, Inc.
Van Nuys, CA

St. Jude Polymer Corporation
Mahonpy City, PA

E.1. DuPont de Nemours & Co.
Wilmington, OF

Midland Processirg, Inc;
Pomona, hY .

Plastic Recyclers
Richmond, CA

Plastic Recycling Incorporated
Batlas, TX



Plastics Development Corporation
Los Angeles, CA

Three M - 3M
St. Paul, MN

Willman Industries, Inc.
Johnsonville, SC

Pure Tech Industries, Inc.
Pinedbrook, NJ

Ralco Industries, Inc.
Cumberland, Rl

TAVE OF THE ART GLASS WASTE RECOVERY

Source lIdentification

Waste glass generation in the United
States stems from three primary sources:
industrial, commercial, and municipal.
Industrial waste glass for this analysis
is assumed to be any glass waste generated
during the manufacturing of glassware.
Commercial waste glass is assumed to be
any glass waste generated from sources
where glass is used as an integral part of
the establishment's product line. For ex-
ample, waste commercial nlass can emanate
srom bottle villing operations, the fTood
packaging industry, the.construction in-
dustry, food and beverage service industry
(including bars), the automgtive industry,
and about any establishment that uses glass
for their products. [t is noted that
commercial glass waste finds its way into
the municipal waste stream or directly
into landfills. Municipal glass waste is
assumed to be that glass which is discarded
after the usefu! life of the product has
ended. Examples include-beverage con-
tainers, food containers and windows, etc.
Industrial waste may be included in munici-
pal solid waste and can be disposed at
landfills. - Retail outlets and bars may
contribute to these wastestreams.

Figure 2 presents an idealized drawing
summarizing the major components of the
industry, with sources of generation and
recycle material flows (103.

Quantities of Glass laste

The total glass production in 1978 was
estimated to be abost 18 Tg {20 million
tons). About 70 percent of this glass was
container glass. However, the amount of
container glass found in municipal waste
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is reported to be about 90 percent (11).
This is expected since the useful life for
container glass is relatively short when
compared with other glass types such as
flat glass and fiberglass, in the absence
of reuse systems. According ¢o the latest
available statistics, glass is reported

to comprise up to 10 perceri of the total
municipal wasteload (12) of 134 Gg

(148 x 100 ton). Table 3 presents waste
glass generation estimates based on avail-
able data and inference.

Estimates of future quantities of
glass waste in the municipal waste Stream
are numerous, Future projections of any
sort are based on previous trends .nd many
factors such as marketina conditions and
competition. Table 4 presents a projection
of glass waste and the amgunts recoverea
from mixed municipal waste for the period
1980 to 1930, incorporating such factors,
and beginning with the base vear of 1972,

Review of Table 4 indicates that the
total quantity of alass waste generated
will increase slowly through 1980 while
the percentace of glass in the total waste
lcad will decrease. This is based on the
assumntion that glass waste recovery
through 1930 will increase due to advances
in recovery technology and wider comrunity
recycling efforts. This estimate could
change it reuse programs and container
deposit legislation efforts are success-
fully implemented on a wide scale.

Glass Waste Recovery

The recovery of glass from municioal
waste within the United States todav is
more representative of an emerging tech-
nology, rather than an age-old practice.
Yonetheless, a secondary materials industry
does exist, and methods for recovering
materials from municipal waste are
achieving new levels of sophistication and
success.

Within the recycling “"closed system,”
three defined segments exist: (1) alass
manufacturing and secondary materials
users; (2) cullet dealers; and, (3)
municipal and private collection proorams.
Glass manufacturers are the priacipal
actors. Raw material users have tradition-
ally utilized glass cullet derived from
off-spec olass, etc. Most recycled glass
from post consumer sources has been used
by glass container manufacturers to produce
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TABLE 3.

ESTIMATED WASTE GLASS GENZRATION 8Y SOURCE (1877)

Commercial

Total Residentia) Industrial
Category Waste X MU 69 % NI Gg % M Gg
- 148,000 -- - -- -- - e e a-
Glass waste 14,800 82 12,1356 10,983 16 2368 2143 2 29 267.
Glass Sontainer
wastle 13,220 82 10,840 9,810 16 2115 1934 2 264 239
Noncontainer
. glass waste 1,589 82 1,295 1,172 16 252 228 2 31 28

e

490 percent of glass waste

TABLE 4 . SUMMARY OF GLASS WASTE ESTIMATES, PRGCESSING AND RECOVERY
FOR MUNICIPAL WASTE, 1972-1985 (1,000 ton)d
Category . 1972 1975 1880 1985 1930
Total colid waste 130,000 140,000 160,000 180,000 .-
Glass availadle 13,200 14,500 16,400 16,600 16,900
Percent glass of
tota) waste 10.1 10.5 10.3 9.3
Glass processed for
recovery? 0 20 170 540 86U
Glass recovery
- source separation :
collection 175 180 225 225 225
- cullet dealers 100 85 50 .50 S0
- waste recovery .
plants 0 10 100 350 600
Total resource
recovery-glass 275 275 375 60C 850
Percent recovery of
total-glass 2.8 1.8 2.3 3.6 5.0

_ central facility with glass. subsystem
imates by Midwest Research [nstitute

_-ﬂProcessed in
bect
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new containers. Recently there has been a
shift to composites of glass, plastic and
fibers. These new sécondary uses promise
gtass recvcling an erpanded cullet capacity
with recduced specification levels. Addi-
tionally, economic problems exacerbated by
inflation and energy snortages have "im-
proved” the economics of smaller scale
enterprises. It has been theorized that
small scale, local industrie will be more
apt to utilize locally-derived cullet,
thereby eliminating hign transfer costs
{13}.

(ullet dealers represent a second seg-
‘ment. As intermediate orocessors, they
proviue the important function of agarege-
tion and cquality contro}. Cullet dealers
are, however, 2 diminishing segment of the
incdustry. Less than 20 deaiers exist
today {conversation with glass cullet
dealer).

Finally, the delivery or ccllection
system, represented by grass roots re-
cyclers, municipalities, and small busin-
esses tnrm the third regment. They cften
deal through intermeJiate processors, al-
*hough larger oroarams may se'l directly
to a manufacturer.

Industrial Source Glass Maste Recovery

The gtass marufactu.ing industry has
traditionaily recycled its in-house waste
materials (factory cullet) for various
economic advantages. C(ullet added to the
olass furnace assists the melting process
of the virgin batch by lowering its melt-
ing temperature, and speeding up its melt-
ino time in proportion to the percentage
change {"¢}. As a result of heat reduction
in the. furnace, the life of the refractory
furnace tinings is extended ang fuel con-
sumptior is reduced (14). Some manufac-
turers have alco met air gquality regula-
tions Oy increasing cullet usage. Users
report a significant reduction of particu-
lates and high temperature related
emissions {14).

In-house cullet is usually available
from off-specificaticn glassware 2nd re-
jected or broken glass from 'within the
alant. Generally, 20 percent of the batch
material .will end up as “in-house” cullet
{14). - Some additional cullet (foreign
cullet) may be purchased from external
sources such as vottlting planty, cullet
‘dealers, and municipal recovery programs
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load.

to increase the quantity of quality cullet
input to the furnace where cuality control
is stringently exercised [15). The max-
imum percent of cullet that can be intro-
duced to & batch without altering the
quality of the finished product is greatly
dependent on the quality of the input
cullet and how t compares to the batch
recipe. Several furnaces in turope and
elsewhere are currently using rore than

50 percent cullet in each batch, and some
furnaces have been operated successfullv
on 100 percent cullet for short pericds
under special circumstances (16).

Municipal Glass Wasta Recovery

Municipal waste, in general, ic con-
sidered to Se tnat discarded nost-consumer
material whicn 1s colliectec and cisposed
in the muricinal solid waste syster. In
addition, industrial and commeicial estab-
lishments discard wastes a'ona witn con-
sumer waste, so that municipal solid waste
can be a combination of ai’ three types.

Glass waste in the municipal solid
waste stream, as previopusly noted, reore-
sents about 1C percent of the total waste
In eddition, adout 30 oercent cf
the alass waste originated from container
glass.- -As such, the container industry
has been interested in recover; of this
material octh fram an economic and cudiic
relations perspective.

The giass recovery system ac-ually
incorporates three basic operations: (1)
collection or delivery; (2) processing;
and {3) recyclina. A}l three, which to-
gether comprise the closed recycling sys-
tem, are nterrelated and. interdepencent
upon eaLh other.

Glass can be recovered from ~unicipa)
waste by source separation systers, mechan.
ical recovery systems or by various reuse
strategies. Source separation is the
simplest and oldest method of olass waste
recovery, and requires separation of dis-
carded glass from other solid waste.
Source separation is generally cateqorized
25 a labor-intensive endeavor.

Mechanical separation involves the
application of mineral extraction and
separation techniques to municipal soiid
waste to extract glass from mised refuse.
Mechanical systems for alass recovery are
at present emerging or experimental, and



are usually found as a subsystem and not in
an independent mode.

Reuse programs generally involve @
tax or deposit 07 «aste <ortainers, which
" is radeer2hie uvon return,  The vast rmajor-

ity of reuse procrams Cisappeared as the
market ecconcms favored cne-way containers.
rosever, energy ard environrental consid-
eratigns have spurred rendweg interest in
reyse strategies.

Trne recnenism of recycling is very
similar te virgin material svstens., {on-
certratior, puritication, and manipulation
0 material characteristics oicur. (nce
rateriais are coliected, they usuvally must
be iggregated, processed, and otnerwise
© arougnt Lo to specification levels ‘acrept-
aple to-secondary materials users., C(Cullet
gralars gererally represent this oortion
cf tne systen.

Tre system s closed uith *he pyrchase
of cullet by marufacturers, usually giass
contairer indystries. *Marwel dvnamics, as
will ne ¢iscussed later, aopear fayeravie
tovard use ¢f giass culet in secondar.
TrOCLCTS, wnere specifigcatisng are 1ess
siringent,

Sturce Serarition
Scurce senaration is dasic to the
=3

any ecoiodically motivated community re-
cvoiing efforts throuchout the nation.

3

Scurce separaticn actually smans municipal,

industrial and cormercial recycling. How-
ever, it is the difficulty of mecranically
2xiragting saleadie material from mixed
waste tnat nas sparked ranewed interest in
sourc2 separation.

