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FOREWORD

This report contains the proceedings of a technical conference held
in April of 1980 to review the status of U.S. EPA's waste-to-energy research
programs. The information contained herein will be of interest to those in
the private and public sectors working to develop and utilize waste-to-energy
technology.

Requests for information on the topics discussed in the report should
be directed to the Incineration Research Branch, IERL-Ci or to the individual

authors.

David G. Stephan, Director
Industrial Enviromnmental Research Laboratory
Cincinnati, Ohio
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WASTE-TO-ENERGY TECHNOLOGY UPDATE - 1980
(April 15 and 16, 1980

to

U.S. ENVIRONMENTAL PROTECTION AGENCY
INDUSTRIAL ENVIRONMENTAL RESEARCH LABORATORY
CINCINNATI, OHIO

from

BATTELLE
Columbus Laboratories

July 30, 1980

INTRODUCTION

The U.S. EPA is vitally interested in the dissemination of the
results of its research and development activities to inform potential users
and to encourage widespread utilization of the technology under development.
The Agency also is interested in the assessment of its research and in
acquiring extramural input to the planning of future research and development.
One of the more effective means to accomplish these goals is to sponsor
periodic technical conferences whose basic objective is to provide an update
of the status of technological developments in areas of interest. One such
area is the utilization of the energy contained in municipal and industrial
wastes for useful purposes.

The concept of recovering energy from wastes is not new but this
practice has not been adopted to any significant extent within the United
States. However, for several years there has been growing impetus in the
U.S.--both within the private sector and Federal, state, and local govern-

ments--to develop various techniques for recovering energy from the combustible



fractions of solid wastes and for separating recyclable materials from wastes
generated by industries and large communities. Research efforts have been
expended on many technological approaches and several have been developed to
various stages of practice.
Acting upon the belief that a technical conference on the status
of waste-to~energy research activities would be beneficial and timely,
Battelle Columbus Laboratories proposed such a conference to U.S. EPA. The
purposes of the technical conference were:
e To review the status of relevant research and
development activities being supported by U.S.
EPA's Industrial Environmental Research Labor-
atory (IERL-Ci) at Cincinnati, Ohio.
e To consider the most effective means for the
commercial exploitation of the results of this
research.
e To review areas for future research and to
recommend strategies for the implementation of
such research.
After Battelle's grant proposal was accepted by the U.S. EPA,
the specific objectives and mechanisms for conducting the technical conference
were developed jointly with a steering committee composed of representatives
of these two organizations. Following the adoption of the specific objec~
tives and mechanisms, this committee selected speakers and discussions leaders
from various organizations conducting R&D in waste-to-energy systems for
IERL-Ci. These individuals were invited to participate in the conference with
the understanding that the findings and recommendations would be made available
to persons and organizations interested in this area of technoleogy. The final

agenda for the conference was as follows:



Tuesday, April 15, 1980
Session 1 - Conversion Processes

Registration and Coffee - Foyer
Introduction
Welcome
Session Overview - Walter Liberick, U.S. EPA, IERL
Pyrolysis of Mixed Waste to Fuel - Herbert Kosstrin, Energy Resources Co., Inc.
Pyrolysis of Industrial Waste -~ George Frazier, University of Tennessee
Portable Unit for Pyrolysis of Agricultural & Forestry Wastes -
Herbert Kosstrin, Energy Resources Co., Inc.
Coffee Break
Bench Scale Pyrolysis to Polymer Gasoline - Jim Biebold, Solar Energy
Research Institute
Bio-Conversion-Acid Hydrolysis - Charles Rogers, U.S. EPA, MERL
Fluidized Bed Combustion of Solid Waste - Lyn Preuit, Combustion Power Co.
Luncheon
Guest Speaker - Dr. Eugene Moulin, University of Dayton
"Stress is Contagious"

Session 2 - Combustion

Session Overview - Bob Olexsey, U.S. EPA, IERL

Evaluation of Ames Energy Recovery System - Al Joensen, Iowa State University

Firing of Solid Waste in an Industrial Boiler - Gary Boley, City of
Madison, Wisconsin

Cofiring Refuse Derived Fuel (RDF) Dross in a Stoker Boiler -
Fred R. Rehm, Department of Public Works, Milwaukee, Wisconsin

Effects of Using Solid Waste as a Supplementary Fuel - H. H. Krause,
Battelle Columbus Division

Coffee Break

Cofiring Densified Refuse Derived Fuel in A Spreader Stocker Fired Boiler -
Ned Kleinhenz, Systems Technology Corp.

Cofiring of Solid Waste in a Cement Kiln - Cliff Willey, State of Maryland

Pyrolysis of Agricultural Wastes in a Steam Atmosphere - Michael Antel,
Princeton University

Wednesday, April 16, 1980
Session 3 - Environmental Assessments and Pollution Control Technology

Session Overview - Harry Freeman, U.S. EPA, IERL
Environmental Assessment of Waste-to-Energy Processes - K. P. Ananth,
Midwest Research Institute
Emission Assessment from RDF/Hazardous Waste Combustion - Fluidized Bed -
Jim Chrostowski, Energy Resources Co., Inc.
Emission Assessment from RDF/Hazardous Waste Combustion - Stoker Fired -
John Allen, Battelle Columbus Division
Coffee Break
Emission Assessment from RDF/Hazardous Waste Combustion - Suspension Firing -
Robert Pease, KVB, Inc.



Cofiring of four RDF's in a Pilot Scale Facility -~ Richard Brown, Acurex, Inc.
Air Pollution Control for Waste as Fuel Processes - Fred Hall, PEDCo

Environmental, Inc.
Water Pollution Control for Waste as Fuel Processes - Gordon Treweek,

James M. Montgomery, Inc.
Luncheon

The conference was held in Cincinnati, Ohio. The proceedings of the

conference are included in this report.
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PILOT SCALE PYROLYTIC CONVERSION
OF MIXED WASTES TO FUEL

by H.M. Kosstrin, Ph.D.

Introduction

One of the more promising techniques for reclaiming
energy from municipal solid waste is through pyrolysis,
which is the destructive distillation of waste materials
thereby converting them to clean fuels such as low-Btu gas,
residual oil, and char.

EPA has been involved in the development and demonstra-
tion of several different pyrolysis technologies such as the
Landgquard system based upon a rotary kiln, the Tech-air
concept based upon a fixed bed pyrolyzer, and "Flash Pyrolysis"”
based upon an entrained bed heated with recirculating hot
char. While all of these technologies are based upon
pyrolysis, all of them produce different energy by-products
because of the different reactor characteristics and oper-
ating parameters inherent in each cne.

The objectives of the work being carried out by Energy
Resources Co. are to explore the kinetics of pyrolysis of
municipal waste and agricultural wastes and to develop a
data base on pyrolysis that will allow design engineers tc
select pyrolysis system operating conditions for commercially
available systems that will provide the desired mix of
product yields given the mixture of wastes available in a
given geographical area. Because the results of the data-
taking efforts will be extrapolated to full-scale systems,
it is necessary for the experimental work to be carried out
on a pilot plant scale.

The work performed included a literature survey of
pyrolysis to determine the properties of various wastes and
the reactor operating variables which would have a signifi-
cant influence on the project. With these data in hand, a
fluidized-bed pilot plant was constructed to carry out the
collection of kinetic data. The data analysis included
product characterization of the char, o0il and gas along with
the development of a prediction model for the cil. The
various parameters that were varied are listed in Table 1.

The result of the data base compiled is to assist the
design engineer to understand the important trends in
pyrolyzed design.



TABLE 1

PARAMETERS VARIZID

Reactor Temperaturs
Fluidization Velocity
Feed Rats of Waste
Bed Heignt

Feed Particle Size




Pyrolyzation of Wastes

The data obtained concern the conversion of a wide
range of wastes to fuels in a fluidized-bed pyrolysis
system. The materials pyrolyzed in both Phase I and Phase
ITI of the test program are shown in Table 2. The variables
studied as to their effect on the final products of pyrolysis
were temperature, fluidization velocity, feed rate of
pyrolyzable material, bed height (static), and particle
size,

Various experimental conditions other than pyrolysis
" were run as a means of determining the usefulness of the
system. These included steam gasification (pyrolysis),
partial oxidation, combustion, and steam partial oxidation
runs.

The major conclusion that comes out of this work is
the importance of secondary reactions in determining the
final product mix of the various waste materials. Pyrolysis
occurs in two steps as described in the modeling section of
this report.

1. Primary decomposition--devolatilizes the feed into
its light fractions, oil and gas, and leaves a
residue generally considered a char. The quality
of the char depends upon the temperature of pyrolysis
of the char formation. The char contains the
inerts from the feed, generally considered ash.

2. Secondary decomposition--these secondary reactions,
which predominate above a critical temperature,
devolatilize the o0il produced via the primary
reactions into a gas and a residue. This residue
is additional char.

From work performed during Phase I of the project, an
analytical expression for the yield of pyrolytic oil and
gas, taking into consideration both primary and secondary
reactions, is derived in the modeling section of this
report. The data obtained confirm the analytical expression.

Figure 1, the yield of pyrolytic oil for sawdust, shows
the general shape of the 0il yield curve. The secondary
reactions begin to dominate after 400° C. At temperatures
above 400° C the yield of pyrolytic oil decreases and the
corresponding yield of gas increases because of these secondary
reactions. The development of an analytical expression for
the formation of gas from both primary and secondary
reactions has been accomplished. The analytical expressions
are shown in Tables 3 and 4.
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Figure 1. Madef curve for pyrolysis oil yieid data of sawdust.



TABLE 2

MATERIALS PYROLYZED

INDIVIDUAL
Phase 1 Phase I1I
Paper Wheat Straw
Sawdust Rice Straw
Corncobs Cotton Gin Waste
Waste 0il Pine Bark
Municipal Solid Waste Industrial Sewage Sludge
Sludge Char (from pyrolysis of
Tires sawdust)
Plastics Coal
Wood Chips
- Pyrolytic 0il
MIXTURES
Paper + Sawdust Coal + Sawdust '
Corncobs + Manure Coal + Sludge + Munic-
Paper + Plastics ipal Solid Waste
Coal + Municipal Solid

Waste




ANALYTICAL EXPRESSION FOR THEOQRETICAL GAS YIEZLD

Vgas = 1-C-v3i3 (1 = %1 *(1-9] %4

where

C = measured char yield, as provided by the data, mass
fraction of refuse fed.

Voil = ultimate oil yield, from oil yield correlation,
mass fraction of refuse Zed.

1 - e~k't!

¢‘ = l - k't'

k' = kg e"E'/RT
t' = a/ua
1 - e"Xoil's

iy =1 - : ‘ ¢« o Noilltg=teg)
2oil s

Koil * (Xoloil e Z0il/RT

g = sampling time, provided Zrom data

(as
[7}]
[}
T
h
i

lag time between start of feeding and
start of sampling, provided from data

= mass fraction of cracked oil which forms
gas, must be 0 < < 1
- T
1 - a~Xgas s

s =1-L2 ¢ eNgas (ts=tg)
gas ~Xgas s

1

Xgas = (Xolgas e~Zgas/RT

The terms °, x', and T' were obtained directly from the oil

yield model, as was kqj), except that the subscript "oil"
was not usecé before. The other terms, %, ¢®5.g, and

kgas, represent three new adjustable parametars, to be
obtained by a computer analysis similar to that performed on
the 0il yield data but not done in this projeck.



TABLE 4
ANALYTICAL EXPRESSION FOR THEQRETICAL OIL YIELD

* ! -k ~k(te~t¢)
Vo =Ve l-e XA gL g e TS TS
k'a/VA krs
Where
Voil = Mass of oil leaving the bed during the sampling

period, per unit mass of the refuse fed (lb/lb).

V'pil = Value of V,i, for an infinitely long residence
time of the solids in the bed with no secondary
reactions.

t' :z a/vA, sec
et !
L. .l-e k't
¢ = k't'
-k.l.s
. _1l-e -k{t _-t.)
¢ H 1 ——_——k‘ts e S £
k s kO e-E/kT
k' = ky e /KT

The data from the individual pyrolysis experiments give us
the parameters V,i1, tg, t's tg=tg and T. R is the
universal gas constant defined as R = 1.987 ca%/°k-mole,
with the temperature (T) in degrees Kelvin. Vgj; must

be between 0 and 1.

The remaining parameters must be fitted to the data.
These are kg', ko/ E', E, VSil' A complete computer fit
of these five parameters was accomplished.
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The ability to pradict the vield of pvrolysis products
by analytic expressions is important when trying to optimize
a particular pyrolytic oroduct, as is the case for several
pyrolysis systems now in operation.

The products of pyrolysis are pyrolytic oil, char, a
low=-8tu gas, and water. Depending on the feed material the
char product will contain variocus amounts of ash. Of the
five variables studied, temperature had the greatest effect
on the various oproduct yields. Along with variation in the
yields of the various products with temperature, the gquality
(heating value) of the different energy products changes,
as is discussed in the secticn on product characterization.

The remaining four variables generally produced a
perturbation about the change caused by the temperature
variation.  Bed height over the range studied had a
negligible effect on the data. The remaining variables,
feed rate, fluidization velocity, and particle size, had the
effect of perturbing the general results caused by the
temperature variation, but in the ranges studied these
variabples did not show an aporeciable effect on the output.
{Figure 2 shows the variation of the gas yield due to
several parameters. )

Phase II testing allowed further investigation of the
effects of particle size, fluidization velocity, and feed
rate on the pyrolysis process, by providing a greater
variation in magnitude of each of these variables. Results
indicate the same minimal perturbations about the general
temperature &trends for wariable feed rates. Hdigh and low
fluidizacion velocities also seem to show a minimal effect,
2xcept in some cases where gas composition seems to be
affected. Phase I tests on tires suggested that particle
Ssize could have a more profound effect than simply perturbing
results about the general temperature trends. 2Phase II test
results on pine bark of two particle sizes also indicate a
more definite effect due to this wvariable.

Conclusion

The modeling of the yields of pyrolytic oil from the
various data runs shows a high degree of similarity between
the several materials that were pvrolyzed in the fluidized-
bed reactor. With some detailed work the ZRCO model for the
orediction of pyrolytic oil and gas yields from the fluidized-
bed pyrolysis of waste products could be expanded to predict
the behavior of both fixed-bed pvrolysis systems, and
entrained-flow pvrolysis units.

11
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Chemical Reclamation of Scrap Tires

George C. Frazier, S.-M. Chan, 0. L. Culberson, J. J. Perona and J. W. Larsen
Departments of Chemistry and Chemical Engineering
The University of Tennessee
Knoxville, TN 37916

paper presented at the conference

'"Waste-to-Energy Technology-Update 1980"
Sponsored by
U.S. Environmental Protection Agency
Netherland Hilton Hotel

Cincinnati, Ohio
April 15-16, 1980
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Introduction

Incterest in the utilizacion of scrap tirss as a source of chemicals, fuel,
and carbon black nhas been increasing ia recenc years, due noct only co eanviroan-
mental regulations but also to zhe fact chat chemicals and f{uels basad on
pertrolaum and nacural zas have deen rising in price at rates much greatar
than the general inflationary crend. Numerous atccampts ara cherefore being
aade around the industralized world to recover chemical and fuel values from
tires (See Berry, 1979, for a summarv of cheses dewvelopments). Most of the
current processes being developed for this purpose rely on svrolysis of zhe
rubber, bv one method or another, raquiring the neaziag of the rtubder to
tamperatures in che range of 300-600°C, or abovse.

Qur work, sponsored b5y cthe U.S. Tavironmencal Proceciion Agency and
supportead in parz by the Tennessee Vallay Auchoriczy, uzilizes a cacalyzic-
pvTolytic process operating in :zhe temperaturz range aof about 350-400°C, o
convert the scrap rubber :o aydrocarbon gases, oil, and carbom black. The
catalyctic agent we have usad the most is molten zine <chlorida, alzhough other
halo salts are also effective (Larsen and Chang, 19768). The resulcs we prasent
in this paper are based exclusively on zinc chloride. Molten salts have 3zeen
used noreviously to break down large organic molecules. Tor example, Zialke et
( 1966 ) developed a process which become known as the Consol Synchetic
ruel (CST) process for direct liguefaccion of coal, using molten zinc chlicride
a catalystc and heat zransfer aedium.

It {s aormal praczice in the chemical process industirties to develoop a

conceptual orocess desizn’ 1n the early stages of an actual project, in

15



order to identify crucial areas requiring further development, to evaluate
various process options which may be available, to assess the overall
technical feasibility of che project, and lastly but most importantly, to
establish at the outset whecther or not the process has the potential for
economic profit. 1In this context, the objective of the work we report on

here has been to obtain that bench scale experimental data required ror the
formulation and evaluation of a conceptual process design for the conversion
of scrap tires to chemical and fuel products by molten salt pyrolysis, and

to use this design as a basis for estimating the potential profitability of
the process. Our experimental results and associated econowic analysis in-
dicate that such a processing plant converting 22,500 t/yr of tires has the
potenfial for profit at current chemical prices, energy prices of $3-$4/MM
Btu, assuming the carbon black, the major product, is marketable at prices

in the range of at least 12¢/lb. Although there are a number of process steps
requiring demonstracion at the pilot plant scale, the biggest unkaown at this
point in our process is the marketability of the carbon black. A pilot
plant is required to generate sufficient quanticies of this material for test-
ing its suitability in products such as rubber, ink, and plastics.

Although molten salt technolegy is not easy, advantages of this process
lie in its relatively low operating temperature, in the range of 360-400°C,
and the fact that there is no need to pulverize the tires. However, we do
chop the tires for compaction purposes, in order to increase the reactor
throughput. Further, the relatively large pieces of fiber glass and wire
remaining afrer the chopping operation appear to be readily separated from
the carbon residue downstream of the reactor. A test of this separability
at the pilot plant scale is desirable.

Bench Scale Results.

A large scale reactor utilizing this technology will likelv be a batch

type, which is alternately charged with rubber, flooded with salc, and sub-

16



sequently discharged  We therefore simylacad chis procedurz in our bench scals
work {n ordar chac our processing conditions and product yields would corre-
spond to what might be achisvable in a large scale plant. 3ench scale work
is necessarily small scale so we ware unable to work with large piaces of a
tira. OQur reactor was 2 inches i d and 12 inches long, and cur z=ost con-
siscenat ressonably reproducible results were obcained whnen we charged the
r2actar with strips cuc from a tire which were about 5/15 inch x 5/16 inch x
10 inches; for a total charge weight in the range of 160 grams. A layouc of
our bench scalz apparatus, constructad of 316 stainless stzel, is shown in
Figure 1. The encira apparacus was heated elactrically and insulated wich

a calcium silicace =o mimimize heat loss. The salt flowed by gravizy from
the reservoir, through the reactor, o the recsiver. Concact tizmes of che
salt wich the rubber ranged Zvom 2 ¢o 3 minuctes to 30 to 40 minucas. However,
the reaction was zenerally esseacially over in less than 10-12 minuces, de-

pending on tamperatura. Experimeatal runs wers made with reaction cemperatures

i

the rangs of 330 to 400°C. The carbon black residue was rzadily separaced

r

Tom the fiberglass tire cord aftar a rum, due to ics high fxiabilicy, by
crushing and screening. It is aecessary o wash sals from the carbon black,
but 2 small amcunt of chloride remaians in both the carboan black and also ia
the sroduct oil, che lacter presumacly in organic form. Smail particles of
carbonblack are eptrained in che salt, but we have reused the sal: as aany
as four times without apparent loss {n 1its effecciveness in promoting this
pyrolysis r=action.

After a serles of exploratory and debugging experimencal runs, a sequence
of four rTuns 1a the ctemperaturs range 360-390°¢ gave the average percentage
oroduct yields and analyses shown in Tables 1-3. For each 100 1b of tire fzed,
17.9 15 of avdrocarbon gaseg, chiefly mechane, but with substancial amounts

-

of echylene, pronvlene and l-butene, ara produced, 30.7 1b of oil wich an

17



8T

GR

LR

SR

TC

TC HEI]-W\ ‘/-—Purged Vent

TC —

Capilliary

Drain or Discharge Valve
Gas Receiver

Liquid Product Trap

3/4" SS pipe

Molten Salt Receiver

Thermocouple

h Molten Salt
Reservoir

Flow Meter

- TC

e ————

Reac:or

Figqure 1.

1C

TC

TC Hell

SR

Bench Scale Flow [xperiment Layout

LR

&



»
Producr Yield Annual Yield

We. I of Feed i x 1077

Hydrocarbon Gases 17.9 0.30s

Uil 30.7 1.38
Carbon 3lack 44.2 1.99
Refusa (Steaelwire and Tiberglas) *5.0 0.225

”x *

Loss 2.2 0.099
Tocal i00.0 4.5

*
-
xx

ot a plant processing 22,500 c/yr of cires
st

{maced as 3% of the total carhon black.

Table 1. Zstimaced Produccts Tields for a Moicen Salz Pyrolysis Plane, basad
cn the average of four Zemch Scale Experimencal Runs.

Ccaponent Angual Yield Mole Parcent of
1bs x 10°°  1b moles x 107*  sc¥ x 1077 Tocal Gas’
Mechane 2.52 15.7% 5.68 50.1
Rthylene 1.50 5.34 1.92 17.0
Ezhane 1.68 - 5.57 2.00 17.7
Propylene 0.730 1.36 0.666 5.9
topane 0.845 1.92 0.491 6.1
Iscbutane 0.384 0.660 0.237 2.1
l-3uteze 0.194 0.347 0.125 1.1
Tocal 7.30 31.4 11.3 100.0

»
Average of Banch Scale Runs 18-21.

Table 2. Cas Analysis and Yields for a Molten Salt Pyrolysia Plant Processing
22,500 t/yr of Scrap Tires



Component Volume X of Annual Yield, gal

Total 011
Aromarics (BTX) 27.05 516,000
Olefins 58.85 1,123,000
Paraffins _ii;lﬂ 269,000
Total 100.6 1,908,000

Density of the o1l = 0.87 g/ml = 7.25 1b/gal

Table 3. Major component clagses 1n the oil and their yields,
' based ou Bench Scale Rums 18-21. Annual Yields are
based on a throughput of 22,500 t/yr of tires.

Product ‘ Elemental Weight Percent

C H N S 0 Cl
0il 88.20 10.65 0.03 0.51 - 0.39
Carbon Black g7.14 2.28 - 2.10 4.84 0.94

Table 4. Elemental Analysis of the Oll and the Carbon Black
fram Bench Scale Run No. 18.

20



analysis of 27.17 aromatics (BTX) are precduced, and 44.2 lb of carbon bHlack
are produced. This lacter numper takes into account 32n assumed, combined
refuse (fiber glass tire cord and steel wire) and loss of 7.2%. Zlementcal
analyses of the carbon black and oil szre shown in Table 4. The chioride
contant of the oil is probably in organic form, but we have not factorad

the aconomic value of such products inrco the profitability analysis summarized
here. However, makaup zinec chloride salt requizrements wers compuctad as if the
chloride values in che products were lost.

Salts such as zinc chloride are corTosive, especially if moiscure :s
presenc, and our laboratory apparatus of 318 stainless stesl experienced cor-
roesion in locagions when moisture (from the air) encerad the syscem during
the frequent opeaing raquired of an experimental apparactus of this cype.
However, we have provided precaucioms, such as purges and dry scorage for the
feed tiras in order co nimimize corrosion oroblems in those parts of our
concepcual design commercial plant which come into contacc with che not salc.

Concentual Design 2rocessing ?lant

Our design basis is a plant which will process 22,500 t/yr of tires, with
a 90%Z on-stream factor, and an assumed carbon black recovery faccoar of 937%.
This chroughput corresponds to 68.5 t/day, which may be on the lower end of
the size scale for a plant of this type which can be economically feasible.
A larger plant would be more actractive ecoucmically, buc would also bde
limited to a3 fewer aumber of locations, due to the cost of cransporting scrap
tires over larger distances.

The conceptual layout for this plant i3 shown in Figure 2. Dry storage
{s provided for the scrap tires, where they ara chcpped inzo 12-13 iach pieces
in order to increase their bulk densitv, thus allowing greacer chroughout for

a given reaczor size. The batch reactor 1s charged through a lock horoer
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to pravent moisc air from entering the system. The zinc chloride salc is
heated by a direcc-fired heatzer and forced inco the reactor bv compressad,
dry tlue gas, thersby eliminating the need for a salc oump and valves, whigh
would be troubliesome in a system of this type. The rezctor loading, reacction,
and discharzing cycle time is estimated co be about 1 1/2 hours and art rhe

end of the cycle, the gas pressure on che salt reservoir is released, and che
salt drains oy gravicy from che reactor to cthe raservoir, until cthe next cycle.
The reaction temperacure is ia the range of 480220°C alchough we have not

done a sufficienc amount of work to decermine whether or aot chis is opcimum
with respect co product yields and qualicy. For example, carbon black produced
by this process at too low a temperature tands to be nigh in volaciles, whereas
too high a reactiom temperature tends to favor a high yield of mechane in the
product gas at cthe expensa of the more valuable olefin gases.

Down scrz2am of the reaccor, che product vapor is processed by conven-
tional technology ©o a gas stream and an oil stream both of which ares, pre=-
ferably, piped "over the fance' to existing refineries rather being stoted
and procsssed on sita. Such an arrvangement limigs the location of cire pro-
cessiag plants to chose locatioms in which gas (echylene) and pecTolaum
refineries alraady exist, as shown in Figures 3 and 4.

Recurning o Figure 2, the solid refuse (carbon black, fiber glass, sceel
wire) is washed to remove salt,dewatered, dried, crushed, and che wire and
Eibef glass ara separated £irst by a cagnesic dom and cthen by a screea o
retain the fiber glas "fluff". Top size of the carben bdlack at this poinat
is about 3/8 inch, and requires grinding (not shown) to customers' specifi-
cations. Conventional technology 1s used throughout thils process stream,
alchough the process needs to be "piloted" in order to demonstrace the
separabilicy of these solids and to establish the degree of salt racovery in

the two stage wash cank.
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Salet i{s also recovered {rom che wash water by convencional technolegy:
vacuum svaporation, crystallization, fiizering, and dryiang, for racycle to
the salt reservoir. The salt liquor is diluted and racycled to the wasn
tank, eliminacting the need for disposal of salty, ""black wacer”. The ouly
appreciable salt loss from che system is thac carvied by che 0il and by the
carbonblack, escimaced to be about 4.8 x 103 1b/yr, for cthis planc. The over-

-
&

all plant material balance is showun oan Figure 2.

Economic Analysis and Profifabilicy Estimaces

The major compoanents of the conceptual plaot were sized Ior a
chroughpuc of 22,300 t/yr of tires and their costs (lace 1979) were astimatad
in accordance wich che data and procedures givem by Pecsrs and Timmerhaus
(1968) and by Guchrie (1969), using a Marshall aad Stevens cost index of
622.7 (fourch quarter, 1979). The Fixed Capital requiremencs of 4.31 MMS were
then compuced according co che summary shown ia Table 3. Annual operating
costs were also escimated in accordance with the racios given by Pecars and
Timmerhaus and are summarized in Table 6. The cost of zhe feed tiras is lass
certain and depends ou aumerous factors, aan important one of which is hauling
costs (3erry, 1979). We thersfore considered this cost a parametar in our
analysis, ranging from 20 co 4Q S/¢.

Qur imitial analysis based om the sals of all produccs for fuel indicaced
there i3 lictle possibility (short of a '"negative”" cire fesed cost) a planc of
this type could be profizable with energy prices ia cthe range of 3-4 §/ 3tu.
As our next case we considered recovery (and markecapilicy at lace 1979 psrices)
of the major coamponents having value as chemical feed stocks, from the preoduct
streamg: carbonblack, olefin gases, and the zromatic oils (BTX). The re-
agining zas and oil in zhe produc: stream was assigned fuel values. Prices for
che chemical products were :taken frcm Chemical Markecing Reporter (Decemper 14,

1979), and those products were discounced up to 90% for refining and separation

~nN
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A. Plant Physical Costs

Process Equipment, Delivered (E) $1,092,000.
Ingtallacion (.43E) 491,500.
Tnsulation (.08E) 87,400.
Instrumentation (.18E) 196,600.
Piping (.25E) 273,000,
Electrical (.125E) 136,500.
Buildings (.SE) 545,000,
Site with improvements (.l4E) 152,000.
Auxiliaries (.4E) 436,900.

Plant Physical Cost (P) $3,412,000.

B. Indirect Costs

Engineering and Comstruction (.15P) 511,800.

Contractor's Fee (0.1P) 341,200.

Contingencles (.15P) 511,800,

Toral Indirect Costs (I) $1,365,000.

C. Initial Charge of Zinc Chloride (C) 30,000.
D. Plant Capital Cost (P + 1 + C) $4,810,000.

Table 5. Fixed Capital Requirements for a Molten Salc Pyrolysis Plant
Processing 22,500 t/yr of tires, in late 1979 dollars.

A. Labor and Superviaicn (Salaries and Wages) $295,000.

B. Plan Overhead (50% of Sal. and Wages) 177,000.
C. Utilities (17.5% of Total Product Cost) 513, 600.
D. Chemicals, Makeup Zinc Chloride 197,800.
(4.71 x 105 1b/yr at 42¢/1b)
E. Ingurance (1X of Fixed Capital) 48,100.
F, Taxes (3% of Fixed Capital) 144,200.
G. Maintenance (5% of Fixed Capital) 240,5Q00.
H. Operating Supplies (15 of Maintenance) 36,100.
I. Depreciation
Machinery and Equipment R 10%/yr 380,000.
Buildings @ 3X/yr 29,300.
J. Intereat (8% of Pixed + Working Capital) 461,800.
Base Operating Costs §2,524,000.

Table 6. Annual Base Operating Coscs for 22,500 t/yr MSP Plant.
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In view of the fact that the grade of our carbon black has yec to be escab-
lished, we also considered Lzs value to be a paramecer in this study. The
lower end of the range used was established using the price of the lowest
grade rveported in CR (Dec. 10, 1979) of 19.2 ¢/1lb and then discounting this
bv .02 ¢/1b as a reasonable, lower estimate of the value of this product at
the current time.

Working capital was assumed to be 20% of fixed capital, interest at 8% of
tocal capizal, and Sales, Corporate Administration and Research (SAR) faes
of 10% of revenues were charged against the plant. A case analvsis sheet is
shown as Table 7, and the profitabilicy (lose in scme cases) is summarized
in Figure 3, in terms of Recurn cn Investment (RCI), as affected bv scrap

|

tire and purificatiom costs, and carbom black and fuel prices. Addicional decail

of this work are provided im our final reoort (Frazier, et al 1980).
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TIRES 40 $/t

PURIFICATION 30 %
FUELS 4  $/MMBTU
CARBON BLACK 15  ¢/LB
MMS/YR
REVENUES
C,H,,C4H,,C Hg, BTX 1.12
FUELS 1.24
CARBON BLACK 2.99
REVENUE TOTAL _5.35
LESS 10% SAR 0.54
NET REVENUE 4.81
OPERATING COSTS
BASE (FROM TABLE 6) 2.52 MMS/YR
PURIFICATION .34
TIRE RAW MATERIALS .90
OPERATING COST TOTAL 3.76
GROSS P?ROFIT 1.05
LESS 467 INCOME TAX 0.43
AFTER-TAX PROFIT 0.57
% RETURN ON $5.77 MM INVESTMENT 9.9

Table 7. Case Analysis Sheet for a Molten Salt Pyrolysis Plant Sized for a
Tire Throughput Rate of 22,500 t/yr.
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THE CALIFORNIA MOBILE PYRCLYSIS SYSTEM

Dr. Herbert M. Kosstrin,
Principal Scientist
Energy Resources Company, Inc.
Cambridge, Mass.

Introduction

A prototype mobile pyrolysis system to convert agricultural wastes
to transportable fuel products is currently under construction. This demon-
stration project is being sponsored by the U.S. EPA and the State of California.
The Solid Waste Management Board of the State of California is directing the
California portion of the operation, and the Fuels Technology Branch of the
Industrial Environmental Research Laboratory, Cincinnati, Ohio, the EPA share.

Energy Resources Company, Inc. of Cambridge, Mass. is the prime
contractor for the project. Major subcontractors are Litwin Engineers of
Houston, Texas, Valley Fabrication Engineers of Fowler, California, and
Alpha National of El Segundo, Califormia.

The mobile pyrolysis unit is a fluidized-bed pyrolysis system for
the conversion of various agricultural wastes into a storable enmergy product.
The waste products used by this system will be from the Central Valley of
California. The waste conversion system is designed to be built on two
low-boy trailers in order to improve the economics of converting widely
dispersed agricultural wastes to useable fuel products. The pyrolvsis system
produces three fuels products, a low Btu gas, a pyrolytic oil, and a char.

The unique features of this system are the mobility of the unit
and the total self-sufficiency from outside fuel sources after start-up.

The system uses the pyrolytic gas generated during waste-to-fuel conversion
process to operate a gas turbine cogeneration system. The cogeneration
system produces the required electricity to operate the system and the heat

necessary to dry the incoming feedstocks. Also, after the fluidized-bed

32



Teaczor is neacsd up to temperacture with a scartup fuel, a porzion of che
wasta is combustcad co suovly the heat for che fluidized-hed reactor. 1In
addition, No. 2 fuel oil is used as the iairial scrubbiag or cooling liguor
in the o0il separacion system. As soon as sufficieat pyrolytic oil 1is pro-
duced, it is utilized as che liquor. In this manner the zmobile pyrolysis
uniz Ls indevpendeac of outside Zuel sources.

The oucputs of this mobile pyrolysis syscem are the storable and
transportable fuel products, pyrolytic oil, and pyrolytic char. These cwo
products nave a greatcsr energy deasicy than the wastes from which they are
generacad, and cherefore, can be economically transported. Ia addicion,
these products of pyrolysis are more uniform in composition than their
respective feedstocks and cam be utilized by existing Zuel sysctems, wheTaas

use of the individual wasces would require special boiler design.

Background

The concepc of a mobile nyrolysis waste conversicn syscam resul:zed
from programs sponsored oy boch che Uniced Stacas EZavironmencal Procsction
Agency and cthe Stace of California Solid Wastes Management 3card. The inigial
ZPA program, which proved rthat stacionary ovrolvsis cof wasce osroducts was
an acceptable means of convercing waste 9roducts <o f{uels, was carried ouc
under the ausoices of the Fuel Technology 3ranch of IERL-CIN. In chis
program doch fixed bed and fluidized bed pyrolysis processes ware tastad
and evaluactad for several years.

During this time period the State of California Solid Wasce Manage-
zent 3Joard (SWMB) was concermed with disposal of varicus agricul:zural waste
sroducts. The waste produc:s wihich need disposal are cotton gin crasa,
rice straw, orchard prunings, manure, and logging and lumber-mill wastes.
These waste producss are spread chrouglouc che ancire state., In addition,
2ach of these waste products are generateqd during different seasons of the
vear. The geograpnic and seasonalicty disversicn led the SWMB r£5 conduct a

series of studies evaluacing scatiomnary vs. moolle disposal svscems.
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Two major findings convinced the SWMB that a mobile unit was
preferred over a stationary system. One is the high cost of transporting
low density, wet waste products. The second is that a fixed system might
be located in a portion of the state that is not generating wastes year
around and consequently, might not operate for a substantial part of the
year. A State of California report, SB 1395 "Agricultural Economic Feasibility
Analysis'", gives the costs of transportation of the various waste products.
The study which resulted in this report found that the cost of transporting
these low-density wet wastes was prohibitively high. And that only a mobile
type system was economically reasonable.

As a result of these independent studies the State of California
and proposed a mobile pyrolysis waste disposal system that converts these

wastes into useable forms of energy.

The System

The major elements of the mobile pyrolysis system can be seen in
the simplified flow sheet (Fig. 1). The major system componentcs are feed
preparation (sizing and drying), thermal decomposition (fluidized bed
reactor), product separation (char and oil), and electrical cogeneration
(gas turbines). The individual subsystems are integrated to as large an
extent as possible in order to maximize the overall efficiency of the svsctem.

The physical system is designed to operate on two low-boy trailers.
Trailer #1 contains the fluidized bed reactor and product separation systems
and auxiliaries. Trailer #2 incorporates the feed preparation and electrical
cogeneration system. The trailers are forty-eight feet long and forty-seven
feet long, respectively. The tractor and trailer combination weighs less than
eighty thousand pounds each and meets all of the California transportation
regulations for over-the-road operation.

The central element of the mobile pyrolysis unit is the fluidized-
bed reactor. The reactor converts agricultural and forestry waste products
to useable fuels. The unit uses a refractory sand as the inert fluidizing

medium, and can handle feedstocks with moisture contents as high as 55 percent.
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The feed praparaticn svstam reduces the moiscure coantant of the
feedstock encering che reactor o amuch less cthan this maximum amounc. This
sub~systam is composed of 2 scandard aammer-mill-type saredder and a pueu-
macic-cype tower dryer. The drying syscem has been adapted from standard
designs of che cotzon ginning iaduscry.

The product separation sub-syscem collects che storable and trans-
portaple fuel products. The dry amechanical colleczor (cyclone) captures che
char (demsicy 10-15 lbs/f:3), and che Vencuri oil scrubber colleccs the
pyrolytic oil (63-75 lbs/fc?). The Venturi oil scrubber is a modificacion
of a standard wet scrubbing syscem. The principal change is in che flow
races of the scrubbing medium and che types of pumps eamployed. The numps
are capabie of pumping a nigh viscosicy fluid.

The final system componenc is the electrical cogeneracion svscem.

A gas turbine uses che low-3tu gas (150 Btu/scf) generacted during the pyrolysis
process to generats the raquired electricity for the several motors of cthe
entire uniz. The exhaust Irom the turbine is mixed wizh cooling air and chen
used as the heat source for the drying syscem. To incegrace the sysc2m more
complecely, the gas turbine package supplias the requirad fluidizacion air

for che reaczor sub-syscem.
The Products

The fluidized-bed pyrolysis sysczm produces thrae fuel oroducts—-—
a low-3cu gas, a svrolytic oil, and a pvrolytic char. As can be seen in
Figure 2, the quancity of the pnroducts can be varied by changing the operating
temperature cf the reactor., The operating cemperaturs of the mobile ovrolvsis
systam was selacted in ovrder £o maximnize the storable Zuel! products (char and
01l) while producing a low-3tu gas that could be burmed in the elactrical
gZenaration sub-system.

The gas qualizv chat can be hurned in the gas turbdine 2nzines can
be as low as 100 3tu/scf. The zobile ovrolysis unic is designed £o produce

a gas of 130 3cu/sci quality. During scart-up the turbines will te ctescad

35



to determine the minimum gas quality that can be tolerated. As the turbines
are shown to be able to burn a low-quality gas, the reactor conditions can
be varied to produce a larger portion of storable oil product.

The char product resembles pulverized coal. The exact physical
nature depends on the waste material from which the char is derived, and
the temperature at which the char is produced. If waste wood is the feed-
stock, and the temperature of the reactor is approximately 1000 F, the char
will have a heating value of approximately 13,000 Btu/lb, an ash value of
less than 10 percent, and a particle size ranging from 1000 microms to 50
microns or less. The volatility of this material is aporoximately 20 percent.
This char makes an excellent feedstock for charcoal briquets.

The oil product is similar to a heavy residual oil that is highly
oxygenatéd. Its heating value ranges between 11,000 and 13,000 Btu/lb.
The handling properties of the pyrolytic oil made from wood are different
from a typical residual oil. The viscosity and corrosivity are higher and
the material undergoes chemical changes when stored at elevated temperatures.
However, the sulfur content of this oil is negligible which is of considerable

importance today.

System Efficiency

The principal objective of the mobile pyrolysis system is to dispose
of waste products while producing a transportable fuel product. The energy
flow diagram (Figure 3) shows the split in the energy product for the design
case in which the quality of the low-Btu gas is 150 Btu/scf. This condition
yields a storable energy fraction of 49 percent of the incoming feed. The
additional recoverable energy in this case is used for drving of the feedstock
or it is vented to the atmosphere.

The percentage of storable energy can be increased if the quality
of the gas being burned in the gas turbine can be reduced.

The total system efficiency is increased when operating in a
region where the low-grade heat being rejected by the oil scrubbing system

and excess turbine exhaust heat can be utilized. This situation does occur
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when operating at a coczon gia or sawmill. This low-grade heat cam be used

to supply cthe energy for orsheatc of & sCeam systam Ovr 4 hOT water svscem,
Schedule

The mobile fluidized-bed pyrolysis systcem is scheduled o be
compleced by early May, 1980. The system will chen undergec a thrze-mecnch
shakedown on sawmill waste at & site near cthe fabrication shoo. Afcer
complecion of che shakedowm phase che unic will proceed on the ramainder
of che 9-month ctescing schedule on zhe remaining waste products, cotton gia
trasn, rice scraw, and Zeedlot wasces.

During this cescing period the encire syscem will underzo coaplece
analysis as to eavironmencal emissions, operating characteristics, fuel

product qualicy, and overall svstem economics.
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THERMOCHEMICAL CONVERSION OF BIOMASS TO GASOLINE

J. P. Diebold

and

G. D. Smith

Naval Weapons Center
China Lake, CA 93555

ABSTRACT

This noncatalytic process involves the low pressure,
selective pyrolysis of organic wastes to gases containing
relatively high amounts of ethylene and other olefins.
After char, steam, and tars are removed at low pressure,
the gases are compressed to 450 psia (3100 kPa) for
purification. The concentrated olefins are then further
compressed to 730 psi (5200 kPa) and fed to the poly-
merization reactor where they react with each other to
form larger molecules, 90% of which boil in the
"gasoline" range. Using organic feedstock derived from
trash, gasoline was produced on a bench scale system
which had the same appearance and distillation charac-
teristics as gasoline made from pure ethylene which had
an unleaded motor octane of 90. Preliminary economic
analyses indicate that the process is currently compe-
titive with petroleum derived gasoline. This program has

been funded by the U.S. Environmental Protection
Agency.
INTRODUCTION

The petroleum resources of the free world are becoming
increasingly scarce and expensive. As the search for new
oil goes further out to sea and deeper in the ground, this
new oil will be increasingly expensive to produce. Many
of the existing oil fields in some countries apparently
will not be pumped at their maximum rate in an effort to
save that oil for future generations when the price will
be presumebly higher. Thus, it appears advantageous to
develop sources of svnthetic petroleum and in particular
synthetic gasoline. Due to the high volumetrie energy
content of hydrocarbon liquids, they would have been
invented for mobile transportation if they had not been
naturaily occurring. Usually the term ™svnthetie
petroleum" brings to mind coal and/oc oil shale
liquefaction. However, these processes will involve a
considerable amount of environmentally questionable
strip mining and are normally considered to require a
large amount of scarce water resources. The process to
be discussed in this paper involves the use of organic
wastes and/or biomass in a noneatalyvtic selective process
to produce unleaded, high octane gasoline. Byproducts
are fuel oil, lubricating oil, ash, water vapor, and carbon
dioxide. Commercial sized plants would resemble small
oil refineries in many aspects and could be widely
deploved in order 10 be near the {eedstock source.

The advantage of producing gasoline rather than other
fuel forms becomes apparent by comparing common fuels
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on a relative wholesale value basis. 1f a wholesale value
of $1.00 per unit of energy is assigned to natural gas for
interruptible commereial usage, then in 1975 the value of
noninterruptible domestic natural gas was $1.42 per unit
of energy. Number six fuel oil was $3.08, while the value
of gasoline was $5.48 per unit of energy. Recent relative
increases in the value of natural gas have reduced the
ratio of gasoline to natural gas prices temporarily.
However, the widely predicted continuation of today's
petroleum shortage will cause the value of gasoline to
escalate at a rate much greater than boiler fuels. This is
because, although coal can again become the primary
boiler fuel for the nation, coal {ueled automobiles naving
today's performance are not being actively considered.

The conversion of organic waste to automotive fuel was
consequently investigated for remote military instal-
lations in a Department of Defense Advanced Research
Projects Agency sponsored program because of the high
potential value of the product. The synthesis of
methanol from organic wastes was evaluated in detail
with mass and energy balances developed about two
different flow diagrams. This approach would have
pyrolyzed the organic fraction to form synthesis gases
which would then have been compressed, purified, and
catalytically reacted to form methanol. During the
course of this studv (1), several references were found
which indicated the possibility of using pvrolysis to form
a significant amount of low molecular weight
hydrocarbons rather than just carbon oxides, methane,
and hydrogen. These gaseous hydrocerbons of interest
were predominantly ethylene, propylene, and other
olefins.

In the 1930's the oil industry began to extensively
pyrolyze ("crack") crude oil to increase the vield of
gasoline. By-products of that process included large
amounts of ethylene, propvlene, and butylene. Extensive
research was performed on the utilization of these by-
product gases which led to the commercialization of
their conversion to gasoline by both catalytic (2) and
non-catalytic (3) processes. The gaseous hydrocarbons
were comoressed, purified, and then heated such that
they reacted to link up with themselves to form the
larger gasoline molecules by polymerization. This
process produced a liquid which was over 75 percent
gasoline. The proposed process substitutes solid organic
wastes for the crude oil feedstock, but otherwise
parallels the petroleum process used to make polvmer
gasoline. Due to the high ethylene content of the olefins
formed during pvrolysis of cellulosic materials, the
thermal or non-catalytic polymerization was chosen for



this orocess Yecause the traditional catalvtic method
oolymerized sthviene with dif{icuity.

The overall grocess for converting organic wastes (o
gasoline consists of: {irst, the pyrolysis of the wastes to
gases containing large amounts of olefins. i.e. ethylene,
aropviene. 2tc.: second. the comgression and purification
of the olefins: and third, the polvmerization of the
smaller olefins to {orm larger gasoline molecules.
Overzll this amounts {0 a Jrocess which remaoves the
oxvgen {rom the cellulosic wastes to oroduce a gasoline
consisting of nydrocardons. Most of the rejected oxygen
is in the form of carbon dioxide.

The critical technology that this program needed (0
demonstrate was the ovrolysis of celluiosic orzanic waste
materials into gases containing large smounts of olefins
and their subsequent processapility. If the selective
ovrolvsis could de verified, and demonstrated, then the
remainder of the process (o make gasoline wes thougnt
to be relatively straightforward due to industrial
axperience with similar processes. [n effect, the grocess
parallels that of an oil refinerv with the mest significant
difference Jeing the use of today's cellulosic waste
material rather than eons-oid organic matter (crude oil)
as a {eedstock.

The opotential impact this process could have on the
gasoline consumed in the United States appears to be
substantial. Assuming that this orocess will undergo a
traditional develoomental or scale-up period {ollowed by
a well {inanced program with high national oriority,
widespread deployment of conversion plants could Je
accomolished Sv 1998. A recent Market Oriented
Program Planning Study by the Degartment of Znergy
(DOE)} estimated the U.S. gasoline consumption in 1990
at 115 billion gallons (4). 1f 10% of the land currently in
forest, pasture, or range usage having at least 25 incnes
of precipitation and less than 3J0% sloges were to De
developed for silvicultural energy farms, approximately
28% of ithe gasoline consumed could be oroduced from
the resultant diomass (3). Another i5% of the projected
gasoline consumotion could Se oroduced from crop
residues and spoiled {orages (6). ([ the trash generated
oy 1210 million people were to de converted to gasoline,
1% of the 1990 gasoline consumption would result. From
these three biomass sources, slightly less than half of the

projected 1990 gasoline consumotion could be croduced
by the conversion process described without impacting
{ood oroduction o any extent. To determine the net
energy oroduced by the overall svsiem including energy
inputs to grow, harvest, transport, and orocess diomass
into gasoline requires a very specific analvsis {or a given
site and is outside the scope of this pager. However, the
process would have the best economics where the
biomass is a waste hy-product and wnich now requires
enerzy for its disposal.

Initial preliminary economic analyses looked very
oromising for fairly small cities to rid themselves of
trash so the Environmental Prutection Agency (IERL,
Cinn.) was contacted to generate interest in this
economical approach to trash disposal. As a result of
their interest in this process, an interagency sgreement
(EPA-IAG-D5-0731) was written {or NWC to oursue the
technical and economic {aasibility of eonverting organic
wastes to gasoline dv 2valuation in a bench-seale unit (3
kg/hr). This ZPA effort was begun in June 1973 and has
heen continuing.

EXPERIMENTAL
Pvrolvsis

Figure 1 shows the currently evolved pyrolysis schema-
tic. A finelvy ground organic {raction of municipal solid
waste i{s continuously {2d by a one-inch screw f{eeder. At
the end of the screw [{eeder, the {eed is luidized and
conveved by a cartier gas stresm (normally carbon
dioxide) to the steam ejector. The mixture of solid
waste, carrier gas, and steam then enter a iong, red-hot
3/4 inch diameter tudular reactor. Reactor leagths of 2
and § meters resulted in ovrolvsis times of adout 30 to
150 milliseconds, respectively. The char is removed
rom the pyrolysis stream in a three inch diameter
cyclone. The steam and :tars are condensed out of the
pyrolysis gas stream Dy the water quench system. The
nontcondensible gas stream volume s messured bHv an
orifice flow meter and then either {lared off or fad into
a three stage compressor for storage at high oressure.
This system pyrolyzes a nominal 3 kg of f2ed per hour.
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The composition of the pvrolysis products has been found
to be a function of the combination of temperature,
residence time, and especially the dilution of the solid
wastes by inert gases inside the reactor. As shown in
Figure 2, the total hydrocarbon product (other than
methane) can be varied by as much as 163% depending
upon the relative dilution of the pyrolvsis gases. Using
the more {avorable combination of these variables, a
pyrolysis product distribution such as that represented in
Figure 3 can be attained using organic material obtained
from municipal solid wastes. Slightly more than half of
the energy contained in the organic waste can be
recovered in the gasoline precursors. About one third of
the energy is recovered in the "medium Btu" by-product
gas stream of carbon monoXide, methane, and hydrogen.
About one-seventh of the energy is recovered in the
char, which has & heating value similar to lignite coal.
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Pvrolvsis Discussion

Purolysis of cellulesic materials has tong been recognized
as the result of several competing reactions taking place
simultaneously. At low temperatures of 200 to 300~ C,

the predominant reaction is of dehydration to form char
and water vapor. At intermediate temperatures of 300
to 6007 C the predominant reaction is a depoly-
merization or chain cleavage reaction to form
tevoglucosan  tars. At elevated temperatures,
gasification is the predominant reaction to form
combustible volatiles. (7) This gasification reaction
itself appears lto have at least two major compeling
reactions: a) to form olefins, carbon monoxide.
hydrogen, and methane; and b) to form thermally stabte,
water soluble, oxygenated compounds. The data suggest
that the olefin forming reaction is favored when the
partial pressure of the pyrolysis products is reduced by
the addition of a relatively inert carrier gas, e.g. carbon
dioxide, steam, methane, nitrogen, or carbon monoxide,
or mixtures of these gases with hvdrogen. it is
interesting to note that although the quantity of gases
produced can be varied by the relative dilution, the
relative molar ratios of the gaseous species after water
washing are relatively constant.

The by-product gases could be used to fuel stationary
internal combustion engines to generate shaft power for
the compressors and shredders, as well as to fuel the
pyrolysis furnace along with the by-product char. As was
mentioned, it was. found that the use of steam to dilute
the pyrolysis gases results in a higher conversion to
gasoline precursors. [t now appears thdt the process will
be optimized bv making as much steam as possible by
energy recovery from hot gas streams as well as by
utilizing all of the char and the by-product {uel gases for
process energy. This will result in only gasoline, {uel
oils, and lubricating oils as the products {rom the organic
fraction. These products will be readily marketable
compared to char, pyrolytic oils, or "medium Btu" gas.
The generation of high pressure, superheated steam to
cogenerate shaft energy and low pressure process steam
mey optimize the process.

It is interesting to note that the pyrolysis conditions
found to be optimum for municipal solid wastes are
coincidentally similar to those used by the petrochemical
industry to pyrolyze naphtha or grude ail to form
ethylene: e.z. about 750°C (~1400"F), steam dilution,
pyrolysis times of less than a second, and long tubular
reactors having inside diameters of less than five cm {8,
9, 10). It is even more interesting to note that if the
carbon monoxide and carbon dioxide in the pyrolysis gas
are ignored, and the remaining products are then
normalized, that the relative weight percentages of the
pyrolysis products from naphtha {8), solid wastes, and oil
shale (11) are very similar, as shown in Figure 4. It
appears that the molecular fragments from the pvrolvsis
of both cellulosic ana large hvdrocarbon molecules are
very similar and that they achieve a similar short-lived
"equilibrium™ between the products. If not rapidly
quenched, this psuedo "equilibrium" changes by the low-
pressure, high temperature polymerization of ethvlene.
propylene, and butvlene to form about half benzene and
half aromatic tars with the evolution of hvdrogen (12). If
the pyrolysis svstem has a very long residence time, the
benzene and tars further react to form char and
hydrogen — the last mentioned being the traditional
products from charcoal kilns, along with carbon
monoxide.
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dalvmaerization with Pure Zthviene

To avoid the tar formation curing polymerization, lower
temperaturas can Se empioved so that the gssoline
‘racticn in the groduct is cotimized. However, in order
10 maintain reasonaole resction rates, the aressure nust
e nereased. Tamoperatures of 300 zo 300°C (730 to
9397°7) and pressures of 4300 to 3900 xPa (700 to 1000
osi) were often emploved commercially (13, 14). To gain
ins1gNts into the exothermic polymerization reaction, an
experimental reactor was constructed as shown in Figure
3. This polymerization 2ffort was conducted
concurrently with the pyrolysis development, so no
ourified pvrolysis gases at =levated pressures were
availaole for use. Since ethylene was the largest single
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constituent in the gasoline orecursors found in tire
oyrolysis gases, botiled sthylene was jurcnased and used
for this study. The athvlene was regulated into a one~
half inch ciameter stainless steel tuce wnicn ntad seen
coiled and placed in 3 constant temperature, {luidized
sand 2ath. The sand bath served ‘o initially neat the
coiled reactor until the exothermic reaction wes
initiated. after which the dath served to remove e heat
generated. The athylene slowly moved down the length
of the reactor f{or 1 few mTinutes while polvmerizing.
The 2olvmerized gases were then cooled 10 condense aut
the gzasoline and oils. Noncondensable zases were
measured and then {lared of{. Ccnversions per pass wers
as high as 30 percent. The liquids {ormed had very low
viscosities and when distilled sroduced acout 90 percent
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gasoline. This distilled gasoline f{racticn was tested
following the ASTM motor method and {ound to have a
90 octane rating in the unleaded condition (the research
method would have resulted in a slightly higher octane
numoer). The higher boiling liquids will vield a fuet oil
and a iubricating oil {raction.

Based on the opvrolysis and ethylene polymerization
experimentation it is estimated that 0.28 liter of gaso-
line and 0.03 liter of oils will be produced per kilogram
of 90% bv weight organic material (68 gal/ton gasoline, 8
gal/ton oils). The amount of lubricating oil in the oils is
currently conjectured to be fairly small, but with a high
potential total value cdue to its reported excellent
viscosity characteristies (13).

Bench Scale Purification and Polymerization

The bench scale pyrolysis gas purification and poly-
merization flow diagram is shown in Figure 6. The
pyrolysis gases are first compressed to 3100 kPa {(~450
osi). The purification starts with the removal of carbon
dioxide, hydrogen sulfide, and other water solubles with a
hot, aqueous solution of potassium carbonate (16). Next
the desirable olefins are absorbed in an organic solvent
with the by-product {uel gases passing through
unabsorbed. The olefin rich solvent is then heated to
drive off the relatively volatile olefins {17). The purified
olefins are then further compressed to 5200 kPa 7350
psi) and fed &nto the polvmerizing reactor held at about
450°C (~830°F). The polvmerizing reactor consists of a
3 meters long by 1.3 em diameter 316 stainless steel tube
(10 ft bv 1/2 in dia) immersed in a bdoiling sulfur bath,
The boiling sulfur bath has an extremely high heat
transfer capability and serves to maintain a constant
temperature as it removes the heat of polymerization.
The polvmerization reaction proceeds under these
conditions of heat and pressure without catalysts to form

a product consisting primarily of gasoline.  After
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polymerization, the hot gasoline vapors are cooled,
condensed, and stored. Unpolymerized olefins can be
recycled.

This bench-scale system is in the (inal stages of
debugging. The hot carbonate svstem for carbon dioxide
removal is very selective and has resulted in a carbon
dioxide stream having a purity of greater than 99% by
volume with the primarv contaminant being acetylene.
The potassium carbonate solution is easily regenerated,
although it does require a %onsidergble amount of energy
to boil the solution at 120°C (2507F). The hydrocarbon
absorption system needs additional tuning, but has
resulted in a byproduct gas stream containing 20%
hydrogen, 5% nitrogen, 11% methane, 61% carbon
monoxide, and 2 to 3% gasoline precursors {(mostly
ethylene and propylene).  The hydrocarbon stripper
system also needs some adgitional tuning, but it has
resulted in an enriched stream containing as high as 18%
gasoline precursors with 4% hvdrogen, 1% carbon
dioxide, 1% nitrogen, 16% methane, and 29% carbon
monoxide as the impurities.

The effect of these impurities in the polymerization was
to lower the partial pressure of the reacting olefins to
slow the bimolecular polymerization reaction. A longer
residence time is indicated in the polymerizer reactor
depending upon the relative purity attainable from the
gas purification system. Using pvrolysis gases made
from organics derived from trash, a small quantity of
synthetic crude oil was produced from the partially
purified gases available. This synthetic crude oil was
distilled and 93% of it boiled in the gasoline range. The
distillation curve for the polymer gasoline made from
pure ethylene was virtually identical to thet f{or the
gasotine made from trash derived organics. The physical
appearance of the two synthetic gasolines is an identical
very pale yellow and with a gasoline odor. Although
sufficient gasoline made from pyrolysis gases has not vet
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Fig. 6. Purification and Polymerization Schematic
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Jeen produced to allow an octane {est to e run. it would
apoear reasonaple 0 2xDect it 0 lave an octane rating
similar to that of the gasoline nade {rom dure athvlene.

Additional effort needs to e expended in e bench scale
system oarticularly in the aress of: low oressure
oyrolysis gas scrudoing to more completeiy remove the
tar mists: the hvdrocarpon apsorption and stripoing
system 0 verify that the reoorted hign leveis of 7as
surification can be attained with gzases that contain
cardon monoxide; the addition of a soaking chamfer 0
the golymerizing reactor o0 incresse the resicence time
to increase the conversion per opass; the addition of a
recvele loop around the polymerizer to increase the
overall yield: the {ull characterization of the synthetic
gasoline and oil oroduct: and the 2valuation of (eedstocks
other than trash derived organics. A modest program (o
ovrolyze oure cellulose and pure lignin powcers o Qe
able to Jroject Jiomass notential {or this process has just
been started with {unding f{rom the Solar Energy
Research [nstitute.

COMMERCIALIZATION POTENTIAL

[t was noted previously that the pyrolvsis conditions used
in develooment {or organic waste are very similar (o
those used to ovrolyze crude oil and naphtha to ethvlene.
[t {ollows ithat once the solid wastes are {luidized oy the
carrier gas stream, that the technology 2xisis in ihe
setrochemical and petroleum industry to design and duild
commerciallv-sized organic waste oyrolysis unis. Since
similar compeession, purification, and polymerization of
the Zaseous hvdrocardons have all deen commercialized
in the oast, it would appear that the process could de
contracted to anvy one of saveral petrochemical or
petroleum construction {irms with a {airly low teehnical
risk. TFoe pilot olant demonstration purposes, it may e
aconomically advantageous (o add this gesoline module
to an existing trash orocessing slant already in operation
or 0 locate it in an area having several types of agri-
cultural wastes available.

PRELIMINARY ECONOMICS

Municipal Wasta Saadstock

To cetermine the economic (easibility of the process to
convert municioal tresh into gasoline requires a long list
of assumotions. Tac the use of municipal trash as feed-
stock it was assumed to contain 650% dry, ash {ree
organic material, 13% inorganics (iron, aluminum. and
Zlass), and the dalance moisture. A credit of $4.35 der
tonne (34.40 per ton) of trash orncessed was assumed {oc
the value of the reclaimed metals and glass. A vield of
0.19 liters of hvdrocarbon liquids ger Kilogram (43
gal/ton) of trash processed was assumed. The relative
economics of the orocess were taken to de a function of
source of capital, 2lant size, gasoline (hvdrocaroon)
value. and the dump fae oer fonne of trash credited to
the orocess. The plant size can de converted to the
oooulation served Sv the orocess by assuming 2 daily per
cgpita trash generation rate of 2.27 kg/dav (2.5
tons, 1400 daiiv peoplel. The capital and operating cost
{igures are ased on those gZenerated dv 2n outside
pettochemical cansuliant under contraet to EPA for a
100 :on per cav slant during their evajuation of th
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process. The consultant’s cest 2siimate in early 197
~as 37.3M capital costs and S1.1M annual operating cost
(exclusive of debt sarvice). The capital costs w~ere
scaled using 0.55 as the axponential scaling factor.
whereas 0.20 was used as ihe labor cost factor.

As will 2e illustrated. the method of
constructicn costs has 1 significant impact on he
apparent economics of the orocess. Figure 7 snows e
economics for a olant financed at an interest rate of 3%
and a 25 vear amortization. This would be fairly tvpical
of a2 municioally financed plant which could de operated
aither by the municipality or 9y a contractor. [t is seen
that with a $10/tonne dump f{ee credited to the olant
that 3 250 tonne/day plant would produce 3asoline worth
$10.10/1iter ($0.38/gallon).
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Figure 3 has the same ascumotions as before, Sut with
orivate enterprise involved at a 13%% rate of return, At a
13% rate of return, the small 230 tonne pec cday nlant
with a S10/tonne dumgp {ee must charge about $0.20/liter

(50.73/gallon) to meet its {inancial ooligations. Far
orivate enterprise. larger olant sizes are clearly
indicated. For example, at a 13% rate of return and the

same dump f(2e. a 300 tonne per dav »nlant size is
estimated to produce gasoline valued at about $0.13/liter

(50.50/gallon).
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The 500 tonne per day olant therefore appears to be an
economically interesting size. One of the problems in
evaluating the economics of this system is to project the
value of gasoline over the estimated 25 year life of the
plant. Figure 9 shows the rate of return on the
investment for a 300 tonne per day plant using the same
bases as before. With a $10 per tonne dump f{ee and a
current $0.685/gallon wholesale gasoline value, a 23%
rate of return would be realized. If the wholesale value
of gasoline were $1.00 per gallon, the projected rate of
return would be 34%.
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Fig. 9. Rate of Return for 500 Tonne/day Trash Plant

Biomass Feedstock

The process to convert trash to gasoline is thought to be
applicable also to agricultural and silvicultural materials.
These organics could be a mixture of wastes and/or
material specifically grown for conversion to fuel. The
assumptions were modified somewhat to reflect the lack
of metal and glass recovery equipment and the lack of
these salvage products. The feedstock was assumed to
contain 90% dry, ash-free organic material. The vield of
gasoline per unit weight of organic material was assumed
to be the same as with municipal trash derived organics.
Similar economic trends are observed with the biomass
processing plants as with the trash plants, but the
economical size of the biomass plants is larger than that
of the trash plants due to the difference in feedstock
cost.

To interest private capital at a 15% rate of return, a
1000 tonne per dav plant could pay $30 per tonne of
organics and charge $0.72 per gallon as can be seen in
Figure 10. Examining a 1000 tonne per day plant in more
detail, in Figure 11 it is seen that if the feedstock cost is
$30/tonne and the local wholesale gasoline value is $1.00
per gallon, the projected rate of return would be 31%.

These economic predictions for the process point out
that for the process to be able to buy the organic
feedstock, fairlv large plants will need to be constructed.
However, bv commercial standards these plants at the
1000 tonne/dav size are in reality not very large and
would have an output of a fairly small oil refinery (less
than 2000 barrel per day). If the 1000 tonne/day
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biomass-to-gasoline plant were to be located at the
center of a biomass producing area having an assumed
annual biomess production rate of 11.2 tonne/hectare (3
tons/acre), the necessary biomass could be raised within
a 10.2 km radius. Long hauling distances would not seem
to be involved with this process and the gasoline
produced would be consumed relativelv locally.
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Fig. 10. Biomass-to-Gasoline Economics with Private
Financing
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Fig. 11. Rate of Return for 1000 tonne/day Plant

SUMMARY

This process converts organic waste materials into the
basic hydrocarbon building blocks, i.e. the olefins:
ethyvlene, propvlene, and butylene. Although these
compounds could be used as highly valued

petrochemicals, they can also be profitably converted to
a high octane, unleaded gasoline with only a small
amount of fuel and iubricating oils as the by-products.
The process utilizes a high temperature, short residence
time pyrolytic process with steam dilution to optimize
the produetion of the desired gaseous olefins. This



process is virtually identical to that used by the petro-
chemical incusiry to make ethviene and oropvliene {rom
crude oil. Once the gaseous ole{ins are produced, the
technology required to convert them into gZasoline is
state-of-the-art. txDerimentation on a 3 %g/hr benech
scale svstem has demonstrated the selective ovrolysis to
form unusuaily large amounts of the cesired ole{ins as
well as their purification and subsequent polymerization
to gasoline. [t is projected that about 1.8 U.S. petroleum
darrels of gasoline can de produced per ton of dry ash
{ree organic material or apout a 30% efficiency in
energy conversion. The eccnomic projections indicste
that this grocess will be viadble in moderately sized plants
which could be widely dispersed.

Although  some  additional bench-scale  process
develooment work is needed, it is timely to make long
range ofans to exploit this technolegy. The outlook of
rising trash disposal costs and restrictions on agricuitural
burning of wastes, as well as increased petroleum costs
combine (0 make the potential of this process very
promising.

ACKNOWLEDGEMENT

The authoes wish to acknowledge the contribution to the
effort made by Dr. Charles 3. Benham (currently with
the Solar Etnergy Research lnstitute), oarticularly in the
polymerization demonstration with oure sthylene and the
early development of the oreliminarvy economies and
their presentation {ormat. “r. Walter Liberick, Jr. and
Mr. Charles Rogers of the [ndustrial Environmental
Researcn Laborztory (EPA) have been the program
officers responsible for the funding which made the
nardware demonsirations possible. Poctions of this paper
also appear in the authors’ opaper "Noncatalytic
Conversion of 3iomass 10 Gasoline” presented o the
ASME sponsored Solar EZnergy Conference held in Maren
1979 (ASME 79-301-29).

REFIRENCES

i 3enham, C. 3. and Diedold, J. P., "Conversion of
Solid Waste to Fueis,” NWC TP 3791, oublication
Unclassified, August 1973, Naval Weapons Center,
China Lake, Calif.

"~

loatieff, V. N., et al., "Polymerization, a New
Souree of Cascline,” Ind. Zng. Chem., 27, No. 9,
193S, po. 1077-1081.

3 Frolied, X. and P. J. Wiezewich, "Cracking and
Polymerization of Low  Molecular Weignt
dvdrocarzons,” [nd. Eag. Chem., 27, No. 9, 1935,
po. 1053-1062.

4 Park, .. Price, G., Salo, D., "Biomass-3ased
Aleohol Fuels: The Near-Term Potential foe Use
with Gasoline,” (Mitre Corp.) DOE HCP/T4101-03
CC-51, Aug. 1973, 0. 17.

3 Inman. R., Salo, D.. "Silvicultural Energy Farms,”
(Mitce Corp) presented at Fuels f=om 3iomass
Svmocsium. Acril 18 - 18, 1977 at . of ilinois,
OQE. CQ0/4225-1 UC-31.

49

10

11

13

14

158

17

Senson, W. "Biomass Potential {rom Agricultural
Production,” (MRI) presented at Fuels irom
Biomass Svmoosium, April 18 - 19, 1977, at C. of
{llinois, DOE C00/4225-1 UC31.

Shafizadeh, F. "Pyrolvsis and Compustion of
Cellulosic Materials”", Advances in Cardohvdrate
Chemistry, 23, po 419 - 475. (1963)

Nelson, W. L., Petroleum Refinerv Engineering, 40
ed., MleGraw=-Hill, New York, 1958, 0p. 525-593.

Prescott, J. H., "Pyrolysis Furnance 3Soosts
Ethylene Yield by 10-20%," Chem. Eng., July 7,

1975, po. 32-33.

Zdonik, S. 3., 2t al., "Funection of Dilution Steam in
Cracking,” Oil Gas J, “ay 27, 1963, po. 103-108.

Sohns, H. W., et al., "Develepment and Qperation
of an Experimental CZatrained-Solids Qil Shale
Retort," 3UMINES, RI5322, 1959.

Cadman, W. H., "I Semi [ndustrial Sroduction of
Aromatic Hydrocarbons from Natural Gas in
Persia,” Ind. Eng. Chem, 26, No. 3, 1334, po. 313-
320.

Wagner, C. R., "Production of Gasoline by Poly-
merization of Olefins,” Ind. Eng. Chem., 27, No. 3,
1933, op. 233-336.

Sullivan, F. W., Je, Rutheuff, R. F., Kuentzei,
W. K., "Pyrolysis and Polymerization of Gaseous
Paraffins and Olefins,” Ind. Eng. Chem, 27, No. 9,
1935, po. 1072-1077,

Seger, F., Doherty, H., Sachanen, A., "Noncatalytic
Polymerization of Olefins to Lubricating Qils," Ind.
Sng. Chem, 42, No. 12, 1950, po. 2446-24352.

Riegsenfeld, F., and Kohl, A., Gas Purification. 2nd
ed., Gulf Puolishing Co, Housien, 1974, co. 176~
209.

Xniel, L., and Slager, W., "Sthylene Purification by
Absorption Process.” Chem_ EZng, Prog, 43, Na. 7,
1947, no. 335-342.



EMERGING TECHNOLOGY FOR MAXIMUM CONVERSION
OF WASTE CELLULOSE TO ETHANOL FUEL
BY
Charles J. Rogers
Industrial Environmental Research Laboratory

U.S. Environmental Protection Agency
Cincinnati, Ohio 45268

ABSTRACT

The U.S. Environmental Protection Agency-HNew York University
scientists have been working over the past five years on continuous
processing technology for industrial-scale conversion of waste cellulose
to glucose. A continuous waste-cellulose to glucose pilot plant with a
capacity of one ton per day has been in operation for approximately two
years., The reactor device is a twin-screw extruder, selected because of
its capacity for conveying, mixing, and hydrolyzing up to 60 percent of
the cellulose values to glucose. In the past, acid hydrolysis reactor
development studies have focused primarily on the conversion of hexosan
to glucose. Agricultural residues and wood also contain a pentosan
fraction that can be hydrolyzed and fermented to ethyl alcohol. This
article reports results of a continuous acid hydrolysis development and
a discussion of a two-stage reactor development to maximize ethanol

production from carbohydrate-bearing waste.
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AFB COMBUSTION OF MUNICIPAL SOLID WASTE:
TEST PROGRAM RESULTS
by
L.C. Preuit, Project Scientist, Combustion Power Co.
€.8. Wilson, Project Zngineer, Combustion Power Co.

ABSTRACT

Air classified Municipal Solid Waste (MSW) was fired in an Atmospheric
Fluidized Bed Combustor at low excess air to simulate boiler conditijons.
The 7 sg. ft. combustor at Combustion Power Company's energy laboratory
in Menlo Park, CA, incorporatas water tubes for heat extraction and re-
cycles elutriated particles to the bed. System operation was stable while
firing processed MSW for the duration of a 300-hour tast. Low excess air,
low exhaust gas emissions, and constant bed temperature demonstrated feasi-
bility of steam generation from fluidized bed combustion of MSW.

Ouring the 300-hour test combustion efficiency averaged 99%. Excess
air was typically 44% while an average bed temperature of 1400 OF and an
average superficial gas velocity of 4.6 ft/sec were maintained. Typical
axhaust amission levels were 30 ppm SOZ, 160 ppm NOX, 200 pom CO, and 25 ppm
hydrocarbons. No agglomeration of bed material or getrimental change in
fluidization properties was experienced.

A conceptual design study of a full scale plant to be located at Stanford
University was based on procass conditions from the 300-nour tsst. The plant
would produce 250,000 1b/hr steam at the maximum firing rate of 1000 tons
per day (TPD) processed MSW. The average 800 TPD firing rate would utilize
aporoximately 1200 TPD raw MSW from surrounding communities. The Stanford
Solid Waste energy Program was aimed at development of a MSW fired fluidized
bed boiler and cogeneration plant to supply most of the energy needs of
Stanford University.
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INTRODUCTION

Disposal of solid waste has historically been an economic cost to
municipalities and industry. The least expensive means of disposal in
this country has traditionally been landfill for which the capital invest-
ment required is minimal. Rapidly decreasing availability of space for
landfill and rapidly increasing need for recovery of the energy value of
solid waste have generated considerable interest in the develooment of
solid waste combustion technology. Mass burning incinerators, both with
and without water walls for energy recovery, have seen the greatest use
in combustion of municipal solid waste, particularly in Europe where in-
cineration of solid waste is much more common. Orawbacks of mass burning
include low process efficiency and high emissions levels. Alternative
processes include atmospneric fluidized bed (AFB) boilers, semi-suspension
fired boilers, and pyrolysis processes.