Source separation is a traditional
practice that accourts for nearly all of
tne gl 35 rescurce recovery currently con-

_ducted.  Source separation involving
eitner Curdsice collection or collection
centers "as grown over the last decade.
Recyciing tochnology is increasing in soph-
istication, -level of efficiercy ard work-
abiiity 3s rew eaquirrent, crocedures, and
orocesses nave been excliusively develooed
for separate collection and processing.
There has deen an effert to standardize
orocedures for such praograms that ensure a
reliadle and cuality rrocuct from these
coeratiens,  In part tnis success is

1veuaimiitahla tm warAasrich Eiimdad by Fha 1T €
JLirigulas, oo TRLSATIN VURISL 2y AT LS.

Enviranvental Protecticn Acency (EPA) aad

other public and private auencies and
irdustry (17).

Ir the following, discussion will
fazus on cellection centars, cullat
dealers and seoarate <nllectisn procrams.

*0st neople are familiar with the
cormunity recycling center, Tnere are
over 2,000 community recvclira centers
Which have proliferated across the nation,
for reasons of cormunity invclvement,
small capital exnense and on the strenath
of a good core of participants (18},
Additionally, most centers accept mylti-
waterials {31l grades of oeper, retals
and glass}, and as a result, ars petter
able to weather market “luctuations, an
all too common occurrence.

Intermediate alass processors or’
cullet dealers represent a kev link in
the effort to recover alass through secara-
tion. Industrial, commercial and mynicinal
oroyrams are increasincly dependent on the
services that intermediate processors oro-
vide. s a secondary materials cealer,
they do rot aroduce new glass, but instead
act as the ourchase agents for 2 number of
ntass manu‘acturers.. There are fewer than
27 cullet dealers in the United States.
Thev are located in “ew fnaland, “lorida,
California, ™issouri, Fouston, ana tne
Great Lakes region (10).

By providing storage equipment %o
larae ranufacturers, cullet dealers
collect scrap glass which might be ais-
posed due to contamination. They remgve
contamination throougr their processing
svstem, and then sell it hack to alass -
manufacturers.

8y providing storaqe equipment to
Yocal recycling groups, they provide a
service in collectina heretofore unre-’
claimed oiass that glass manufacturers will
not take, due to0 certiin reasons. Inter-
mediate glass processors will agarenate
glass, develop color mixino schemes and
provide services by remov:ag contanimants.

Also, cullet dealers are able *o
cotlect alass frem commercial source
generators such as restaurants and bars.

. Containers may be provided along with

employee education programs.

Camn intavmndiats nearaccare mau corva
SOThD INLOVMCTISLE pUOToS Lo Ay sorve

as mixed recyclable nurchasers for ve-



" pation (19).

cycling groups. In Los Angeles, Califor-
nia, one cullet dealer is the sole pur-
“chaser of recyclable material, including
cullet, from the Downey DART source separa-
tiop program. In that operation, collec-
tion vehicles transfer glass cullet and
other material collected directly to the
glass processor. The cullet dealer
separates metals and-paper from the scrap
glass, and.sells all components.

Most of the recent research and suc-
cessful glass recovery has come from multi-
category source separation schemes in-
volving curbside collection. Curbside
collection programs generally cperate in
residential areas. There are approx-
imately 220 such efforts on-line in the
In ¢ typical program, resi-
dents routinely set out for collection
using barrels, bags, ard boxes, recyclable
fraction(s) segrenated from refr<e.

Either separate trucks or inteyrated
.collection vehicles collect the recyclables
and/or refuse. Material is normally taken
to a precessing station where, if glass
materials are already segregated in glass
colo=s or type, ninimal processiny is con-
ducted. Yhere recyclables are mixed, hand
or mechanicdl sorting is required. Long
term storage may or mey not occur depending
o volume.

Source separation programs collecting
glass are presented as Table 5. Design
variables are indicated.

Mechanical Separation

High technology recovery systems are
emerginy state-of-the-art for glass recov-
ery. HWhile these systems do recover other
materials as well, anly the subsystems
applicanle for gi.ss recovery are addressed
‘n detail. While no subsystem has as yet
been proven on more than an experimental
or pilot basis, extensive activity contin-
ues towards achieving viable and cost-
effective mechanical separation.

fFroth f]otation for Glass Recovery

Froth flotation is an emerging tech-
nique for glass waste recovery. This
technique has been extensively tested by
the Bureau of Mines, and by the National
Center for Resource Recovery (NCRR) at its
full-scale operation in lew Orleans cailed
Recovery 1. The test vesu
refractory particle content cuilet is
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recovered (20). It does not, however, meet
industry specifications for glass con-
tainer manufacture (20). Froth flotation
is a technigue utilizing differences in
the chemical properties of fine ground
glass and tke contaminants to achieve
material separation. The glass and con-
taminants are mixed with a physiochemical
reagent, which absorbs preferentially to
the surface of the qlass. The coated
glass attaches to bubbles formed by asita-
ting the mixture by air. This glass-rich
froth rises, is swept off the top, and .is
washed. Comsercial qlass-sand operations
and other reprocessing operations have
been using the froth flotation principle
for decades to separate silica sand or
other ores from unwanted minerals.
Normally a series of froth flotation cells
are used where progressively more and more
of the contaminants in the glass are re-
moved.

Opticaj Sorting for Glass Recovery

Optical sortinn is desiqned to rermove
any foreign material from a nlass-rich
fraction of a waste strean and to separate
tne glass by color. This method of
separation is commonly used in the food
processing and other industries and nas
teen modified fer the purpose of alass
recovery. It is ¢~nsidered a new- tech-

_nology for glass recuvery.

) Considerable research has been con-
ducted on the propietary Sortex mackine.
The Sortex machine consists of a series of
photocells which ;eparate the opaque
particles from the transpasient particles
by matching the intensity of light trans-
mitted throuah the particles with a rixed
shade background. In the process, alass-
rich fragments are charged to a Sortex
machine via high speed belts. When the
particle does not match the corresponding
background, a jet of air is outomatically
released, and the particle is deflected
into the appropriate receiving bins., The
transparent particles, comprised of
primarily glass particles, are also color

‘sorted in the photocells by the similar
mechanism,

This method of separation is most
effective when the particle size of the

‘feed stream is larger than 6 mm {1/4 in)

since. the particlcs are examined indiv-
idually as lhey pass "siegie file" through
the sorter.



TABLE & .

SOURCE SEPARATION PROGRAMS COLLECTING GLASS WITH DESIGH VARIABLES

‘clollegt ion melhoad

Site cv ST

Material contract

Mang. ord.  Scavenging ora.

tast Lyme, LT

wewirgton, (1

daterbury, L1

Waltham, MA

Anaover, MA

Bedford, MR

Newton, MA K
Soa rvalle, M
wHarplenead, ® x
Hami1ton, MA

Tiverton, RID

Summit, &J

west Orange, MJ

Bound 8rook, NJ

Fthaca, hY

Bow)l, MD

Alpbingtan, PA

Chfton wergnts, PA

Atlantg, oz
Walbasn, IN 2
Boulder, CO

Downey, CA

Fresno-Clovis, CA

Davis, Ca

San Luis Obispa, (A

#odesto, CA

fi Cerrito, Ca

Sante &osa, (A

W um e

PR

A

PRI

1 R » Rack, Y = Trailer, botn are integrated collection; CY « (ompartmentalizea venicle, 5T @

Separator Trucx

b To1s program 35 tne only one to snlsty collect qlass via curdsade colleztron.

Prograng

generaiiy coliect newspranl and @et4ls \n yarying COMDINATIONS,

hote: Tnis listing is not inclusive.

A series of tests were conducted by
EPA at a resource recovery plant in Frank-
lin, Ohio (21). Initial findings indicated
that contamination levels of refractories
were excessive. Flint glass averaged six
refractories per pound, and the color
mixed fraction (green and brown) con-
tained 29 refractories per pound (21).

Systems for Concentrating Glass Wastes

Several other preprocessing methodolo-
gies can be usec to produce glass-rich
fractions from which glass can be separ-
ated. These are usually used alone or in
conjunction with other units to provide
suitable fractions for subsequent froth:
flotation or optical secaration Systems.
They include:

e Air classification - normally
used as a preprocessing step for the com-
plete soiid wasts r2covery systems . Thera
are two basic way: ‘n which air can be
injected into the system to achieve the
separation of waste materials by weight.
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The first way of separation involves air
flowing horizontally throunh a fallina
stream of solid waste material. Heavy
fractions including nlass of the waste
stream are unaffected by the air flow and
fall to the bottom of the classifier. In
the second method of air classification,
shredded solid waste is introduced inte
the side of a vertical tube with a risinn
air flow (22). Light particles are -
carried out the top of the tube by an air
stream, while heavy particles settie out
at the bottom and are conveyed to sub-
systems for additional separation.

¢ Rising current separator - Prior
to allowing the material to enter tho
separator, the incoming refuse is first
preprocessed. The particle size of the
separator's feed steck is between 0.6 and
5 cm (1/8 inch and 2 inches). In the
separator, water i5 continuously pumned
through Lhe system. As a rasult of the
rising water current, Tight organics re-
maining in the heavy fractions are carried
to the top and removed. Heavy.fractions



at the bottom of the separator consist of
mixtures of glass, rock, aluminum and
other nonferrous metals, which can be
further processed to obtain individual
species (23).

o Heavy media separation - the sys-
tem is based on different specific gravi-
ties of the incoming material. The separ-
ator is basically a tank consisting-of
heavy "liquid" (suspension of a mineral
in water) which acts like a single fluid
with high density. As the mixture of
glass, aluminum and other nonferrous
meta,s is fed to the separator, alass and
aluminum (of lower density) float while
the other metals sink. The glass and
aluminum are skimmed off for further
processing.

e Shredders, screeners, and jigaers
- often are used tc auament the above
described components for concentratinn
Gglass waste fractions.

Current Hignh Technology Resource Recovery
Programs in the United States

Table 6 presents a partial listing of
currentl resgurce reLovery programs trat
recover alass as one product (22). These
resource recovery programs do not now
render a saleable glass prcduct.

tainers at .he point of consumer purchase.
This was the traditional system that was
essentially <uoplanted by the one-way con-
tainer syste~. In theory, the consumer
returns the cuntainer to the retailer to
reclaim the devosit. Once returned, the
retailer stores the container until it is
returned to the bottler. There are bottle
deposit systems now in place in several
states including Michigan, Vermont, Conn-
ecticut, and Uregon.