AFB boilers offer the advantage of low N0, emissions and high combustion
efficiency in relatively compact equipment tor the firing of municipal solid
waste (MSW). Prior to the present testing, nowever, MSW combustion in an
AFB boiler had not been demonstrated. An experimental program was designed
to investigate the tavorable operating regimes for a bed with steam-raising
tubes, to determine the combustion efficiency, to measure the gaseous pol-
Tutants, to determine the erosion or corrosion of the tubes, and to investi-
gate the fouling of the tubes or system internals caused by the combustion
of municipal solid waste. Two 50-hour preliminary experiments were run
in order to shake down the equioment and to conduct parametric studies to
identify the most favorable operating regime for a subsequent 300-nour test.
This paper will describe the results of the experimental program and relate
those results to the economics of a Full scale cogeneration facility being
considered for Stanford University. _

EQUIPMENT DESCRIPTION

Testing was conducted in a 7 sq. ft. atmospheric fluidized bed combustor
at Combustion Power Company's energy laboratory. The refractory-lined
combustor is cylindrical with an inside diameter of 3 ft. and an inside
height of 16 ft. A view port permits observation of the bed during operation.
Figure 1 diagrams the combustor facility as arranged for combustion of
processed municipal solid waste (MSW). Figures 2 and 3 show the combustor
and controls.

The combustor permits several arrangements of in-bed heat 2xchanger
tubes so0 that heat extraction can be adjusted to suit desired tast conditions.
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Primary heat extracticn is through two, thres, or four norizontal water
tube bundles. These stainless sisel tubes operatz at low tzmderature o
assure test reliability. Typically, 150 psig watar is heated from 200 F to
300 F. This water is flashed to atmospheric pressure and maks-up water re-
duces the feedwater temperature to 200 F. The water tube wall temperatures
ars lower than those o7 typical boiler tubes so that temperature-rzlated
corrosion does not occur. For the long duration test, air-cooled sampie
tubes were installed in the fluid bed and in the {reeboard above the bed.
Tnese tubes were designed to duplicate boiler and superhsater tube-wall
tamperatures for study of erosion and corrosion. Figure 4 shows the bed
heat exchanger arrangement tor the 30C-hour tast.

The combustor may be operatad with or without recycle of eluiriatad
Ded material. Ouring the {irst parametric tast the sxhaust cyclone at
the combustor was arranged to discharge into a collection barrel rather than
returning collectad particles to the bed. Ouring the second parametric
test and the 300-nour tast, elutriated particles were racycled back to
the bed fromthe cyclone. DOischarge piping from the stainless stesl re-
cycle cyclone premits sampling of recycle materiai during operation.

Exhaust gas from the recycle cyclone passes through a spray cooler
befors final particulate clean-up in & baghouse. Stack discharge From the
baghouse meets all applicable emissions regulations. Sampling ports are
provided before and after the recycle cyclone, and also in the discharge
stack from the baghouse.

Solid Wasta Processing and Fsed

Municipal solid waste is received in conventional packesr trucks, each
containing 3 to 6 tons of refuse. Tne trucks dump their contants on a
covered concrete pad from which the refuse is pushed unto shredder input
conveyors as shown in Figure 5. The 100 hp tidal mini-mill shredder has a
nominal capacity of 5 tons per hour. Shredded solid waste is air-
classified and the light fraction pneumatically transportad {0 a storage shed

to await transport to the combustor facility.

At the combustor & live bottom bin provides short term storzge and
variable outfeed capability. Procsssed MSW is carried from the bin by
the feed conveyor which is designed to provicde uniform volumetric flow of
fuel. The combustor bed temperature control loop adjusts the speed of the
feed conveyor, which discharges into a constant-speed rotary airiock. From
the airiock fuel is fed pneumatically through a 3-inch feed pipe tc the fluid
bed combustor.

Instrumentation

During combustion of processed MSW, temperatures in the system are
monitorad at 37 points. QData is collected For pressurs and flow of combustion
air, exhaust gas, cooling air and water, and fuel 0il. E£xhaust gas comno-
sition is continuously monitored and concentrations o7 Cp, CO, H0x, and
hvdrocaroons are recorded. Gas analysis is supplemented by Orsat tasting
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at irequent intervals. Samples are taken daily for determination of #Cl
concantration and particulate loading. HMaterial samples for analysis are
taken daily from the bed and from the baghouse.

PARAMETRIC TESTS

Two 3Q-nour parametric tasts were conducted to accomplish operational
checkout of the systesm, explore the range of allowable process parameters,
and identify the most desirezple conditions for longer duration staady-state
operation. 3oth parametric tasts were planned to exp1or° the same range of
parameters. However, the Tirst test was run without recycle while in the
second parametric test elutriated material was recyclad back to the bed.

The first tast ran 48 hours before being shut down by high oressures caused
by slag build-up in the combustor freeboard and exhaust duct. The sacond
parametric test was terminated after 73 hours of operation.

Parametric Test Results

Parametric testing began with the bed depth maintained at 2.5 ft.
(slumped), but freeboard combustion and temperatures were found to decrease
considerably when bed depth was incrzasad to 3 ft. (slumped). Deener beds
wera used for all subsequent testing. Stable bed combustion was maintained
within the ranges of:

Bed Temperatures 1300 - 1410 oF
Superficial Velocity 4.1 - 6.8 ft/sec
Excess Airl 50 - 7¢%

Combustion efficiencyz averaged 98.9%. Operation outside these ranges,
particulariy with excess air below 40% resulted in undesirezable fresboard

lexcass air is calculatad from:

2.67C Q2 o
c = X X o
A OY-7 R R T0; * (0 100
where: EA = Excess Air
C, H, S, 0 = Respective Elemental dry weight %
02, COz, CO = Respective gaseous dry volume %

2Combustion efficiency is basad on unburned carbon in the flue gas and ash:

12 12 . 24
oo 38 21 8%cg,) * 75 0(8keg) * Ty claky)
A VEN-L S
S A
wnere:; a,bh,¢c = rospective weignt concaentration of €02, CO, RC in Tlue gas
and d = weight ratio of C to flue gas
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ne 3-inch diameter fuel feed line was tfound to be very susceptible to
plugaing problems caused by round plastic 1ids of approximately 4-inch
diametar. These iids were resilient enough to pass through the shredder,
Tight 2nough to pass through the &ir classifier, but just stiff enough to
cause Dlockage of the pneumatic feed Vine. Adjustment of the air classifier
eliminated most of the 1ids and the problem with feedline pluagging, but also
resultaed in rajection of a lergar proportion (near 50%) of the shradded MSW
than had been desired. Larger diemetar f2edlines or improved shredding of
the MSW would eliminate this problem in large scale esquiomant.

atterburning and slag denosits in the combustor freedboard and exhaust ducting.
T

Slag deposits wnich formed during parametric tests were subjectad to
fusion-tamperature analysis and tound to have initial deformation tempera-
tures of 1990 F and above. Qifferential thermal analysis confirmed the
fusion test results. Since slag formation thus appeared to be related to
nigh frecboard temperatures, one process condition set for the 300-hour
test was a freeboard high temperature limit of 1600 F. The slag samples .
analyzed were, in general, calcium-rich alumina silicates.

300-HOUR TEST

Operating conditions for the 300-hour tast were based on results. of the
two parametric tests. Test objectives were to:

¢ Qemonstrate the feasibility of burning municipal solid waste
in an atmospheric fluid bed combustor with energy extraction
from the bed.

° Evaluate the fluid bed media and fluidization characteristics
over a 300-hour time period.

8 C(Charactaerize exhaust gas emissions
o Measuras bed heat transfer coefficients

'®  Gather data on erosion and corrosion of typical boiler and
superneater materials at reoresentative tube wall temperatures.

The 310 hours of operation included 298 hours firing MSW at tast conditions.
The test was completed without any significant combustion-related problems,
and operating conditions ramained substantially constant. Upsets were

caused by Teedline plugs which occurred 35 times during the test. These
blockages, caused by plastic 1ids which did not shred during fuel processingn
were cleared within 2 to 5 minutes wnile combustor operation was maintained
on 0il. No material deposition or agglomeration was observed; at tast
conciusion the combustor and freeboard were virtually free of slag.
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Fuel Analysis

Samples of the processed MSW were analyzed daily. Fuel properties
waere rezasonably consistant throughout the tast. Resulis of proximate and
uitimatz analysis on the fuel are:

PROXIMATE ANALYSIS

(As Reczived) Average Range
Maistura Fraction (%) 23.6 17 - 25
Ash Fraction (%) 10.8 g - 13
Yolatiles (%) 57.€ 54 - 84
Fixed Carbon (%) 8.2 8 - 9.7
Kigher Heating Value (Btu/lb) 5372 5250 - 58050
ULTIMATE ANALYSIS

(Dry Weight %) - Average Range
Carbon 24.45% 3.9 - 45.2
Hydrogen 5.96 5.8 - 6.1
Oxygen . 34,32 32.2 - 35.58
Nitrogen 0.87 .63 - .80
Chlorine 0.49 .40 - .87
Sulfur 0.13 .09 - 17
Ash 13.97 12.0 - 18.0
Higher Heating VYalue (Btu/1bd) 7352 €500 - 7700

Operating Conditions

Operating conditions ramained substantially constant throughout the
300 nrours of test operation although scme parameters changed due to a gradual
dacrease in bed particle siz2 that occurred during the first haif of the test.
As typical steady state operating conditions, data from the last 144 hours
o7 the test were averaged:

8ed tamperature 1392 O
Fresbpard temperature 1487 O
Superficial velocity 4.6 ft/sec
Excess air 44 %

8ed depth (slumped, nominal) 3.5 feet
Fluidizing air flow 43.0 1b/min
Fyel faed rata 8.2 b/min
Combustion efficiency 99.0 %
Exhaust material recycle rate 16 16/min
Bachouse ash collection rats 0.9 1b/min
3ad metarial Tatdown rate 4.9 1b/hour
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Figure & shows the tamperature recorder chart for a portion of the twelft

day of operation (259 through 256 hours into the tast) as representative of
general test conditions. Bed temperature remains constant, despite fluctua-
tions in freeboard and exhaust temperatures caused by variations in heating
value of the processed MSW fuel. Note that sample time oeriods for emissions
and gas analysis are identified and that, during two hours of the recorded
period, gas analysis data were being recorded by the California Air

Pesources B3oard (CARB) using their mobile equipment. Satisfactory agree-
ment was found between CARB and CPC data for gasaous zmissions.

Flue Gas &missions

Emissions levels in the flue gas were considersd very important to the
basic program objective of demonstrating the feasibility of stsam generation
by firing MSW in an AFB boiler. Actual emission lavels verified the potantial
for low flue gas emissions levels. Average emissions levels for the last 144
hours of test operation were:

Flue Gas Emissions

Q2 6.7 %
€02 13.5 %
co 200  popm
S0, 29 pom
NOQy 160 »opm
Hydrocarbons (as CHg) 40  opm

Generally, each of the gaseous constituents monitorad tended to exhibit
constant varijation. Occasional very high spikes of SOp, CO, and hydrocarbdons
occurred independently of each other or any other parametsr rscorded. These
spikes were probably due to particular constituents of the MSW fuel. &Emissions
of SO2 and NOy are of particular concern in light of the tight requlations
regarding these pollutants. Actual emissions levels were well under 1979
EPA promulgated New Source Performance Standards (NSPS) for boilers but would
raquire emissions orfset consideration to be approved by California and
local authorities. The indicated exhaust concentrations translate to approx-
imately 0.06 1b/MMBtu fuel input for S02 and 0.25 1b/MMBtu for NOy average
for the last 144 hours of operation.

Bed Material

The original bed material wes Monterey 16-mesh sand with an average
carticle size3 between 1.0 and 1.1 mm. Daily samples were taken of bed
material and of material returning to the bed from the recycle cyclone.
Figure 7 shows the rapid drop in bed particle size at the beginning of the

Ioarticle size is calculatad by the "Mean Specific Surfacz" method (1)
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tast, followed by a more gradual decline to nearly constant particle size
he end of the test. Also shown is the recycled matarial size which
ared unaffected by the changing bed material size. Some piecas of glass
¢ be observed in the material samples and a few (less than 1%) pieces
q

glomerated particles up to %" size.
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Daily bed material samples were analyzed for cations and metals contant
by means of the emission spectroscopy scan method. The concentrations of
the major constituents of the bed material were found to remain essentially
constant. A number of elemental concantirations, nhowever, increased through-
out the tast and accumulation of these materials &ppeared to be continuing
up to the time the tast was terminated. This accumulation of 2laments was
the only observed ohenomena which had not reached a steady state equilibrium
before the end of the test. Longer tast duration will be necessary to observe
the effects of this accumulation. Elements wnich accumulated were Ca, Fe,
Mg, Ti, Na, Cu, Mn, P, Zn, and possibly Pb. Concentrations of these elements
are shown for samples taken early in the test and at the end of the test
(Trace elements are not shown):

Concentration Weight %

Element Tnird Day Twelfth Day
Si 37.0 33.8
Al 4.0 3.8
Ca 1.8 5.5
K 2.8 2.7
Na 1.9 4.0
Fe 0.48 1.2
Mg 0.17 0.89
Ti 0.068 0.28
Ba 0.11 0.10

Heat Transter

Water inlet and outlet tamperatures as well as flow through the main
heat exchanger were monitored throughout the test. That heat exchanger con-
isted of two four-pass, horizontal tubes arranged in the bed as shaown in
Figure 4. Early in the test, the overall heat transfer coerficient averaged
46 Btu/nr-ft-F. By the end of the test, the heat transfar coefficiant had
increased to 58 8tu/nr-ft2-F. The increase in heat transfer coefficient is
attributed to the decrease in bed matsrial particle size. The influence of
particle size on outside wall heat transfer coefficiant is pradicted by
Bashakov (2) or Locke (3).

Corrosion and Srosion

In addition to the stainless stesl (TP316H) water cooled tubes in the
bed which were the primary means o7 heat extraction, air cooled sample
tubes were installed in the bed and in the fresboard to duplicate wall
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temperatures of superheater tubes. No significant corrosion or erosion
was observed on the water cooled tubes in the bed. Mechanical failure of
the air cooled tube in the bed invalidate its exposure as & tube sample.

The fresboard air cooled sample tube was installed to transverse gas
flow in the exnaust ductwork from the combustor. The tube was fabricatad
from sampie sections of six different tube materials. The samples were
exposed to 1500 F - 1600 F flue gases neavily laden with particulate
(60-50 gr/ac¥) at a gas velocity of about 35 fps. The sample tube wall
tsmperature was apout 720 F. Combined corrosion and erosion resultad in
substantial metal wastage of carbon steel specimens, with less wastage
apparant as the alloy content increased.

As shown in Figure 8 and Table I, metal wastage was greatest for carbon
steel coupons, approximately 50-60% of the wall facing the gas side, wnile
wastage of the sides and tops was less than 5%. l!iastage was considerably
Tess 7or the low alloy steels in the same orientation. On the side facing
the gas flow, the wastage was 13-17% while elsewhere it was less than 3%.
The metal wastage of the austenitic specimens (SS304, SS316, and Incoloy 825)
was the Towest, being less than 6% on the side facing the gas flow and less
than 1% elsewhere. Scaling and deposits were also orientation dependent,
Wwith bottoms of the coupons relatively frese of scale and deposits compared
to the sides and top. As expected, scale formation was thickest on the
carbon staels, and the chrome-containing austenitic steels were resistant
to scaling.

Residual corrosion penetration was very low on the bottoms of the
carbon steel and low alloy specimens. Apparently, corroded ar2as and scale
were removed by erosion as they formed, i.e., corrosicn-erosion was a
major factor in the metal wastage. Corrosion penetration on the Tow alloy
specimens was comparatively low on the tops and sides at 5 - 10 microns.
With respect to corrosion under the exposure conditions, the low alloy
specimens compared well with the type SS316 that showed only 5 - 10 microns
Of corrosion penetration, while the metal wastage of the low alloy specimens
was greater. The SS304 and Incoloy 825 showed corrosion penetrations ranging
from 10-50 microns. Apparently, corrosion was by oxidation and sulfidation
as suifur was found in most corroded regions of all coupons.

CONCEPTUAL DESIGN STUDY

An economic study was undertaken to determine the promise of the AFB
boiler system as defined by the results of the experiments. The complete
cogenzaration system was envisaged for application to the Stanford University
campus with the sizing and performance of the MSW fired AFS boiler based on
test results. While the application at Stanford University might not have
teen the most favorable one, it was regarded as a typical situation and that
there would be considerable benefit in having a study mede to meet rsalistic
requirements.
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SPECIMEN
IDENTIFICATION:

7A7
Ni-Fe-Cr-Mo-Cu
INCO 825
Sb-163

6A6
18Cr- 12Ni- 2Mo
SA-312-TP316H
SA-213-TP-316H

S5AS
18Cr-3Ni
SA-312-TP304H
SA-213-TP-304H

4A4
%Cr-1Mo
SA-335P22
SA-213T22

GAS FLOW

JA3
1%Cr-aMo-Si
SA-335P11
SA-213T11

1A1
CARBON STEEL
SA-1068
SA-210A1

Figure 8

EXPOSED
COUPONS

Photographic Comparison
Exposad Coupons and the
Unexposed Remnant Pices

67

REMNANT
PIPES

of the Seven
Corresponding

GROUMING

AUSTENITIC
STEELS
(NON-MAGNETIC)

LOW ALLQY
STEELS

CARBON
STEEL



0P

TABLE I

SSWEP:
. LOCATTON:

300 HR TEST COUPONS
CTU FREEB0ARD

PIPE THICKNESS AND MICROGRAPH MEASUREMENTS

ﬁ GAS STREAM
| (Residual Maximum}
. ‘Pipe Thickness Micrograph
Specimen Pipe { Ingh) % tigasurements
. . sCdle  {Penetra- | Lcmments
Identification | Qrientation | Unexposed | Exposed | Wastage tion M
LAl 1. Bottom 115 .080 47 .8 None(a) I {a) Corrosion-
arosion
(Carbon Steel) | 2. Left 12 113 -.9 18 10
Side
(SA-1068) 3. Top A0 116 -5.5 186 60
(SA-210A1) -4, Right 113 16 2.7 (v} 14 (o) Spalled
Side
3A3 1. 118 .100 13.8 3 <2
{15Cr -3 Mo-S¢) 2. .11S 116 -.9 £7 10
{SA-335P11) ]. .118 .124 -5.1 19 10
{SA-213T11) ¢, 120 17 2.5 250(a) 1Q (a) Scale and
i ash de-
posit
484 i1 .135 133 16.3 80 <2
(2%Cr-1 Mo) 2. .130 125 .8 a. 5 a. Spalled
(SA-335P22) 3 128 a3 -1.5 5 10 5. Spailad
(SA-213T22) 4. .122 132 0 ¢ 3 c. Spalled
SAS 1. 108 .100 4.3 - 35 .005" wastage
(18Cr-38Ni) 2. 108 L1308 0 100(a) 50 (a) Scale and
ash de-
posit
(SA-312-TP304K) ;3. 108 106 -1.0 {v) 10 {b} Spalled
(SA-213-TP.304H)|4. 104 .104 0 200(c) 10 {c) Scale and
ash da-
20sit
848 1 107 L1017 5.5 3 - .006" wascage
{16eCr-12Ni-2Mo) (2 .118 .18 0 30 10
{SA-312-TP316H) 3 107 107 0 a. - a. Spalied
(AS-213-TP-31GH} |4 1 J06 106 0 b. 5 b. Soalled
747 i 112 .109 2.7 20 30 .003" wastaqe
{Ni-Fe-Cr-Mo-Cu)|? 113 113 0 a. 20 a. §pal1ed ?
{INCO 325) 3 117 17 4] b. 4 b. Spallea ?
{(5b-163) 4 118 119 -.8 c. 25 ¢. Ash ce-
: 20sit

* Unexposad pipe

remnant measurements.
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Pranosed Svstem

The AFB system for study was designed to meet an existing situation

in which the local municipality

disposal

is faced with unavaitability of landfill

arsa wnile Stanferd University is sesking to control energy costs.

Municipal solid wasts would be procassed at a cantral collection Jocation

and the MSW fuel trucksa to the

campus boiler plant. Size of the system

is specified by the 800 tons per day of procassed MSW estimated to be

available in 1983. The modular

AFB boilers would oroduce 400 psia, 750 F

steam TOr a turbine with extraction &t & pressurs of approximataly 170 psia.
The extraction steam would condense in & heat sexchanger to provide heailing

and chilling steam
would ©low through

TOor the campus.
the condensing stage of the turbine.
process studies provided estimates that the proposed systs

St2am not neaded for £amous sarvicses
Tnermodynamic and
would supply

all of the university stzam demand and approximetely 50% of the electricity

needs.

A flow diagram of the proposed system is shown in Figuras 9.
was made to investigate the processing of the MSW;
to conversion of the processed MSW to thermal energy and to electricity.
ancilliary equipment necessary f

ciuded.

Plant Design and Cost Estimating

No attempt
study was limited entirely
A1l
or energy production from MSW Tuel was in-

The plant design was broken down into 12 major components listad below:

.

CO~t W W N

9.
10.
11.
12.

For sach of these systems, sufti
and to specity the necsssary sizs of the z2quipment.
standard components wers used znd cost astimates obtainag

nlant plan,
included to
compatible with the campus sits.
tand. Table il lists the major
items contributing to the cost.

Boiler system
Start-up system
Combustion air systam

Flue gas system
Sed-maintenance systam
Flyash-disposal system
Fuel-Teed systiem

Fugl receiving anc sicrace
Main steam sysiem
Feed-water system
Electrical and contral
Buildings and s

systam
ite

ciert design work was done toc define & corcept
Wherever possibie,
Trom vendeors.

N

Figure 10, and layout drawings wers made and necassary buildings
enclosa turbine, boi

Ter, and fuel receiving arsas so as to be
Mo cost was included for the valus of the

cost comsenents along with the principal

An artist's rendition of what the plant

might fook like is shown in Figure 11 anc censral cerformance Tigures for

the plant ares shown in Tadbls III
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(2

4,

5.

Bofler System
Modules w/tubes & plenums (6)
Recyele cyclones (24)
Exhaust wmanlfolds (2)
Evaporators (2)
Lconomizers (2)
Actemporators (2)
Supports & lagglong
Scotblowers (6)

Start-up System
Duet=burner assembly
Booster Fan
Fuel-oll pumps (dual)
Fucl~-oll storage tank
Bed injectors (36)

Ale mantfold & dampersy

Combustion Alr System

TF.D. fans & motors (2)
Intake sllencers (2)
Tubalar ale preheaters (2)
Buectwork

Flue-Gas System
tulticlones (2)
Elestrostatie pran.
1. b, fan & motor
Ductwork

filuee

Bed-Maintenance Systems
Stide gates (6)
Water-cooled conveyors (2)
Blowers w/fllter sitencecs (3)

Atrlock fecders (3)

Table Il

PLANT DESICN -~ LIST OF MAJOR EQUIPHENT

5.

6.

Bed Maintenance Systems (coat.)

Sand~-storage blin

Bin disclhiarger

Fabrcle €tlcecx

Traansport pliping

Dischavge divercer valves (7)

Flyash Disposal Syscem

Atrlocks (6)

Screw conveyors (2)

Yeedees (2)

Transport plplag

Ash sllo

Fabrice fllter

Blower w/itlter/stlencer (2)
Stlo dlscharger

Discharge conveyor

Fucl-Feed System’
Matao nonvcyor—
Distributlon conveyor
Feed blas (6)
Meterlng conveyors (6)
Condlitioners (6)
Alrlocks (36)
Blowers w/fllter sflencers (2)
Transport plplug

Fucl Recefvinp and Storage

Apron

Condlitioners

lLive storage bLin

Fabrle filter w/blower
Bust-collectlon ductwork
Front—end loader

9. Mailn Steam System
Turblne & assoc.
Coundensor
Condensate pumps
Condensor vacuum pumps
Condensate poltishing
Coolng towers
Cooling-water pumps
Process heat exchaongers

equlpment

10. Fecdwater System
Botler feed pumps (motor) (2)
Feedwater heater
Deacrating fecedwater heater
Hotler feedwater transfer puap
Deaerated €eedwater storate

tank

Nolter feed pumps (turb.) (2)
Fecdwater piplng valves

11. Electrical & Contral Systews
Generatar & coatrols
Switehgear
Transformers
Motor control center
Instrumentatlon & controls

12. Bulldinps & Site
Grading & roads,
Foundatlons
Strurture
Enclosures
Mai{ntenance & admlntstratlon
Heatlng, ventilation, A.C.
IFlre-safety equipment
Ueilities

landscaplog



Table 111
PLANT PERFORMANCE

Design Firing Rate for Procassed MSW Fuel:
Average - 800 tons per day
Maximum - 1000 tons per day
Yearly Aperage Plant Qutput
Steam at 125 psi, 110,800 To/hr
Electricity - 6.7 W
8oiler Qutout: Steam at 600 F, 730 psi
Average - 200,000 lb/hr
Maximum - 250,000 1b/hr
Maximum Electrical Output (net) 13.8 MW
Concurrent 125 psi steam output 81,200 1b/hr
Fuel Storage: Normal: 200 tons (6 hrs average output)
Max imum: 500 tons {15 hrs average output)
Reserve Fuel: Low-grade bunker o0il - 35 GPM at maximum output

Resarve Fuel Storage: 126,000 cal, 3 days
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STANFORD SOLID WASTE ENERGY PLANT
STEAM - 250,000 LBS/HR MAXIMUM
ELECTRICITY - 13.8 MEGAWATTS MAXIMUM
WASTE FUEL - 800 TONS PER DAY AVERAGE

FUEL RECEIVING BUILDING




Spvironmental Considerations

Emissions data collected during the 300-hour test were converted to a
oounds per hour basis using the flow rate of combustion oroducts for an 800
tons per day plant. Below are the data reportad in this form, together
wWwith the "offset" that Stanford is permitted to take 7 it shuts down its
srasent o0il-fired heating plant.

Emission Projected 800-TPD Plant Qffset from Existing Plant
SOZ 2.9 1b/hr 24.1 1b/hr
MOy 7.7 23.1
co 8.9 5.2
Hydrocarbons 0.7 1.1

Only CO would exceed the offset available from the existing boiler. The

present boiler fiqures are based on stzam generation at the rate of 80,000 1b/hr
whereas the AFB plant figures are based on 8G0 tons per day fuel corresponding
to 110,000 1b/hr of steaam plus an average of 6.7 MW of eiectrical power. Thus
the AF3 boiler is nearly 40% larger than the present boiier and the emission
tevels ar2 very similar. [{ appears that fluidized bed combusiton of MSW

is a sufficiently clean process that there would be little difficulty in

meeting the stringant requirements of the San Ffrancisco Bay Area Air Pollution
Control District when the oifset from the present boiler is considered.

cconomic_Summary

Cost estimatzs for the propased full scale system are summarized in
Table [V. £fach major subsystem is shown, aiong with the edditional costs
which are recommended for a construction project such as this by the standards
of the Electrical Power Research Institute. The total dirsct cost as esti-
mated is 16.7 million dollars, and the total plant investment, using various
contingencies and sales tax, amounts to 23.1 million. This figure should
be compared to plants which nandle 1200 tons per day of raw municipal solid
waste and produce both steam and electrical power. The costs prasented do
not include processing or transporting the processed MSW to the point of use.

CONCLUSIONS

Succassful completion of the 300-hour test demonstrated the teasibility
of fluidized bed combustion of municipal solid waste to generate steam.
Necessary conditions for steam generation were met:

1. Operation at reasonably low sxcass air (44%) for porcess efficiency.

2. Constant bed temperature (=20 F) for controlleblie systam cutput.

3. Freedom from slag and its associeted problems.

[10)

otabiiity.

4. Low sxhaust gas emissions for environmental acc

75



Table [V
STANFQRD SOLID-'ASTE E£MERGY PLANT

Total plant invesimant

30iler system ' $ 2,239,700
Startup systam 155,200
Combustion air systam | 728,800
Flue-gas systam 2,382,000
Sed-maintenanca systam 84,100
Flyash-disposal system 79,200
Fuel-feed systam 457,300
Fuel-recziving bldg., equipmant 252,400
Main staam system $,421,000
Feadwatar systam 1,842,500
Electrical/controls/misc. 1,204,100
8uilding, sitawork, construction, A & £ 1,545,000
Total Direct Costs 16,562,000
Undistributad Cosis (6%) 299,700
Process Capital 17,661,700
fnginesring & Heme Offica Fees 1,656,700
Subtotal 19,327,900
Project Coniingency (Subtotal x 15%) 2,329,200
Procass Centingancy (Iltam 1 x 3%) 112,000
Sales Tax 777,209
Total Flant Investimant 23,115,200
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These conditions were met in a long-duration itest designed to revezl any
oroczss problems likely to davelop.

Bed material characteristics aftar long term operation will depend on
the source and preparation of the solid wasta fuel. Early in the 300-hour
test the average bed particle sizes decreased signiticantly although it
subsequently eprearad to reach equilibrium. The elamental composition of
the bed was still changing after 300 hours. Neither situation caused any
detrimental change in bed fluidization prooerties nor were emissions
affectad. It was concluded that the overall heat transfar csefficient for
the bed tubes incr2zsed cdue to to the decrsase in ded matarial size.

Sample tubes exposed to a high velocity flue gas stre=am with high
particulatz loading experiencad substantial metal wastage. Alloy steels
would be suitable for servica if protectad irom abrasion but none of the
sampies testad would be suitable for long term service under tast conditions.

Conveying air in the Fuel feedline constitutes a significant (30%)
nortion of the total combustion and Fluidizing air. This air enters the
bed as a point source and is not easily distributed throughout the bed.
While a larger feedline is desireable to avoid feedline pluaging and permit
firing of more coarse fuel, greatar spacing between larger fesdlines may
create air distribution problems in the bed. Investigation of alternate
fuel feed tachnology is warranted.

Based on data from 300 hours of tasting, projected amissions from an
AFB boiiler 7Tiring municipal solid waste would be low compared to a existing
conventional ¢il fired boiler. Total plant invastment for a cogeneration
olant burning 8C0 tons per day o7 processad MSW fuel would be $23,115.000,
correspending to approximately $1,150/kw if the entire stzam output were
converted to electricity. '
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INTRODUCTION

The Cicy of Ames, Iowa has been commerciaily operating a Solid Waste
Recoverv System since Novemoer. 1975. This system processes municipal and
commercial solid wasce to recover refuse derived fuel (RDF) and fervous
metals. This solid wasce recovery system consists of three major subsvs-
tems; a nominal 150 ton/day process planc, che 500 ton Aclas sctarage bin
and the three coal fired steam gemerators ac the exiscing municipal power
planc.

Conceptual design {or che systcem operacion speciiied ourning RDF with
coal in a 35 MW tangencially fired pulverized coal fired boiler (unic YMo.
7) at firiang races up to 207 or 8 tons/hour. Inicial operation in Occober
1975 resulted in a high dropout of unburned material into che boctom ash
hopper. The power planc chen began burning RDF with coal in che 7.5 MW or
the 12.5 MW spreader stoker boilers. The problem of high unburned macerial
dropouc in che 35 MW unic was solved by the installacion of a Combustion
Ingineering Cowpany dump graca at the furnace boctom. This modificacion
was completed by May 1, 1978, and RDF has been successfully burned in chis
unit since thac time.

A three year evaluation of the Ames Solid Waste Recovery Syscem was
funded by che Envirommental Proctection Agency and the Deparcment of Energzy
with additional supportc provided by lowa Stata University and the American
Public 2ower Association. Derailed resulcs of the stokar performance and
process planc operations have been reporced previously (1,3,4,3,9].
Results of the unic No. 7 emissions evaluation is given in (8] while che
total system scudy for vear III is given in ([7]. The inabilicy of zhe
process piant to inicially remove ground glass and other fines rasulted in
extreme erosive wear ac the process plant, Atlas bin and all of the pneu-
matic cransvort lines and ia boilsr slagging. This proolem was solved bv
the inscallacion of 3 double set of a disc screen fines removal syscam in
Occober-Decemper 1978. This modificacicn and some process plant operational
resulcs are discussed in (2,7]. ‘

This paper prasents some imporzant ra2sulcs obtained from this chree
year system evaluacion.

PROCESS PLANT

A detailed descriprion of the process plant is given in (1.2,3.7].
The material processed and materials recovered are listed in Tabie 1. The
improvement in RDF quality due to che disc screen inscallacion is shown in
Table 2. Net costs per ton for 1976, 1977 and 1978 were $14.27, Si
and $11.31 respectively.

RDF and mecal sales for 1978 comsticuced 74.37% and 18.53% of cocal
lacome. <Zlectric znergy consumption for 1978 is 53.17 khr/con.
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POWER PLANT

Stoker Fired Boilers No. 5 and No. b

Selected emissions from boilers No. 5 and 6 are listed in Tables 3 and
4. The coal contained a large number of fines which resulced in high parti-
culate emissions. After the installation of new mechanical ¢ollectors in
July 1979, along with cutting out of reinjection backpass fines and the
increase of front overfire air, subsequent private tests indicated the
reduction of stack particulate on coal only and coal plus RDF firing. This
latter result was also due to the disc screen installation.

Pulverized Coal Fired Unit No. 7

The installation of the dump grate resulted in the successful burning
of RDF with coal. Selected emissions are listed im Table S.

Combustion air to the furnace is supplied by secondary air from the
air heater discharge, primary air from the pulverizer, cold undergrate air
supplied from a separate fan, and cold overgrate air entering at each end
through open observation doors, and the two diagonally opposed RDF transport
- lines which supply 1.67 m3/sec (3539 fc3/min) of cold air through the air-
lock feeder at the Atlas bin. Undergrate air was 1.70 m3/sec (3603 ft3/min)
and overgrate air flow was 0.94 m3/sec (2000 fr3/min).

Excess air at 807 steam load (based on fuel ultimate analysis) varied
from 41.9% for coal only firing to 41.7% at 207% RDF nominal heat input.
At 1007 steam load the excess air varied from 42.5% for coal only to 34.67%
at 20% RDF heat input firing.

At 807 steam load, the boiler efficiency decreased linearly from
84.4% (ASME Heat Loss Method) at 0% RDF to 81.1% at 20% RDF firing and
these efficiencies include a manufacturer 1-1/2% unaccouncable loss. The
air heater outlet flue gas temperature increased from 181.1°C to 422°F.

At 1007 steam load, the boiler efficiency decreased from 84.35% at
0% RDF to 83.02% at 20% RDF firing. The air heater ocutlet flue gas temper-
ature increased from 191.7°C to 198.9°C.

At 807% steam load the bottom ash flow rate varied from 64 kg/hr at 0%
RDF to 218 kg/hr at 20% RDF input. At 100% steam load, the bottom ash
varied from 134 kg/hr at 0% RDF to 821 kg/hr at 20% RDF input. Likewise,
the percent heat loss in bottom ash never exceeded 0.2%.

Thus, the installation of the bottom dump grates in the 35 MW pulver-
ized coal boiler allowed for the successful burning of RDF with coal.
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Table 1. Refuse Processed and Macarials Recovery

a

Year Raw Refuse RDF Mecals Rejects Other Macerial
Processed Produced Recovery
(Mg) (%) (%) (%) (%)
1976 37,252 84.2 7.00 7.5 1.30
1977 44,027 84,54 6.22 8.87 0.39
1978 34,216 84,26 6.31 9.39 0.04

a e
3y mass differ=nce

Table 2. RDF Characceriscics 3efore and After Disc Screen Iastallacion

RDF*
Before After
Higher Hearing Value - 3TU/1lb 4904.9 51G8.3
(kJ/kg) (11,408.7) (16,209.1)

Proximace and Ulcimace Analysis, %

Ash 20.99 9.35
Moisture 22.06 13.42
Tixed Carbon 30.79 56.10
Volacile Macrer 26.18 15.93
Carbon 28.45 36.87
Hydrogen 6.35 7.42
Nicrogen 0.39 0.3
Oxygen 42,75 45.62
Sulfur 0.34 0.19
Chloride 0.23 0.21

a : ; .
Comparacive Sampling Period Jan-Mar
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Table 3. SELECTED EMISSIONS FROM BOTLER UNIT 3

80% load 807 load
1976 lowa coal with 1977 lowa/Wyoming coal with

Parameter (units) 0X RDF 20X RDF 50% RDF 07 RDF 20X RDF 50X RDY
Particulates (controlled) (g/MJ) 0.7 ¢+ 0.5 0.4 10.0 0.3 +0.1 0.8 +0.2 0.9+ 0.1 1.0 + 0.2
Partfculates (uncontrolled) (g/MJ)) 3.6 +t 0.6 G4G.1 t£ 0.2 3.4 + 0.2 3.2 + 0.5 3.8 £ 0.3 4.2 + 0.9
Oxides of sulfur, SO, (g/MJ) 2.3 £ 0.0 1.9 £ 0.2 1.5 ¢t 0.6 1.0 + 0.3 0.7 + 0.2 0.9 2 0.4
Oxfdes of nitrogen, NO, (mg/MJ) 80.0 +25.0 76.0 +10.0 64.0 #17.0 77.0 + 6.0 67.0 ¢+ 6.0 69.0 ¢13.0
Chlorides (ng/MJ) 13.0 3 3.0 68.0 + 8.0 97.0 143.0 6.5 + 0.7 87-0 221.0 139.0 :42.0
Formaldeyhde (mg /M) 0.2 + 0.3 0.2 +0.1 4:3 % 4.) 11.7 #18.2 3.7 + 1.9 3.4 ¢+ 3.1
llydvocarbons (mg/MJ)) 0.22+ 0.13 0.17¢ 0.07 0.19: 0.08 0.08: 0.06 0.09: 0.04 0.07: 0.03

602 load 100% load
1976 lowa coal with 1976 lowa coal with

Parameter (units) 0% RDF 20% RDF 507 RDF 0% S|DF 20% RDF 507 roia/
Particulates (controlled) (g/MJ) 0.9 1 0.5 1.1 2+ 0.6 1.3 ¢+ 0.7 1.3 + 0.9 0.4 ¢ 0.1 0.4 2 0.1
Particulates (uncontrolled) (g/MJ) 3.2 ¢+ 0.5 4.4 » 0.6 3.5 + 1.4 4.1 + 1.1 2.2 + 0.8 3.1 : 1.3
Oxides of sulfur, SO, (g/MD) 1.3 + 1.0 2.3 ¢+ 0.5 0.8 + 0.4 2.4 3+ 0.0 2.0+ 0.1 1.7 : 0.3
Oxides of nitrogen, NO (mg/M1) 99.0 +12.0 104.0 + 8.0 78.0 $+20.0 81.0 317.0 76.0 :17.0 50.0 : 8.0
Chlorides (mg/M)) 22.0 t12.0  58.0 #17.0 100.0 155.0 7.0 + 0.0 62.0 :22.0 101.0 +21.0
Formaldehyde (mg/MJ) 2.7 % 2.1 3.1 ¢+ 3.3 6.2 +.8.1 3.3+ 3.6 2.0z 2.8 0.2 + 0.1
Hydrocarbons (mg/M)) 0.15: 0.08 0.19: 0.08 0.31+ 0.12 0.09¢+ 0.06 0.152 0.06 0.17: 0.01

|
|
|

ébnly two runs at this leoad and % RDF were accomplished.
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Table 4. SELECTED EMESSTONS FROM BOLLER UNLIT 6

80X load 80% load
1976 loua/l)yo'.;’lrng coal uwlth 1977 lowa/Vlyomlng coal wich
Parameter (units) 0% RDF 201 RDF 50X RDF 0% RDF 2 s01 kpral
Parifealates (controalled) }g/NJ; 0.5:0.1 0.7:0.2 0.91 0.1 0.8 10.1 1.9 ¢ 0.1
Partlculates (uncontrolled) (g/MJ 2.510.) 3.510.3 L.42 0.9 1.8 10.3 3.9 ¢ 0.2
Oxides of sulfur, S0, (g/H1) 0.8:0.5 0.3¢0.0 0.4 0.4 0.9 10.1 0.6 + 0.1
Mxfdes of nferogen, NOy, Gog/hJd) 133.0:6.0 131.0:5.0 106.0* 3.0 91.0 t6.0 88.0 ¢t 5.0
Chlortdes (mg/MI) 6.3r3.2 44 .045.0 88.0131.0 9.4 11.5 110.0 215.0
Formaldehyde (mg /D) 5.819.0 0.6:0.1 1.6 0.1 16.0 5.0 20.0 + 8.0
Hydrocarbonsg (mg /D) ——- ——— —-—— 0.072:0.00 0.13¢ 0.06
607 load
1977 Yowa/Myowming coal with
oo Pavameter (units) ____Ox woFf 201 _RDF SOLRDF i
Partlculates (controlled) (g/rl) 0.7 3+ 0.1 1.8 1 0.4 1.7 ¢+ 0.2
Pavrtlculates (uncontrolled) (g/M)) 2.0 2 0.4 3.2 ¢+ 0.4 4.3 ¢+ 0.)
Oxldes of sul fur, S('Jx (g/Hd) 1.4 2 0.2 0.8 + 0.1 0.5 ¢+ 0.0
Oxides of nltrogen, NO, (mg /1)) 106.0 ¢11.0 52.0 110.0 96.0 * 4.0
Chlortdes (mg/11d) 4.2 ¢+ ).} 96.0 t12.0 1272.0 232.0
Formatdchyde (g /1) 22.0 v12.0 28.0+ 7.0 23.0 117.0
lydrocarbons (mg/H}) 0.08+ 0.04 0.07: 0.00 0.07¢ 0.0}

3/()uly two runs at this load and Z WBF uere accomplished.
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Table 5. Selected Emissions from Boiler Unit 7

Prior to Installation of Dump Crates 1976, 1977

Parameter Units 60% Load 80% Load 100% Load
0% RDF 0% RDF 0% RDF 10% RDF

Particulaces 1b/1.06BTUb 0.23 (0.07)a 0.35 (0.12) 0.60 (0.09) 0.53 (0.12)
(controlled) 6

Particulates 1b/10 " BTU 9.05 (1.02) 7.49 (1.72) 8.26 (0.05) 8.35 (0.30)
(uncontrolled) 6

Oxides of Sulfur 1b/10 BTU 2.61 (0.40) 2.88 (0.70) 3.70 (0.16) 2.88 (1.14)
SOx

Oxides of Nitrogen 1b/106BTU 0.32 (0.03) 0.26 (0.09) 0.35 (0.02) 0.27 (0.04)
NOx

Chlorides lb/logBTU 5.14 (3.75) 13.6 (8.42) 28.14  (6.91) 7.65 (5.05)

Formaldehyde 1b/1098TU 4.56 (5.58) 20.9 (4420) 5.49 (4.58) 60.0 (52.6)

Methane 1b/10° BTU 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

After Installation of Dump Grates 1978
Parameter Units 807% Load 100% Load
0% RDF 10% RDF 20% RDF 0% RDF 10% RDF 20% RDF

Particnlates 1h/106nTU nN.71 (0.05) 0.37 (0.09) 0.37 (0.07) 0.42 (0.21) 0.44 (0.07) 0.57 (0 .N9)
(controlled) 6

Particulates 1b/10"BTU 6.54 (1.33) 7.63 (0.63) 8.21 (1.21) 7.93 (3.58) 7.28 (0.53) 7.47 (0.53)
(uncontrolled) 6

Oxides of Sulfur 1b/10 BTU 3.42 (0.14) 2.B4 (0.16) 2.33 (0.63) 3.30 (2.07) 2.33 (0.49) 1.93 (0.51)
SOx

Oxides of Nitrogen 1b/106BTU 0.39 (0.02) 0.33 (0.02) 0.33 (0.03) 0.31 (0.04) 0.26 (0.01) 0.26 (O

.03)

NOx 9
Chlorides 1b/1098TU 10.7 (1.77) 50.9 (35.8) 93.7 (8.96) 7.65 (1.88) 58.4 (31.9) 128.6 (9.35)
Formaldehyde lb/lOQBTU 8.37 (14.0) 12. (207.) 0.77 (0.42) 0.19 (0.33) 1.44 (0.72) 0.42 (0.19)
Methane 1b/10°BTU 5.30 (2.65) 6.07 (1.58) 3.77 (0.30) 3.35 (0.93) 4.58 (1.44) 2.47 (0.58)

a :
values in parentheses are + one standard deviation

‘:q convert from ]h/106HTU to micrograms/Joule, multiply values in the above table by 0.430



TEST FIRING REFUSE DERIVED FUEL
IN AN INDUSTRIAL BOILER
EPA GRANT NO. R806-328-010
GARY L. BOLEY, P.E.
PROJECT 'MANAGER
CITY OF MADISON, WISCONSIN

In 1979 the City of Madison and the investor owned utility, Madison Gas
& Electric Company, jointly implemented a prepared refuse derived fuel (RDF)
energy recovery project. The City of Madison owns and operates a solid waste
processing plant to process municipal solid wastes for the production of the
RDF. The Madison Gas & Electric Company utilizes the RDF in two Babcock and
Wilcox 50 megawatt pulverized coal boilers.

In the fall of 1978 the City of Madison in cooperation with Oscar Mayer
& Company were racipients of an Environmental Protection Agency Research Grant
to test fire RDF in an industrial boiler, The Oscar Mayer & Company could
represent ‘@ second market to the City for the use of RDF.

The industrial sector is a potentially large user of prepared solid wastes
as a supplemental fuel source. Industrial boiler installations are not able to
take advantage of the highly favorable fuel price advantages that utilities can
obtain, due to their high volume consumption. Therefore, industrial users may
be willing to pay a higher price per unit of energy for RDF than utilities,

Research Purpose

The purpose of the research is to investigate the feasibility of cofiring
municipal solid waste with fossil fuels to determine:

1. Industrial boiler operational performance when cofiring coal and RDF
at various boiler loads and feed rates to determine optimum operating

conditions,

2. Air emissions and performance of existing mechanical air cleaning
system when cofiring coal and RDF.

3. Operational characteristics of the RDF feed system and the reliability
and practicality of receiving, storing and firing RDF at an industrial

operation.

4. Economic analysis of utilizing RDF at an industrial operation,

Project Participants

City of Madison

The City's grant responsibilities, in addition to providing the RDF, include
overall project management, detail design of the RDF receiving facilities and
overall project coordination.
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Oscar Mayer & Company

Oscar Mayer & Ccmpany coperates 3 meat packing planc ia Madison. As part
of ctheir planc operaciouns, Oscar Mayer operacss a power planc for the cogenera-
tion of process steam and elescericicy. One of two Wicks 125,000 pound per hour
boilers will be recrofittad for RDF firing. Iz addition o providiag che
boilers, Oscar Mayer will also operace the RDF receiving and firing facilicies,

M, L., Smith Eovizrommencal

M. L. Smith Envirommental was retained by the City to provide special con-
sultant services to provide cechnical direcrion and staff assistance in the
Zngineering evaluation of Boiler No. 5 to determine the method of RDF firing,
assistance {n the preparation of the aecessary documents for the boiler recrofic
work, develop the RDF receiving and feed process comcept and systam layouc,
provide assistance in the tast program development, and assist in che prepara-
tion of the project's final report.

University of Wiscomnsin-Madison
The University of Wiscoasin-Madison, contractad by cthe City, will provide

the facilicies and persounel necessary for all sampling, dacza collection,
analysis, and prepare all technical evaluations and reports.

Existing Boiler Conditions and Modifications

Oscaxr Mayer & Ccompanmy's Boiler No, 5 is a Combustion Eagineering, Iac.
(Wicks) 4-drm water tube type wich a rtaced steam load capacicy of 125,000 pounds
per hour, The 1 L/4" to lO0-mesh coal is fed via 2 Decroit Stoker roto-grate
spreader, The boiler is equipped with Zura aulticlone separators for parciculaca
emission control,

Afcer a derailed evaluation of the existing boiler coal Zsad and overiize
air syscem, it was decarmined that it was desirous zo fire the RDF as close to
the craveling grace as possible, The seleczed system will fize tche RDF irmedi-
atzly above cthe coal feeders., The ROF is to te air swept into che boiler by
utilizing parz of the overfire air, To insure an aven distribucion of che RDF
across the toiler width all six exiscing coal feeder locations will be utilized,
The existing coal feeders will be raplaced with z combinaction coal-RDF feeder
asgemdbly. The combination feeders are of a standard design used co fire coal in
combination with woeed chips or hog fuel.

To insure adequate overZire air for RDF firing and combuscion, the exisciag
overiire air system was replaced to provide an increased capacity in overiire
air volume, The induced draft fans have adequate excess capacity for the addi-
tional air volume.

The RDF feed system was develcped co provide flexibility ia feeding the
RDF at varying Zeed races to meec the research odjeccives and to provida a very
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clean system compatible with Oscar Mayer's high standards for plant cleanli-

ness for food processing. To maintain that standard, all RDF handling activities
will be housed in a building and all conveyors will be totally enclosed and
tightly sealed.

The delivered RDF will be discharged from the delivery vehicle (75 C.Y,
transfer trailers) onto a concrete floor, A small loader will load the RDF into
a surge bin., The RDF will be discharged from the bin by two fourteen (14") inch
diameter augers., The discharge augers are powered by a variable speed drive to
provide the variable RDF feed rates (1.5 to 10 tons per hour). The augers will
discharge the RDF onto a totally enclosed rubber slider belt conveyor to trans-
port the RDF to the boiler front. The RDF will then be split to feed the six
(6) combination feeders by use of a splitting roller and swinging chutes to
provide the desired feed into the boiler,

Test Program

The RDF-coal firing test program will consist of firing RDF at various
energy replacement rates and at varying boiler steam loads, Tests to be conduc-
ted will include (see Table 1):

1. Characterization of all fuels used in the combustion tests,

2. Stack emission tests while firing RDF and coal at the various feed
rates and boiler loads.

3. Boiler efficiency at the various RDF feed rates and boiler loads.

4, Operate the boilers for a sustained period at the optimum coal/RDF

mix.
RDF Quality

The RDF to be fired in the Oscar Mayer & Company boiler will be essentially
the same as presently fired at the Madison Gas & Electric power plant. That
RDF has a typical ash content of 10 to 127 and a moisture content of 20 to 30%
as received,

Project Schedule

As of February 1, 1980, all RDF feed equipment and boiler equipment have
been ordered., Construction of all facilities is scheduled for completion by
June 1, 1980. It is anticipated that all test runs will be conducted during the
summer and early fall 1980.
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TEST FIRING REFUSE DERIVED FUEL
IN AN INDUSTRIAL BOILER
EPA GRANT NO, R806-328-010
GARY L. BOLEY, P.E.
PROJECT MANAGER
CITY OF MADISON, WISCONSIN

In 1979 the City of Madison and the investor owned utility, Madison Gas
& Electric Company, jointly implemented a prepared refuse derived fuel (RDF)
energy recovery project. The City of Madison owns and operates a solid waste
processing plant to process municipal solid wastes for the production of the
RDF. The Madison Gas & Electric Company utilizes the RDF in two Babcock and
Wilcox 50 megawatt pulverized coal boilers.

In the fall of 1978 the City of Madison in cooperation with Oscar Mayer
& Company were recipients of an Environmental Protection Agency Research Grant
to test fire RDF in an industrial boiler, The Oscar Mayer & Company could
represent a second market to the City for the use of RDF.

The industrial sector is a potentially large user of prepared solid wastes
as a supplemental fuel source, Industrial boiler installations are not able to
take advantage of the highly favorable fuel price advantages that utilities can
obtain, due to their high volume consumption. Therefore, industrial users may
be willing to pay a higher price per unit of energy for RDF than utilities.,

Research Purpose

The purpose of the research is to investigate the feasibility of cofiring
municipal solid waste with fossil fuels to determine:

1. Industrial boiler operational performance when cofiring coal and RDF
at various boiler loads and feed rates to determine optimum operating

conditions.

2, Air emissions and performance of existing mechanical air cleaning
system when cofiring coal and RDF,

3. Operational characteristics of the RDF feed system and the reliability
and practicality of receiving, storing and firing RDF at an industrial

operation.

4, Economic analysis of utilizing RDF at an industrial operation.

Project Participants

City of Madison
The City's grant responsibilities, in addition to providing the RDF, include

overall project management, detail design of the RDF receiving facilities and
overall project coordination.
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Oscar Mayer & Company

Oscar Mayer & Company overatas a meat packing planc in Madison. 4As pazrc
of cheir plant operations, Qscar Mayer operates a power plant for che cogenera-
tion of process sceam and alecericiry. One of two Wicks 125,000 pnound per hour
boilers will be reczofitcad for RDF firiang. Ia addicion co providiag che
boilers, Oscar Mayer will also operacra the 3DF reaceiving and firing Zfaciliciss,

M. L. Smith Zaviroumenrcal

M. L. Smich Eavizommental was retained dy the Cicy to provide special con-
gultant services to provide technical direction and scaff assiscance in che
Zagineering evaluation of 3oiler No., 5 to determine the method of RDF firing,
assistance in the preparacion of the necessary documencs Zor che bdoiler recroiic
wortk, develop the RDF receiving and feed process concest and system layouc,
provide assisctance in the test program develcomear, and assisc in the prepara-
tion of the project's final repcrt.

University of Wisconsin-Madison
The University of Wiscousin-Madison, countracted by the City, will provide

the facilities and personnel aecessary for all sampling, daza collection,
analysis, and prepare all technical evaluations and reports.

Existing 3oiler Conditions and Modifications

Oscar Mayer & Companmy's 3oiler o, 3 is a Combustion Zagiaeering, Inc.
(Wicks) 4-~drum wacer ctube Cype wich a rated steam load capacity of 125,000 pounds
per aour, The 1 1/4" co lO0-mesh coal L3 fed via a DecToir Stoker Toto-gratea
spreader. The bDoiler is equipped with Zura multiclome separactors for particulate
emission control.

air system, it was determined that it was desizous £o fire the RDF 2s close ro
the craveling grare as possibla., The selectad system will fire che XDF imzmedi-
ately above the coal feeders, The RDF is to be air swept into the boiler by
utilizing part of the overfire air, To insure an even discribuciomn of the RDT
across the boiler width all six existing coal feeder locatioas will be utilized.
The exiscting coal feeders will be replaced with a combinasion coal-RDF feader
assembly, The combinacion Zeeders are of a standard design used to fire coal ia
combination with wood chips or hog fuel,

-
<
-
=

To insure adequate oversire air fer RDF firiag and combustion, the existing
overZire air system was replaced to provide an increased capacity in overiire
air volume. The induced draft fang nave adequate excess capacity for the addi-
tional air volume.

RDF Feaed Svstea

The DT feed system was develcped to provide flexibility in feeding the
DT ac varying feed rates to meet the research objectives and o provide a very
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clean system compatible with Oscar Mayer's high standards for plant cleanli-

ness for food processing. 7To maintain that standard, all RDF handling activities
will be housed in a building and all conveyors will be totally enclosed and
tightly sealed.

The delivered RDF will be discharged from the delivery vehicle (75 C.Y.
transfer trailers) onto a concrete floor. A small loader will load the RDF into
a surge bin. The RDF will be discharged from the bin by two fourteen (14'") inch
diameter augers. The discharge augers are powered by a variable speed drive to
provide the variable RDF feed rates (1.5 to 10 tons per hour), The augers will
discharge the RDF onto a totally enclosed rubber slider belt conveyor to trans-
port the RDF to the boiler front, The RDF will then be split to feed the six
(6) combination feeders by use of a splitting roller and swinging chutes to
provide the desired feed into the boiler.

Test Program

The RDF-coal firing test program will consist of‘firing RDF at various
energy replacement rates and at varying boiler steam loads. Tests to be conduc-
ted will include (see Table 1):

1. Characterization of all fuels used in the combustion ctests.

2. Stack emission tests while firing RDF and coal at the various feed
rates and boiler loads.

3. Boiler efficiency at the various RDF feed rates and boiler loads,
4, Operate the boilers for a sustained period at the optimum coal/RDF
mix.
RDF Qualitv
The RDF to be fired in the Oscar Mayer & Company boiler will be essentially
the same as presently fired at the Madison Gas & Electric power plant. That

RDF has a typical ash content of 10 to 12% and a moisture content of 20 to 30%
as received,

Project Schedule

As of February 1, 1980, all RDF feed equipment and boiler equipment have
been ordered. Construction of all facilities is scheduled for completion by
June 1, 1980. It is anticipated that all test runs will be conducted during the
sunmer and early fall 1980.
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CO-FIRING REFUSE DERIVED FUEL (DROSS)
IN A STOKERED BOILER
BY
FRED R. REMM, P.E.*

BACKGROUND

Milwaukee County operates a co-generation power plant facility at its 900 acre
Milwaukee County Institutions complex that encompasses a growing Regional Medical
Center. This power plant is equipped with three (3)-110,000 #/Hour coal-fired
Union Iron Works boilers and a single-125,000 #fHour combination gas-oil fired
Combustion Engineering boiler., The coal-fired boilers are each fired by a Hoffman
"Firite' spreader stoker with a continuous front end ash discharge grate system.
The coal-fired boilers were placed in operation in 1954 and each originally in-
corporated an economizer, an air preheater and a Westernm Precipitation "multiclone”
mechanical centrifugal dust collector. In 1979, three new UOP-Air Correction
Division electrostatic precipitators were installed and placed into operation at
this power plant -- one precipitator on each coal-fired boiler. This plant cus-
tomarily burns an Eastern (Kentucky) coal of less than 2% sulfur content but has
operated for extended periods of time burning a Western (Montana) coal with a
sulfur content of less than 1%.

With the startup of the American Can Company's "Americology' refuse processing
plant, limited test trials were conducted at this plant while firing both the RDF
"lights" and "heavies" -(dross) fractions in conjunction with coal in the spring
of 1977. This RDF firing was conducted using a temporary pneumatic firing system that
utilized a farm silage blower setup similar in many respects to the improved pneumatic
firing system that had been utilized in an EPA R&D project at the City of Columbus,
Ohio municipal power plant. These preliminary firing tests showed sufficient promise
that an EPA R&D grant for more extensive and definitive evaluation of co-firing
of the dross or RDF '"heavies" fraction along with coal was sought and received
in late 1978. Dross, or the "heavies" fraction, is the material left after
mnicipel solid waste s processed to produzec a refined RDF ''lights' fractica
suitable for utility firing, a ferrous fraction, an aluminum fraction, and a glass
fraction. The remaining material (dross) was demonstrated to have a high com-
bustible content, but because of its unsuitability for firing in a suspension-fired
utility boiler, it is normally destined for sanitary landfill. The Americology RDF
"lights" fraction has been burned in the Wisconsin Electric Power Company's QOak
Creed Station #7 and #8 Boilers for two years now. Those that have attempted to
burn RDF in suspension in utility boilers have found that it must be substantially
free of metals, glass and other abrasive materials in order to avoid excessive wear
and pluggage problems in the pneumatic transport lines and to minimize slagging and
other problems associated with boiler operation., Utilities have also learned that
the denser combustible material in RDF tends to fall through the furnace without
burning completely. Unless a grate is furnished in the utlity furnace to retain
this material in the high temperature zone, the heating value of the denser material
is lost. Generally, speaking, the steps that have been taken to improve the quality
of RDF "light" fractions for suspension firing tend to increase the quantity of
dross or "heavies' that must be disposed in a landfill. The denseness of this dross,

* Director of Environmental Services, Milwaukee County, Wis,
Presented at U.S. EPA-IERL 'Waste-To-Energy Technology Update 1980",
April 15-16, 1980, Cincinnati, Ohio
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which makes it unsuitable for suspension firing in a utlity boiler, enhances i=s
value as a fuel for a traveling-grate, soreader-stoker fired furnace. Thus, the
dense material tands to fall on the grate to effect complete combusticn rather

than float up and out of the furnace as additional particulate. Our grats speeds
are relatively slow and hence furnace retention time in cur boilers at rated
capacity operation is approximately 80 minutes. Consequently, the successiul
firing of the RDF "heavies'" fraction in our spreader-stoker fired boilers is viewed
as supplemental or complementary to the burning of the RDF "lights'" fractiom at

the Wisconsin Electric Power Ccompany pulverized coal-fired boilers,

PROJECT OVERVIEZW

The RDF 'heavies' for our project are to be supvlied by the Americology plant.
Approximately 3000 tons are expected to be utilized in the 3 month test and evalua-
tion pericd. The following quality criteria have been established for the '"heavies”
fraction,

- Less than 127 glass by weight

- Less than 3% metals by weight

- Less than 25% total noncombustibles by weight
- Less than 337% moisture by weight

- A nominal top size of less than 4 inches

-  Average heating value range 4000-4300 Bcu's/#

The RDF 'meavies' are to be transportad to the plant by use of Wastz Management,
Inc. 15-ton self-unloading trailers., For the purposes of this project, on-site
storage to provide £or an uniaterrupted supply of the RDF will be effactad by use of
Waste-Management trailers. The County's power plant is approximately 6 ziles and
10 minutes away by direct {reesway travel from the Americology planc.

The RDF fraction will be received in a secrew conveyor boctiom teceiviag bin
capable :0f teceiving a substantial portion of a full trailer load of RDF, The
trailer will be positioned to continue to feed the receiving bin as the RDF is
burned. We anticipate an RDF feed rate ranging up to 5.5 tons per hour for these
tests. FcT purposes of these tasts this arrangement will forastall the need for
supplying a large RDF raceiving and storage facility. The rate of operation of the
screw conveyors in the rveceiviag bin will be the mechanism for control of the RDF
feed rate to the test boiler, One of the three exising boilers will Se used in the
project. The conctrolled RDF faed material will be fed to a pneumatic airlock feeder
and will be transported pneusmatically to the front of the test bSoiler. A siagle
pneumatic injection RDF flared feed spout will be located in the front wall of the
boiler approximataly 10 fzet above the top of the_travelling grate. This locaction
is approximately 75 feet above the centerline of/z §1-feeder reel which projects
coal into the furnace. An extensive evaluation has been made by our consulting
engineers on this project, Charles R. Velzy Associates, Inc., of the possible use
of a mechanical RDF transport system at our plant in lieu of the pnewmactic syscam.
All parties involved in the project would have favored the use of a mechanical 2DF
conveying svstem to avoid some of the demonstratad problems found by others thnat
nave been associated with pneumatic RDF transporz. Uafortunately, physical space
linmitacions within the power plant make the use of a mechanical RDF conveying systam
impractical.
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The first two months of plant operation will be used to establish the optimum
RDF-coal combination firing rates at various boiler load rates of operation. During
this trial period, consideration will be given to the following parameters in
establishing and evaluating the optimum RDF substitution rates:

RDF receiving, transport and firing system problems and limitations
Impact on the steam generating capacity of the boiler

Stability of steam generation

Excess air requirements

Boiler thermal efficiency impacts

Carry-over of fuel into the boiler convection bank and boiler slagiing
Grate residue and fly ash production

Residue combustible loss

Adequacy or limitations of our pneumatic boiler ash conveying and ash
storage facilities

.

(Ve T o TR Be NV, I > B UC I N IS

We expect to explore RDF substitution rates ranging from 207% to 50% of the
total boiler heat input at boiler steaming rates ranging from 60% to 100% of
rated boiler capacity.

Once the two month trial period is completed, we plan to cperate the test
boiler continuously for approximately thirty (30) days at the optimum RDF input
rate established in the trial period at or near 807 of the boilers rated steaming
capacity -- the normal rate of boiler operation at this power plant. During this
30-day test period, we expect to conduct a comprehensive systam and environmental
performance analysis. The boiler and its related firing and ash handling systems
will be evaluated and assessed for the aforesaid operating parameters previously
outlined. RDF and coal analyses will be regularly conducted for heat content,
moisture, ash, chloride and sulfur contents. A limited number of analyses of the
RDF and coal will be conducted for their heavy metals content. Concurrent electro-
static precipitator inlet and outlet particulate testing will be performed both
while burning coal alone and at the optimum RDF coal substitution rate. The sampled
particulates will be analyzed for resistivity, combustible content and particle
sizing. Gaseous emissions will be zssessed for criteria pollutant loadings as well
as for hydrogen chloride. Gas volume and temperature measurements will be made and
Orsat analyses will be conducted, The grate ash residue will be quantified and will
be analyzed for Btu content, combustible content, putrescibles and leachate potential.
Much of the environmental sampling and analytical work for this project was to have
been done by EPA contractors which were funded outside the grant project. Conse-
quently, we will have to carefully prioritize the sampling and analytical program
conducted to stay within our project's budgetary limitations should EPA funding for
this aspect of this project be restricted, as now appears to be the present situation.

Our present timetable calls for our field testing program to be conducted in
the Fall of 1980. We are restricted to the conduct of the field portions of this
study to either the Fall or Spring of the year since the steam & electrical load
demands in this power plant for our Medical Center would preclude the availability
of the test boiler for this project during the heavy winter heating lcad and summer
air conditioning load periods. The field test portion of this project was originally
scheduled for the Fall of 1979, However, due to an explosion at the Americology
plant and subsequent changes and modifications made at that plant, it was necessary
to delay this R&D project by one year.
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PROJECT STATUS

We have conducted numerous operational tests at the Americology plant in the
past f{ew months directed toward upgrading the quality of che RDF "heavies’ fraction.
This has involved some plant revisions in the plant's RADF "heavies' processing
operations. While the RDF "lights’ fraction processing lines have now been modified
and adjustad to produce a high quality RDF "lights' fractionm for firing by Wiscousin
Electric Power Company, there have been limitad permanent revisions made to che RDF
"heavies' processing system to date. Consequently, there has been need to make
temporary changes in the mode of plant operations and in the upgrading of the metals
and glass removal operations to improve the quality of the RDF "heavies' fraction
to facilitate and enhance its handling and firing capabilitiss. Should the R&D test
program ultimately prove successiul and markets for the RDF "heavies' fraction become
availaole, the Americology people would then consider incorporating the aforesaid
temporary system changes into permanent wodificatious to their systeam that would
provide a RDF '"heavies' fraction of equal or superior qualities than those used in
this rtesearch project., The analyses of the RDF '"heavies”" fraction from one of the
series of recent operational tests is shown in the accompanying chart. It is felt
by the Americology people that the quality of this material can be further improved
by fine tuning the various operating systems in the plant during periods of more ex-
tensive running time than those provided fn the % hour or 1 hour test periods that
were used in the operatiomal test runs to date and which would be required during
the actual R&D project burning period. Additiocnal operational test runs will be
conducted under varying operating conditions at the Americology plant in the coming
months to further reduce the quantity of material greater than 4" and to reduce the
amount of glass and other incombustibles in the RDF "heavies'' fraction.

Preliminary evaluations and designs for the RDF handliag and firing syscem
at the power plant ars nearing completion and ars expectad to be completed soon
and the installation of the RDF tandliag and firing system is expected to be btid
in the near furure.

Precipitator particulte emission tests have been conductad on all thrze coal
fired boilers while operating at rated capacilty while burning Easterm coal. These
emission tests wera conducted as part of the performance acceprance tests for the
new electrostatic precipitators., These test results will be utilized in establishing
the baseline for comparing the emission rasults of c¢sal only burning versus co-firin~
of csal and the RDF fraction. A table showing the preliminary results of the partic
late emission tests for the #3 boiler is attached,
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REAVY FRACTION FUEL AMALYSIS
TEST ON 1/24/80

/\\
\\\\\\\\\ NON-FERROUS &
. ALUMINGM = 1.0%

FERROUS = 1.7%
l/

MOISTURE = 26.77%-

BONE AND
FLOATABLE ASH =
12.2%

NOTE: PERCENTAGES SHOWN ON
AS RECEIVED BASIS.

PARTICLE SIZE (AVERAGE OF 3 SEPARATE SCREENINGS)

% PASSING 4" 78%
2" 71%

b 65%

" 56%

3/4" 45%

L 31%
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Table 1. Summary ol the Results of The May 30, 1979 ESP Performance and Partlculate Emisslon Test on 1he No. 3
Boller ESP ftired with tastern Coasi at the Mijwaukee County Instifutions Central Power Plant In Milwaukee, Wisconsin,

¢o1

RUN 1 RUN 2 RUN 3
T paaenl
INLET OUTLET INLET. OUTLET INLET OUTLET
Time ol Test (HRS) 1020-1 138 1015-1130 1220-1350 1230-1347 1418-1535 1415-1530
Steam flow (10*LB/HR) 109.1 109.1 110.9 110.9 109.8 109.8
Percent of rated capaclty 99.2 99.2 100.0 100.8 99.8 99.8
Votumelric flow
ACTUAL. (ACF14) 66600 63200 67100 66200 66700 64600
STANDARD (DSCFM) 39400 37900 38700 395000 38800 306400
Gas Tenperature (DEG-F) 356 344 363 345 362 345
Gas moisture (%2 v/v) 6.43 6.24 7.99 71.78 7.42 7.048
Gas composition (% v/v, dry)
carbon dioxide 1.3 10. 94 11,31 10.97 11.18 11.17
oxygen 8.32 8.63 8.14 8.65 8.27 6.35
nllrogen 80.55 80.43 80.55 80.38 80.55 00.48
Time-averaged veloclty welghted
oxygen (L v/v, dry) 7.74 B.66 7.76 8.43 7.97 8.42
fParticulate concentration
ACTUAL {(GIR/ACF) .1l .024 R .021 N .24
STANMDARD (GR/DSCF) .18 .040 .19 .035 .19 .040
lsokinelic variation (%) 99,7 28,3 103.9 10).7 103.0 100. 1
Particulate mass rate (LO/HR) 59.7 13.0 65.1 V1.7 63.0 13.0
ESP collection etticltency (4 w/w 70.2 082.0 70.4
Pressure drop across ESP (in. wc .53 .53 .53
Particulale emission factors
‘ (Lp/10%01W)
Coal ilow melthod .45 .099 .50 .089 .46 102
Steam tlow method .46 . 101 .40 .0B9 .40 . 100
I-Factor method (0, Anatyzef .59 .097 .43 .082 .42 .093
F-Factor method {orsal) .41 .096 .14 .083 .43 09?2
—_— —_— —_— —_ . — 1. —_ — -1 _




CORROSION INHIBITION [N REFUSE-TO-ZNERGY SYSTEMS

H. H. Krause

Battelle
Columbys Laboratories
Columbus, Ohio

ABSTRACT

The denefits of cofiring high-sulfur coal or sewage sludge with
refuse to inhidit corrosion by chlorine were investigatad by corrosion
prove exposures in full-scale boilers. A spreader-stoker furnace Jt the
Columbus, Ohio Municipal Electric Plant was used for tne coal studies, to
demonstrate that corrosion rates of caroon steel could be reduced by a
factor of 5-10 below those accurring In bulk refuse burning. The sewage
siudge program was conducted in the bulk-refuse incinerator at Harrisdurg,
Pennsylvania, wnere it was found that corrosicn was requced to half chat
from refuse alone.

INTRODUCTION

A serious problem which has been encountered in energy recovery
from refuse is the corrosion of doilar tudes, particularly when suoer-
neateg steam is generated. Research conducted dy Battelle in the early
1970's. sponsorea by the Solid Waste Research Laboratary of the U.S.
Enviroamental Protection Agency, Cincianati, Ohic demonstrateg that chlo-
rine in :he refuse was chiefly responsible for the corrgsion.(1-51 This
#0rk was done at the Miami Couaty Incinerator, Troy, Ohio. wnere bulk
refuse was burned, and was supoiemented by laboratory experiments.

[n the course of this research orogram it was discovered that
wne corrosive effect of the chlorine could be made negligible by iduinq
sufficient sulfur to the refuse to achieve a S/C1 ratio of 3.{6. The
mechanism by <nich the sulfur innibits corrosion is to promote tne forms-
tion of HCl and cnlorine in the flame zone rather than beneatn deposits
at tne tuce metal syrface. [t was then & logical step to proceed from the
agdition of sulfur to tne use of high-sul fur coal &s the source of S02
neeged to suppress corrosion by chlorine.

At tnis point tne Municipal and Industrial €nvironmental
Research Laboratories were establisned, and the former took over the
responsibility for a series of shart.term corrosion orobe experiments
to demonstrate tne feasidility of tne cofiring approsch. This work was
done in 3 spreager-stoxer boiler at the Columvus, Qhio, Municipel Electric
Plant, The Fuels Tecnnology 3ranch of tne [adustrial Environmental Research
Laporatory then continued this program, to provide for large scale feeaing
of the snredded refyse and longar term corrosion prabe axgosures. Other
operational variavles of the system such as emissions, combustion guality,
and asn crooerties also were studied.

On completion of the program ac Columous, Ohic, the effects of
cofiring sewage sludge with refuse to achieve corrosion reduction were
investigated, using tne facilities of the Harrisburg, Pennsylvania, incin-
erator.

COFIRING WITH HIGH SULFUR COAL

Although 4 orogram on burning of processed refuse was conducted
at the Union Electric Company in St. Loyis ang is still underway at tne
Ames., lowa Zlectric Utilities. tne 3attelle program differed from these in
that the waste processing was fimitea to shredding and magnet¢ic separacion,
thus oroviding a lawer cost aperation.