In resaonse to deposit systems, it is-
noted here that industry has advocated a -
litter tax program. Such proarams levy
manufacturers, retailers, etc. a small
annual tax that is collected by state
agencies and latar parceled out to re-
cyclers througn the foim of arants or
Yoans. This svstem has been implemented .
in California and Washington ana has been
seeming’y successful, both in danpening
enthusiasm for bott]e bills and in en-
couraging recycling.

Another form of reuse is character-
ized by the ENCORE! bottle washing opera-
tion which oriainated in Alameda County
in 1975 (25). Reccanizinn that the 74
miilicn gallons of wine consumed annually

“in California reauire over 110 thousand

tons of glass "throwaway" bottles, ENCCRE!
attempted to demonstrate to wineries,

RESOURCE RECOVERY ACTIVITIES WHICH RECOVER GLASS

TABLE €.
1°P0 Coprtal
Locatron Process Output Capacity % . Status
Balt wore County, WD shredding, air 1econdary product 600- 1000 8.4 operations)
classifying glasy -
Bridgeport, (7 frotn flotation giess cullet 1800 5.3 ' mot 1n operation
Osne County, FL “nydroposal® glase cullet 3000 165. 1981 startup
" lwauzee, W/ 8 clessifying glaysy aggregate oy 8. in operation
wpnroe County, ¥° frtn flgtetion ®ed glasy 2000 5.4 sterted up Aug. 1979
Mo Oriegns, LA frotn flotation glass cullet’ T 8.1 aperational prodiest
Wecpitess, WY “hyaraposal®/sortes tolor sorted glass 2000 7. Shasedown
Wilmington, I troth flotation qlass cuilet - Tow i, vager lonstruction

Reuse Strategies

There are other methods for recovering
glass materials from the waste stream.
One of these is derosit legislation.
Another is the collection of battles
thrauah buy-back nrograme €for washing and |
reuse.

In the former, a legal mechanism is
initiated which places a deposit on con-

recycling centers, restaurants, stores,
concerned groups and individuals that
eripty wine bottles could be collected,
washed, and reused on a large scale.

Used wine bottles are collected and

A *a - 1 -l < -
returncd 0 o contral 3Ovting wavehouse in

Berkeley. There, they are washed and
sterilized in a hydraulic bottle washer
custom-designed for ENCORE! and incoroora-



ting special energy saving techniques. Al-
so, ENCORE! is currently heating water by
uti*izing solar energy. The “revitalized"
bottles are then distrituted to participa-
ting wineries.

ENCCRE! maintains the strictest qual-
ity control standards and m2ets all state,
local and Federal health regulations.
Identification of such areas around the
United States where such programs could be
inplerented has not been conducted. It is
also noted here that GP[ has not'promoted
this form of reuse due to the opinion that
heaith and safety risks with reusing the
washed bottles outweigh the potential con-
servation benefits.

Markets and Specifications

The waste glass recovery cycle is
closed when materials are ultimately
.delivered to and utilized by a market.
Markets or users of glass derivaed from

post-consumer Soiid waste, though, are not

as well developed as for othcr recyclable
materials such as fibers and metals.
Reasons include the extreme nature of
specifications, the need to color sort
glass and tre ready availability of raw
resources for container manufacture.
There 4s one geocgraphic region which en-
joys an excellent "mixed” cullet market--
California, primarily because of the wine
bottling industry. New England is the
recipient of an excellent cullet market,
and there is some mover.ant toward iancor-
porating mixed cullet purchase, .

On a national basis, it appears that
new secondary product applications such as
fiberglass insulation will spark growth in
qlass recycling gver the near anud lang
term. A reason is these products reguire
less stringent specifications on color
ard contamination.

Specifications

The specifications o standards are
dictated by the particular product or
apolication being considered. ~ In the case
of contiiners, the staiudards are rather
well-defined and quite rigid. On the
other hand, for the vast majority of cther
oroducts and potential products which
could utilize secondary glass, the
standarde are cither very Lroad, vayue, or
.essentially nonexistent (10), Glass manu-
facturers have to keep close control over
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{26).

the batch of raw materials to maintain the
guality of the finished product. The
cullet extracted from mixed municipal
solid waste generally consists cf foreign
particles and chemical compounds used in
cotoring contginer glass. These contam-
inants must be removed to a level which

is acceptanle for use in buyers batch
recipe, or else masked effectively. Spec-
ifications normally concern color and con-
taminants. Exact specifications are ’
proyvided in ASTM specification No. C708-79,
ASTHM Book Part 41, 1980 issue.

Future Trends

Glass recovery from municipal selid
waste'is limited at oresent. EPA estim-
ates place recovery at a 4 oercent rate
There is some impetus being civen.
to incresse qlass cullet usane through
national energy and resource conservation
efforts, and stringent air quality control
requlations. Stringent specifications,
the lack of a national mixed cullet mar-
ket, maauracturer reluctance to maximize
cullet usace in batches, and readv avail-
ability of appropriate silica sand
deposits tend to mitigate growth trends.

Several trends have been identified
from conversations with acknowledged in-.

-dustry experts and current Titerature.

These are listed below:

trend emerginc toward smaller

scale operations {economy of scale)

e - recduced distribution lines

e more emphasis on fibernlass
production, insulation and plastic

. composites
effort to increase mixed cullet
recycling

® reuse program resurgence

® source separation nas emerged as

_ the dominant recovery strategy
continued inroads by plastics into
traditional olass packaging mar-
kets will spur glass manufacturers -
into secondary products and the
use of metals and plastics.

ENVIRONMENTAL AND ECONOMIC CVALUATION

In the commercial and 1 .nufacturina
segment-, resource recovery activities
have been straightforward. The economics
dare hased on the material being of krown
composition and quality, and free of con-
tamination. In particular, the economics



of the plastics industry is very much de-
pendent on the recycle of scrag (waste)
internally or by sate. “Scrap" is usually
reintroduced into the production Stream
gither -directly or "downstream" of the
resin manufacturers. Throuch the recovery
of plastic and glass wastes, adverse en-
vironmenta! end eccnomic impacts are
mitigated and beneficial impacts are
realized.

In contrast, plasti¢s and glass
wastes from runicipal sources are mixed
with other wastes and are contaminated.
They must then be separated from other
solid wastes or at least concentrated in-
to suiteble fractions, nomagenized, and
decontaminated prior to any successful
utilization. It is apparent that, at the
present time, recycling Yrom municipal
sources 15 limited. For both plastic and
glass cases, there exists a paucity of
cnyironmental and economic infarmation.
As a result, envirpnmental and economic
impacts are difficult to assess. More-
over, no existing commercial recovery sys-
tem, other than certain pilot mechanical
and source separation systems, recover-
nlastics or glass from MSW as & sole
arocuct. Consegueniiy, fdentification of
specific impacts and costs 15, at best, --
a most difficult proposition.

Environmental [mpscts of Plastics Waste
Recovery

Combuction

The environmental impact of recover-
ing energy values from plastics containea
in municipal s0lid waste is , ‘imarily
iimited to atmospheric emissioni. The
impact of plastics upon the overall at-
mospheric emissions from burning refuse is
difticult to quantify. Experimental
evidence has indicated that burning of the
three most widely used plastics «- poly-
ethylene, :rliystyrene, and polyviayl =
chloride -- contributes insignificant
emissions under properly maintained com-
bustion conditions (27). Polyethylene
melts early in the burning process, is
compietely consumed in any properly
oparated plant, and leaves minimal resi-
duyes. The only byproducts are carbon
dioxide and water. Polystyrene emits
Diack smuke particles ints the atmocnhere
wnen burned in the cpen air. However, in
nreperly operated incinerators and boilers,
tnis smoke is reduced and any particles

would be captured effectively by control
devices such as fabric filters, scrubbers,
or electrostatic precipitators.

Some concern has risen over potential
hydrogen chloride and vinvl chloride
emissions from burning waste-that contains
chlorinated plastics such as polyvinyl
chloride (PYC) and vinyl chlorige. &oth
hydrogen chloride and vinyl chloride
emissions could be potential heaith prob-
lems. The chioride emissions could also
ercede the metal surface within the furnace
unit. - In as much as new initallations
have not faced serious problems with
this pollutant, it can be said that the
impact of hydrogen and viny) chloride
emissiogns is minima) and can be effectively
contained throunh proper equipment desian
and control systems, i.e. wet scruobers.

Secondary Products

Of interest here is whether secondary
products made from plastic waste represent
potential pollutant sources, whether in
th2 process or product. Most of these
products, such as fence posts, tiles,
plasticizers, paint extenders, etc., are
ton new to have anv definitive data as tn
their itmpact. The processes tnemseives
are a different matter. Fcr exanble,
there have been some problems related to
workplace hazards and plastics recycling.
Especially pyrolysis of polyurethane will
yield tolidine diisocyanate (DI}, a
deadlv toxic substance (28). Literature
neted that plastic granulators used to
regrina off-spec resin and other scrap
have been developed which mount the entire
cutti:  -hamber assembly on shock absorbers
to is . -ie the cuttinn impact from the
frame of the machine and decrease noise (7).

Economic ImpactS of Plastic Recycling

To ensure that maximum proTits can te
realized from purchased materiais, many-
facturers strive to reduce waste to a min-
imum. Some plastic scrap which is not
reprocessed internally by primary polymer
producers and fabricators is sold to scrap
dealers or processors. The scrap is
attractive from an economic viewpoint,
since it creates new business opportunities
and reduces raw material costs. For ex-
ample, one company 1s reported to purchace
fairly clean scrap polyethylene 11 im and
bhags, and rework it. The recovered
granulated pellets ave added to virgin in-



put in the ratio of five to ten percent
scrap. The cost of recovered polyethylene,
including the purchase of scrap and
processing, is said to be less than 50
percent for tie virgin material (29).

While inplant recycling is an estab-
Jished fact, once the plastic waste be-
comes part of the municipal waste stream,
the economic incentives for recovery are
gererally insufficient to overcome the
costs of recovery, except in the case of
consistent scrap or PET.