Refuse Handlin

Quring the first year on this program, a temporary system for
nandling, conveying, and furnace feeding of snreddea waste was assembled
utilizing commercialiy availaple agriculture squipment for randling forage
and grain crops. This system was only useful for short tarm (eignt o ten
hr) runs o test the principles involved, because of nign nanpower require-
ments.18.2) For continuous operation with refuse as o supplementary fuel a
permanent installation was Suilt.

The Columbus, Ohio municipal «aste used in this srogram was pro-
cessed hrougn Jeffrey snredders tnat have 3 capacity of 60 tons (54.5 Mg)
per ngur with screens of 5 x § in. (13 « 15 em) wni¢n produce 30 to §5 ser-
cent ainus 1 in. (10 cm) sroduct. The remaining five to ten percent of tre
product may vary in one dimension up to 18 to 20 in. (46 to S1 cm) even
tnough the other dimensions may not exceed tne aominal four in. {10 cm).

Shredded and magnetically separated refuse {s generated at three
snredaer stations at @ rate of £0 o 30 tons (36 to 45 Mg) per hour each.
aperating seven nr Jer day, five days Jer ~eek. Transfer trucks normaliy
haul tnis refuse to janafill, Sut by request ~ould deliver it in i3 9 20
tan (14 to 16 Mg) lgags to the Municipal Zleciric ?lant. The Sanitation
Division transfer trucks haa =0 De emptieg in 20 0 3O minutes during
the daytime to avoig gelaying snredder ooeration, dut could be used for
storage and/or retained for longer periods at nignt.

Assuming an average steam flow of 100,00 ib/hr (4S Mg/hr) ang
i0 sercent of ine neat jeneraled dy refuse. the amount used per nour
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woyld be about seven to eight tons {6 to 7 Mg). Thus, a truckload of
refuse coyld be delfvered t0 the power plant every two to three nours during
the day and also througn the nignt by storing refuse in the trucks from

the daytime operation of the snredders. After consideration of the
available space and possible equipment arrangement at Cthe power plant,

it was decided that the most suitanle and cost-effective storage unit

would consist af a dbin similar to the transfer truck body with a Ayadrau-

Ti¢ ram o feed the refuse 45 required.

The remainder of the extarnal system comprised: (1) dester
bars at the end of the bin to break up the refuse, {2) screw conveyors,
{3) a 10 in. rubber beit conveyor, and {4} an invertea 7 hooper to receive
the refuse from the conveyor delt and direct it into two screw conveyors.
The refuse storage and retrieval system is shown in Figure 1.

The refuse stream was divided at the Y hoooer so that the
larger portion was fed to the front of the boiler, near the spreaders.
The two screw conveyors inside the duilding delivered tne refuse to Riley
air-swept spouts wnich were inserted in the side of tne boiler, at a 30
degree angle to the grate. The moaificacion of tre doiler tubes to
accommodate the spouts is shawn in Figure 2. ‘Wnen tnis Joiler was con-
verteg to a spreader stoker some years 2go. the direction of tne grate
travel was not changed, sO the grate moved away from the soreaders. For
this reason about two-thirds of the refuse was introguced through che
spout on the rignt. just in front of the soreaders. The boiler modifi-
cation also included installation of averfire air jets beneath the refuse
spouts and across the back of the furnace. Quring corrosion probe expo-
sures tne refuse feec rate was three to five tons/hr.

Refuse Comoustion

The boiler ysad in this program is rated at 150,000 ib (68 Mg)
of steam per nour, but normally was operated over the range of 70.0G0 to
125,000 1b {32 to 57 Mg). In orger to insure good distribution of refuse
across the furnace, 4 rotating damper in tne guct of escn air-sweot spout
produced pulses to vary the inout. The fuel trajectory wis concrolled oy
angling tne distributor plate either up or down. However, to maintain
suspension while the refuse wds burning, two dir nozzies were mounted
beneath each refuse feeger. These air Supolies provideq part of the over-
fire air needea for combustion while the remaining air requirements were
supplied by the blower through eignteen jets mounted in the raar wall of
the Soiler furnaca. Sutterfly dampers were locatea in each of tne air
ducis to provide manual agjustment of the air for each of the three func-
tions. Control of tne eignteen overfirg air jets ~as dased uoon vessured
oxygen in the comoustion cnamber of the furnace, wnich normally operatec
at & to 10 percent oxygen.

The combustion aof the refuse was comolets for all amounts of
refuse fed (up to 74 weignt-percent of tne fuel), with no unburned residue
in the ash. However, for levels of refuse over 30 percent, to avoid pile
up of refyse on lne grates, careful itleation was required (O dQjusinent
of:

1. The refuse injection air,

2. The distributor plates in tne spouts,
3. Qverfire air beneath the refuse soDOuts.
1. Underfire air.

The use of refyse wnich has been snreaded anc magnetically sep-
arated but not 2ir classifiea demonstraced rnhat the melting of aluminum
cans ang other low-meiting alloys may decome a oroolem. If the underfire
air is not or cannot be adequately maintained, these materfals will melt
dnd either react with the oxide scale on the qgrate or run througn and
solidify on the underside, thus disrupting grate travel. The seriousness
of this prooiem depends on the amount of low-meiting material in the refuse,
ang it could require specially designea grates ana uncerfire air surply to
nanale refuse that nas not been air classifieq.

Corrosion Probe cxposures

The corrgsivity of the compustiion orogucts odbtained from tne
burning of coal ang the refuse-coal mixes was evaluates Sy inserting gSattelle-
designed air-cooled corrosion drobes in the superneater section of the poiler.
At this location tne gas temperatyrs variea from 1100°F (593°C) unger low
load conditions to 1400°F (760°C) for tne nigner loads. The internai 4ir
cooling of the probe specimens maintained me=al temoeratures of 500 to 950°F
(260 to 510°C} as measured by thermocouples inserted in tne wall of several
specimens aiong the probe. The details of the orobe design have been pub-
iisnea ureviously.('?g The sdecimens were macnineq from gne in. Scnecule
10 pipe or equivdient iuding and were nested together end %0 end an tne argoe.
{nternal cooling of the scecimens by hign-velocity 1ir rat flowea over tne
taperea centerdbody provided a temperature gradient along “he Zrove. ‘he
alloys used in the corrosion prodbe exposures rangea from ordimary caroen
steel to hignh-cnromium steel and hign-caromium-nickel alloys. in aaaition
to ten orade runs 3f eigAC Aour Jurdcion, [wo runs 3¢ 75-30 nours Jng one of
700 nours w~ere congucted on this Zrogram.



Larrasion esults

Jarmition rizes warm Jetermined Jy =e1gnt 1ags messuremencs
aftar rewoval of tne reactze mecai using inmnitaa 10 sercene #2304 wnile
g yimoie eas rage stz valf3 I4tROQIC’ lo 4 caroan inode. Tha corrosion
rate in nils der our «as calculated f=om Ine «eignt ioss, dssuming
Jntfarm 4LLacK Jround 1e 10eCIMen surfice. The CIrrasion ~3taa In e
s3firing envirgnment f3r 208 Cardon steel 43 4 funceion of tiow are
shown tn Figure 3. The corresconaing rices ‘Sr 00 Jercent rafuse cIme
23u3L10N ware J0Citned f~om iiw Jrevious exgasures 0 Ml curming of
refuse 4¢ tMe dtam County incinmeratar ing ire snawn in Figure &, <ith
Avgnesul fur z0ai ing uo 0 4§ weigne-gercant refuse, tNe inizlal racas
«are reduced 3y 4 faciar af ten.  As Ne exposurw *ime increatad, iNe
rates for 100 Jercenc refuse 1nq ccal olus ~efuse decamw ¢lasar. Jut lle
snapes 37 tMe curves indicaca tMac “‘or axcanded axpasures the <orTasivicy
of e 100 Jercent ~efyse Comousticn envirorment will 3¢ aoouc 3 %2 10
iimes tnat of e Nignequlfur <34l «ttn ~wfyss.

in general, ine ritas ‘or e refuseecoal ATxTUrES were 20GUT
e time 18 f3r ite 22als alome.  dien caroan stael and 3 sercenc sulfye
ccal, carrasion races were slignely grescar 12 700 ang 30Q°F {371 ang
182°C). Far tne § cercant tulfur coal ‘he reidtively nign rices <ere “te
muault 3f suifue atacx an e sieei. A1l of e carFretion ratas easured
ac e Lolumous sites were sculler than those found for Juik ~efuse durntng
Jy at leest 4 faczar 3f en, ind in same cases, Jy 4 ‘aciar of fifty.

The fnitial corrrsion ratas {3-nour) for 1106 steei i3 a function
af ne refuse Jercantige in e fusl ure oresenced in Fiqure S, The ratas
ware ¢31enclaily indecendent 3f e wounc of refuse in the mizcure, yo
0 tme 8 ~eignt-oercant usad. The 100 sercant velues in zne fiqure irw
‘rom the oculk refuse incineration exoeriments, and It i3 Juite Jossidle
AT tnese values ~ouid 2@ ‘ower 1f (nredded Fefuts wert durned under Iome
saragle circumstances.

shen e exoosure lime w4t iengthenes 20 30 nours, the <IrTesian
rates for 1) af the steels earw reduced 4s 4 resull of lne Jrotaciive
Jxide ldyers «mich laveloowd on the ™cal surfices. 3is found in tha siane
fgur t100tures, :ne [ype 310 stainless stael nad the lowest carrIsion raca.
followed 3y e Tyoas J16 3na 147 stainless stewis. The #9 alloy ea ¢
stigntly atgrer ~ate, 4ng :Re sCatler in the 3atad for the P9 scecimens is
aegritutad 23 the cemgency af tnig allay 23 underqe <34iling 3f <ne axide
filn, M1y effec? eauia resule in some inconsiscanciss af e-etgne loss
wonqg e lamoies,  ilinguga the carrasion rite for 2106 carocon szeel eas
significancly lower <2an IMACT f3r g1gn% Tour 2100tures. 1t was 21T uoout @
fagzar of tam jreacar than 2Mat for wne stainless steeis,

The intarvolaced vaiues for Ite lang-carm carrosion races are
jtver in Tagle 1, wnicn incluges cata f3r ine /C8 nour corrosign Jrone expo-
wre. 4s thowa in ne aole, carrasion ratas Generally lecrzasea ‘uriner
«ith e longer lime, %0 =fere tiey Adve Sridacily leveled off ind ~ouid
1ot decrease significancly =1ty sagitianal excoture. Tyge 210 szainless
stast, wnicn 1lreagy nag & very law carvosion rate for e 79 tour excosure,
incurm™ed e sume e3te o0 SO0 dne 700°F in e 708 Aour excasure. «1tY
cecreass it F00°F, 1t ¢ mecal catvertcure 3f 5Q00°F ine 4108 simal aiso
ted Zhe sam r1g3 fIr e Two excosure itTws. {8 snuld e notad nat
whan One Zarcent tuifur 1041 «as Jurned wich Inly 16 eaignt-cercant refusa
{Preoe 43), cne corrssion rice 9f 1106 simel =4 rigres. Thit result
fnaicatas ac e lowssulfur <34l eas 20t jdeduace <o ifforg croceciian
194103 even Zatg sall lercancage I =2fysa.

CSFIRING WITH SEWAGE 3LUCCE

THiS 3472 f N8 s0r¢ «4s S1PTied OUL 4T te Harrtsdury,
dennsylivania. incinerater, «ners Zuring iniziadl goeracicn, iuse 7ailures
ICCUrTIE avery INreg 13 five ~oNntns enen only Juik 50/1d easie =es Surmed.
‘or The 2412 taversi sedrs 10 uce f1ilures Adve aczurred, ug suring fnis
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by the orobe thermocouple was in the range 1100-1200°F ($93-650°C). The
corrosion ratqs of the carbon steel ang the P22 alloy exposed at low gas
temperature snowed only 4 slignt variation with metal temperature as com-
pared to Figures 7 and 8 where the corrosion rates increased rapidly with
metal temperature when exposed o high gas temperature. The corrosion
data demonstrated that the same reduced temperature decendence existed at
low gas temperature wien the sludge was burned with the refuss. Under
these low-temperature conditions, there was no apparent difference in the
corrosion rates between the carben steel and the P22 alloy.

[t snould be noted that a reductlon in gas temperaturs s more
effective in reducing tne corrosivity of the eavircnment over the entire
metyl temperature range tnan is the acditton of sludge 10 the fuel. Thus,
although addftives to the refuse may imorove the life of boiler tubes the
design af the boiler to redyce the temperature in the stess generator
section would also provide a significant improvement In boiler tude Jife.

CONCLUSIONS

The experimental program conductad at the Columbus, Ohio
Municipal Electric Plant has demonstrated the technicai feasidbility of
mechanical hanaling and furnace feeding of processed ounicipal solid
waste at an eaisting stoxer-firea doiler with limited space and acces-
sibility. [t also has been shown chat the refuse comoustibles can be
durned compietely on 4 grate in conjunction with coal, utilizing a
spresder-stoker.

The following specific conclusians can de¢ reached:

1. The corrosivity of combustion products from cofiring
refuse ang three percent sulfur coal up to a three to
gne weignt ratio is anly sligntly greater than that
of coal alone.

2. 3oiler tube metals can oe ranked in the following arder
of iacreasing resistance to corroston: A106 carban sieel,
?% low alloy steei and Typas 116, 347, and 310 stainless
steel,

1. The corrosion rates of boiler tupe metals decrease
rapidly with exposyre time. After 700 nr the rates for
stainless steels level off.

" Corrosion proos exposures conducted at the Harrisdurg, Pennsylvania,

incinerator demonstrated that the sadition of iow-cnloride sewage sludge to

municipal refuse reducea the corrosion of susceprible metals caused by cnlarine

in thne refuse., Soeciflc conclusions from this researcn program were:

1. The corrosiveness of the refuse combustion environment
to cardon steel as indicaced by 8-nour expasures was
only 1/2 a3 great with sewage siudge present. Less
reduction occurreq at low temperatures with 722 steel,
very little with Incoloy 325 anc essentially none with
Types J10 and 347 stainiess steel.

Z. For carton ano low allay steels the corrosion rates
increased with metal temperature in the range 500-900°F
(260-482°C), wnile cnosa for stainless steels decreasea.

). The snort-term corrosion rates 4t gas temperatures of
1100-1200°F {593-449°C) were only 1/5 as great s ac
1500°F (B815°C; and showea less increase ~ith metal
temperature.

The cofiring of sewage slucge ~ith aunicical refuse is a gractical
means of reducing corrosion of neat recovery surfaces and 4t the same Lime
aroviding sludge disposai. However, it should e pointed oyl that the
sewage should not have deen treacec with ferric chloride. because chlorice
residue in the sludge would promate corrasion.
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TABLE 1.LONG TERM CORROSION RATES FOR VARIOUS ALLOYS AS A FUNCTION

OF METAL TEMPERATURE AND FUEL (MILS PER HOUR)

Probe 40 Probe 19 Probe 38
75 Houn 79 Houns 708 Hours
Metal 1% 5 Cod 3% S Coal 3% 5 Coal
Temp, 16 Wt % ISWeH NWS
Alloy F Refuse Refuse Refuse
Al D& 500 0.005 0.001 0.001
100 0.012 0.005 0.003
900 0.019 0010 0.005
36 500 0.000¢ 0.0009 0.0002
7 0.0002 0.001 0.0004
900 0.0002 0.001 00008
no 500 Nij Nil Nt
700 0.0001 0.000% 0.0001
900 0.0002 0.0002 0.0001
=4 500 0.008 0.001 Q.0008
700 0.005 0.002 0.0010
900 0.001 0.004 0.0012
349 500 Ny 0.0002 0.0001
700 0.0002 0.0006 0.0003
900 0.0004 0.0010 0.0008
TASBLE 2. CORROSION RATES FOR 8. 80 AND 816 HOUR EXPOSURES
TO BURNING REFUSE WTTH SLUDGE
(lnterpolated to fixed temperature valucy)
Menl
temperature Wouge . milshe, for time indicated
Alloy F C 8 hours 80 houns 316 hours
AlD6 500 260 0.051 0.0093 0.0082
700 m 0.100 0.0093 0.0086
900 482 0.4132 0.0105 0.0087
TP 22 500 2 0.05% 0.0098 0.0083
700 3Tt 0.080 0.0096 0.0085
900 482 0.140 0.0102 0.0050
31088 500 260 0.014 <0.0001 0.601!
700 371 0.022 0.0002 0.0011
900 382 0.007 0.000% 0.0017
34758 500 260 0.038 0.0003 0.0025
700 ki 0.013 0.0011 0.0020
900 482 0.009 0.0012 0.0020
Incoloy 825 500 260 <0.005 <0.0001 00011
7 30 0.0158 0.000$ 0.0012
900 482 0.014 0.0009 0.0020
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CO-FIRING DENSIFIED REFUSE DERIVED FUEL
IN A SPREADER STOKER FIRED BOILER

Gerald H. Degler
Carlton C. Wiles

ABSTRACT

As a resource recovery alturnative, the use of refusc-derived fuel (dKDF)
is being investigated as a substitute for coal in industrial spreader
stoker boilers. Experiences are sumrtarized from the combustion testing of
1/2-inch-diameter pellets using a modified animal pellet mill. Storage and
handling experiences are also discussed.

Approximately 1800 MG of dRDF have been burned in a spreader stoker equipped
boiler. The first phase of the combustion tests involved an evaluation of
boiler performance and cmission when firing at coal:dRDF blends of 1:0,

1:1, 1:2, and 0:1. A total 245 Mg of 1/2-inch-diametar by 3/4-inch-long
pellets were consumed during these tests. The second phase of the combustion
tests involved the combustion of 1555 Mg of pellets. Results are presented
primarily from the Phase 1 test. Results from the Phase 2 test will be
available .in the near future.

INTRODUCTILON

Densified refusc-derived fuel (dRDF) is considered one of the more marketable
products recovered from municipal solid waste. When densified in the form
of pellets, cubettes, or briquettes, it can be easily handled, transported,
and blended with coal and burned in existing stoker fired boilers without
major equipment modification.

As a resulrt of previous encouraging coal:dRDF tests, the U.S. Environmental
Protection Agency sponscred a technicel and environmental evaluation of co-
firing tests conducted at the Maryland Correctional Institure (MCI) power
plant in Hagerstown, Maryland, and at the General Electric Plant in Erie,
Pennsylvania. The dRDF used in these tests were pellets prepared by the
National Center for Resource Recovery (NCRR) and Teledyne under parallel
contracts. The following discussion presents the results from the Phase 1
test.

TEST OBJECTIVE

The objecrive of the study was to determine, characterize, and demonstrate
the technical, economic, and environmental feasibility of combusting 4RDF
with coal in spreader stoker-fired boilers. The study was to specifically
address the fuel handling, boiler performance, and environmental effects
when dRDF pellets, cubettes, and briquettes were fired with coal in boilers
rated at 11,300 to 90,400 kg/hr.

SITE SELECTION .
The Phase 1 testing was conducted at the State of Maryland Correctional

Institute for Men, located near Hagerstown, Maryland. The boiler plant
consists of a battery of three saturzted steam 150-psig Erie City boilers.

The testing was carried out on two Erie City boilers rated at 27,200 and
35,600 kg/hr (60,000 and 78,500 1b/hr). The boilers were equipped with
Hoffman Combustion Engineering ''under throw" spreader stokers, vibrating
grates with front ash discharge. The Erie City boilers are a tube-and-tile
construction composed of wide-spaced nowminal 3 1/4-inch-diameter tubes that
were later partially embedded in refractory to approximatey 8 ft above the
grate. The gases are exhausted from the furnance through a two-drum boiler
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bank, consiscing of tows of 2 1/4-inch-diameter tubes, with Lwo gas parscs.
The {lue pases are cleaned in a two-stage multiclone collecter. The {ly
ash gathered in the first-scage collector is reinjeczed into the boiler to
complece coimbuscion of che £ly char, and the fly ash in the secend-stage
collector is pncumatically transported to disposal. The clcaned gases are
inducad chrough a cencrifugal fan and exhausted to a common breuching znd

stack.

TEST DESIGYN
The test design called I{or the combustion of 2353.5 Mg (285 zons) of d473F
during 236 hours of firing various blend ratiocs of coal:dRDF. These :i=s
were conducced in a series of burns with volumetric ccal:dRDF ratios of
1:1, 1:2, and 0:1 and with test durations ranging frecm 20 minutes to
132 hours. Each coal:dRDF test was preceded and followed by a coal-only
test wich duplicace condicions. The field tests involved a comprchensive
study of (1) the material handling characteristics of 4RDF, i.e., storage,
conveying, feeding ouct of bunkers, ecc.; (2) boiler perfeorvmance, i.e.,
rate speeds, underfire and overfire air requirements, steam production,
spreader limictacions, boiler efficiency, flame impingemenc, slagging,
fouling, clinkering, combustion gas analysis, etc.; and (3) cavironmencal
performance, i.e., carcticulates, gaseous emissions, and trace organic and
inorganic emissions.

s

Since only pelletized JdRDF was available, testing with cubettes and briquettes
“was not conducted. Also, because of insufficieant plant sceam demand, most
of the ctasting had to be conducced at 30 to 53 percent boiler loads.

TEST REISULTS

Material Handling. Throughout the 8§ monchs of field casting, 238.5 Mg

285 tons) of dRDF were raceived, storaed, and coaveyed to the boiler wichout
Sajor difficulcty or malfunction. At successive periods, the pelletrs ware
stored in tarpaulin-coverad ZO—yd3 drop boxaes, in a warzhouse, and on an
suctdoor concrece slab.

Drop 3oxes--Since the pellats were teceived in <overed drop baxes during
the winter, they tanded to steam and eventually frzeze into a solid mass.
Minimal rodding, however, broke cthe mass into olocks, and subsequenc
handling Iurther reduced the blocks to individual pellers.

Warahouse and Open Slab--Aporoximacely 125 Mg (140 cons) of sellets were
stored in an unheaced warshouse for 2 momchs. With the excepcion of mild
offiensive odors end some fungus growth, this storzage proved to be the most
eifective in maintaining pellet integrity over extanded periods of s:iorage
tize. Since the depth of the piles was limicad to 1.8 @ (6 {c), increases
in tamperatures due to composting effects were negligible, and che pile
stzbilized at 60°C (140°T). The pellects scored in the warehouse were
subsequently moved to an outdoor storage area. Tae pellets were storad in
l.8-a (6-ic) piles on zn outdoor slab and covered with a tarpasulin. Moisture
accunulation under the tarpaulin caused pellets at the top of the piles to
deteriorate and ceke. Also, some pellets sustained mipnor demage, i.e.,
swalling and roughened =2dges, beczuse of water infiltracion due to poor

drzinage.
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g--Tne pellets were conveyed to the doiler feed hopper bdy a

1 blending and handling system. The coal and dRDF were

y 2lendad in the varicus ratios by separately fzeding czzl and
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flights) and opcrating the feed conveyors at speeds commensurate with the
desired blend ratio. Although this feeding system generally worked well, it
had some difficulties with deteriorated pellets. As the amount of [ines
increased, the pellets would not flow from the feed hoppers without rodding.
These fines also caused considerable dusting throughout the plant. This
dusting was subscquently controlled by installing a stcam jet at the con-
veyor transfer point. :

Pellet Properties--The 1/2- x 3/4-inch pellets had an average bulk density

of 425 kg/m3 (26.5 1b/ft3) and ranged from 400 to 466 kg/m® (25 to 29 1b/ft?).
The material density for intact pellets ranged from 1.22 to 1.34 g/cm?

while that for decteriorated pellets averaged 0.98 g/cm3. The as-reccived
properties were 12.10 to 15.12 MJ/kg (5200 to 6500 Btu/lb}), 20 to 29 percent
ash, 9 to 10 percent fixed carbon, 12 to 13 percent moisture, 50 to 57 per-
cent volatiles, and 1142°C to 1152°C (2088° to 2105°F) hemispheric fusion
temperatures,

Boiler Performance. TFeeder Performance--The 1/2- x 3/4-inch pellets

generally handled and fed well with the larger pellets traveling to the

rear of the grate and the fines falling close to the spreader. During the
initial combustion tests with 100 percent pellets, the spreader had to be
adjusted to decrease the pellet trajectory by approximately 0.3 m (12 in.).

In addition, due to volumetric feeding capacity limitations, the maximunm

load that the boiler could carry was 24,500 kg/hr (54,000 1lb/hr) or 70 percent
of rating.

Combustion of dRDF--The combustion of the various coal:dRDF blends was
generally as good as the combustion of coal only. However, when the dRDF
substition was increased, the height, intensity, volume, and violence of
the fireball increased correspondingly.

When test firing the 1:1 blend and 100 percent 4RDF, the fireball was kept
well away from the walls of the furnace by adjusting the overfire air.
Once these jets were adjusted for minimum smoke and maximum efficiency for
coal-only burning, they continued to meet the mixing and wall protection
requirements when burning blends and 100 percent pellets. As viewed from
the side of the furnace when firing both pellets and blends, the bed was
well burned out by the time it approached the front ash pit. The flame
pattern above the grate indicated that the fuel bed was maintaining proper
porosity and that the combustion was good. With little attempt to optimize
the system, a 10 to 12 percent carbon dioxide content in the flue gas at
the boiler outlet was readily obtained.

Fouling-~An increase in the flue gas temperature as the boiler test progressed
indicated that the heat transfer sections had fouled somewhat. Inspection

of the furnace interior after the tests revealed that a light coating of

ash had accumulated on the tubes. Also, an interim boiler inspection

revealed that one-third of the rear wall of the boiler was covered with

slag. This slagging was subsequently eliminated when a spreader was adjusted
to prevent pellet impingement on the rear wall. Subsequent inspections of

the boiler after its being on-line for 8 days revealed that the slag had
sloughed off.

Clinkering--During the initial tests, frequent clinkering occurred on the
grate when firing a 1:1 blend. This clinkering was subsequently attributed
to a low hemispheric fusion temperature, 1204°C (2200°F), of the coal.

When the coal was changed to another coal having a higher fusion temperature,
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1373°C (2500°F), che clinkering stopped. While coal wich low fusion tcmpcra-
tures clinkered, the 100 percentc pellers, which had a low fusion temperature
of 1151°C (2103°7), did not clinker,

Corrosion--Zight clamp-on corrosion test speciimens were iascalled on che
down-comers of the rear screen wall 1.52 m (5 £r) above the fuel bed. after
478 hours of exposure to various blend and coal-only fi:zings, normal wastage
was 2vidant on all specimens except the 1018 specimen. This test speacimen,
which had extremely high we&sctege, was mounted in che are2a where the heavy
slagging occurted because 'of the maladjustad spreader,

3oiler Operation. Air Flow Controllers--During load shrads, the fuel bed
was more susceptible to clinkering when c0al:dRDF blends were fired. The
clinkering was eliminaced by biasing the underfire air concrol co supply
approximately 70 percent excess air to the fuel bed. Reducing the ash
content of the pellets to 10 to 12 percent should eliminate all clinkering
proolems and corresponding biasing of 3ir concrols.

Grate Dwell-Shake—Throughout the test, the duration and amplicude of the
grate shake pulse was adjustad to advance the fire line at che rear of the
boiler approximacely 15.2 ca (8 in.) per axcitation. 1Ia all advances, the
oulse f{requency was the principal controlling variazble. 4t 40 perceat load,
the frequency of the pulse decreased from 1l miautes for 100 percent coal to
3 minuces for 10Q percent pellets. When firing a blend, the pulse duration
tended to increase because the bulk density of the bland ash was less than
that of the coal ash.

Ash Handling-—The sieve analysis of bottom ash samples taken during coal-
only, dland, and pellet-only firings indicaced that couvencional sneumatic
ash nhandling systems can handle the boctom ash from bland firings as well as
they do the bottom ash from ccal-only firings. On a faw occasicns fire
occurrad in the ash pit during blend firing. Rodding of the clinkers
reavealed zhat the ash had a soft, pliable consisctancy. Under similar
conditcions, when firing ccal only, the boctom ash was much =2azsier o break
up Dy rodding. The bocttom ash removal system malfunccioned only during

100 percent pellat firing. The bottom ash was so fine thac it would not de-
entrain properly in the cyclone. These particles, which had been wetted by
the steam in cthe ejector, passad chrough the throat of the cvclone and
eventually plugged the ejec:zor.

As dRDF was substituted for coal, the ash disctribucion became {iner. The
size of the collector particles ranged from 200 micromecers for 100 percent
ccal firing to 90 micromecers (sizes at the 30ch percentile) for 100 percent
peller firing. Also, the carbon content of the fly ash decreased signifi-
cantly with incressing dRDF subscitution.

Mass 3alance--The mass balance indicated that an unusually large amount of
the fuel ash had accumulated in cthe collectors. Subsaqueat analysis of the
collector fly ash revealed that the high collector ash weights were cue to
the presence of 50 to 70 percent carbon in the ash and that 90 percent of
the particles vere greater than 50 micrcmertars in diegmetar. The carbon
contant of the bottom asih was 2 to 10 percent, and the carbon content of the
fly esh was 30 to 40 percent. The analysis of the fly ash as a functicn cof
olend revealed that its carbon content desreased as the ¢RDF substituticn
increased.

: £fi

ficiencies--During the testing, the toiler efficiencies ware extrezely
W, nately 32 :o0 60 percent. Taese low efiiciencies were prizarily due to
e lov boiler loads (less than 30 perceat of rating) and ex:trazely high
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losses (up to 25 percent) of combustibles in the refuse. The analysis of
the results indicated that the cocal-only and blend firing efficiencies had
no discernable differences. However, this fact is unique to the boiler
installation at MCI since the large amount of unburned combustibles rcmoved
by the collectors is certainly an anomally to expected boiler performance.
Tables 1 and 2 present the results of the mass and ce¢nergy balances.

TABLE 1. HEAT BALANCE SUMARY

As Received

Blend 1:0 1:1 1:2 0:1
PARAMETER

Fraction of Rating .17 .33 .30 .19
Excess Air{(%) 104 82 99 113
LOSSES

Dry Gas 17.9 13.7 17.8 19.4
Fuel Moisture .1 .9 1.2 4.0
H;0 for H, Combustion 4.0 5.1 5.4 8.1
Combustibles in Refuse 18.3 25.3 16.6 3.0
Radiation 3.7 1.8 1.8 3.7
Unmeasured 1.5 1.5 1.5 1.5
TOTAL . 45.5 48.3 44,1 39.7
EFFICIENCY 54.5 51.7 55.9 60.3

TABLE 2. ASH MASS BALANCE
Bottom Ash Fly Ash Collector*

Fuel Z Ash in Kg/hr Kg/hr Kg/hr
Blend Flow Ash in Fuel Carbon With Carbon With Carbon With
Coal:dRDF Kg/hr 'Fuel Kg/hr Free Carbon Free Carbon Free Carbon

1:0 872 21.9 191 82 89 5 7.7 104 219
1:1 1489  23.3 347 232 238 5 6.8 110 369
1:2 2035 23.4 476 324 341 7 10.2 145 300

*Note: The collector weight was determined by difference.

Particulate Emissions. Mass Flux--The particulate mass flux in the 1l:1 and
1:2 blend firings was slightly less than the flux in the coal-only firing.
However, the reductions were not significant at the 90 percent confidence
level. The mass flux at a 40 percent boiler load for 1:1 and 1:2 blend
firings was 0.5 g/Nm3.

Particulate Size--As more dRDF was substituted for coal, the particulate
diameter decrcased. In the May tests the diameters for the coal-only
firings were 3 micrometers and those for the dRDF-only firings were

0.8 micrometer (at the 50 percentile point).

Particulate Resistivity--Because of the unusually high carbon content in the
f1ly ash during the coal-only firing, the resistivity was generally less than
10° ohm-cm. As dRDF was substituted for coal, the carbon burnout in the fly
ash improved and the resistivity increased to 2 x 1010 ohm-cm for the

1:1 blend firing.

Opacity-—As dRDF was substituted for coal, the overall opacity of the pluame
reduced signigicantly. At 40 percent boiler load, the cpacity for coal-only
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firing was 16 percent (tased ¢n a 1.22 o (4 fc) diameter stack). At the same
boiler load, the opacity dropped to 10 percenc for dRDF-only firing.

Gaseous fmissions. S0;--Since the dRDF had a sulfur comtent of 0.6 percent,
the 5S0; emissions reduced with increasing 4dRDF subscitution. The decrease
was particularly significanc for che 1:2 and 0:1 (100 percent dRDF) blend
firings. At 40 percent boiler load, the S0: dropped from 1300 ppm for coal-
only firing to 250 ppm for dRDF-only firing.

-
<
r-
&

NOy--There were no significant changes in NOy as dRDF was substicuced for
coal. Ar 40 perceac boiler load, the NOx concentrations ranged from 200 co
350 ppm.

Chlotrine--As dRDF was substituted for coal, che chlorine in the emissions
increased from 80 ppm for coal-only firing to 630 ppm for dRDF-only firing.
As the boiler loads changed, the chlorine concentracions differed negligibly.

Fluorine—Trluorine conceatrations also increased with increasing dRDF substci-
tution. However, the concentrations were very low, e.g., 8 ppm for coal-
only firing and 12 ppm for dRDF-only firing at a 40 percent boiler load.

Hydrocarbons-~There ware no significant changes -in hydrocarbon emissions
when substituting 4RDF for coal. At .a 40 percent boiler lead, the tocal
hydrocarbons ranged from 10 cto 25 ppm. As the boiler load increased, the
hydrocarbon concentracions decresased significantly.

Organic Imissions--The overall emissions of polycyclic ccmpounds for coal-
only and blend firings were well below the thrashold limics proposed by the
National Academy of Science,

Inotganic Zmissions--The analysis of cthe f£ly ash for trace metals ravealed
that relative to coal-only firing the blend firing enriched scme metals buc
racduced ochers. Tor axample, 34 times more lead was emictad when firing che
1:2 blend than when firing coal only. While dRDF was the =maia contribucor
of 3r, M¥, ?b, and Sb, coal was che primary source of As, Ni, and V.

Several elements, particularly As, Ga, Na, and Sb, tended to concentrate in
small particles. In addition, as the 4dRDF substituction increased, both the
solubility of the fly and the amounc of small-size particulaces in the
respiracory range increased. Consequencly, the combined effects of the
foregoing pose a potential hazard to respiration and landfills.

SUMMARY

The prealiminary resulcs from these field cests indicate that coal and dRDF
can de co-fired at volumetric coal:dRDF ratios up to 1l:2 with only minor
adjustzents to the boiler aand fuel handling systems. The Phase 2 teasting,
which involved co-firiag 1555 Mg of pellets at boiler lcads of 40, 75, and
100 perceat and coal:d3DF volumetric blends of 1:1, 1:2, and 1l:4 have been
completed. The tests wer2 conductad in a 3abceock and Wilcox spreader stoker
fired boiler racted at 58,000 kg/hr (130,000 1lb/hr), &312 24 (625 psi), and
440°C (825°F). CEnissions tests were carried out to determine the effects of
bland firing on electrostazic orecipiistor perfcrmanca with and without ily
ash injection. Results from this evaliuactiom will be available in the near
future., Thne long-tera effects of corrTeosion and erosicn ca boiler tubdes when
firing blends of coal:dRDF remains to be determined.
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Co-Firing Fluff RDF and Coal in a Cement Xiln

Cliff R. Wiley

Flufif RDF from the 3altimore County, Maryland Rescurce Recovery
Facilicy was successfully tested as a supplemental fuel with pulverized
coal at the Lehigh Portland Cement Company, Unilon Bridge, Maryland. A
total of 1400 tons of RDF was burned in a 700 ton—per—day (clinker
capacity) rotary %ilan, contributing 30 percent of the kila heat. There
were four days of preliminary RDF burns followed by 3 27-day extended
neriod of which 20 days involved burning RDF. Tests included air
emissions, cement quality and chemistry, RDF characteristics, and checks
on kila operation.

Satisfactory Type I cemenc clinker was produced during most tests.
Evidence of reducing coanditions on the kiln bed due to lncomplete
burning of RDF {in suspension was detected during i{nitial casts; zhis
problem, however, was quickly corrected by incrzasing RDF velocity into
the %iln. Finely shredded RDF (roughly 95 percent lass than one-inch
siza) was required to guarantae suspension surning. The average heat
value of the RDF during the tests was approximately 5,500 3TU per pound.
No adjustment in kiln raw materials feed was required when burning RDF.