Environmental Impacts of Glass Recovery

"Glass waste from the glass manufac-
turing industry and in many commercial
establishments is routinely collected and
used in the manufacturing process. Ad-
verse environmental impacts associated
with these practices are minimal.

In fact, environmental impacts
associated with glass waste recovery from
municipal refuse are mostly beneficial.
Major impacts are listed below:

o lessened impacts from cxtractive
irdustry cperatiors

a diverted landfill volume

e reduced 2ir emissions from glass
manufacture and the potentiail
offset from culluet reuse

® energy conservation from increased
cullet usage in batches

By increasing recyclable volumes in-
to batch proce-ses, a considerable reduc-
tion could indirectly occur in environ-
rental emiszions. Tncough virgin materials
extraction, anc virgin materials processina
considerable amounts of energy are ex-
pended and environmental degradation
occurs (30).

The introduction of an inert material
‘such as glass into landfill systems poses
no environmental pollution problem for
around water quality. However, by con-
tinuing its introduction into scar:ze land-
fill, especially those classified for
hazardous waste, glass acts as a potential
competitor for limited space.

There have been investigations,
arcorcing ta literature (10), that con-
firm the relationship hetween cullet rein-
troduction into production and lowerirg of
air emissions., Raw virgin materials used
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in qlass manufacture go through complex
chemical reactions resulting 1n the release
of gases and particulates. Cullet, havinn
once undergone these reactions, will not
add to emissions (31). Alsp, it has heen
documented that cullet lowers the melting
terperature. By doing so, emissions
assoctated with higher temperatures {(such
és NJx) are mitinated. One giass manu-
facturer in California has reported that
increasing culiet usage has allowed his
operation to meet air guality requlations.

Mith regard to enerqy, cullet intro-
duced into the bat:li at a controlled rate
Can recuc. 'tia0 eneray by about 1/4 to
1/3 of a percent per | percent of cullet
added. This formala is apolicable at
charges up to 50 percent cullet. Antici-
pated energy savinas could ranne as hinh as
11-12 percent per batch {32-35). While
detailed enerqy studies kave heen conducted
for glass container manufacture in Europe,
and limited stucdies in the U.S., no studies
have been performed for other qlass produc-
tion sectors.

The EPA in the 5-volume study on the
Marblenead and Somerville, Massachusetts
srurce seoaration procrams condurted
analysis cf energy consumption-savinas for
three alternative scenarios: landfill,
transfer station, and a ccmbination system
involving source separation. Of the
alternatives, the combined svstem had the
highest enerqy return (36).

lrpacts of reuse systems would aopear
tc te mainly focused in the economic <ector,
thouon bottle washing should increase
emissions in wastewater (primarily fooc
stuffs and organics}), decrease landfill
burden, and save eneray (37).

Ecanumic Impacts of Glass Recovery

Costs can "center” over specific
operational modes. For example, trans-
portation of products to market constitutes
cne mode. This cost center is sliohtly
different for intermediate processors and
comunity recycling centers. Ffor all
programs, thouqh, generalized cost centers
include:

collection

processing and storage
transportation
marketing
administration



Cost elements involved in these cost
centers are factors that change from area
to area, ani fro - type of technology to
marketing conditions and products. Cost
elements include, and are unirorm, among
all cost certers for specific technologies:

labor

utilities and fuel

capital expense and amortization
maintenance

overhead (insurance, etc.)
building modifications

publicity

* o 000N

HYhile no <pecific study has detailed
211 these centers and <lements in a com-
prehensive economic anaiysis, there have
been individual reports detailing one cr
more of selected factors.

Representative costs for dropoff sys-
_tem structures were prepared usino estim-
ated costs per ton developed on a com-
parative basis. Using two studies and two
estimates, costs were assigned to citizen
rreparation, public payment, processing
equipment, labor, construction, storage,
transportation and administration. Costs
ranged from $15/ton 22 337/ton.  The two
largest elements were Yabor and transper-
tatizn. '

A true economic picture of recycling
centers is difficult to obtain. "Hidden"
costs can.include volunteer or low-paid
labor {both ir source generators and at
the centers}, free materials, free land,
government grants, etc. As noted earlier,
some programs have access to CETA employ-
ces (38). On the other hand, there are
intangible benefits which cannot be in-
¢luded on a ledger including the benefits
in educatjon and diverted disposal. There-
fore, in an economic study done by EPA,
the costs per ton of recycled material
varied from 56 per ton after disposal
credit to a net 5169 per ton excludina land-
fill credit (39). .

In a concurrent analysis of curbside
collection programs (40, 41) representa-
tive costs were developed based on all
recyclables collected. It showed a net
gain in the Marblehead, MA program, but a
net loss in four other prograns. These
coste were acciqnad on the hacig of actual
processing per ton, disposal savings per
-tdn, .axd revenue per ton.

m

In a studv performed by EPA of the
Franklin, Ohio rescurce recovery plant, the
economics of alass recovery were assassed
at the 50 TPD level {21). Projections were
then made at the 500 TPD and 1000 1PD
levels ysing 1975 dollars. C(9st projection
included facility amortization, operating
and maintenance costs, ang alass, ferrcus,
and aluminum sales, The study concluded
that combined sales held economic viability,
but operating the entire subsystem {heavy
medis separation, electrostatic separation,.
color sorting, etc.) for glass recovery
alone was not feasible. The relative sig-
nificance of the revenues potentially
available are also 'important in this re-
spect. One-third of the projected reven-
ues would be attributable to gqlass. Yet
over half the costs associated with the
plart are assoc‘ated with alass recovery.
This is because color sorting and qlass
processing is hignly capital and energy
intensive regardless of whether aluminum/
ferrous s recovered. All pre-processing
steps are necessary for glass recovery.

A critical assumption of the study was
that at larcer installations, ceramic con-
tamination could be reduced to meet
stringert industry specifications or that

‘the olass industry would accept a hicher

level of contamination than was accepted at
the time. (These specifications have not
been relaxed sufficientlv. (42})

SPECIFIC ECONOMIC [ISSUES

There are a few economic issues im-
sortant to a full treatment of plastic and
glass waste recovery. These include the
following: ’

e employment and other socio-economic
impacts .

litter tax and reuse strategies
obstacles to increased recycling -
economic development

.diversion credits

Employment and Other Socio-Economic Impacts

Recovery of waste materials has posi-
tive employment and-social “impact. ln the
case of collection centers, such proorams

‘directly invoive citizens in solid waste

management activities. As a result, it can

heln the nublic ynderstand tho neohlome nf

sciid waste management and achieve certain

levels of conservation and litter ajate-



ment {18). An important -onsideration is
that source s.paration-collection centers
are labor-intensive. Many proorams are
initiated with the aoa. being to hirc the
handicapved or difficult to employ person
(12}, Another aspect is that collection
centers assist in raising revenue to urter-

take commurity beautification ;rograms (18).

It has been theorized that recycling
industries, ba<iczally “conservation of
energy industries” which alse reduce sol-
lutants ‘generation and material's usace,
will serve as major foci of investment and
urban redevelormer® strategies in the near
future (13}. Mot only will employment as-
pects be served, but additional market
capacity will encourage further recove-:
of waste materials. This has a direct im-
pact on the guantities of materials being
landfilled or otherwise disposed.

Litter Tax and Reuse Strateaies

In some states, "bottle bill" oppon-
ents have suppor-ed “litter tax" measures
desinned to tax }itter generators or those
who produce items trat become 1°tter, a
smal] ampunt. This levy is then collected
and composed into a fund. that may be rage
availabile to anti-litter programs and
*recycling" progrems. In Calif-pnia, 2
"litter tax" program has been ir effect
for two years 3t tais writing. Jver &5
miYlion has been awarded to waste recovery
programs for developmental activities. The
program will be vperational for another 3
years (43). - This Titter tax program has -
effectively defused bottle bill proponent
efforts.. ) .

Waste reduction activities have had a
degree of impact on the composition of the
waste stream. According to data from
Cregon, metal contairers have been reduced,
and glass has become a larger component of
the waste stream. In another study in.
Michigan, it was found that metal contain-
ers were initially reduced, but within a
year had increased o!though not to levels
prior to bottle bill enactment (44).

Reuse measures do provide increased
recovery opportunities. For exam.le, in
Michigan PET 2-liter containers are being
returned tnrough the deposit system [44},
PLT ig beoing racycled bocauvse the reuse
system easures a consistent and ciean
recyclable component. As PET is the only
plastic beverage container, there is
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currently no major orublem of compati-
bility of plastics. The major problems
arise with the PET bottle contaminants,
e.q., aluminum caps, paoer labelino, thermo-
formed bases, and different colors used
{45).

Obstacles *o Recyrlina

Current obstacles exist which inhibit”
increased alass and plastic recveling, One
ohstacle is the general price differential
between virgia and recvcled materials.
Virgin materials have been cteaper in the
U.S. because natural resources have been
plentiful; becxise public pelicies favor
virain materials; and because environmen-
tal and other social cnsts {externalities)
have been omitted from tre orice (86).

Federal Land Us;qe

One obstacle is oublic policy on Ted-
eral land usaae, virgin material ‘ex-
tractors, for example, cain competitive
advantane frcm the resources and technical
and scientific assistance from a number of
supportive Feceral agercies {(47).

Tax Structures

Tax structures renerallv favor virain
material processors. Over the years, the
Federal governrment has developed tax
policies that favor extractive industrices.
For example, caoital costs ircurred in ex-
ploring and bringing mineral deposits
(glass silica) into nroduction may be de-
ducied as current expenses rather than
amortized over the useful life of the
property. Also, the costs of development
are deductible after & cormercial mineral
is estabiished. While it is trye that at
one time it was necessary to quickly and
comprehensively exploit our resources,
it is not necessarily true today.. Incen-
tives to explore and develop virgin mater-
ials retard demand for investment in re-
cycling (47},

Railroad freight Rate Discrimination

Transportation typically accounts for
a very large fraction of the delivered
cost of materials. Ideally, all.materials
would be charged costs that relate to the
artual enst of haulina, However, in prac-
tice, different commodities and shiopers
are charged rates that differ relative %o
the required costs incurred by the cariier,




a condition referred to by many as freight
rate "discrimiration® (30). Subctantial
and systematic rate differentials have been
held by Conaress, the U.S. EPA | the secon-
dary materials industry and the U.S.
Supreme Court to contribute to inefficient
relocation of resources and to work dagainst
resource conservation. Currently, the
Interstate Cormerce Commission (ICC) is
under litigation to revise their rates
relative to scrap materials; to, in effect,
equalize freight rates. The ICC recently
estimated that glass freight discrimina-
tion amcunted to 5£.70 per ton (30).