In general, particulate and chloride amissions were higher during
RDF burning, and NOy lower. Equipment configuration was such that only
stack emissions could be measured; therefore, the affect of buraing RDF
on kiln emissioms, versus effact on electrostatic precipitator efificlency,
could oot be determined. After several days of hurning RDF, some difficulcy
was experilenced in removing ash and cement dust from collectors in the
electrostatic precipltator; it was conjectured that this problem was
caused by a decrease ia the resisziviy of airborne particles. The problem,
however, was not considared serious as adjustments in the pracipitacor

operation could be made to correct this situacion.
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INTRODUCTION AND OVERVIEW OF TEST PROGRAM

Ia early 1975, during the construction pnase of the Baltimore County
Resource Recovery Facility (a joint venture of the Maryland Environmental
Servicef/ and Baltimore County), Teledyne National, the project's prime
contractor, held discussions with more than 30 industrial firms,
{institutions, and State organizations regarding their interest in burning
RDF to be produced at the Facility. As a result of this survey, letters
of interest were received from a number of potential users of RDF, three
of whom were cement companies. Of the three cement companies, attention
was directed to the Lehigh Portland Cement Companyi/ Union Bridge,
Maryvland, because of its large coal use (500 tons per davy), interest in
a test program, and shortest distance (45 milas) from the Baltimore
County Resource Recovery Facility.

In ensuing discussions with Lehigh it became apparent that, even
though there was interest in burning RDF, there were also a aumber of
justified areas of concern. These included:

a. ability to supply and feed RDF concinuously
b. firing characteristics and ability to burn RDF in suspension

c. effect of RDF chemical composition and variactions in
composition on cement quality and chemiscry.

d. long-term effects of RDF on kilan operation and cement production
e. effect on air emissions
A test program was therefore developed to tackle these conceras step
by sctep, as follows:
(1) It was agreed that RDF would first be tasted at a
coal-fired, Lehigh—owned, lightweight shale kiln at

Woodsboro, Maryland. The advantage of this cest
would be that experience could be gained with the

1/ A non-profit, waste management utility - an agency of the State of
Marvland
2/ Now a division of Heidelberg Cement Inc.
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burning characteristics of RDF and the reliabilicy
of RDF feed squipment without facing concerns
about cement quality and production. As part of
the test, Lt was also agreed that the feed
equipment would provide seven days of continuous
operation befors permission would be given to
begin tests at the cement plant.

(2) Provided there was satisfaction wich the lighc—
weight aggragate test, RDF feed equipment would
be set up at the Uaion Bridge cement plant o
produce test quantities of cement for analysis
(a 2 to 3 day test).

(3) Again based on satisfaction with the previous
step, an extended burn test involving air emission
measurements would be run.

Step (1) was carried out in 1977 and 1978 and Steps (2) and (3) in
March and Yovember—December of 1979, respectively. This paper summarizes
regults of these tests.

The test program was carried out by Teledyne Natiomal under contract
to the Maryland Envirommencal Service. Support for the program was
received from grants to the Maryland Enviroamental Service by the U.S.
Environmental Protection Agency and other sources, as recognized in
the Acknowledgment of this paper.

THE CEMENT INDUSTRY
Cement manufacturing presents an attractive opportunity for
energy trecovery from solid waste via the RDF approach. It is energy
intensive, coasuming 457 erillion 3TU per year(l)i/ and it involves
a process in which ash as well as other products of combustion become
part of the f£iaal product, thus minimizing residues requiring disposal
and need for costly additional air emission control equipment.
Duckett and Weiss(2) have rsviewed the potential of this RDF market,

reportiag that of 137 U.S. plants, 65 would have a capacity for 210 to

380 tons of RDF per day, 29 a capacity for 380 to 540 tons per day and

3/ Numbers in parentheses denote raferances.
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20 plants, over 540 tons per day when burning RDF as 30 percent of their
fuel supply, assuming 5300 BTU/1lb. RDF and 300 operating days per year.
In addition, they point out that 26 plants are located within 25 miles
of major metropolitan areas. In spite of this attractiveness, progress
towards the use of RDF in the cement industry has been tempered by
industry cauclion on one.side and a lack of tesc informaction on che
other.
Cement manufacturing typlcally coansists of the following steps:
(1) grinding and mixing raw materials in wet or dry form
(limestone, shale and/or clay, silicone oxide and
iron bearing macerials)
(2) drying (primarily for che wet process)

(3) calcining (to burn off carbon dioxide from limestone)

(4) clinkering (or burning), a process that takes place at
2,400 to 2,800°F (1,300 to 1,500° C)

(5) cooling, clinker grinding and addition of gypsum to
retard setting time

Although most new cement plants use a more energy efficient preheated,
dry-process system in which only scep 4, clinkering, is carried out
in the rotary kiln, 80 percent of existing plants still perform steps 2
through 4 in the rotary kilan(l). In this process, Steps 2, 3 and 4
occur in succession as raw materials from Step 1 are placed in one end of
the kiln and travel counter to the flow of heat and gases from fuel burned
at the opposite end. The process requires careful control of both
temperature and composition, which i{s adjusted to account for the ash
of fuels used to fire the kiln.

At the end of 1978, 63 percent of cement was produced with coal
or coke-fired plants, 20 percent with natural gas, and the remainder
with other energy sources. The trend in cement production i{s towards

coal-fired plants (1).



TEST KILN
The Lehigh Portland Cement Company Union Bridge plant operates four
parallel 400-fc. (121-m), 11-1/2-ft. (3.5-m) diamecer, dry-process kilas,
each ratad at 700 tons per day capacity clinker production. The No. 4
kiln was selected as the test kila. Characteristics of the kiln are as
follows:

a) kiln iaclination - 5/8-inch (l.6=cm) per linear feet;

b) rotation - 63 to 85 rph;

¢) fuel - bituminous Pennsylvania-type coal (12,000 BTU/1lb.

and 2-1/2 = 3 perceat sulfur);

d) fuel input - & tons per hour at 28 - 30 tons/hr. product

throughput;

e) reaction (burning) zone temperature - about 2,700°F (1,480°C).

Alr pollution coatrol equipment omn the test kiln (No. 4) consists
of two parallel Buell electrostatic precipitators (ESP). Total flow
rate through the dual unit is 120,000 ACFM ac 630°F (340°C).
Approximacaly 95 percent of the ESP collected -particles (ash and raw
macerial dusc) Lls reinjected back into the kila. The precipitators
exhaust to a common stack.

Raw material feed to the kiln consists of approximately 90 perceat
limestone, 10 percent shale, and small amounts of sand and iromn bearing
materials.

To inject RDF into the test kila, Lehigh placed a second nozzle
extending 11 feet (3.4 m) into the kiln, parallel to and under the ccal
nozzle. Placement above the coal nozzle would have increased RDF
suspension time, but kiln-design prevented this arrangement. RDF
was coaveyed to the nozzle pneumatically with about 3,200 ASCFM air ac

30 percent RDF kiln heat contribution.
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BALTIMbRE COUNTY RESOURCE RECOVERY FACILITY AND RDF FEED STATION

Figure 1 shows the fluff RDF process line of the Baltimore County
facility as it now exists. Additional details on the facility and other
recovered materials are found in References 3, 4 and 5. Daily average
input to the facility is 750 tons residential solid waste per day. The
RDF production line has a capacity to produce about 300 tons per day RDF
under aormal operating hours (10 hour day).

The 800 hp Williams secondary shrédder was installed in October
of 1979; orior to that, secondary shredding was done with a 350 hp
Grundler h;rizontal hammermill. Aﬁproximate particle size distribution
of RDF for each of the shredders is given in Table 1. (This will change
somewhat with hammer wear and solid waste characteristics.) The

Grundler was fitted with a l-inch round hole grace.

TABLE 1. RDF PARTICLE SIZE (NEW HAMMERS)

Screen Size % Passing
inch  centimeter Grundler Williams
3 7.8 100 99
2 5.0 100 98.5
1 2.5 95 94
1/2 1.3 51 84
3/8 1.0 17 57

In connection with the cement kiln tests, an evaluation was done
of secondary shredding to enhance RDF as a fuel for cement kilms;

this work is discussed in Reference 6.
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FIGURE 1. PROCESS FLOW FOR RDF PREPARATION - 3ALTIMORE COUNTY FACILITY
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|
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As part of a market development program associated with the Baltimore
County project, a modular, transportable RDF feed system was constructed
for receiving and pneumatically conveying RDF to various potencial users.
Figure 2 cutlines components of this syscem as modified for the cement
kiln tests. RDF is deliverad in 635 cubic yard transfer ctrailars from
the Baltimore recovery faciliy and hydraulically mecered into the RDF

feed system. Feed rates are controlled at the RDF feed module.

FIGURE 2. RDF FEED STATION

TRANSFER TRAILER €
(65 cu. yd.)

HYDRAULICS PACKAGE
(remote control of discharge rate)

v
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l
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(4400 SCFM capacity)

v
PNEUMATIC LINE

|

XILN RDF NOZZLE
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LIGHT AGGREGATE XKILN TESTS

Prior to conducting currant kiln tests, the reliability of RDF
feed equipment and burn characteristics of the RDF were demonstrated
for Lehigh at a nearby plant producing a lightweight aggregate from shale.
The advantage to this was that {t was unlikely RDF would affect the
quality of che aggregata.

At this plant, shale is heated and expanded ia two l0-foot-diameter,
pulverized coai-fired rotary kilns. A.nozzle to inject RDF was added
to one kiln, next the the ¢oal nozzle, and was connected via pipe to
the feed station set up outside, next to the kiln.

During February and March of 1977, 217 tous of RDF wers burned
{ntermitzently. Although there Qere initial problems with tamperacure
readings and shale buildup on the kiln wall, called “"rings,” these were
overcome by adjustments in the RDF nozzle position and ia the kiln
controls. It was apparant in these tests that rather finely shredded
RDF would probably be anecessary to prevent the burning of RDF directly
on the kiln bed (grate sizes &4 to l/2-in; were tried).

The RDF feed system (which diffared from that in Flgure 2 {n that
secondary shredding was cartied out at the kiln site, with RDOF being
aspirated from the shredder and blown into the kiln through a 12,000 C7M
fan) did not prove reliable. Problems encountered were severe shredder
hammer wear and maintenances, jamming, uneven feed races, and excess air
being blown intc the kiln. Because of the fnability to feed RDF
satisfaccorily with this syscem, modifications were made to the feed
system, bringing it into the coonfiguration shown in Figure 2.

In October of 1978, using the modified equipment, tests were run
agaia ac cthe kiln, sustaining an average RDF {eed raze of 1.13 tons per
hour, earning the permission of Lehigh to move the RDF feed station to
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PRELIMINARY CEMENT KILN TESTS

The object of this test was to produce initial quantities of cement
clinker for analysis by Lehigh and by the Portland Cement Association
and to make any necessary RDF feed equipment adjustments. Tests were
run March 6 to March 9, 1979 and on aApril 26, 1979.

During cthe first test, 123 tons of RDF and 215 tons of coal were
burned in 55 hours of operation. The average heat contribution of the
RDF during this period was 24.7 percent. Cement clinker was sampled at
0, 10 and 30 percent RDF heat substitutioan.

During the tescs, 13 cransfer_trailer loads of RDF were used. As
each truck_was unloaded, a composite sample was taken for analysis fof
heat value, percent moisture, and percent ash, according to ASTM procedures
D2015-71, D3302-74, and D3174-73, respeccively; Results of these tests

are listed in Table 2.

TABLE 2. CHARACTERISTICS OF RDF - PRELIMINARY TEST

Characteristic and Unit Average Valuesd/ Low Bigh
Hear Value, BTU/1b. 6897 5963 7832
Moisture, % 18.2 12.1 25.2
Ash, Z 9.7 6.8 15.1
Metallic Aluminum, % 0.018 <0.01 0.04
Sulfur, % 0.19 - -_

3/Arithmeric average of 13 RDF samples except sulfur, which was run on a
composite of all samples

Samples of clinker and cement were analyzed by PCA by x-ray
fluorescence, x-ray diffracrion, microscopic observation, and standard

ASTM C-130 cement tests. Partial data are included as Table 3 for
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reference by those familiar with cement chemistry and cescs. From the
analysis, PCA developed the following conclusiouns:

“The amounts of heavy metals founrnd in the clinker wera very low
and {t does not appear that these alements will cause problems

in practice. Vo certain estimate of matallic aluminum could be
made, but 1t seems likely that its concentrTacion was negligibla.
The RDF clinkers were of poor quality, mainly because of poor
control in the burning zone of the kilan. The burning zone should
always be mainrained 1in an oxidizing state (at least 1 perceat
axcess oxygen) and none of the RDF should be allowed to fall {ato
the clinker before being thoroughly burned. If che buraing
condirions are improved, it seems to us that good qualicy clinker
will resulc.” '

TABLE 3. CEMENT CHARACTERISTICS FROM PRELIMINARY RDF TEST

PERCENT RDF

Characteristics 0 10 30

Compressive Strength

3-day 3820 3620 4000

7-day 4630 4830 4370

28-day 5920 6200 5800
X0 0.69 0.72 0.90
Naj0 0.06 0.11 0.14
¥ap0 Equiv. 0.51 0.58 0.73
Free Cal 2.14 1.13 0.95

Although kiln operators were pleased with the tasting and overall
control of RDF, there was concern about excess RDF burning on the kiln bed
at the 30 percent rate, which caused raducing condi:ions, as aoted in the
?CA analysis. Because of this condition, nozzle size was reduced from

9 to 7 ianches in diameter to increase RDF velocity and suspension time.
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As a follow up to the previous test, a one-day run was made on
April 26, in which 34.6 tons of RDF was burned. The smaller nozzle
increased suspension time sufficiently to minimize RDF burning on the
clinker bed. 1In addition to tests at 30 percent, short runs were made
at 40 and 50 percent RDF heat contribution. At 40 percent, RDF also
appeared to burn satisfactorily in suspension. However, at 30 percent
there was dropout and flaming pieces on the bed and decreased visibilicy
into the kila. Since a few hours of operation is not enough to stabilize
for clinker testing because of the slow redistribution of ash throughout
the kXiln and electrostatic precipicator system, no cement analysis was
done.
Following these tests, permission was received from Lehigh to
"proceed with the extended cement kiln tests.
To allow time for installation of a larger shredder for secondary
RDF shredding and for equipment repairs at Lehigh, aot related to the tests

but affecting them, further tescing was deferred until the fall of 1979.

EXTENDED RDF CEMENT KILN TEST
This test was run November 27 to December 23, 1979, burning 1,272
tons of RDF for an average rate heat coatribution of 30 percent
(approximately 3.5 tons per hour). Average characteristics of RDF used
in the cests are listed in Table 4. Table 5 summarizes coal usage and
ROF heat input during this period. There were 20 days on which RDF was
burned. During December 7 to 11 the kiln was on coal only for the emissions

testing program.
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TABLEZ 4. CHARACTERISTICS OF RDF - EXTEZNDED TEST

Characteristics and Unit Average Values 2/ Low High
Heat Value, BTU/lb. 6440 5067 8797
Moisture, % 20.4 6.7 39.0
Ash, % 11.8 6.4 27.7

3/ Arithmetic mean of 95 RDF samples

During December 5 though 14, the Environmental Engineering Division
of the Energy System Group of TRW, ILnc., conducted source emission tests to
determine the amount of pollutants discharged from the electrostatic
precipitacor serving the test %iln. There were seven sample perilods, four
with RDF and three with coal only. Tegts included flue gas flow rates
and stack moisture decerminacions, particulace matter and sulfur oxides
emissions, aitrogen ¢xides emissions, chlorides (as HCL) eaissions,
stationary gas analysis, and flue opacitcy readings. All sampling was
conducted through four equally spaced openings loc;:ed below the top of
the stack. No sampling could be done prior to gases entering the electrostatic
precipitator becausa of the design of the system.

Table 6 summarizes counditions during the emissions test, and Tabla 7
presents part of the test data. Because of electrostatic precipitator
failure during the first test day, December 5, that day's data nhave besn
omitted.

During RDF burning, particulates were higher, chloride emissions
increased, nitrous oxide emissions appearad lower, and, surorisingly,
sulfur oxide emissions reached their highest levels, but remained well
vithia Federal and State standards. Since the RDF, which {s only 0.2% in

sulfur, significancly lowarad the overall sulfur concent of the kiln
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fuel, the increase must have been rielated to some other changing condition
within the kiln or ESP. It was suggested that cleaning the ESP of dust,
which adsorbs $09 and is recycled back into the kiln, prior to the :tests,
may have produced this eifgc:.

As of the date of preparation of this paper, complete analysis of
the cement is not available irom PCA. However, we have been told by’
Lehigh that cement strength tests and other analysis so far show a
satisfactory Type I cement was produced and indicace thaz the RDF fuel
had no detrimental effects on the cement.

Although there was an i{nitial concern by Lehigh that the raw material
faed to the kiln would need adjustment to compensace for differences
tetween the chemical composition of RDF/coal ash and the coal-only ash
ié replaced, this did not turn out to be the case. Therefore, to from

cozl~only to coal-plus-RDF firing required few operational changes.

TABLE 5. COAL AND RDF USAGE DURING NOVEMBER -~ DECEMBER TESTS

Date Coal Usage RDF_Usage : % Heat
Daily Torals Daily Totals Total Heat Contribucion
{Tons) (Toms) (Million BTU) (RDF)
11-27 72.70 61.5 799.5 31.17
11-28 72.85 59.0 767.0 30.78
11-29 106.0 92.3 1199.9 32.35
11-30 42.35 31.8 413.4 29.10
12-1 105.95 74,2 964.6 27.78
12-2 99,10 68.5 890.5 27.51
12-4 87.35 63.0 819.0 28.37
12-53 106,00 82.2 1068.6 29.87
12-6 89.20 70.3 913.9 30.21
12-11% 30.80 20.5 266.5 25.96
12-12 32.60 26.7 347.1 30.14
12-13 105.30 91.5 1189.5 31.40
12-14 104,20 90.7 1179.1 31.43
12-15 105.95 90.7 1179.1 31.11
12-16 109.30 90.9 1181.7 30.46
12-17 103.85 74,1 963.3 27.32
12-18 84.55 63.2 821.6 28.25
12-19 43.85 41.7 542.1 33.37
12-20 26.15 25.5 331.5 33.93
12-23 44,50 53.7 698.1 38.6
TQTAL 1721.56 1397.1 18,162.3 30.53

*Coal only for emissioas testing 12-7 co 12-10
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TABLE 6. OPERATING CONDITIONS AND FUEL FEED DURING EMISSIONS

Date

Test Time, starc:
end

Product Rate, ton/hr
Xiln, RPM

.Coal Fuel Racte, #/hr
Coal Fuel Type*

RDF Fuel Rata, #/hr
X RDF by 3TU Value
Kila, Oxygen, 4

{ila Znd Watar Soray
(Gallons Per Minute)

TZST RUNS
TEST RWN NO.
2 3 4 5 6 7

12/10  12/10 12/11 12/13 12/13 12/14
0918 1211 0950 0840 1412 0801
1131 1426 1206 1049 1626 1026
29.2  29.4  28.9 25.1 27.1  29.2
84 84 82 n 78 82
12,200 12,770 11,800 8,500 8,430 8,300
R/H~-V H=¢ g=-v 4-v 2=V g-v
0 0 0 7,209 9,365 7,963
o 0 0 30.6 37.4  33.0
3.2 2.8 z.s,' 3.0 2.3 3.0
26 26 23 31 34 30

*R = Regular, H=Y = High Volatile Coal
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TABLE 7. CEMENT KILN EMISSIONS - CONDITIONS STATED IN TABLE 6

TEST RUN
2 3 4 5 6 7
Flue Gas
Temperacure, °F 485 486 483 485 500 493
Flow rate, DSCFM 49,150 53,390 50,190 45,680 49,350 43,760
Water vapor, % by volume 15.05 14,60 13.47 19.32 19.33  20.95
Stack opacicy, % 2.6 17.0 3.8 21.6 16.8 16.6
Particulate Matter
Concentration, grain/DSCF 0.0128 0.0221 0Q.0331 0.0474 0.08QCl 0.0495
Emission rate, pounds per hour 5.38 10.12 14,26 18.56 33.83 18.56
Chloride Emissions as HC1
HCL, poa (dry) 7,47  191.  77.8  155.  223.  242.
, pounds per hour 2.09 58.0 22.2 40.3 62.6 60.2
Sulfur Oxides Emissions
S04, onm (dry) 3.0 2.3 9.3 4.1 25.4 7.1
, pounds per nour 1.83 1.65 3.79 2.32 15.3 3.85
S07, ppm (dry) 19.7 34,13 . 235 1,050, 353, 444,
, pounds per hour 9.65 18.3 118. 478. 174, 194.

¥icrogen Oxides Tamissions (as NO»)

N0y, oom (dry) 133 295 112 72 130 160
, bounds per hour 47.6 113. 50.3 23,6 46.0 50.2

Stationary Gas Analysis (drv)

Coa, % 10.7 10.1 14.2 11.4 11.5 12.6
09, % 13.8  13.6 9.9  1l.1  11.5  11.9
co, % <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
N2, % by difference ' 75.5 76.3 75.9 77.5 76.9 75.5
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CONCLUSTION
RDF proved o be an adequate fuel for firing with coal in a
rocary cement <ila at races of up to at leasc 30 percent heac
contribution. Yo detrimenctal effects on che cement quality were acced
once proper suspension burning of the RDF was accomplished. Comprassion

test strengths were generally the same or higher when RDF was burned.
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STEAM PYROLYSIS OF ORGANIC WASTES AS
A SQURCE OF CHEMICALS AND INDUSTRIAL FEEDSTOCKS

by

Michael J. Antal Jr.
Department of Mechanical and Aerospace Engineering
Princeton University
Princeton, New Jersey 08540

INTRODUCTION

Recently completed research at Princeton University and elsewhere (1-4)

nas shown biomass gasification to be a three step process:

1. Solid Phase Pyrolysis. At modest heating rates (1°¢/min to 100°C/m1n)

biomass materials lose between 70% and 90% of their weight by pyrolysis,
forming gaseous volatile matter and solid char. This weight loss occurs at
temperatures below 500°C. As discussed later, very high heating rates en-
hance volatile matter production at the expense of char formation. Recent
Princeton publications review mechanistic and kinetic research on cellulose

(5), 1ignin(6), and wood (7) pyrolysis in more detail.

2. Gas Phase Cracking/Reforming.of the Volatile Matter. At somewhat

higher temperatures (600°C or more) the volatile matter evolved by the
pyrolysis reactions (step 1) reacts in the absence of oxygen to form a

hydrocarbon rich synthesis gas. Tnese gas phase reactions happen very
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rapidly (seconds or less) and can be manipulatad to favor the formation
of various hydrocarbons (such as ethylene). Rates and products of the
cracking reactions for volatile matter derived from cellulose, lignin, and

wood are now becoming available in the literature (1, 3, 6, 7).

3. Char Gasification. At even higher temperatures char gasification

occurs Dy the water gas and Boudouard reactions, and simple oxidation

and hydrogenation:

C +H,0—>C0 + H, (water gas)
¢ +C0,—>200 (Boudouard)
C+1/m2¢CO
(oxidation)
¢+ 02 —-)COZ
C + ZHZ-->CH4 (hydrogenation)

Because pyrolysis (step 1) produces less than 30% by weight char for most
biomass materials, the char gasification reactions (step 3) play a less
important role in biomass gasification than steps 1 and 2. This contrasts
with coal gasification, where char gasification plays a much more important
role because most coals contain less than 40% by weight volatile matter.
The following sections discuss steps 1 and 2 of the gasification
process. This discussion assumes no free oxygen to be present in the gasi-
fication system, since oxidative processes seem likely to destroy the

chemical products sought by this research,

SOLID PHASE PYROLYSIS OF PARTICULATE BIOMASS

The work of 3roido (8), Shafizadeh (9), Lewellen (10) and others (11)

nas snown celluiose pyralysis to be describdable in terms of a competetive
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mechanism:

volatile tars (levoglucosan)
cellulose

\\\EA 2 char + low molecular weight
" volatiles
Two pyrolysis reactions compete to consume the cellulose; however only one
reaction produces char. The first reaction is favored by high temperatures
and rapid heating, producing combustible volatile matter (levoglucosan) at
the expense of char formation. The second reaction is favored by low

temperatures and slow heating of the cellulose. Water, CO, CO, and char

2
are the primary products of the second reaction.

Because char is an unlikely source of chemicals (having to compete
directly with coal), conditions which optimize the production of levoglu-
cosan (C6 H]O 05, or the "monomer" of cellulose) are of interest here.
Levaglucosan (and related compounds) have been described as potentially
important industrial intermediate chemicals (12). In additidn it plays
the role of a very reactive intermediate in the gas phase chemistry of
biomass conversion (step 2).

High yields of Tevoglucosan are obtained by rapid heating of the cellu-
lose polymer (13, 14) and when condensation reactions (leading to the forma-
tion of char) are minimized. Oilute phase, transport reactors minimize
condensation reactions by permitting the (gas phase) levoglucosan molecules
to rapidly disperse themselves in a largely non-reactive carrier gas (such
as H

20, COZ’ HZ’ Ar, He, etc). Thus entrained flow, flash pyrolysis

reactors appear to be best suited for the production of large yields of the
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reactive intermediate "levogliucosan” from cellulose.

A recent paper by Krieger (15) summarizes much of what is known about
lignin pyrolysis. Detailed studies of the mechanisms and Kinetics are not
available, Char yields approximating S0% by weight are obtained when
lignin is heated 3t a moderate rate (100°C/m1n) to 500°C in steam. Rapid
heating reduces char formation (4).

As discussed in the following section, the volatile matter evolved
during lignin pyrolysis cracks rapidly in the gas phase to produce a
hydrocarbon rich synthesis gas. This gas phase behavior of lignin volatile
matter resembles that of the reactive intermediate levoglucosan, derived
from cellulose pyrolysis. Since the monomeric¢ phenyloropane units which
compose lignin are jo{ned by ether linkages (patterning to some extant the
glucosidic linkages which tie cellulose monomer units together), rapid
pyrolysis of lignin may result in the formation of monomeric phenylpropane
units. These reactive gas phase intermediatas could undergo higher
temperature, gas phase pyrolysis to produce the permanent gasas described
in the following section of this paper. Although the results of some
py}o1ysis studies would seem to contradict this hynotheses (18), the
effects of secondary gas phase reactions may have masked the formation of
the orimary intermediate molecule. Dilute phase, flash pyrolysis reactors
minimize the effects ¢f secondary reactions and promise to be a powerful
tool for the study of lignin pyrolysis.

The oyrolysis chemistry of hemicelluloses has been reviewed by Soltes
and Elder (16). Although furan derivatives might be expected to be a pri-
mary product of hemicellulose pyrolysis, low yields are usually observed

relative to acetic acid. These results probably reflect the high reactivity
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of furfural and related molecules, which decompose rapidly by gas phase
pyrolysis. Cansequently, reactive intermediates derived from hemicellulose
pyroiysis have not been observed. WNevertheless, results discussaed in the
following section of this paper suggest the formation of a reactive inter-
mediate product during hemicellulose pyrolysis which plays a role similar

to that of levoglucosan.

GAS PHASE CRACKING/REFORMING OF VOLATILE MATTER
DERIVED FROM PYROLYSIS OF BIOMASS

Biomass gasification chemistry is dominated by the role of the second-
ary gas phase cracking reactions, which are largely independent of the solid
phase pyrolysis reactions. A tubular quartz, plug flow reactor has been
used at Princeton (1-3, 6, 7) for two years to study the products and rates
of these gas phase reactions as a function of gas phase conditions (tempera-
ture, residence time, steam dilution, etc.). Our results show that qas
yields from cellulose can be increased by a factor of ten simply by in-
creasing the gas phase temperature from 500°C to 700°C with a gas phase
residence time of about 2 sec (1;3). Similarly, gas yields from Kraft
lignin can be increased by a factor of three or more by the same variation
in gas phase conditions (6). Table 1 lists typical product yields from
cellulose, mannose, and kraft lignin for reactor conditions chosen to
produce 1ittle or no condensible materials. Similar data for various woods
will be availabie in the forthcoming thesis of Mr. T. Mattocks (7).

Apparent gas phase rates of production of the major permanent gas
products of cellulose gasification are given as Arrhenius plots in Reference

1. Similar kinetic data for the gas phase conversion chemistry of lignin
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is given in Reference 6. Oue to insutficient funding, kinetic data for
nemicellulose gasification has not been obtained. However, kinetic data for

wood conversion will be oresentad in Reference 7.

TABLE 1. SZLECTED GASIFICATION RESULTS FOR
CELLULOSE, 0 MANNQSE AND KRAFT LIGNIN

Cellulose D Mannose Kraft Lignin

Gas Phase Reactor Temperature 700 750 750°¢C

Gas Phase Reactor Residence Time 3.5 2.0 2.2 sec
Sampie Weignt 0.125 0.256 0.360 g
Char Residue Weight 0.012 0.053 0.176 g

Tar Residue Weight 0.003 0.011 0.052 g

Gas Volume Produced 84 a1 73 ml

Gas Heating Value 490 455 579 Btu/scf

Calorific Yalue of Char 2.8
Calorific VYalue of Gases 13.7
Calorific Value of Tars 0.5

.8 14,3 MM Btu/tonne
.7 4.9 MM Btu/tonne
.9 3.9 MM Btu/tonne

O v

Carbon 3alance 0.96 0.37 0.98

Gas Analysis (Yol %)

co 52 53 34
Hy 18 10 15
co, 8 16 13
cH, 14 14 32
CH, 3 4
C e 1 1 1
CHs 0.1 0.5 0.7
other 0.9 0.5 0.3

Because levoglucosan is known to be the major component of the volatile
mattar derived from rapidly heated cellulose pyrolyzate, the large increase
in gas yields due to increasing gas phase tamperatures may be presumed to be
the result of the gas phase pyrolysis of the reiactive intermediate levoglu-

cosan. Simitarly, the large increase in gas yields from lignin must be the
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result of the gas phase pyrolysis of some condensible material derived from
lignin. Although the identity of this intermediate compound is not presently
known, it may be presumed to be related to the pheny1propane units which
compose the lignin structure. Finally, the gas phase behavior of volatile
matter derived from mannose, wood and corn cob materials also suggests the
formation of an intermediate compound from the pyrolysis of hemicellulose,
which cracks in the gas phase to yield a product slate relatively similar to
that of levoglucosan derived from cellulose.

Somewhat surprisingly, strong similarities are evidenced between the
product slates of cellulose, lignin and hemicellulose in Table 1. This
ability of thermal processes to "normalize" the conversion chemistry of
different biomass materials is an important advantage over the more feed-

stock sensitive biological conversion routes.
DISCUSSION

Traditional feedstocks for the production of olefins (ethylene) and
other valuable chemicals are becoming scarce and costly. For example, crude
0il has recently been proposed as a feedstock for ethylene production by gas
phase pyrolysis in an unusual reactor (17). An alternative source of
ethylene is biomass: as described earlier six per cent yields of ethylene
from cellulose and woody materials by gas phase cracking are regularly
achieved at Princeton. With this yield, the yearly wood manufacturing
(27x106 dry tons), cereal straw (161x106 dry tons), corn stalk (142x106
dry tons) and logging residues (75x106 dry tons) available in the U.S.A. (18)

¢could be used to produce 24x106 tons per year of ethylene without the use

of imported hydrocarbons. The predicted 1930 demand for ethyiene in the
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U.S.A, is 14x106 tons. Tnhus, presently obtainable yields of ethylene from
organic wastes are sufficient to meet our annual ethylene demand by the gas
phase cracking of agricultural and wood residues.

O0lefin production also has a significant impact on process 2¢onomics.
Table 2 lists the values of various products obtained from Brazilian
Eucalyptus Wood using a Princeton pyrolysis reactor. 2Reactor condiiions
were not ovtimized [or sthylene »procduciion. Nevertheless, ethylene is the
second most valuable product. Ongoing research at Princeton could more
than quadruple the yield of ethylene from Zucalyptus wood over that indicated

in Table 1.
CONCLUSIONS

Flash pyrolysis of particulate biomass mataerials producas large yields
of reactive intermediate compounds referred to as volatile matter. These
intermediate compounds undergo further pyrolysis in the gas phase at some-
what higher temperatures, producing lightar weight oxygenatss and hydro-
carbons.

Research at Princeton nas shown that yields of ethylene generally
axceeding 6% by weight can be producad from callulosic materials. The
ethylene is produced entirely by the gas phase cracking reactions. Future
research on the gas phase cracking chemistry of organic wastes could
potentially quadruple the yields of ethylene. The production of ethylene
and other valued chemicals from organic wastes has the potantial of

revolutionizing the petrochemicals industry within a decade.
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TABLE 2. ESTIMATED VALUE OF THE PYROLYSIS PRODUCTS OF
BRAZILIAN EUCALYPTUS WO0QD

Gas : 9 Gj at $2.00 per Gj = 318

One metric ton > C?_Hu*Z 32 kg at 50.38 per k{] = S]Z
Eucalyptus Wood Char : 6 Gj at $§1.50 per Gj =5 9
Tar @ 1 Gj at $1.00 per Gj =9$1

total 340

*Yields of ethylene will be considerably improved in future reactor designs.
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Tacroduction

The Fuels Technology 3ranch of ZP4's Iadusczial Zavironmencal Research
Laboratory in Ciacianaci is sponsoring 2 program at Midwest Research iascituce
(MRI) zo conduct envi-ommencal assassments of wasca-Co-senexgy comversicen facili
ties. The overall objective of chis program is zo evaluaca che mulci-media
engvirommental izmpaccs chat rasult from usiag wasecs (municipal solid wasca, ia-
dustrial/sewage sludge, agriculsuzal residue) as an sgergy sourca and to iden-
tify control tachnology aeeds. as part of chis program, MRI has undercaken
fairly extensive sampling and analysis efforts ac the following wasta convarsion
sicas.

* A 200 con/day refuse pvrolysis systam

* A 120 ton/day amunicipal faciazeracor fized wich aounicipal solid
wasca (MSW)

* 10MW power plamec boiler firad with wood wasta aod ¥o. 2 oil

* A 70,000 lb/hr scaam boiler f£irad with coal and densifizd rafuse-
derived fual (dRDF)

* A JOMW power bdoilar firad wizh rafusa darived fuel

A brief descripcion of the Zacility, the sampling and analysis zezhods used,
and che casults obtained are individually praseazad below for z2ach of these
facilicies.

Refuse 2vToivsis Svszem

The Uaniou Carbide rafusa pvrolysis syscam (PURQX) ac Souch Caarlascom,
West Vizginia, was desigmed co pyrolyze 200 czoms/day of rafuse. The rafuse wasg
obtaized by sireddiag MSw co a I ia. size and chen ramoving the magnecic aacer-
ials frcam the shredded wasce. The PURCX syscam s a partial oxidaciom process
that uses oxygen to coavert solid wastas into a gas having a higher heatiag
value (ZBV) of abouz 370 3etu/ses.

The refuse is fad into the zop of the r=2aczaor, cthe priacipal uniz om
the process. Therz ars :hree zeneral zonmes of reactiocn wiciiz the rzaczor (dry-
iag, pyrolysis, and combustion). The reactor is maiacained essencially full of
Tefuse wnich slowly descezads by gravicy Zrom the drying zome chrouga the pyraoly-
sis zone 1acd cthe ccmbuscion zone. A countarfiow of hot gases, rising from zhe
combustion zome at the botzom, dries the incomiag moisc rafuse. As the macarial
prograsses downward, it is pyrolyzed to forz Zuel gas, char, and orzaaic liquiqs.
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Oxygen is injected into the bottom haarth sectzionm ar a3 ratcio of about
207 by weight of iacoming refuse. The oxygen reacts wich char formed from the
refuse to generata temperactures of 2500 co 3000°F im the lower zome which com-
verts the nonccmbustibles iato a noltan residue. This rasidue {s discharged
into a wacer quench tack wnere iz forms a slag. The typical compositicn of che
gslag is reporcad to be 5Q% SiOz, 1% A1203, 117% Ca0, 9% Na0, 5% FeQ, 2% Mg0,
aad 2% ocher oxides.

The fGot gases fzom the hearch seccion are cooled as chey rise chrough
the zones of the reacZor. After leaving the resactor, the gases arz passed
through a recirculating watar scruboer. Zatrained solids are separated Zrom
the scrubber water in a solid-liquid separator, and racycled ro the reactor Zor
disposal. The water product discharged £rom che separator system i1s seac Lo a
plant treatment syscem. The gas leaviag the scrubber is further cleamed ia an
electrostatic pracipicacor and then cooled 13 a neac exchanger prior o combus-
tion in a flare combugtor. TFor purposes of chis gesc program, however, the pro-
duct gas was combusted in a package boiler and emissions resulzing from ics
cperation wera characterized. As a baseliaze comparison, che source boiler was
also testaed when fired with natural gas.