Economic Oevelopment

Traditionally, the primary use for
reclaimed glass is-in the manufacture of
new containers. However, this is not al-
ways feasible or practical especially
where extensive mixing of cullet arnd con-
taminants occur (necessitating hiah costs
of uprading) and where transportation
costs inhibit purchase of cullet. 1n all
cases, where the cost of the cullet ex-
ceeds the cost of virgin materials, the
primary markets will utilize virgin mater-
ials. .

“The need for development of secondary
product markets indeoendent of, ir many
cases, artificially low-cost, virgin
materials, is becoming increasingly urgent
as solid waste management enters .an era of
large-scale salvage. While many processes
are technically feasible, only recently
have economics improved to a point where
secondary product development provides a
competitive return on irvestment.

Economy of Szale

An area of importance is the apparent
reversal of trend from construction of
larger, regional-type orojects toward
smaller, local and community-scaled indus-
tries (13). The impetus behind this is
partially explained by the following:

¢ the need to provide local emnloy-
ment

e the ready availability of waste
resources for utilization -

¢ with local cortrol of these two.
aspects, a lessening of impact by
micrs ezonomic factors (including
inflation and recessions)

¢ less capital is recessary for
start-up, research, operation and

construction, hence smaller com-
munities and small businesses are
able to afford such svstems.

GPI evaluated the potential for the
commercialization of gqlass rubble byildinn
panels {48). Thet constructed flat panels
produced by vibro-. mpaction techniques
measure up to 10 feet x 4 feet x &4 feet,
and weiah up to 1,900 1bs. The finished
oroduct would typically be composed of 94
percent ground waste alass, and the re-
nainder a composite of clay and demplition
rubble. Various complex sizes and shapes
can be made, with ultimate usane as decor-
ation or structura} application. The
immediate competition is with brick and
precase concrete panels for structura!l
application. Cecorative panels must com-
pete with rock, marble, mosaic, stucco,
and glass-plastic composite panels (48},

Under ecoreomic analysis, it was
determined that investment and development
of these panels as an industry is closely
keved to “"carefully defined (oeoqraphic)
areas at a carefully determined scale of
ooeration.” Manufacturino costs range for
small-scale operations costs of $1/sq
ft to §0.8C for larqer operations; both
are competitive orices. kall panels . made
from "virnin" materials are currently
being produced in more than 200 different
plants within the U.S.. reflecting a
ctrong local nature of the business. Most
of the operatiounal and successful plants
are located within 7C miles of their
immediate market (48).

- Under a simil. investination, mineral
wool insulation uti. zing waste glass was
evalvated for technic>1 and economic
feastoility (49). Use-s for up to 50 per-
cent cullet change include insulation
batts- and blankets, blowing wool, and high
temperature felt insulation. Benefits to
the manufacturer include:

e permits significant shortcut in
manufacturing by bypassing the con-
version of silica sand and chem-
icals to the glass feedstock state.

¢ useful for up to 1,200 F tempera-
ture, which represents a 50 per-
cent increase in vse

e costs less to manufacture

However, extensive contaminalion
(stones. etc.) can siaonificantlv impair 2
mireral wool process by zlugaing the “spin-



ner.

Estimated capital requirements (incor-
porating 2 100 percent inflation factor
for 1971 figures) for an 18 ton/day facil-
ity i3 shown in Table 7.

excreta

e economics of manufacturina terrazo

~ with waste v lass aqgrenate

e economics of manufacturing foamed
glass construction materials made
with waste glass and animal

TABLE 7.. ESTIMATED CAPITAL REQUIREMENTS
FOit 18 TON/DAY GLASS wOOL PLANT
Category i
A, Amortized investment
tngineering, research and
development 10U, uuy
Start up 200,000
Subtotal A 300,000

R, Fixed investment

Structures and improvements’

Macninery and equipment
Subtotal B

C. Recoveraple investment
tand
Working capital

Total recoveradble investiment
Total capital requirement

260,000
589,000

840,000

8U, 0uv
450,00

$ 530,000
$1,0/0,0U0d

D. Capital requirement per ton/day

capacity*

92,1

*250 days per year operation

Tre total manufacturing cost for the
18 ton/day operation is between $187.50
and $300.00 per ton. This ranoe is accept-
able within the limits of current glass
wopl prices (49).

Secondary Materials Cevelopmant Opportun-
ities

‘Regardless of the ,otential for small-
scale enterprises, there exists a potenti.l
for inqustrial development utilizing mater-
ials derived from municipal waste. GPi
has investigated several potential waste
utilizing entcrprises, however, all have
been related to low specification uses
which could utilize glass derived from
resource recovery enterprises. These
enierprises inciude. (53-53):

e cconomics of manufacturing ceramic
tile with waste glass and animal
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excreta :
e ecsnomics 0 manufacturing slurry
seal with waste qlass agoreaate.

Diverted Disposal Values

Materials diverted by source separa-
tion activities have a diverted disposal
value. Altiough not necessarily credited
to 3 center, the value shorld be consid-
ered when assessing program viability.

Savings in diverted solid waste dis-
posal costs are dependent on whether the
municipality in which the progran is
located operates its own facility or
franchises out to contractors. In another,
secondary sense, the savings value varies

Sanitary Landfill



Benefits of source separation on land-
fill operations include a decrease in the
rate of use of remaining landfill space and
a decrease in landfill equipment use.

Based on operating costs ranging from $1
to S8 per ton, an average of 54 per
ton is estimated. land costs are assumed
to represent $0.50 of the total cost
based on the disposal of 10,000 tons per
acre arnd 2 net land cost of $5,000/acre.
Therefore, diversion of recyclables can be
assumed to potentially save 50.50 per ton
in land costs at tie landfill and up to
%g.?o per ton in operating cost savings
q).

Incineration

The diversion of -materials from incin-
eration through source separation activi-
ties can be expected to reduce eguipment
usage and residue disposal requirements.
Further, there is a net berefit to energy
efficiency when noncombustible recyclables
are removed. Incineration costs range
from $20 to $30/ton with an average of
about $20/ton.

In addition, ash residue must be
hauled for final landfill dispasal. Resi-
due transport costs vary with many factors,
but. can be assumed to average $0.50 per
ton of residue (54). Total costs <an be
assumed to be equivalent to the costs in
ti:2 preceding landfill discussion.

: A 95 percent reduction of weight of
material can be assumed for paper wastes.
No such corresponding weight reduction can
be assumed for glass and metals, both non-
combustible, if processed through an in-
cinerator. An average of 511 per ton can
be assigned to source separation as a
result.

STATE-OF-THE-ART PLASTICS AHD GLASS WASTES
RECOVERY ABROAD

The study of technologies for plastic
and glass wastes recovery and recycling in
other countries has limited but worth-
vhile application tn the United States.

In most foreign countries, capital is
scarye and labor usuaily plentiful. There-
fore, emphasis is most often placed on
labor-intensive materials extraction rather
than energy-capital intensive extraction
technigues as used here in the United
States. In the industrialized nations of
turope .2nd Japan where the situation is

275

“include:

analcgous to the United States, maximizing
human energy is becoming increasingly
important as fossil fuel-derived energy
costs soer. 1t is expected that this will
be true, if not already, for the United
States.

Materials and ene! oy recovery from
solid wastes has traditionally been prac-
ticed around the world and in the United
States. In some countries, recycling .
practices have remained relatively static
for thousands of years although matérials
have changed. Some countries are more ad-
vanced than others depending on the degree
of technological sophistication and indus-
trial-commercial organization. These rely
more on state-of-the-art techniques.

In Cairoc, Eqypt waste materials have
been recycled for thousands of years by
so-called "refuse people" who live outside
Caivo in their own “"refuse city." Today
they collect and process sourte separated
wastes in much the same manner.as in the
past: oxen drawn carts are used for
collection of refuse. Of course, smelting
of aluminum, and plastic reclamation are
relatively new (55).

In Japan, plastics reclamation from
municipal waste is more wigely practiced,
especially by technological methods, than
elsewhere. A significant reason behind
this is that plastics represent a ¢reater
percentage of the Japanese waste stream,
energy is at high premium, and recycling
is highly institutionalized. In fact,
Japan passed a law recently mandating
natianwide recycling (56).

In Europe, there are found similari-
ties with the United States in issues,
cbjectives, and technologies. Europe 1s
slightly advanced in some areas, especially
market develc ment for secondary nlastic
products.

RESEARCH ON PLASTICS AND GLASS MASTE
RECOVERY/REUSE

Plastics Wastes Recovery Research

Basic plastic waste recovery research
programs generally focus.on the site
specific needs of manufacturerc. These
(1) processes for the chemical
or mechanical separation of various blends
ot ptastic waste, {2} processes ur addi-

- tives which improve the bording tharacter-



“istics of mixed plastic types, (3) devel-
opment of speciications to both aid con-
sumers in ident fying plastics and to en-
hance recyclability and, (4) processes and
systems to upgrade searegated plastic
scrap types normally uniformly contamin-
ated (e.q., PVC molded around copper
wire).

Less research has been devoted to
recycling plastics from mixed municipal
refuse duc to many factors, including cost-
effestiveness, Yack of markets, low vol-
ume, and lack of demonstrated need. In
Europe, the Flakt system concentrates
plastic wastes, but this is currently rot
recovered. Rather, it is removed as a con-
taminant from paper fibers (57). In the
United States, the research efforts focus-
ing on municipal refuse as a sourcs of
plastic for recoverv are combustion-energy
recovery operations, which favor the high
Btu content (42 kJd/g (10,000 Btu/1b}) of
plastics, selected solvent separaticn,
cryogenics, source separation, air separa-
tion, eleztrodynamics. sink flotation,
and research related to PET bottles.

Glass Waste Recovery Resea:¢ch

Research efforts for recovery/reuse
have been concerned with mechanical separ-
atiogn, source Separation, new secondary
products ar: reuse programs.

Foremost, a market for the recovered
glass must exist. Presently there are
only linited markeéts. One area of re-
search that has been promising for glass
waste recovery is its use in secondary
products. Products such as glasphalt and
glass foam insuiation denonstrate the tech-
-nical feasibility of using glass waste for
secondary products.

An area of some interest is reuse of
products. The ENCORE! system, a wine bot-
tle washing operation, depends on free
market forces. It is both profitable aud
effective. Although there is a question
of safety, no serious problems have been

- encountered to date.

CONCLUSIONS

The following conclusions were devel-
oped based on the State of the Art: '

Plastics -
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Glass

fndustrial anc comrercial sources
efficiently recvcle using simple,
proven technoleqy. The main
reasons are waste materials are
concentrated, relatively uncontam-
inated and usua’lv of known quaiity
and composition.

Ko proven commercial scale recovery
system sinqularly effects recovery
of waste. Rather, such materials
are recovered as one comporent of
an over-all recoverv-collection
approach.

Secondary products, on the whole,
have not had specifications dev-
elooed on product revse.. This has
acted as a barrier to increased
utilizations since reuse processes
have not necessarily been stan-
dardized. .

Combustion and energy recovery

nold the areatest prcmise for re-
covery of the bulk of the plastics
fraction of the solid waste stream
due to the number ot different .
types of plastics and the differine
deqrees of deoradation of compon-
ents.

Source separation from the indus-
trial. to the residential levels
constitutes the only sionificant
recovery of waste from municipal
waste soruces.

For the immediate future, indus-
trial and commercial sources will -
comprise the majority of recycling
activity. Recovery from post- '
consumer wastés must overcome siq-
nificant market, institutional,
technical, transportation, and
specification barriers ip c»der to
compete successfully with virgin
products.

Glass manufacturers claim that 25

percent of the post-consumer waste
stream could be recycled right now.
Transportation and colleciion/ )
delivery problems and contaminant

levels mitigate anainst this,

Fndustrial and cormercial sources .



efficiently recycle using simple,
proven technology. The main
reasons are waste materials are
concent:ated, relatively uncon-
raninated and usvally of known
gquelity and cemposition.

Mynicipal sources of wastes are
most often mixed with other com-
porents of refuse; hence, recovery
is qifficult with poor economics,
also, the ease of obtaining raw
materials, prevents a sianificant
.ecovery incentive.

No prover commercial scale recovery
system sinjularly effects recovery
of glass. Rather, such materials
are recovered as one component of
an overall recovery-collection
approach.

Sourze separation ofter lacks in
coilection oguipment ond efficient
processing; hence, recovery is
“inhibited.

Secondary products, on the whole,
have not had specificati .5 gevel-
oped on product reuse. This has
acted as a barrier to increased
utilizations as reuse processes
have not necessarily been standar-
dized.

Mechanical recovery systems for
glass wastes nave primarily orig-
inated from other ndustries such
as mining. . They lack proven usage
in waste separation where moisture,
composition, physical proparties,
and economics vary widely.

A national market for mixing color
glass culiet could significantly
enhance recovery of glass wastos
from municipal sources by sirnli-
fying collection and processing.

- Source separation from the indus-
trial to the residential tevels
constitutes tre only significant
recovery of waste from menicipal
waste sources.

‘For the immedizte future, indus-
trial and commercial sources will
comprise the majority of recycling
activity. Recovery from post-
consumer wastes must overcome Sig-
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nificant market, institutional,
technical, transportation, and

specification barriers in order to
. compete successfully with virgin
_products.
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ABSTRACT

This paper 'origlnar.ed in a review of two reports which predicted the composition of future
national levels of solid waste. This jnvolves associating technological information with
the formalisms of economic analysis. The paper defines this problem in a detailed context,

1. INTRODUCTION

This paper originated in a review of
two reports which predicted the com-
position of future national levels of
solid waste. In particular, the assign-
ment was to predict the future volume of
sixteen materials in this waste strean.

Predicting the waste stream involves
at least implicitely the prediction of
the future use of end items in which the
materials .are embodied. One study used
very little technique beyond an explora-
tion and use of available data soutces.
The other study used an input-output
based model to explicitely predict the
usage of end items. Neither approach,
however, was successful in producing the
best estimates that detailed tech-
nologtical analysis, married to predic- -
tion of usage on a micro-scale, can come
up with in particular cases.

The approach of each study had cer-
tain advantages, but each study encoun-
tered major difficulties. We found that
the two approaches are much more dif-
ficult to reconcile than it might
appear. Since this difficulty--how to
. téconcile a knowledge of reality with

the current economic models—is a wide-
spread problem, this paper focuses on
- this: point, It defines the problem in
precise context of the interface between

two professions,
2. TWO REPRESENTATIONS OP AN BECONOMY

. The two studies reviewed started by
exanining production data, and then trans-
formed that information first into final
products, and then into a waste strean. In
both, the Eirst and key step is to estimate
the (potential waste-) material content of
articles put into service, i.e,, the flow of
materials into products. There are two ways
of performing this estimation: the input-
outpuc method and. the flow method.

a.  The Input-output Method for Pinding
. Plows.

An lnput-output table !s essentially a
doubly balanced accounting model among .
*industries® and final users. The elements
are the purchases by each sector from
others, and the sales of each sector to
others. There are balancing accounts for
such destabilizing factors as inventory
changes, depreciation, and ‘profit.

An input-output table can be used to
fdentify material flows. When this is

. done, the model for many materials is found

to have a simple structure in several
senses: the largest flows are short, and a
few fl:ws account for the preponderant part
of output. To illustrate, the threec larg-
est flows for aluminum to households are:
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Alw—p motor vehicles ——3192,000 m. tons
Al—3trailler coaches——122,000 m. tons
Al motal stampingse—— mutor vehicles

70,000 m. tons

The quantities represent the amount of
aluminum that is used {according to the
input-output table.) 1In two cases, the
only multiplication is a single coefti-
cient, aluminum purchased per vehicle
tices final demand for motor vehicles or
trailer coaches. In.the other case, two
coefficients in the model are muitiplied
(aluminum per metal-stampings times:
metal stampings per motor vehicle), and
the product is multiplied times final
demand faor motor vehicles.

Each of these lines is called a path
(a technical term of the mathematics of
directed graphs.) A previous report”
studied the paths assoclated with the
16 materials whose use results in muni-
cipal waste. It analyzed the paths that
it called "significant,” that is, that
accounted for 3/4 of the output of each
material. Por this definition of
significance, it was necessary to have
213 paths, an average of 13 1/3 paths
per material.

Two aspects of structure are signif-
icant: (aj} how many parts of the eco~
nomy affect demand for each material.and
{b) how indirect is the connection. The
nueber of eignificant paths for each

material ranges from 2 to 35 for various

materials. The spread in the lengths of
the paths i3 the following: .

Number of paths: 213
Single step 91
Two steps 107

Three or four steps 15

The analysis aust be taken further.
Bach of the paths ends with a final pro-
duct purchased by consumers.’ It must be
multiplied times demand to obtain the
quantity of potential waste, This

demand, in turn, depends on aggregate
household income which, in long-term
economic forecasting, is assumed to

depend upon a set of factors (the
population, the proporticn of population
that seeks wock, the politically-acceptable
unemployment rate, and productivity) which
are [ cecast exogenouslv. A path, then, is
illustrated by the following:

several exogenous forecasts

4
household indome

part of
91283 ceep SOE t 3 demand for——> glass
drinks soft drinks in waste
stream

What began as & system of simultansous
equations has become reduced to a set of
analyses which are not at all formidable
conputationally.

The simplicity-of the structure of an
input-output table is a result ol the pro~
cedures vsed in tabulating and presenting
data. Data are grouped into “industries.”
An -industry msy include several steps,
e.9., makers of automotive parts are part
of the industry “motor vehicles." Theé data
reflect the tendency towards vertical
integration in plants, and the large effi-
ciency of ocombining varionus steps as in
steel mllls, It is no furprise that the
steps, in a model of such large units, are
ghort.

It should be emphasized that this ‘con-
version of part of the matrix into a small
number of short flows holds secause an

- {nput~output model has cectain ewpirical

properties. These are teflected in a lack
of significant interdependence in the ma~
trix. It does not hold for those parts of
an- econany where there i{s substantial
interdependence {e.g., transportation,
energy), and it does not account for all of
the output of materials. (An attempt to
account for all: flows of a material
generaily results {n an extremely large
number of paths.)

* Stedman B. Roble, “Forecasting the Composition and W:ight of Household Solld Wastes
Using  Input-Output Techniqucs,® 2 vols., 1975. NTIS, PB257 499/4G1: and PB257
$00/9G1. Also see Martin Hershkowitz and Stedman B. Noble, "Pinding the inverse and
Connections of a Type of Large Sparsa Matrix," Nava‘’ Research Logistics Quarterly,

Vol. 12 (1965}, pp. 119-132.



b. Plow Method.

The Input-output table rerresents
transactions between sectors of the
economy, and can be used to identify
material flows into final usz. An
alternative method is to identifv thesa
flows directly. Most of th.s infor-
mation is readily available from such
sources as

(1) the Census of Manufactures,

{(2) other governme=nt data such as

. by Bureau of Mines,

(3) data produced by trade
assoclietions and trade press.

Why would an analyst go directly to
Jdata when an input-output table is
available? Mainly because the table
may not satisfy his needs. For exanple,
the corvosition of solid waste depends
upon the weight of the inpurs, where an
input-output table is given in valurs,
Largely for this reason, each of the
studies being reviewed developed
historicel information on waste by going
to published scurces. Because they did
this, they provide information on the
difficulty of a direct method.

Our procedure is the following.
Using the 213 fiows already def'ned, we
have determined whether the nec:ssary
information i3 or is not available
directly in print. Table 1 surmarizes
this information.

The nonferrous metals pose special
problems, so putting them aside, we can
focus on stecl and nonmetals. Por
these, almost half of the paths are
directly in print. Being “in print*®
involves two considerations: (a) that
the material per end use be published
(e.9., pPlywood purchased by the house
trailer industry), and (b) that the pro-
portion selling to firal demand can be
known. Since quantities on alloction to
‘final demand are not generally published
(except in input-output tables), a path
is listed in Table 1 as “in print® when
sales of its final industry are 858 or
more to householls. If the information
in print is incomplete the input-output
furnishes an allocation.