Sampling and analysis of air emissions Irom che boilar included parzi-
culate loading decarmimation by EZA Mechod 5 wich a 2igh volume sampling syscaa
(BVSS), zas analysis by continuous monitors for 09, CO, hydrocardons and NOg.
S0y was detarmiged by £P74 Mechod 6. Gas samplas for toczl carbonyls were col-
laczad using grab sampliag techniques and analyzed using prescribed orocedures.
In sampling for mercury and chlorides, fluorides, bromides and cyanides ia che
vapor form, a sampling ctrain conmtainiag 5 midgat impiagers was used. Ia addi-
tion, the Source Assessmeat Sampling Syscam (SASS) was used as prascrided by
EPA for Level Ll environment assessment. Opacicy of stack emissions was decar-
mined using ZPA Method 9.

The PURQX gas cfad iaco the boiler was also sampled for cricaria pol-
lutants using EZPA mecthods.

- Refuse fed into the reactor, slag from rhe quench cank, and wastawacar
pefors and after treacmenc were all sampled and analyzed for mecals, amions, and
PC3's, Waszewater analysis was also carried our for priority pollutants other
than PC3's and for BOD, COD, curbidicy, pheaols, acc.

Results of the casting effort showed that, of the criteria pollutancs,
only NO# and particulate emissions increased wnen duraing Purox gas as comparad
to natural gas. NO, aad particulate levels were of the order of 350-400 pom and
6-14 mng/dNm~ respectively, §Q0, smissions averaged 70-100 ppm. 2articulacs and
502 emissions were below present standards, whereas YOy will require Zurcher
reduction. Also, analysis for zmecals amd ocher pollutancs indicatas that these
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should aoc presenc agy proolems. The wastawacar, Rowever, wizhout proper Izesat-
meat would be a z=ajor arsa of cgacarm.

The S&M-L14 2ssessment :echodologv was ucilized by apolyiag ic
daca obrained for 2ach of the thr2e orimary efflueac scrzams £zom the Pursx ro-
cass (slag, sccubter 2£iluentc, and Soilar scack zas). lesu; s of this applica-
tion showed thac the scrubber ef£fluenc nad che highesc degras of hazard, Seing
considerably greactar than the nazard value Zor che iaguc Tiver wactar. However,
the slag scream had che highest coxic discharge taca (TUDR). The boiler flue
gas effluenc had the lowestc hazard value and the lowest TUDR; Doch wers close
to the Dbaseline values compucad for boiler flue gas when buraiag nacural gas.

Munici=al Iacineracor

The 3raiatree municinmal incinerator (3raiacree, ¥assachuget=s) ig a
masd-dura facilizy consisting of Twia warar-wall comouscion unizs, 2ach wich a
design capacicy of 120 toas of MSW for 24-ar period. A porzion of the sceam
sruducad (20-35%) Ls supplied to neightoriag manufaccurars and -the ramaiader is
condeased. EZach furmace is egquipred wizh an 23? and tocha 2S?7's exhaus:t o a com-
z=on sctack.

Tae Riley Scoker boilers ars of che siagle oass dasign wizh 2ach hav-
ing a racad capacizy of 30,000 L5 of sceam/ar at 00°7 apd 230/psig. The E52
unizs arte s.:g 2 Iield, 12 passage pracipitators wizh a sveciiic collaecction araa

of 125 Z=z= /1000 acim; e2ach has a design collacctionm efficizncy of 927,

Zovironmencal assessmeat of tie iaciaeraczor facilizy was czcnducszad
4 aporoved sampliag and amalysis osrocadurss. Results and csnclusions of
2stiog efiort arz suzmarizaed below.

(Y]
r

-~

sia
Qe

on

Of che critaria polluctancs, $0j, NO., azad hydrocardon emissioas were
low. Zowever, CO leavels were high and cculd aot 9e explaimed zaasidariag che
large quanciziaes of axcass air thac wers usad, The average parsiculacs concen-
tracion was 0.24 gz/dscm, corrsciad <o 12% CQp. This lavel axceeded the Zaderal
and sctacs regulations. However, subsequeat t2sI3 Ior compliamce had am ouclat
particulacs loading of 0.07%4 gr/dscf, wanich shows compliance. :

Zlemencsl analysis of the glass-and =metal-free Dottom ash ravealed an
overall increase ia the 2lemencal concentracions whea c<smparad =o the raluse f2ed.
he colLec:ac £ly ash conzained lavels of chlorides, sulfatas and some trace
merals which mayv de of concera. 2C3's werz goc de:ec:ed ia the collaczed i1
asi; & 2AZ compounds wwer2 idenciiiad.

7

Lavels of 3CD,COD, oil and grease, TSS aad TDS in che boczzm ash queach
watar do 10c appear o de of concera. The shenolic content was tfound to 22
<2.1 ag/lizar in all samples.
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Levels of gaseous chlorides and other halides were low. 3Jraseance of
?C3's was coniirmed only in the SASS traia XAD-2 resin at a concantracion of 3.8
3
_ug/m .

Results of zhe SAM-lA envirommental assessment procedura show the in-
cineracor sctack emissions to nave the highest apparenc degrze of healch hazard.
Furcher amalysis is needed o determine the axact composition of the orgaaic
compouents of the stack emissions to bectar ascerzain che aazard potancial.

SAM-1A also showed chac the boctom ash effluent had the largest toxic umit dis-
charge rate due primarily to the abundance of phosphorus and mecals ia chis scraam.

Power Plant Boiler Tired With Woodwastze and Tuel 01l

The Yo. L unit at the Burlington Zlectric ?lanc (Buriingcon, Vermonc)
wag originally a coal firad boiler which has since Deen modifiad to fire wood
chips with supplementary No. 2 fuel oil. Because of the high moiscurs comcanct
of the chips, che boiler cannot provide the desired steam output on wood alone.
Therzfora, No. 2 Zuel oil is used. Steam produccion-is raced atc 100,000 lb/hr,
which powers a LOMW curbine genmeracor. Rasidual ash from the boiler is dis-
charged ac the end of the grate imto a hopper and is then dneumatically trans-
portad to am outdoor scorage sila. The flue gases leaving the boiler are ductad
to an emission control systam cousiscing of Two high 2fficiency mechanical col-
lectors in series. Tor a flue gas flow raca of 80,000 acfm ac 330°7, the col-
lectors wera designed for am overall pressure drop of 8.5 in. H70 and a collec-
tion efficiency of 97.75%.

Sampling and analysis was focused cn the input fuels, bogtom ash, ori-
mary and secondary collector ashk, and air 2missions ac the collz2ccor ialec and
outlet. The iaput fuels werz analyzed for their heatiag value and zrace metal
coutent. The moisture conteat of wood was also detarmined. 3octom ash and
collacetor ash werz analyzed for their trace metal and ?C3/2AH concencs. Collac:zor
inlet gases were sampled using IPA Merhod 5 Zor parziculaca. Particle siziag and
elemencal amalysis were also carried ouc. The stack gases were sampled and
analyzed for cricaria pollucants, trace mecals, and 2C3/PaH. ZPA Method 5 and
SASS trains were used for particulace measursment. Major results and conclusions
of the sampling and apalysis program are as follows:

On a heat input basis, wood accounzed for 80% of the boiler Zfuel, amd
o0il the remaiander. The heat of c¢combustion of wood was 3870 Btu/lb (as racaived)
and for oil, the heat of combustion was 19,500 3tu/lb.

3ottom ash amalysis indicaced that most elemencs werz2 aore concsntratad
in the ash relacive to the input fuels. No PC3's were detectad ia botrzom ash buc
one PAH ccmpound was presenC at a concencration of 0.89 «g/z. 2rimary and secon-
darv collector ash conctained no 2C3's but several PAE compounds were icdencifiad
ia the secondary ash wich onme sample containing 10 2g/g of odnenanchrane.
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Particle sizing at che csollector ialat and ouzlac could zoc 2e escab-
ilished due o couszanc pluggiag o the diluticn syscaa. Scack conceac-ation of
particulacas averaged 0.08 gz/dsef and che coallaczor had a particulaca efiiciacey
of 96.27%.. NO, and 30, concancracions averaged 56 aad 133 ppm raspectively. CO
averaged 213 ppm and aydrocarbons 9 pom. Analysis of Mechod 5 parciculacs indi-
cated concsacraticas aporoachiag 100 yg/dsem for BH, 3a, 3r, T2 and IL in the
scack gases. 2C3 and 24E tascs of the stack gases wezra negacive,

PA's SAM-1A analysis indicated chat the seccandary collactar ash ccoum-
taiged cthe nighest degree of nazard although ail 3 ash screams were siailar in
the =magnitude of their hazard values. Stack emissisas snowed a low degree of
hazard. The primary callzczor ash had che aighesc coxic uniz discharge race,
dowever, because oI the limizacions of the amechodology, Chese. fiandiangs should
aoc Se viewed 33 conclusive,.

Scaam 3o0ilar Firasd Wiszh Coal and Densifiad Refuse Derived Fuel (4RDT)

MRT, in comjuaction wich che Genearal Services Admiaiscracion (GSA) and
tional Cagtar :Ior Resourcs Racovery (NCRR), conduccad a2mission 22585 on
4 boiler ac the GSA/Peacagon facilicy. The Vo. 4 unit was co-fizad wizh
at olands of coal and 43DF. c2am oucouc of czhe uaderfad-racor:z sIokar
was racad ac 70,000 lo/hr. The boilar was aquipped wizh a mul:ziclome unit
rticulace temoval,

Zmission tasts wers cenductad by MRI 5 decarmize parciculace loadings,
Zaseous critaria pollucant apmd chlgoride concentracions ia che scack gzas. The
sarticulata sawplas were also anmalyzed for lead. Tastiag was cogoduczad ficst
ac baseline condizioms (ccal only as Zuel) aod chen whea Zizipg dlaads of 20%
dRD7:307% coai and 307 dRDF:4Q7 cogl. MNCRR coaduczad ocher asvaluacisas. The zasulcs
of MR1's afiorcs are as Iollows:

(98]

#® DJarticulace 2missions were raduced frem 22 <o 387 whea 4RDF was
blanded wirh the original coal Zuel. 1 ar la

winea usiag the 207% &RDF blend and rose again when che proportion of ERIF was

raised 23 2Q%. This Zizdiag zay not de conclusive, however, sizce cthe doiler

load was held staady curiag che 207 dRDF firzing but moc duriag the 607 zmoda.

2 smissions wera lowest

= B Rl

* The amount of particulata lead emirted wnhen Suraiag dROF wick coal
is :uasgant*al y higher tham that from comouscion of coal alonme (aa average cof
10C0 ug/m wiza 20% dRDF, amcd 2250 cg/a 3 with 0% dROF, versus 330 uS/:B wi=h caal
ocaly).

*

Caloride 2missioans showed no defiaize crend which could be used co
corvelaca chloride smissicus wizh DF zodes, theugh siizhzily higher coaczncerations
ACl were obsarved in Two of the samples colleczad duriag cczbuscionm of cthe

:Ou dRDT HSland.

153



Power 30iler Firad wich RDF

The Hempsta2ad Resource Racoverv 2lant (Long Island, Yew York) is a
compleca wasca-cto-energy facilicy ia that it cakss in municipal solid wasce, oro-
duces an RDF and coavercs zhe Zuel co eleccrical sower. The facilicy comsists of
two disctiacz segments: 4a rarfuse processing operacion, utilizizg the Black Clawson
dydrasposal system; and a power nouse, wnich contains cwo sceam Boilers and oo,
20 MW eleczrical cturbine generacors.

Tests werz conductad by MRI on the No. 2 unitc of che power house, which
1s an air-swepc spreader stoker wacterwall boiler wich a nominal capacity of
200,000 ibs/ar of sceam ac¢ 823 psig and 730°FT. The boilar was fired wich 100%
rafuse-derived fuel (RDF), although auxiliary oil burzers sre usad for scarc-up
and during Zuel f{eed incterrupcions. Air polluciom conczols for che boiler com-
sisc of a bank of 12 mechanical cyclones Iollowed by an elactcroscacic precipicacor.

The purpose oi che program was <0 primarily iavescigata organic con-
srituents of- the stack zases and to quantify odorous componmencs.

Zmission screams avaluacad included the boiler botzom ash, cyclone ash,
ES? asi and zhie sctack 2fZluentc gzases. Samples of che RDF wera also collacrzad for
analysis. The zhree ash stcreams were analyzed Ior zlesmencal composiziom, as well
ds for ?2C3 and 24H macerials. Stack amissions werz conczinuously zonizored for
SOZ’ NOK, ca, O2 and total hydrocarbom concaancrations, and wers also cestad co
detarmine levels orf vaporous z=erzury and aldeaydes. 1Ia addicion, & tasc was con-
ductad using che Source Assessment Sampling Svsctcem (SASS) Zor analysis under
EP4's Lavel | prococsl. Samples of che RDF Zad o the boiler weraz avaluacad for
moiscturs concanc, alaemencal composiZion and chemical parametars (proxisaca/ultismaca
analyses).

rm

Laboracory analyses nave only bdeea partially complacaed. Therafors,
the results will Se veportad ac the time of praseacation ¢i zhis paper.
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1. Introduction

Znergy Resources Co. Inc., (ERCO) has been contracted
by the Environmental Prctaction Agency (ZPA) Lo investicate
the emissions (gaseous and particulate} from co-firing of
refuse-derived fuel (RDF) and c<oal in a pilot-plant scale
atmospheric fluidized-bed combustor (AFBC). Gaseous
emissions (502, NOX, CO, and hycdrocarbons) are continuously
menitored with the aporopriate instrumentation. Parti-
culates samples are collected with a Source Assessment
Sampling System (SASS train) and will be subsecuently
analyzed for trace metals and crganic content using the EPA

Lavel 1 procedure.

2. FDF/Coal Supvliss

At the present time, two sources of RDF and a single
source of coal have been obtained. The suppliers and

proverties of the fuels are summarized in Table 1.

3. Descrintion of Work Plan

The major cbjectives of this investigation are as
follow:

® Quantify the gaseous and particulate emissions from
a co-fired RDF/coal feed in an atmospheric fluidized-
bed combustor. The primary process variables incluce
combustion temperature (1100 - 1400° F) and the
weight fraction ¢f RDF in the £feed (0-75 percent).
The upper temperature limit of 1400° F is set by the
fusion temperature of glass which is present in the
source RDF material.

157



TABLE 1

COAL/RDF SUPPLIERS AND FUEL PROPERTIES

8CT

------------------------- FEEDSTOCK-mmmmmm e e e
Crushed Coal EcoFuel Americology
Supplier Battelle Combustion American Can
Equipment
Associates
Size 23%>1. 7nm 28%<170 mesh <"
59% mid-range 30% 170/230 mesh
18%<300pn 42% 230/325 mesh
Heating Value (NHV, Btu/1b 12953 7827 6430
m.f.)
Moisture (% wet basis) 9.38 3.2 25-35
Chemical Composition
(wt %, m.f.)
Sul fur 0.87 0.61 N.A
Carbon 71.81 40.0 N.A.
Hydrogen 1.78 4.6 N.A
Nitrogen 1.59 <.l N.A.
Oxygen 15.5 -45.5 N.A.
Chloride - .26 N.A.
Ash 8.53 9.0 N.A.

Fusion Temperature (°F) - ~1800 1300




e Obtain pilot plant perfiormance data to assess the
suitability of co-firing RDr/coal in an atmos-
pheric fluidized-bed combustor. This includes
the determinaticn of associated heat and material
balances to define the overall process.

4. Descrintion of Atmoscheric Fluidized-Bed Combustor
(AFBC) Pilot Plant

A schematic of the ERCO AFBC pilot zlant is provicded
in Figure 1. The major ecuipment components inclucde the

following:

e Sclids feed svstem (hopper, star valve and f{zed
screw)

e Sutorbilt rotary vane air blower (600 SCFM at
6 psig discharge) '

e 20" diameter fluidized bed (2.18 ft?) with
removabla in-bed heat transfer tukes and con-
vective heat transfer tubes in the frseboard

o TFisher-Klosterman cyclcecne for elutriated solids
collection

e SASS train for particulatez and organic collection

The £fluidized ked has a Inczllov-800 perforated plate
distributer which is mounted to permit thermal expansicn,
The fluidizing medium is refractory sand with a mean particle
size of 400-500 microns diameter, The bed i1s heated to the
desired ignition temperature of 800-1000° F (before the
addition of the coal/RDF feed) by burning natural gas below
the distributor plate.

The continuous monitoring eguipment for gaseous emissions
inclucde the following:
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Convective
Coal/ROF Erebeboard
Feed Hopper Tubes
S e N s
In-Bed Heat

Transier Tubes

Rotary

e e e e Disri Plate
Star Valve Distributor Plat

Combustion Air

Figure 1. Schematic of ERCO Fluidized 8ed Pilot Plant.
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e Beckman Paramacnetic 02 Analyzer

e Thermo-Electron Chemiluminescent NO-NO_ Analyzer
e Thermo-Electron Pulsed Fluorescent SO, Analyzer
e Beckman NDIR Model 863 CO/CO2 Analyzer

e Beckman rID Model 400 Total Eydrocarbon Analyzer
In addition to this on-line eguipment, Fischer Hamilton

Model 1200 Gas Partitioner is used to periodically sample for

S. Summaryvy of Coal/RDF Runs

The pilot-plant AFBC has been run with crushed coal
(no RDF) and with two RDF/coal mixtures (25 and 50 weight
percent EcoFuel) with bed temperatures ranging from 1000
to 1320° F. The operating data anc the heat anéd material

balances for the individual runs are summarized in Table 2.

In these runs, the static bed height was maintained
relatively constant at 16 to 18 inches and the £fluidizing
velocity ranced from 1.l to 3.l'feet/sec at the actual coperating
conditions. The minimum fluidization velocity for the refrac-

]

§a-

tory sand with a mean particle diameter of 420 microns
nominally 0.28 feet/sec. Operation with a fluidizing
velocity 3.9 to 1ll1.1 times the minimum fluidization velocity
ensures excellent solids mixing and uniform tamperature

distributicn (+ 25° F) throughout the bed.
It should be noted that these preliminary runs were

shake-down runs to ensure satisfactory cperation of 1) the

pilot-plant equipment (solids feed svstam ané bed cperation);
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2) on~line instrumentation for SOZ’ NOX, C0O, and O2 measure-
ment; and 3) evaluation of the SASS train for particulate

and organic collection,

The data in Table 2 for runs £3-6 with crushed coel
alone indicate satisfactory performance of the AFBC with
combustion temperatures ranging from 1150-1318° F. The
combustion temperature was varied by either changing the coal
and air feedrates [maintain same excess air) or the number of
in-bed tubes. Because of the fines in the crushed coal (18
wt percent less than 300 microns), 20 to 30 percent of the
carbon was burned in the freeboard. The efficacy of the SASS
train for particulate collection was initially evaluated in
run #6. Because of the relatively high particulate loading
from the cyclones, the SASS train filter clogged in approx-
imately 30 minutes,

The two preliminarv runs with EcoFuel/coal (run &7
with 50 percent RDF and run %8 with 25 percent RDF) at
nominally 1300° F were successful from the standpoint of
solids feeding and operation of the fluidized bed. The run
(#7) with 30 percent RDF indicated a significant amount of
freeboard burning associated with the fine particle size of
the RDF (42 wt percent less than 230 mesh). The SASS train
was again evaluated in run #8 with 25 percent RDF; as befofe,

the filter clogged after about 30 minutes of sampling.

6. Future Work

The primary objectives of the future series of RDF/coal
runs will be the following:
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TABLE 2

SUMMARY OF RDF/COAL AFBC RUNS

RUN NUMBER 3 4 5 6 7 8
Feed Rates:
Coal/RDF (1bs/hr) 71 42 30 30 24 34
Weight Fraction RDF 0.0 8.0 | 0.0 0.0 Q.59 0.25
Air (SCFM) 115 71 56 64 39 59
Fluidizing Velocity 3.13 1.79 1.56 1.66 1.10 1.64
(fps)
Temperatures (°F)
Bed 1203 1150 1318 1210 1329 1309
Freebaard 866 1086 8Qs 891 1064 868

Stack Gas Composition
Oxygen (%) 1.7 3.1 2.9 3.7 2.5 3.2

¢0 (pom) 1055 - 425 225 530 527
NOx (pom) 124 - -- - 80 96
50 (ppm) 975 - - -- 589 273

Energy Balance
Heat Qut/Heat In 1.02 1.18 1.20 1.09 1.01°  0.78
Thermal Efficiency Q.43 Q.73 0.85 Q.76 Q.70 0.30
Combusticn Efficiency 0.64 0.76 0.87 0.20 0.93 0.91

Fraction C Burned in

- resboard 0.0 0.27 0.8  0.20  0.65 0.08
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Modify the SASS train to extend the sampling
time from 30 minutes to permit collection of
sufficient particulate and organic material for
subsequent analysis.

Run varying RDF/coal mixtures at temperatures of
nominally 1100, 1200, and 1300° F to obtain

gaseous emissions data. Run the SASS train with the
optimum set of conditions to obtain particulate and
organic emissions data. These runs will be per-
formed with the two RDF fuels presently available,
namely EcoFuel from CEA and the Americology fuel.

Obtain a source of hazardous waste which can be co-

fired with RDF to study emissions from an atmos-
pheric fluidized-bed boiler.
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COMBUSTION AND EMISSION ASSESSMENT OF REFUSE-DERIVED
TUEL COFIRED WITH PULVERIZZD COAL

INTRODUCTION

Solid waste burning is not a new concept. Incinerators for burning municipal
waste were formerly common in most metropolitan areas. With the passage cf
stringent air zollution requlations and the advent of the sanitary landfill,
burning of garbage has lost much of its widespread apvlication. Recently,
however, new incentives have surfaced which make the combustion of municipal
waste an atiractive disgesal alternative. Today's provosed and prototype
waste-burning installations are processing sclid waste in a variety of methods
that may shred, compact, or pgelletize the refuse into valuabla fuel. Resourcss
in the waste strszam are recoversd, and conservaticn of energy is realized by

he use of this alternate Zuel.

A lacoratozry program is being conducted ¢o measure emissions {agueocus, air,
solid waste) from the combustion of refuse-derived fuel (RDF) and mixtures of
ARDF and coal in a suspension-fized system. Two sources of ROF will be eval-
uvated, Combustion Zquipment Associates' (CZA) Eco Fuel II and Americology ROF.
Svaluation of transformer waste oil contaminated with polychlorinated miphenvls
(PC3) is alsc planned. The criteria pollutants NO, SO,, CO, and aydrocarbons
will be monitored continuously in the flue gas stream, ané special tests will
be zerformed t2 characterize the fuel, flue gas stream, and bottem ash in terms
of trace elements and trace organics including 20M and 2C3, fleorine, chlorine,
and bromine.

The combustion facility used for this program is capable of £iring gaseous,
liquid, and pulverized sclid fuels. The basis c¢f the combusticn facility is
the shell of an 80-horsepcwer {iretube boiler which has been medified o fire
various fuels and alsc includes capability of air presheat (600 T), staged
combustion, and flue gas recirculation. The facility and burner used in
cofiring the coal and RDF are illustrated by Tigure 1.

Testing is being conductad atr a single locad for all coal/RDF/waste o0il mixturss.
The burner settings which include primary/secondary air ratio and burner swirl
are nct being varied paramertrically but rather have been optimized in terms of
£lame stability for each of the RDP/cocal/waste cil mixtures. The combustion
sarametars that are feing inwvestigated during the 2rogram include:

. RDF Type

. RDF/Ccal/Waste QOil Ratio

. Excess Air

. ir Praheat

. Staged Ccmbustion Configuration

167



TEST RESULTS

Included in this paper are the available gasecus and particulate results which
have been performed to date. Samples are currently undergoing analysis for
trace elements and organics and no results are presently available. The
results which will be discussed were obtained burning the CEA material cofired
with coal.

The gaseous data which were obtained are nitric oxides (NO), carbon monoxide
(CO), carbon dioxide (CO,), excess oxygen (O5) , unburned hydrocarbens (UHC),
sulfur dioxide (S05), chlorine (Cl), fluorine (F), and bromine (Br). The
Cl, F, and Br were obtained only on certain test points, with all other data
obtained for each test point. '

The gaseous emissions from the cofired coal and RDF are given in Pigqures 2, 3,
and 4. The NO emissions for single-stage combustion are shown in Figure 2; the
SO; emissions are shown in Figure 3. It can be seen from these data that the
NO and SO; emissions increase as the percentage of RDF is increasad to

20 percent; emissions then decrease as the RDF fraction is increased to

50 percent. Based upon the RDF fuel analysis supplied by the manufacturer and
an independent testing lab analysis for the coal as given in Table 1, both the
NO and SOy emissions shcould decrease as the RDF material is cofired wich the
coal due to the lower nitrogen and sulfur content of the RDF.

The unburned hydrocarbon emissions for the cofiring peoints were essentially

0 ppm. The carbon monoxide emissions were lower with increasing percentages
of RDF than for coal alone, as illustrated by Figure 4. Typically, the emis-
sions were about 50 prm lower at a ratio of 50 percent RDF and 50 percent coal.

The chlorine, fluorine, and bromine concentrations are shown in Table 2 for
all tests completed to date, Also included in this table are the particulate
loadings and SO3 concentration.

The loading results are consistent with what would be expected based on the
percentage of ash contained in the coal and the RDF, since there is less than
a percentage point difference in those ash values. The SO5 values for the
baseline coal are consistent with previous measurements that show a decrease
in SO3 concentration with staged combustion. However, this trend was reversed
when 50 percent RDF was fired. Additional measurements are necsssary before
any conclusions can be made on the significance of this result.

The halogens show increased concentrations over the base coal when RDF is
cofired. The multiple values for Test No. D reflect that two separate samples
were taken at different times during the test and each analyzed. This probably
raflects the compositionality of the RDF. Alsoc, the data shows a trend of
increasing halogen emissions as the percentage of RDF in the fuel is increased.
Again, additional tests are required before firm conclusicns can be drawn from
these data.

KVB1l2-P-241
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ADDITIONAL TESTING

Turther testing is planned to charactarxize the emissions Zzom the cofiring
of the Americology ROF and coal. Also planned for inclusicn with these tests
is the burning of cransiormer waste o1l in combination with ccal and RDOF and

with the coal only. Results are anticipaced by Nocvemper of this year.

XV312-7-241
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ULTIMATE FUEL ANALYSIS

TABLE 1

Chemical Analysis

(Dxry Basis) CEA RDF Coal
Carbon 39.82 74.17
Hy§rogen 4.82 4.98
Nitrogen >0.1 1.34
Chlorine 0.29 0.04
Sulfur 0.74 1.05
Ash 9.71 9.33
Oxygen (Diff) 44.62 9.09

100.00 100.00
HHV, Btu/lb (dry basis) 7,754 13,2086
XVB12-P=-241
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TABLE 2

Type
Excess Particulate Fuel Firing
Test No. Oxygen Loading 504 CL BR F Type Condition
Percent lb/IO6 Bcu ppm ppm ppm ppm
A 5.4 2.29 3.04 14.2 0.09 3.0 Coal Single Stage Comb.
B 5.35 3.55 (0] 13.5 0.00 2.4 Coal Two Stage Comb.
C 5.7 3.17 N/A 53.2 0.6 2.3 10% CEA RDF/ Single Stage Comb.
90% Coal
D 6.5 3.48 N/A  79.4 0.6 2.8 20%¢ CEA RDF/ Single Stage Conb.
804 Coal
E 6 2,172 1] - 55.82 0.15 14.0 50% CEA RDF/ Single Stage Comb.
50% Coal
F 5.0 2.28 4.48 79.4/ 0.21/ 5.71/ 50% CEA RDF/ Two Stage Comb.
146.1 0.07 11.6 50% Coal




PILOT SCALE EVALUATION
OF FOQUR REFUSE-DERIVED FUELS

R. A. Brown
Acurex Corporation
485 Clyde Avenue
Mountain View, California
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Abstrace

P?ilot Scale Zvaiuation of Four Refuse-Derived Fuels

R. A. Browm

The EPA is continuing to explore control technology in the
areas of alternate ZIvels, waste fuels and contzol of o, emissions
for boilers in the government-owned test facilicy located at Acurex

Corporation.

Baseline tests on refuse derived fuels (RDF) £ired either
with pulverized coal or ratural gas were determined. Emissions
assessments made include NO,, CO, particulate loading and size dis-
tribution, twelve trace meéals and a cursory search for 2C3B and
POMs. Nox emissions decreased as the zexcent RDF increased even
though the available fuel nitrogen increased. Particulate loadings

from the RDF were concentrataed ia the less than lu size fraction.

This project was supported by EPA Contract §8-02-1885. Mz,

d. M. Freeman was the project cfficer.
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PILOT SCALE EVALUATION QF FCUR
REFUSE-DERIVED FUELS

INTRODUCTION

There is considerable heating value (4000 to 7000 3tu/lbm)
associated with municipal solid waste. If this resource could be
used in steam boilers rather than lost by incineration, a signifi-

cant energy rasource would be tapped.

Research studies have included using heat recovery incin-
arators, spreader tyDe stokers and suspension firing in large elec-
tric ueility boilers. The EPA has supported experiments in cofirirng
the refuse-derived fuel (RDF) in full scale boilers in St. Louis,

Missouri, Ames, Iowa, and Columbus, Ohioc (References 1 through 4).

Although these full scale experiments are providing useful
data, problems associated with the many varieties of RDF need to be
studied. Because the refuse comes from local municipalities, there
can be significant variations in the combustion and environmental
characteristics of the fuel from season to season or from locale to

locale.

There 1s little published data on the emissiocns from 20DF when
cofired with other fuels. Xilgroe (Reference 5) reported that the
St. Louis demonstration site produced a moderate increase in chloride
emissions but that the ROF did not significantly affect the 502 or
Nox emissions. Little information is available on the amount of
trace metals and organics cr the nature cf the par+ticulates. The
work performed here prevides the initial data base to answer environ-

mental cquestions on four RDF's.
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EXPERIDMENTAL ZARDWARS

The EIPA experimental multiburner, furnace facility (Figure 1)
was developed to study Nox contzol =schnology problems associatad
with large-scale and utilicy and industrial boilers. Cetails on
this facility design have been discussed in other papers (Refsrences
6 and 7).

The furnace fires from 293 kW-thermal to 880 xW-thermal (1l to
3 x 10° 3tu/hr) decending on the fuel and heat release per unit
volume being simulated. The facility may either te front-wall
fired using one to five variable swirl block burners, or it may ke
corner-fired using four to eight tangentially-firasd burners pat-

terned af+er Combustion Engineering's desiqm.

The standard gaseous emissicns (NO, CO, coz, 02, 502) were
continuously menitored 'th:oughouc the test >drogram. Particulates
were obtained using a high volume EPA method 5 stack sampler; trace
metals and organics sampling was obtained using the Source Assess-

ment Sampling System (Reference 83).

The refuse-derived fuel tests were conductad in the main
firebox in the tancentially-fired mecde. First, a feed gystem (FTig-
ure 2) was designed to contzxol and measure from 10 to 60 lbs/hr of
varied refuse-derived materials. 3RDFP is delivered to the upper
part of two diagonally opvosed corner~fired burners. Natural gas
or coal is also delivered to these burners and to the other two
burners. The RDF feed system consists of a rotating drum horper
which derosits the material con a conveyor belt. The conveyor de-
livers the material to a vertical downcomer, where it is pushed
through by a blast of air. Additional air at the junction of the
vertical downcomer and horizontal feed tube conveys the RDF into
the furnace through a horizontal water-cooled feed tuke. The ROF
feedrate is controlled by a variable speed drive on the feed belt;
the drum is maintained at constant optimum sceed to keep the feed

telt £ull.
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The delivery tube is sized to prevent blockage while mini-
mizing the transport air. This sizing is critical for a small-scale
facility where the minimum pipe size is governed by the maximum
particle size and the minimum conveyance air needed to keep the ma-
terial suspended. The raceived RDF material was shredded from a
nominal 2 to 4 inches down to 1 to 2 inches using a conventional
garden shredder to reduce the feed tube diameter and transport

air £low to an acceptable level.

EXPERIMENTAL RESULTS

The test program determined the gaseous, particulate trace
metal and organic emissions of refuse-derived frel from San Diego,
Califernia; Richmond, California; the Americology Facility in

Milwaukee, Wisconsin; and ames, Iowa.

All of these materials had gone &through metals and glass
separation and a orimary shradding. Table I shows the composition

and heating value for each fuel type.

Figure 3 shows the effact of NO versus excess air for the

. four fuels at 20 percent RDF and 80 percent natural gas. Althoucgh
the NO levels are not particularly nigh, there was a definite dif-
ference between the fuels. The NO also increases with both excess
air and increases in RDF. Also, when the percent ROF is increased
and cofired with coal, the NO levels decrease (Figure 4) while total
fuel nitrogen increases. This is possibly the result of enriched
fuel jets at the coal-refuse injection guns. Except at very low

excess air (5 percent) CO levels were always less than 100 ppm.

Results from the particulate, trace metal, and organics
sampling also provide some interesting preliminary information on
ADF emissions. Table II shows the results of particulate concen-
trations in the various size cuts for four RDF materials cofired
with natural cas. Althouch the total particulate guantity was

guite low in all cases, the majority of particles were smaller than
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lp and collected only on the filter. Although the particulate may
be rather Zriable and break up in the sampling equipment during

collection, it may eventually end up in the respirable size range.

Table III shows particulate loading in the same size cuts for
two levels of Richmond RDF cofired with coal and for cocal alone.
With the substituticn of RDF, the total grain loadings decreased
with increasing ROF. However, in both cases, adding RDF increasad
the percent of material in the lU size cut over ccal alone. Thus,
it aprears that adding RDF may increase the grain loading in size
cuts less than ly. This result could produce problems for £lyash
collection equipment. Percent combustibles in the particulace
were generallv less than 2 percent except when the excess air
levels were 10 sercent or less. This result also c¢corresconds to

generally low CO (<100 pom) and unburned hvdrocarbon levels.

Table IV lists the total tzace metals in aicrograms/3tu
found in the particulates and the condensible vapor for: (1) coal
only, (2) coal plus 10 percent RDF, and (3) gas plus 10 pexrcent ROF.
Increases in t—ace metal conceatrations varied amcng the &three
tegts. In the coal only test, the lead concentration was exception-
ally nigh. In addition, no correlaticn was found as the cercent

of RDF was increased.

t is difficult to draw any c¢onclusions f£xom this &srace
metal data. Several factors may be contributing to the data vari-

abiliry:

e The RDF material is nonhomogeneous and will vary from

minute to minute, hour to nour, and seasaon to season

e Metals frem the furnace ané sampling system could con-

tribute to the trace metal loadings
° Zold up in the convec:tive section

© Analv+tical erxor

181



These factors indicate the need for a broader data base to
draw meaningful conclusicns on trace metal concentration when co-
firing RDF with other fuels. This data will contribute to that
base, but a larger sample of data is needed to statistically de-

termine real trace metal effects.

In addition to trace metals, a limited search for organics
in terms of (PNA or PC3's) was undertaken. A portion of the par-
ticulate and the XAD-2 organic section resin of the SASS train wers
analyzed by liquid chromatography according to EPA Level 1 procedures
(Reference 9). O0f the material divided into the standard seven
cuts, only cuts two and three were expectad to contain PNA and
PCB.-. Thereifore, these two fractions wers combined for a single
GC/MS analysis. Five out of nine tests where organic samples were
taken contained no detectable compounds. Test conditions, and the
?NA found in the remaining samples, are listed in Table V. No PCB

was found in any of the test samples.

Little organic material, combustible CO, and unburned nydro-
carbons were found in the particulats and gaseous streams. It has
been reported (Reference S) that significant quantities of unbuzned
material have been found in full-scale tests. These pilot scale
tests have higher combustiop efficiency over full-scale tests pos-
sibly because of the additional shredding and/or hot refractory

walls providing an improved ignition source.

In summarvy, up to 30 percent RDF may be cofired in a subscale
test facility without experiencing a reduction in combustion effi-
ciency. Additional studies are necessary to determine how this
technology can be implemented in a full-scale facility using the
same degree of efficiency but a higher RDF percentage. Furthermore,
the flame's heat transfer characteristics must be clearly defined
to determine the effect on the boiler steamside or to design a
boiler specifically for cofiring RDF. Finally, more data is needed
to statistically determine the trace metal and organic makeup of

RDF cofired boilers emissions.
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Figure 1.

Photograph of experimental multiburner furnace.
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Figure 2. RDF feed system and firebox.
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TABLE I. RDF FUEL ANALYSES
Fuel Type
Pleesburg Richwond Ames Americology San Diego

Ultimate Analysis* No. 8 Coal Refuse Refuse Refuse Refuse
Carbon X 75.23 42.60 40.49 40.29 38.01
Hydrogen % 5.15 6.26 6.01 5.88 5.64
Oxygen X 8.12 37.90 30.04 25.20 17.40
Nicrogen X 1.49 0.83 0.73 0.91 0.69
Sulfur X 2.51 0.16 0.35 0.17 0.21
Ash X 1.50 12.25 22.38 27.55 38.05
Molisture X
(a8 recelved) 0.93 23.8 15.2 24.4 26.3
Chlorine % 0.14 46 .43 .72 .79
Heating Value
Btu/lb 13,545 1696 7831 7164 7146

A
Dry Basls
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TABLE II.