.: *Textile Organon,® Nov. {ssue each year.

In a further number of paths, the
published data can be used because the
categories are adequate or even more than
adequate for the analysis of solid waste.
Textiles provides an example. Here, the
input-output model distinguishes knitted
goods from woven apparel, a distinction of
considerable importance for makers of tex-
tile machinery. Por the study of solid
waste, what is wanted is the composition,
by fabric type, of types of zpparel}, house-
hold textiles, etc. This information is
available directly in erint.”

The direct availability of data in
print gives the analyst considerable flevi-
bility in constructing his {iows. We have
already seen one eiample where this
mattered: the dimensionality of the data.
Por solid waste, the appropriate dimension
is weight. The analyst could obtain this
directly, or use an available dimension
(e.g., board fee®) that i3 more readily
converted than are values. 1f each user
paid the same price per pound, values would
be acceptable, Investigations reveal wide
divergence in the uv-raqe price pe: pound
paid by dxfferen. users. "’

There are many other examples where
direct use of data affects the way flows
are constructed. Por example, the largest
use of rubber is for tires. An input-
output model allocates some tires to new
‘cars, some to households, and some to com-
mercial establishments for replacement.
The analyst can afferd to ignore this
d.-tinction, using the unit all “tires for
passenger car3 and light trucks," and
giving special attention to retreadiny of
tires since this represents a diversion
from the waste stream. The distinction
between users made ir the input-output
table is not necessary for analysis of
solid waste, and the “retreading™ path does
pot appear in the input-output table.

“The most important readon to go
directly to the data, however, is the abil-
ity to use more detailed information than
is available in the input-output table.

For example, the input-output table coe-
bines lawn mowers with farm machinery
vhereas the Census of Manufactures jiden—
tif{es the metal purchased by ~ach of
these. The Flow Method can reaaily

Stedman B. Noble, op. €it., Vol. I, Table 4.19, p. lll; Vol. II, pp. B-48 ff.



TABLE 1.

SIGNIFICANT INFORMATION THAT IS OR IS NOT AVATLABLZ 1IN PRINT.

Involves no

Categories aggregation

Number of Paths not in print error in

significant directly are not input-output

paths in print acreptable model
Lumbet 5 ' 1 0 -0/0
pPaper Y 11 7 0/7
Building paper 7 6 6 5/6
Textiles 22 10 .0 0/_0
Plastics 35 21 15 6/15
Rubber ‘ . 0 0/0
Leather 2 0 - 0/0
Glass ) 2 1 0/1
Steel Rl 5 3 /3
SUBTOTAL 108 61 32 14/32
Coppet 20 15 1 /13
Lead 20 20 18 3/18
2inc 35 35 un 1/3
Aluainum 18 10 8. o/R
Other metals 12 1 u yun
TomL 213 152 16 22/116

accommodate the level of detail that is
required to trace th actual physical
flows. ‘Much of this detail is hidden
(aggregated away) in the actual con~
struction of an input-output table, and
the structure of an input-output model
does not lend {tseif to putting the
detail ‘back {n., The significance of
this point for two flows is fllustrated
in Pigure 1.

"In the €irast case, data at the
4-digit level in the Census of Manufac-
tures shows that a nore restricted path

{s calied for, and that the largest path
generated by the input-output model is
inaccurate. 1In the second case, the:

most detailed information in the Census

of Manufactures delimits the flows, but

not sufficiently. Going to technological
deseriptions of the uses of copper®, the
special properties of copper are used in
furniture hardware, marine hardware and
sane specialized builder's havrdware.
Automotive hardware is not mentioned, indi-
cating that the largest path from hardware
in the input-output table which is tye one
that begins "copper hardware®, is not valid

'-"__Anuican Society for Metals, Metals Handbook, 9th ed., vol. 2, pp. 395-439.



?ath in ‘nput-output model:

2inC e em————Pelectric lighting —phousehold
and wiring equipment lighting

Path according to data in Census of Manufactures:

ang' curzent~carrying wire devices

zinc Y l L0603" noncurtent-carrying wire ——eee—w_gyconstruction
devices (e.g., fuse- boxes)

| none’ residential lighting fixtures———— _phouseholds

* commercial lightiag fixtures

path in input-output model:

COPPer ey cutlery, hand toOlSeee— . __3ymotor vehicles
and harAware

Paths based on more detailed information:

0042* cutlery

.0029* hand and edge tools

.0237"  hardware not alsewhere classified

furniture hardware ee—————e———-jpfurniture
COPPE T eoemmd— nope”* vacuum bottles

*e

builder's hatmare.—_—___;_constmction

L mg" ~ motor vehicle hardware e ) motor vehicles

marine m:&are.—.—____4 ships and boats

L_none** other hardware

Figure 1. Paths in the input-output model and in reality.

® Allocations using most detailed data in Census of Manufact res. Units 1lbs per §.

ot Allocations using technological information on uses of conper. “None® means not men=
tioned in source.

for copper. Since no data exists at the errocs. They do this by techniques com-
appropriate level of detail, allocations pacable to those used in Figure 1. To
of copper must be estimated. some extent, they tabulate data for indivi-
dual plants to avoid errors. More
Fixr many materials, trade associa- generally, they ask their reapondents to
tions provide data that avoid prerating . answer different questions from those
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asked by the Census of Manufactures
which underiies the input-output table,
They do not ask Who did you sell to? but
rather What was the material ultimately
embodied in? The respondents, being
familiar wath the techrology of use and
its association with the specific
materials being produced, can ansver or
Lt leest make educated gquesses.

How pervasive are aggregation
errors? The fourth column of Table 1
enurerates the proportion of paths that
were accurate out of those checked, The
complement therefore indicates the inci-
dence of serious aggregation errors in
the input-output table. A large propor-
tion of the paths are inaceurzte for
the nonferro's metals. The non-
ferrous me=~ls also represent most of
the long p s, those that involve 3 or
4 steps. 1ne long flows for lead
involve its sales to industrial
chemicals, resulting in such paths as

lead—yp industrial—fabrics —papparel
chemicals

in fact, lead is used foc tetraethyl
1lead {x gasoline and in pigments for
paint used in conetruction. 1t is not
used significantly in the dyes used in
fabrics. The long flows of zinc almnst
always involve saies of zinc to ateel,
resulting in paths such as

2inC ——b stee] mm—P net 2] cmeemme—p WOLOL
stampings vehicles

In fact, zinc 18 used to galvanize (coat
netal, especially wicte) in the steel
indstry. It is not used for other uses
of steel. A matrix connects each {nput
to each output, being unable to
.recognize the selective uses of these
materials. It turns out that the aggre—
gation error resulting.from the use of
only an input-output table and model to
trace flows of mste are both pervasive
ard large. ’

It is important to emphasize.the
formal similarity between the paths

constructed freehand and those generated’
from an {nput-output model, because this

-gshows that the analysis can be broken into

a set of distinct stepd:

. (a) create coefficlients, step-by-step,
(b) study whether the coefficients change
over time,
(c) study the demand by households for
the end product,
() separately forecast total househoid
income.

The difference between th. two approches is
their use of categories. In an {nput-
output table, the categories are defined in
advance. In the flow analysis, the cate-
gories emerge during the analysis,

3. THE INPUT-OUTPUT AND FLOW METHODS
COMPARED

The preceeding section has already
identified some of the relative stcenqgths
and waaknesses of the two kinds of model in
use for tracing the physical relations be-
tween sectors of an econoay. In this

~saction, we .mmarize come of this

discursion and appralise the contribution of
each approach. The section begins with a
short theoretical discussion of the nature
of models.

a. Reflections on Models.

The act of modeling is the assertion
of a correspondence between features of

.the economy and certain sets of formal

symbols. If in addition we postulate
characteristics of the symbols and rela~
tionships between them, then :che act of
modeling asserts. that these characteristics
and relationships hold "approximately” be-:
tvean the phenaena in the econamy which the
8y D018 ere supposed tO represent,

Potr example, the rows and columna of
an input-output matrix represent sectors of
the econtmy, the coefficients of the matrix
cepresent the rotio of one sector's pur-
chases from another to ity total purchases.
Using these cocfficients implies that what
e sector sells another is passed to the:

*  The data for metals, .published by trade associations and Bureau of Minea, are not pubd~

liched in acequate detail for this study.

Therefore, Table 1 is not able to treat

~his as "in print" and is based upon other sources. The available data do depoastrate
that these data collectors could provide i{ndirect data at «dequate detail if they

wished to do so,



second sector's custcmers in propertion
to the <alues of the seacond sector's
sales.

Thia thetefore assumes that the set
of inputs of -ny industry is strict
complements. Viwed as flows, it is
assuned tha® each input is used in the
same proportion whatever the pattern of
sales of che industrty. The exampls of
the uees of lead to induatrial chemicala
to clothing shows how wrong this
-interprecation can be.

The correspondance between revality
and symbols is called_‘i_ntergutation,
and the issue i3 whether 2conozic models
are intezpretable, and whether the
‘intnrpretation i part of the analynis,
Interpretation of physical flows derends
upon knowledge of tachrology.

Interpretation becomes particularly
imporcant in forecasting future events.
The use of computer aodels in fore-
casting implicitely assumes a course of
future development of the econoay.
These assumptions may or may not be in
accordance with tha best technological
estimate that can be made at present.
Only if these implicit assumptions are
node explicit, and checked for their
verisimilitude, l.e., only if the opera-
tion of the model is interpretesd, can
the prediction carry sufficient convic
tion to provide a basis for policy
dovelopaent.

"b. Use of the Flow Method.

The strength of the flow method is
that it ties directly in the best
available technological information. In
g0 far 28 the method consiets of tracing
the physical flow of materials via pro-
ducts and on to waste, it is aiready in
physical terms, {.e., intecrpreted.
Purthermoce, it can take account of the-
most current information in the
industcy.

We.havo already ssen that a flow
analysis may introduce new categories
.8uch as “retreaded tires” or it may
mecely replace data., e.9., copper by
way of hardware goes to furniture but
pot to motor vehicles. In the first
place, it must develop new forecasts
itself for the new categories, 1In the
second place, it can une forecasts that

s

are avalilable for a categorty such as
*furniture.®* However, the detailed flow
alerts the analyst to the dangers of
assuming complementation. Copper harcd-
ware in furniture does not seem to be
inevitably proportionate to sales of
furniture. We are remainded of the
diversity of Furniture, the changing i
fanhions in styles. The analyst must make
an esticate whether his detailed coo-
ponent will change mote slowly, more
quickly, or progocrtionstely than do fur-
niture sales.

¢, Uses of the Input-output Method.

The primary use of the lnout-output
table and model provide a bridye betwesen
GNP and National Income accounts a3 shown
in the following:

1-0
matrix

GNP

NI

e natural role of this wodel is to handie
problems that focus on the total economy..
In macro analyeis of an economy, rela-
tionshipa of the foliowing kind are
defined: the dependence of household
income ([a part of National Income} upon
various types of aggregate cxpenditures.
This {ncludes any of the elements of GNP:
household expenditure, government expen-
ditures (federal, state, local), -
construction, capital expenditures,
expaxts, imports, and {(nveatory changes.
The input-output model disaggregates such .

‘equations, defining how industrial com—

position of income {8 defined, depenient
upon the commodity composition of GNP, The
Input-output model will therefore translate
future NP into a demand for materials that
composes the wiste stream. 1Tt doez this,
however, subject to the limitations of
interpretation inherent in the aodel, as
well as sudject to the limitations {n pre-
dicting the future.

It ha3 been neen that the principal
lisitations of the input-output approach
for technological analysis are

(1} that is uses fixed categories,. and

(2) that it distrlibutes embodied mate-

© “rials among products proporticnately
to the value of sales between gectors

Linttatfon (2} ieads to extensive false flows,



what the input-cutput model provi-
des is a oherent framework for GNP
calculations and distribotion of income
over industries. The complementarity
a3sumption however may cause large
errers in thia distribution of income
over infustries. The flow method pro-
vides tne technical insight to identify
such errors, but present systems have
not devcloped methods to correct the
results.

4. THE TWO STUDIES OF SOLID WASTE

a. The Pranklin Study.

Let a8 now turn to the two studies
being reviewed. One of these, the study
by Franklin Aasociatcs®, is now easily
descrided. It uses the flow method,
using data directly in print, rather
much as described. No use was made of
data from an input-output table.

The Pranklin £tudy had.many minor
errors, e.g., it did not always une the
best available data sources. - More
televant, for our purposes, is its pre-
diction method. It obtained data from,
or estimated, the.material per end use
and then oxtrapolated that. It alszost
never broke this down into separaty
steps. The analysis was wezkoned by not
doing this, To illustrate, for housebold
appliances, data ware obtained on the
total naterials composition of a number
of specitic prototype producta, e¢.g.. the
totsl copper, rubber, etc., in & speci-
fic dishwacher. The assumption was made
that this compogiticn will be constant
over time., However, data from the
Census of Manafactures shows that the
purchase of aluminua in that industry
has been growing relitive to mteel. . If
coefficients had been fdentified, and
the -assumption of constance had been
checked, a different forecast of
material use would have beer- seen to be
warranted.,

. Working Papers, May 16, 1979,
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Further, the Franklin 3tudy did pot
reviev studies of consunmer expenditure and
use theae as part of their projections,
Their projections are attached to time
series of the use of materials in end
products, and are projections fo. the
future use of materials in end products for
which no rationale is provided.

b. The IRLT Study.

The approach of the IRET Study'® is
almost ocompletely the reverse of the
Pranklin Study in its heavy reliance upon
other studies. The study uses the flow
method to develop estimetes of potertial
vagste, drawing i- part on precursors of the
Pranklin Study a.d i{n part on the inpyt+
ocutput model. The ume of the ipput-output
model to generate paths-without checking

the reality of the flow led to errors. Por

inntance, IREYT estimates that municipal
waste has twice as much aluminum and over
four times as much copper, lead and zinc as
{s claimed by Prankiin. Since nonferrous
motals in sunicipal waste are a major
incentive {of resaurce fecovery, the dif-
ference has iaportant implications.

A coararison with Bureau of Mines,:
both its dats and fte ancedotal descrip-
tions of the uscs nf these metals, does not
substantiate IRET's clains. IRLT provided
flow diagrass of this analysis, and these
irclude many paths that are generated by an
input-output model but are in fact spurious
(e.g., zinc to household lighting, copper
to motor vehicle.). Apparently, recliance
on the input-outaut modzl to generate peths
led o the ercor. '

For its projections of future waste
streams, ‘the IRLT stuly uses an input- .
output model. We have seen that this model
represents a portion of the National.
Accounts. If GNP is specified in commodity
detail, then the input-output model solves
for the production levels of all industries
in the sconomy, taking account of thelr

Pranklin Associstes, Ltd., Post~Cansumer Solid Waste and Rescurce Recovery Baseline,

International Resgarch and Technology Cot-poution. Forecasts of the Quantity and

Composition of So01id Waste, U.S., Bnvironpental Protection Agency, 1979, Also ses
International Research-and Technology Corporation, Impacts of Economic Growth on the
Quantity ind Composition of Solid Waste, January, 1980,



salee to one another.

Several ptograms have carried the
analyst further by cluding the model,
that is to 3dlao provide equations by
which the elenments of GNP can be
forecast, One such effort, producing
forecasts about ten ysars irto the
future, and uplated every several years,
is the Econdmic Growth Model developed
by the Bureau of Lador Statiatics.
Another system is INPORUM, developed and
maintained by Almon®. INFORUM is a com-
puterized system which is kept up to
date by continued statistical anelysis
of time serios as updates are published.
It is very large: aproximately 2,000
equations generate over 15,000 numbers
for each projected year.

One characteristic of iNFORUM is
that almoot any number in it can be
“"overridden,® that is, ‘revised by the
user. It is designed for the com-
putation of ‘scenarios. These overrides
are also used for updailing the mudel.
As new information becumes available,
Almon conpares it with his projections
and tests whether his system accurately
predicted the new numbers. When it did
not, new r.lationships can be tried
which provide a better fit, and their
consequences can be studied. In addi~
tion to forecasting elements of GNP,
forecasts are also made of each input
coefficient based upon past trends, and
corrected for tne ability of the coef~
ficients in-a row to predict production
data in each Annual Sutvey of
Manufactures. Since there 'is always &
lag 'in collecting and producing data--a
lag of many years for the best dJdata such
as the Cemsus of Manufactures— INFORUM
is never entirely up to date.

The use of a computer model devel-
oped by ont anslyst and used by anothet
anslyst, and for a differont purpose,
raises the question of "pottability.®
The IRST study (i really anvolved in
Souble portability: IRET used a version

of INPORUM that had been transferred to

another model-—5EAS—where it had been
peraitted to get out of date. This ver-

* . Copper Almon, Jr. and others, 198%:
1974. .

** Almon, op. cit., p. 34.

sion retained the override Zeatures of
INFORUM, but did not have the continual
update of the time series that drives the
model to be updated.

The real problem of portability is
making 8 fit betwean technological infor-
mation and the use of the Input-output
model, including the processes of "clrsing®
the model. The difffculties are three-
fold:

(1) Tnput-output models use a fixsd schema
for parti*ioning the economy, with {ts con-
commitant assumption of complementarity.
Even INFORUM, with 41l 1ts flexiuility, bhas
no built-in procedure fcr partitioning
industriea. It has no method tn amgist in
-dlscovering aggregation errors, or for
making adjustments if they are discovered.

(2) In generai, the uvpdating of the clonied
models {3 dore by statistical analysis of
time series. Por instance, Almon updates
INFOR'UM ycarly using the newest nuabers of
consumer expenditure. He found that expen-
diture on tires was rising faster than his
equations guggested. Accepting this as a .
permanent change in the situation, he

" corrected his forecasts upward.'® The data

used woere expenditure of households without
regard for the number or tires being
purchased. The reason for the rige,
however, was the increasing acceptance of
cedial tires which ate more expensive per
tire. Radial tires last much longer,
however, S0 that there will re a period of
incrcasing acceptance when aggregate
expenditure increases. Once ownership ‘s
suturated, demand will fall sharply. This
illugtraten the difficulty. A time series
of ewpenditure may contain the present’
effect of current technological changes,
but seldom contains the information to
{nterpret it.

(3) The models lack adequate "intetpre~
tation®, that {as, they lack a deacription
in technological terms of the numbers and
relations embodied in the model. 1In the
exaaple just mentioned, IRVT was not awara
that the onsumption of tires had been per-
manently raised. This is unfortunate
because IRAT is a firs whose main expertise

Interinduatty Porecasts of the American Bconomy,



is releting tachnological kndwledge to
economic -data and analysis. Its ana-
lysts were familiarz with the tech-
nological situation in the tire
industry. Had there becn a warning,
they probably would have caught what was
happening,

o onnclude that the available in-
put-output models are not portable in a
technological envitonment., Thay are
rot proguammed to accept technological
information, nor is the i{nformation pro-
vided from which the user might see the
necessity of transforaing technical
knowledge into the kind of finput the
modeia will accept. IR4T was a victim
of this lack of por-ability; the analy-
sia never really managed to incorperate
all the technical information daveloped
by the flow method.

5. CONCLUSION

The review of the two atteapts to
predict future waste flows has involved
an extensive review of two sets of sna-
lytical tocls: analyses of wmaterial
flows and input-cutput models. It muat
be concluded that it is not at present
possible to adopt input-catput based
models to accommodate Jetalled technical
knowledge on a wide scale.

The reason for this difficulty is
*hat input-outprt modals, in order to
model the entire woonomy which is thelr
rutionele, deal with technology achema~
tically and in fixed categories.
Technological analysis on the other hand
will uncover singularities and change.
In ptinciple ncst of these can ba accen—
modated into an input-output schema by
disaggregation. In practice, an ‘nput-
output model can be manually adjusted to
accept a few irreqgularities. But in
present modols duch manual adjuatmonts
do not geen practicable when & large
number of interrelatsd changes are to be
aade,

‘The probler !s & general one. Two
prafeasions have each developed their
analytical tools for thuir own uaes,
from different points of view, Input-
output models contain the reality of
fiscal trarsactions, but physical tran-
sactions and technolog, are only foc-
wally embocicd in the model. Plow.
analysia will produce the reaiity of
phycizal reiations. Bx po-t facto, tor-
malism and tsality canrot be meshed.
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