EFFECT Of RDF TYPE ON PARTICULATE SIZE DISTRIBUTION

Filter

>10u

>3

>1lp

Qey (gr/fc?)

Qey (gr/fcd)

Qcy (gr/Ec)

Quy (gr/fc3)

Fuel 4 Y4 b4 Z
204 Ames 0.039 0.011 0.003 0.004
+ Nat Cas (69) (19) (6) (6)
20%Z Richmond 0.032 0.0004 0.0004 0.0024
H+ Nact Gas (91) (1.) (1) (7)
207 Americo- 0.041 0.002 0.002 0.002
logy
+ Nat Cas (86) (5) (5) (5)
20% San Diego| 0.062 0.007 0.002 0.006
+ Nut Gas (80) (9) ) (8)




TABLE XYIXI. EFFECT OF COAL AND RDF CONCENTRATIONS ON PARTICULATE SIZE DISTRIBUTION

68T

Filcex >10u >3u >1lu
3 3 3 3
Qry (gr/ft7) Qey (gr/fc™) Quy (gr/fc™) Qcy {(gr/fr’)
Fuel 4 X F 4 X
20 Richmond .026 134 .107 .016
RDF
+ Coal (9.1) (47.3) (38.0) {5.5)
1021 Richmond 044 .269 .226 044
RDF
t Coal (7.6) (46.1) (38.8) (7.6)
Coal Only .021 .539 < 344 .055
(2.1) (56.3) {(35.9) (5.7)
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TABLE IV. TRACE MLETAL CONCENTRATION FOR COAL VS 10% RDF + COAL VS 10% RDF + GAS (jg/Btu)

ELEMENT Coal Onlx 104 RDF ; Coal {OZ RDF +aGas
Teac 040 Test #38 Test #11b
Cu . 1.9581 <3.3019 0.3402
Zn 0.5294 0.8227 0.4468
Mn 0.1526 <0.2693 0.0209
Pb 17.5319 0.3091 1.4996
Cd 0.0091 0.0048 0.0062
Be <0.0176 0.0013 <0.00134
Ti <1.7540 <(.0587 <0.0277
Sb <0.0020 <0.0090 0.0333
Sn 0.1300 <0.09113 <3.5013
g <0.0015 <0.017) <0.0009
As <0.0881L <0.0323 <0.0184

Aa. o .
207% excess air



TABLE V. ORGANICS

FOUND

Test Condition Organic Amount (ug/10¢ Btu)
Gas Catire Fluoranthene 10
10% RODF Pyrene 32
20% EA
Ames Fuel
Gas Cofire Prenanthrene 64
10% RDF Fiuoroanthene 160
20% EA Pyrene 576
Richmond Fuel Diphenyl Ether 3395

Biphenyl Phenylether 1687
Gas Cofire Phenanthrene 59
10% RC* Pyrene 104
2C% EA
Americology F-.el
Coal Coflre Phenanthrene 98
10% ROF
20% EA
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APPLICATION OF SLIPSTREAMED AIR POLLUTION
CONTROL DEVICES ON WASTE-AS-FUEL PROCESSES

Fred D. Hall, John M. Bruck, and Diane N. Albrinck
PEDCo Environmental, Inc.

Robert A. QOlexsey
U.S. Environmental Protection Agency

INTRODUCTION

PEDCo is currently involved in an EPA contract for testing
and evaluating prototype air pocllution control devices on various
waste-as-fuel processes for the control of potential harmful air
emissions. As part of the contract, sampling and analysis pro-
grams were conducted at the RDF and coal cofiring facility in
Ames, Iowa and the mass burn incineration facility in Braintree,
Massachusetts. These programs involved evaluating the pollutant
removal efficiency of a pilot fabric filter, a pilot scrubber,
and a pilot ESP. The objective of the program was to determine
pollutant removal efficiencies of each device for variable proc-
ess and control device operating parameters. Operation and
testing of the control devices took place in October and November
1878 and June through October, 1979.

This project focusad on three primary thermal waste-as-
fuel technologies: 1) Co-firing - The combined firing of a
solid, largely cellulosic waste with coal, o0il, or natural cas in
a modified conventiocnal boiler, 2) Mass burn incineration - The
compbustion of unprocessed or processed solld wastes in water-
wall incinerators for the generation of steam, and 3) Pyrolysis -
The thermochemical decomposition of solid wastes in an oxygen-
starved environment that converts a heterogeneous waste material
into a licuid, gaseous, or solid fuel product.

These technologies were studied with respect to atmospheric
pollution and potential control technigues in various phases as
follows: 1) Collection of data on known and potential air pollu-
tants for waste-as-fuel processes, 2) Assessment of air pollution
control devices applicable to waste-as-fuel processes, 3) Deter-
mination of the best air pollution control devices to be de-
veloped as pilot-scale air pollution control cdevices for the most
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significant problems associated with waste-—-as-fuel processes, {)
Procurement oi two to four pilot-scale air pollution control
devices, and 5) Operaticn of the pilot-scale units to generate
and analyze data.

Midwest Research Institute (MRI), concurrent with the PTDCo
effort, conducted a comprehensive environmental assessment of
various resource recovery operations for EPA. Data frem this
project provided valuable technical information for the PEDCo
study with respect to test site and control device selection, and
air pollution procblems associated with waste-as-Zfuel processas,

PRELIMINARY PROGRAM

The nature and magnitude of atmospheric pollutant emissions
from waste-as-fuel processes were investigated as were the
requirements for emission control technology. The focal point of
the stucdy was the combustion process. DPyrolysis processes are
still under development and no continuously operating systems
were available for testing. Therefore, pvrolysis was not of
primarv iaterest in this project.

Waste preparation (preprocessing) as well as the combustion
process were studied. Particulate was the most apparent probklem
associated with waste preprocessing but for the combustion proc-
ess, trace elements in the particulata as well as gaseous chlo-
rides and mercury vapor were also c¢f interest. D2revious studies
had theorized that there logically should bhe an incresase in
particulate emissions when co-firing RDF and coal versus coal-
fizing alone because of the normally greater ash content of ROF
versus coal and an expected decrease in control device efficiency.
Although the MRI study <&id not snow a definite increase in par-
ticulate emissions for co-fired boilers, gaseous chlorides as
well as trace elements in the particulates such as lead, coprver,
and zinc were shown to increase when burning RDF plus coal versus
coal alone while others, such as iron and calcium were shown to
cdecrease.

Prom an air polluticn contrel techneclogy standpeint, PEIDCo
investigated state-of-the-art technologies (e.g., fabric filter,
E5P, and scrubber) for control of waste-as-fuel processes as well
as more novel devices (e.g., wet ESP's, jet ejector scrubbers,
etc.). Fabric filters have been successfully applied to prepro-
cessing operations and ESP's are the most common air pollution
control equipment used cn co-firad boilers and mass bura incin-
eratcrs. Full scale Zabric filzers have not been apglied zo
waste-as-fuel combustion processes and wet scrubbers have been
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used on
devices
as=fuel
for the

processes,
PEDCo test program.

TEST PROGRAM

Early in the project,

incinerators with less success.
effectively controlled pocllutants of concern f{rom waste-
the other more novel devices were not considered

several waste-as-fuel

Since state-of-the-art

facilities were

visited as a prelude to later, more extensive test site selection
and to observe the effectiveness of the applied control technolo-

gies. Table 1 describes those sites visited.
TABLE 1. PEDCo RESQURCE RECOVERY SITE VISIT SUMMARY
. Preprocassing ROF Carbustion
Generic Plant Preprocessing eaissions combustion emission
technroioqy lecation proguct control equioment control device
Co-firing | Anes, lowa Fluff 3aghouse system [Pylverized coal and| ESP
stoker-bailer
Chicago SW Fluff 3aghduse system |Pulverized coal ESP
botler
Columbus, Ohio Shredded waste Nane Stoker-boiler Cyclone
Hagerstown, MO, Pellets None Stoker-bailer Cyclone
Milwaukes, dNis, Fluff Baghause system |Pulverized coal 314
boiler
Mass durmn | Chicago, MM Bulky items Not ipplicable |Incinerator/boiler 314
removed
Harrisburg, Pa. Sulky items Not appiicable |Incinerator/boiler £sp
renoved
Nashville, Tenn. Bulky {tems Not applicadle |Incinerator/doiler ESP
resoved
Saugus. Mass. Ay recoived refyset Not applicadle {Iacinerator/doiler 314
Hamilton, Ontarie | Pulverized refuss | None {acinerator/boiler £sP
raintree, Mass. As received refusai| Not applicadle |[Incinerator/bailer gsP
Pyrolysis | South Charleston, | Shredded wesie None Open burner MNone
W. Ya.
Other Fairmont, Minn, Shredded waste None Incinerstor/boiler Wet scrubber
Houston, Texas Shredded waste Bagnhouse Cement kiln {co- Vet scrubber
fired with gas)
Ninnespoiis, Minn, | Dewatered sludge fione Muiti-hearth sludge| Nene

incinerator

From these sites,
Braintree,

the Ames,

Iowa cofiring facility and the

Massachusetts incinerator were selected as test sites
because of the cooperation of the management, availability of
data from the MRI source assessment project, high reliability of
the preprocessing and utility operations, and limited facility
modifications required.
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The execution of a program of this tyve relies heavily on
the ccoperation of slant manacement. The administrative, oper-
ating, and maintenance staifs of the Ames Municipal Zlectric
System and the 3raintree Municipal Incinerator orovided EZPA and
PEDCo with invaluable assistance throughout the program.

" Concurrent to the site selection process, available pilot

ir pollution control devices were investigated. Suitable pilot
ESP's and scrubbers were available from vendors and IZRL/RTP. A
transportable pilot fabric filter tyvical of a full scale unit
was not available for the test program. Since the fabric filter
testing was to be an integral part of the test program, a l.4 m3/s
(3000 acfm) pilot fabric filter was designed and assembled by
PEDCo Zor IERL/Cincinnati.

The project objective for both test sites was to character-
ize the specific pollutant removal efficisncies of each control
device for different boiler loads, RDF inputs, and operating
parameters. It has been assumed that any full-scale application
of these control devices to a coal- and RDF-fired boiler must
overate with varying f£flue gas temperatures and compositions. A
plan was developed to monitor and measure these two factors, but
not to modify or control them.

The IERL/RT? mobile ZSP and scrubber as well as the IZRL/Cin-
cinnati pilot fabric filter were slipstreamed cn Ames' Boiler 7.
The scrubber and ESP weres tested in October and November 1978
while the fabric filter was testad in June and July 1979. Ames
Boiler 7 is a tangential fired pulverized coal unit with a 33 MW
capacity. During the test program, RDF suppliad from 0 to 25
percent of the total boiler heat input. The scrubber was tested
both upstream and downstream (primary and secondary) of the exist-
ing full scals ESP and the mobile ESP ancd fabric filter were
tested only as primary devices.

At Ames, total uncontrolled particulate emissions did not
appear significantly different when comparing coal only *ests to
ccal plus RDT tests. Some uncontroleed trace elements and
gasecus chlorides increased significantly when burning RDF plus
coal. Lead and zinc emissicns concentrations weze abou: 3 times
nigher and gaseous chlorides emission concentrations were about
ten times higher when burning 23 percent RDOF clus ccal than wnen
burning coal alone.

The scrubber operated at pressure drops of 25.4 and 76.2 cm
(L0 and 30 in.) H20. The sarticulate removal =fiiciency of the
scrubper was consistently above 99 percent when used as a primarv
cevice but considerably less (72 to 97 percent) when used as a
seconcdazy device. The particulate removal efficiency of the ES?
ranced from 94 to 98 percent and cf the fabric £ilter above 99
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percent. Neither scrubber, ESP, or fabric filter particulate
removal efficiencies changed appreciably as the portion of heat
input supplied by RDF increased. The efficiency of trace element
removal was typically less with the scrubbker than with the ES? or
fabric filter. Ffor example, lead removal efficiency was about 90
percent with the scrubber, but greater than 95 percent with the
ESP and fabric filter. Alternatively, the gaseous chloride
removal efficiency was greater than 95 percent for the scrubber
but negligible for the ESP and about 20 percent for the fabric
filter.

At Ames, the full scale fabric filter controlling %the pre-
processing system was tested to determine its particulate removal
efficiency. The fabric filter controlling the 140 Mg (150 tons)
per eight hour day plant operates at 22.4 m3/s (47,000 acfm) and
collects the in-plant air via hoods located at critical dusting
points, “‘especially transfer points. The cleaned air from the
fabric filter is discharged back into the resource recovery
plant. The tests showed average inlet and outlet concentrations
of 446 mg/m3 and 9.73 mg/m3 respectively for an average particu-
late removal efficiencv of 97.8 percent.

The IZRL/Cincinnati pilot fabric filtsr and a pilot venturi
scrubber from Neptune/Airpol were slipstreamed as primary con-
trols on the Braintree Municipal Incinerator. These control
units were tested August through September 1979. The Braintree
plant has two waterwall incinerators with a design capacity of 5
tons of unprocessed refuse per hour each. Incinerator No. 1
which operates continuously was used for testing, and it is
controlled by a Wheelabrator-Frye ESP.

The pilot fabric filter that was testad at the Ames site was
transported to Braintree and slipstreamed upstream of the full
scale ESP. The fabric filter was automatically operated and
functioned 24 hours a day. By varying operating conditions of
- the fabric filter and maintaining steady-state conditions at the
furnace and boiler, the control performance of the fabric filter
was evaluated with respect to: precoating, pressure drop, air-
to-cloth ratio, and cleaning mechanism. A lime precoat was added
to the flue gas stream during some of the tests upstream of the
fabric filter but downstream of the inlet sampling lccation. The
pressure drop across the fabric filter ranged from 8.9 to 15.8 ¢m
(3.5 to 6.2 in.) of water. The cleaning mechanism was reverse
air, shake, or both. Varying the air-te-cloth ratio from 1.1 to
2.0 did not significantly effect the pollutant removal efficien-
cies. The cleaning mechanism also did not appear to have a
perceptible affect on performance, however the amount of time
necessary for each mechanism varied. Shaking took the longest,
reverse air next and both took the least amount of off-line
clearing time. The particulate removal efficiency averaged 95.2
percent for all tests. Most trace element removal efficiencies
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were consistent with the particulate remowval. Sulfur oxides were
not effectively controlled by this device, nowever precoating the
fabric with lime roughly doublecd the SOy removal efficiency (20
to 40%), when compared t9 the "without precoating” tests. Gas-
eous chloride removal efficiencv Zor "without srecoating” tests
averaged 28 percent, and increased to 38 percent with the lime
precoat.

The scrubber used at this site was a pilot venturi scrubber
rented from Neptune/Airpol. It was installed on Braintree's
incinerator no. 1, using the same slipstream duct work as the
pilot fabric £ilter. The pilot scrubber operated unfiltered,
recirculating scrubber ligquor. The pH was controlled through
addition of sodaBash. The ligquid-to-gas ratio ranged £from 3.5 to
18.4 gal/1000 £t~ and the pressure drop ranged from 10 to 32 in.
H20. The particulate and trace metal removal effiiciencies for
the scrubber were much lower than the pilot fabric £ilter, how-
ever, gaseous chlorides were removed with 96.5 percent efficiency.

The scrubber tests showed scme re-entrainment of particulate
in a few of the runs due to pocr demister removal of water
droplets. The particulate removal efficiency averaged 72 percent
during tests in wnich re-entrainment was minimized.

In summary, the fabric filzer performed more effectively
than the scrufber ia removing particulate pollutants but not
gaseous compounds.

Currently, all £ield and analytical work is ccmpleted on
this project. One report entitled "tvaluation of Fabric Filter
Performance at Ames Solid Waste Recovery System” is in preliminarv
draft stage and evaluates the particulate control achieved by the
fabric filter at the Ames RDF clant. 7Two other recorts are
presently being porepared, one covering the evaluation of the
mobile ESP, scrubber and fabric filter tests conductad at the
Ames Power 2Plant, and the other report will discuss results of
our tasts of the mobile fabric f£ilter and scrubber at the 3rain-
tree mass burn iacinerator.
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TREATMENT CF WASTEWATERS FROM
REFUSE-TC-ZNERGY SYSTEMS

BY

GORDON P. TREWEEZX, Ph.D.
MEMBER ASCZ

ABSTRACT
This paper discusses the wastewater treatment technologies that can ke
effectively utilized at WAF facilities to treat waterborne pollutants. The
principal water-borne emissions contain organic surrogates (30D, COD, TSsS)
in coq;entrations up to 100,000 mg/1l at pyrolysis units; organic priority
Pollutants in concentrations up to 100 mg/l at pyrolysis and digester units;
and trace metals in concentrations up to 1,000 mg/l in incinerator scrubbers.
The efficacy of aerobic, anaerobic¢, and physical chemical treatment steps
on the wastestreams produced at incinerators, hydrapulping facilities,
pyrolysis units, and digesters is projected and potential treatment trains

are recommended.

INTRODUCTICN
During the past ten years, shortages of basic raw materials such as ferrous
metals, scrap paper, and fuel oil have prompted private and governmental

agencies to investigate the recovery of valuable materials frcm solid wastes.

James M. Montgomery, Consulting Zngineers, Inc.
$55 East Walnut Street, Pasadena, California ©1101
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For example, the fuel shortace of late 1973 and the sutsecuent dramactic
increase in fuel prices have resylted in a major effort to f£ind alternative
sources of energy. Cne possible sourcs of energy is the solid waste
generated from municipal, agricultural, and forsstry operations. Although
the composition of these wastes varies widely with the type of enterprise,
consu=er habits, geographical locaticn, time of vear, and numezous other
factors, the waste streams invariably contain a high organic content which
can be either directly combusted or converted %o conventicnal fSuels.
Without scme form of recovery of their material and energy properties,

the increasing quantities of solid waste, along with projected depletioh
of econcmical waste disposal sites, czastitute a growing waste dispesal
preblem. Thus, the incTeased cost of fuel and raw materials coupled wizh
the increased concern over the environmental impact of disposing larsge
volumes of solid wastas, has prompted significant investigation into waste- -
as-fuel (WAF) processes. This paper discusses one aspect of WAP processes:
the water pollutants produced and the technology available to =reat these

wastes.

WASTESTREAM IDENTITICATICON
A two-step proceduée is followed in processing refuse into useakle Zfuel:
preprocessing and oconversion. Preprocessing consists of a series of
physical cperations which size, classify, and segrecate the raw rafuse
into useable fracticns. Conversion consists of cne of the following four
it cperations: contusticn (mas§ incineration or co=firing), pvrolysis,
anaersbic digesticn, or methanaticn., From a water pellutieon c=ntrol stané-

cint, filerate frem nydrapulzing (preprocessing), incineratzr scTabber
>4 Fe<ging s
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washwaters, pyrolysis condensate, centrate from anaerobic digesters, and
leachate frmm landfills (methanation) constitute the majcr sources of

wastewater.

The extent of water use and wastewater production are primarily dependent
upon the type of process utilized for preparing the municipal solid waste
(MSW) and the actual combustion process i:Self. Wastewater streams range
from very small quantities of high organic demand wastewater, such as that
asso;iatad with the condensate of pyrolysis units, to relatively large
volumes of lew erganic demand waétevater, such as that utilized to sluice
ash residue frcm mass burn combustors. Four major catagories of pollutants
were identified in the wastestreams at WAF facilities: the organic
surrogates (30D, COD, TSS), which measure the oxygen demand of the waste-
water on the receiving water body; the mineral gquantity, specifically
corrosive agents such as chlorides and sulfates, and the hydrogen icn
concentration; the organic priority pollutants including total organic'cazbon
anéd total arganic nitrogen; and the heavy metal priority pollutants. While
in most cases, good data were available on the organic surrogates and the
mineral guality of wastewater produced at refuse-derived-fuels (RDF) and
WAS facilities, very little information was available on the orgariz angd

heavy metal priority pollutants.

PREPROCESZING
The extent of wastewater production in preprocessing operations cdepends

almost exclusively on whether wet or dry pregrocessing steps are utilized.



In dsy preprocessing operations, wastewatars are produced in small quanti:zies
at cnly a few locatians. Water is used rarely in the actual procass since
any ocisture adcded to the ROF must be eventually evaporated in the cznver-
sion facility. The primary uses for watar are dust contzol, fire fighuing,
and clean-up activities. Water is alse usgd oczasionally in some types of
material separaticn wiits, such as those recovering aluminum and glass.
Wastewaters primarily originate from washdcwn operations, drainage from
storage pits, and the above-amenticned materials recovery processes. Trash
cznfine§ in the storage pit may leach compounds such as pesticides and
organic scolvents which can have adverse effects on wastewater treatment,

but these conditicns must be evaluated on an individual basis and <zeated
accoridingly. 1In most cases the wastewater f£rom érv preprocessiag operazions

can be discharged safely to sanitary sewers.

In contrast to doy preprocessing, wet preprocessing or pulzing of MSW
involves placing the matsrial in%s a lavrge hydrarulper, analogous in
cperation toc a househocld gasbage grinder. A thick slurzy ¢f MSW is formed
with heavy particles of ferrous materials and other nen-ferTous materials
secarated by centrifugal aczion. The slurry containing the crganic fraczicen,
glass, and small pieces of metal is segregated into light and heavy fraczions
via licuid cyclene. The light erganic fraction is dewatered by screening

and pressing, ard the liquid waste streanm is recirculated to the pulper.

The dewatered pulp can be cleaned and dried for use in paper products or

burned for enercy producticn.

Depencding en <whe c==tination ¢f enersy recovery ané materials segaration,
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water is recuired for pulping, cleaning, equipmenc coecling, and rescurce
recovery. In most cases the quality of water is not critical, which permits
the use of non-potabl?2 supplies such as sewage treatment plant effluents

and sludges. By far the largest quantity of water is required by the hydra-
pulper. Water fﬁr the hydrapulper can be obtained from the dewatering and

material recovery units through recirculation.

Three sources of wastewater exist in the hydrapulping system: the waste-
water blowdown from the recycling hydrapulping system, the sludge/sluzry

mixture which has been dewatered in the cone press, and the effluent from
air pollution scTubbers. These wastewaters are characterized by their

large volume and high organic content. (Takle 1.)

CONVERSION

Following preprocessing, the MSW is canverted either directly into energy
or inte fuels for combustion. Our study found wastewaters associated
with the two principal combustion processes; the mass burn incinerator and
the co-firing boiler; the anaercbic digestion process; and the pyrolysis

process. The latter two processes produce fuels for subseguent combustion.

The wastewaters from combustion processes consist primarily of site drainage
and washwatérs; quench and sluice waters; beiler blowdown; and scrubber
effluent. The first three categories of wastewater are generally small in
quanzity cor cf low strength and can be discharged directly into sanitary
sewers. The largest quantity of water is used far scrubbing exhaust gases.

Waterwall incinerator facilities help keer water use to a minizwum by usin

W
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electrostatic precipitatsrs and dry handling systems for ash. While
elaectrostatic precipicators are preferved frem a water pollution sanssal
viewpoint, nevestheless wet scrubbers may be required for the removal of
gaseous chlorides and SO, in ordexr to meet air quality standard The
scrubber waters are generally acidic, with pH's in the range 2.5 to 5.0.
The total sclids ceoncentration varies fram 500 to 7000 mg/l with about
80=-85 percent being dissolved seolids. The chloride, hardness, sulfate,
and phosthate concentrations of the incoming raw watar are significan«ly
increased after passing thrcugh the scrukber. Fusthermore, the scrubber
wastewaters oftan contain high concentrations of tvace metal pricrisy
pollutants wvhich must be remcved p;ior to discharze to either the sanitary

-

sewer or tie a=bient resceiving water, (Taktle 2.)

Pyrolysis inveclves heating a preprocessed MSW to a sufficiently high tempera-
ture in a low-oxygen eavironment SO that the organic cooconents break cown
chemically. The heat for pvrolysis of MSW usually is cobtained Sy torally
oxidizing part of %he refuse. The pyrelysis reacticn procduces three com-
penents: 1) a gas consisting primarily of hydrogen, metlane, carbon men-
oxide, and carbon dicxide; 2) an oily or liquid fracticn which contains
organic chemicals such as acstic acid, acetone, and methancl plus water
derived from hydsolysis or orsanic casmpounds, and 3) a selid char fraction

consisting of unburned carbon plus inert materials such as glass.
Water is used in pyrolysis plants for cooling, gas scrubbing, char quenching,

and miscellanecus housakeesing. Wastewater stresams of majer concern are

those collected fxoa serudbbers, condenserss, and cther gas cleaning deviges.
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These wastewatsrs usually are high strength and contain a variety of organic
materials formed during the pyrolytic reaction or vaporized from the raw
RDF. A BODg in the range 50,000 to 100,000 ppm is caused by water-soluakle
organics such as alcshols, organic acids, and aldehydes. BOD's in this
range are too high for conventional activated sludge and must be pretreated
by other processes. In addition to the hish erganic strength, the pyrolysis
condensate is characterized by high concentraticns of crganic priority
pollutants such as phenol, benzene, and toluene; and the gas scrubber waters
are characterized by high concsntrations of trace metal priority pollutants.

(Table 3.)

Anaerobic digestion of sewage sludge to produce methane gas has been a
comnon practice in sewage treatment, however, anaercbic digestion of MSW
is only in the developmental stage at this time. A system for digesting
the organic part of municipal trash in a mixture with sewage sludge is
currently under shake down testing in Pompano Beach, Florida. Two waste-
water streams are anticipated: storage pit drainage and a licuid effluent
generated from dewatering the digested sludge. ©No data are available on
the composition of these waste streams when MSW is digested with the sewage
sludge, We anticipate that the dewatered filtrate from the digestion cf
combined MSW/sewage sludge will be similar to that which exists at normal
sewage sludge digesters. Thus, the wastewaters will be characterized by
hich BOD's, in the range 500-10,000 mg/l and high concentrations of

organic priority pollutants, in the range of 650-3,800 mg/1. (Takle 4.)

In summary, although many sources of wastewater exist at RDF and WAT
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facilities, the quantities and strencths of the wastewater are of<en small,
Consequently, these wastes can usually be discharged dirsctly ints the
sanitary sewer or held for a briaf period in an oxidation pond before
discharge to apbient receiving waters. In addizicn to these small
insignificant scurces, we found several major waste streams generated

in RDF/WAF facilities. The exact quantities and strengths of these

wastes are highly dependent upon the operating characteristics of the
particular facility. Impor=ant constraints on operating charactgfistics
have been 1) the local air and water quality standards, and 2) the

availability of sanitary sewers.

The major waste streams of concsrn, associated wiih current RDFP/WAF
facilities, are:

l) Pressate Zrom the dewatsred subsystem of the hydrapulping wet
pregrocessing facility. This wastewater is characserized by modarata
8CD/CCD (less than 10,000 =g/l), moderate suspended solids (less than

10,00Q mg/l), and acidic pH (pH less than 7.0).

2) Pyrcelysis condensates and gas scrubber effluents. These wastewaters
are characterized by very high (greater than 10,000 =g/l) BQD/COD, low
(lass than 1,000 mg/l) suspended solids, and hich organic content,

especially phencls and benzene czmpounds.

3) PFPiltrate and supertnatant from anaerckic digesters. These wastewaZzZerss
are characterized by high (greater than 10,000 =c¢/l) 3CD/COD, high
(gTeater than 10,000 =3/1) suspended sclids, and neucral pH's.

4) Gas scrubber effluent frsm combustion facilities. These wastewazess
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are characterized by low (less than 1,000 >g/1) BOD/COD, low (less than
1,000 mg/l) suspended solids, variable pH, and the presence of heavy

metals.

PROJECTED TREATMENT EFTfICIZNCIES
The efficiencies of pollution control technologies applicable to the

identified waste strezms are discussed in the following paragraphs.

As presented earlier, the principal waterborne emissions are the organic
surrogates (80D, COD, TSS), the organic priority pollutants, and trace
metals. The first two ﬁ:e efficiently treated with biological processes,
either aercbic or anaerobic; whereas the latter are successfully removeé
via physical-chemical processes. Physical-chemical methods are also
effective in removing organic surrogates but the total cost is higher
than with usual biclogical processes. Similarly, some adsorption and
removal of trace metals oczurs in biological processes, but this removal
is incidental to the real purpose: the conversion of soluble organia

material into microorganisms and gas.

Waste streams identified as quench water, sluice water, and ash pond
efflpent associated with mass burn and co-firing incinerators are readily
treated gith existing contral technology. Other waste streams such as
the scrubber waters at mass burn and incinerateor facilities and digester
supernatants at the anaercbic digester facilities appear amenakble to
treatment via physical-chemical and aercktic biclogical processes,
respectively. Which of tle two control processes would be most successful
in treating these wastes or whether the control processes may be reguired

in tandexz shoulé be investigated in pilot studies. The remaining two
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t2 strearms, the pyrclysis gas scrubber water and the thickner waste-
vatar frozm the bydragulzing proc=ss have far greater strength than
normally associlated wvith domes=tic wastewater, 2Pilect plant data (14-19)
indicate that these wastewaters shouléd be amenable to treatment by
anaerobic processes; the pyTalysis gas scoubber water being especially
adaptable to the anaerchic filter tresatment procass because of low
suspended solids and elevated temperatures, the hydrapulping wastewater
being amenable to the anaercbic biological contact process because of iis
high suspended solids. Both of these treatment processes are in the
develormental stage and will require verificazicn tes:ting toc detarsmine

operating parameters and applicability to particular waste sirsams.
P P 7 F

Aercbic biological processes can be applied effectively to any of the
organic pollutants identified earlier. Under aergbic conditions, the
soluble crganic matter in a waste stream is converted into active
bicmass. Organic resoval efficiencies of aercbic processes range between
80 and 90 percent. The removal efficiency cf soluble organic material

from the liquid phase is aczually greater; however, enough scolids escape

the final clarification process to reduce the overall efficiency.

The efficiencies of the various treatment sieps discussed above in removing
significant pollutants from pertinent industrial discharges are presented
in Takrle 5. 7The listed industries produce wastestrsams similar to those

encountered in ROF-WAT facilities.



RECOMMEINDED PILOT PLANT STUDIES
Based on the strengths of wastewaters produced at RDF-WAF facilities,
and the anticipated removal efficiencies of various treatment processes,
pilot plant studies are recommended to verify removal efficiencies and to
determine whether linkage of processes in sefies is required to meet
discharge standards. The pilot plant studies would investigate the
effectiveness of aezobic, anaercbic, and physical~-chemical processes

in obtaining the desired effluent quality.

Two main aercbic processes are available: filters and ac=ivated sludge.
Inithe biolegical filter, waste is applied continuously or intermittently
to the top surface of the filter. Natural rocks or ceranic or plastic
£ill material have been successfully used as filter media. Air is
circulated through the filter either by natural convection or forced
draft to maintain aercbic conditions throughout the depth of the media.

A diverse population of microbites and microlutes live on the surface

of the media and utilize the waste either directly or as high food chain

consumers.

In the activated sludge process, the microbial populaticn is dispersed

in the liquid phase. The population is less diverse but more concentrated
than in a biclogi;al filter. ir is introduced into the liquid phase

to maintain aerobic conditions and to keep the microbial pogulation in
suspension. Organic removal in activated sludge can be improved by
increasing the number of microorcanisms in the mixed liquor or the period

of contact of the waste with the microorganisms.



In ordexr to provide flexibility in the operxation of an aerckic pilect
plant, both the bhiofilter and the activated sludge processes should ke
constructed. The biological filter can be selactively inserted into
the treatoest train in front of the aeration tank. In addition to
gverall increased efficiency, the diverse biota of the biological
filtexr axe resistant to shock lsadings and toxic elements, thus affording
a degree of proteciion against upset not available in an activated
sludge process alone. The effaciive depth of the biclogical f{iltexr can
be varied, as can thé amount of flow path of reci:culaﬁicn within the
filter, V¥aste streams with high COD will probably recuire the use of a
biolcsical £ilter as a first stage roughing filter prior to activatad

5ludge t-eatment.

The activated sludge aeration stage should be designed as a ccmpletely
mixed reactar; a ccnfigu:aticn suitable for high orsanic loads and easy
operation. The aeration tank should be divisible ints four compartients
to facilitate variation of aeraticn time. The aeraticn systez can be

cenverted from air to pure oxygen.

Anaerobic treatoent is well adapted to target waste streams containing
high concentrations of organic surrogates. An exception to the above
statement is the digester supernatant, where the efficacy of trzazing
the effluent f-om an anaerohbic treatment system with ancther anaerodbic

treatment system is dubious.

The efficiency of anaerobic processas appears to increase with higher



concentrations of organic surrocgates and high temperatures in the anaerchic
reaction vessel. 7Thus, an anaercbic treatment process is ideally

suited for a warm, concentrated waste stream. The pyrolysis waste

is the primary cand:idate for anaercbic treatment because of its
concentration and elevated temperature. Anc£he: likely candidate is

the hydrapulping waste stream.

Based on the available data for waste streams at WAF facilities, two
anaercbhic treatment processes are recommended for construction in the
anaerckic pilot plant. These processe; are the anaerobic filter and
thg anaerobic contact chamber. 1In the anaercbhic contact process, the
solids retention time is increased by recirculating sludge removed in
the secondary sedimentation tank. The anaerchbic filter, on the other
hand, retains the sludge within the primary vessel; both on the media
and berween the woids of the media. In anaerctic processes the
conversion of soluble organics to gases is high; eighty percent gas

(C:-I4 + COZ) to twenty percent sludge production is not uncocmon. Beﬁause
of this, anaerobic processes can treat large quanti<ties of crganic waste
with only a moderate builéd up of sludce. Indeed, low sludge generation

and methane production are the two majey advantages of anaerobic treatment.
]

Operating experience with both types of anaerobic processes is scant.

Our literature review showed only one full-scale operation of the anaerobic
filter and no full scale operation of the anaerckic contact chamber. In
spite of these limited coperazions, both processes have significant
advantages over aercbic treatment. The anaerchic filter is simple to
cperate, does nct require sludge recirculaticn, and reguires construction

of only cne wvessel.

i~
+—
i~



The physical-chemical tresat=ent process is directly applicakle to

the tresatment of wastes found in incinerator scrubber waters., Furthermore,
the process may be combined with sither the aezocbic or anaerxckic

treatmen< processas to produce an efiluent aczeptable for discharsge

to ambient receiving watars.

Since a physical-chemical pilot plant may be used in a tertiary role as
well as by itself, the flow must be compatable with the other pilot
plants, particularly with the aercbic unit. Zxtensive bvpass cacabilizy
must be provided so that in the tezxtiazry t:eat::eni nale, individual unit
processes can be inserted or removed as desired. The unit procasses of
flocculation, sedimentation, filtraticn, and carben adscrption should

be provided in the physical-chemical pilot plant.

Operatiocnal variables that can be controlled for exgerimental purposas are
1) the chemizal dese=-variation {n amcunt and type of primasy coagulant and
filtar aid; 2) flocculaticn-——flocculation energy input, detention time, and
sludge=-solid content; 3 filsration--filtar media design and filtratien

rata; 4) carbon adscrzticn--contact time in the adsczption eolummn.

OUnlike the biological uniis, the physical-chemical pilet plant dces not
require a pericd of czll growth and acclamation upon startup. Most modifi-
cations to %he treat@ent process can be accomplished in a matter of minutes.
Bcusing the physical-chemical processes in a segarate trailer will provide
addizional flexibilizy in the seguential or cocncarrent operation of the
€ifferent processes on the WAF waste streams.

3ased on the waste streams cenerated in WAF facilities, and the availanle

vastewater trea‘ment processes and efficiencies, czmtinations of treatment
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Processes may be required to achieve the effluent limitazions for discharge
to ambient receiving waters. 1In most cases, the use of a single treatmernt
Process will praduce an effluent acceptable for discharge ;o & publicly-
owned treatment wcerks. Bowever, in virtually all cases, a thysical-
chemical process following either an anaercbic or aerobic process will be
required to pelish the effluent and thereby meet discharge standards for

surface watars.

For hydrapulping waste streams, either anaerobic or aerobic processes

should be effective in producing a 90 percent reduction in the high BOD and
COD of these wastewaters. For comparison purposes, two anaercbic processes,
the anaerobic {ilter and the anaercbic contact chamber will be operated

in parallel along with the aercbic pilet plant, consisting of a roughing
filter and activated sludce aeration. Based on the efficiencies cof &%hese
processes, the effluent should be acceptable for discharge to POTW. For
discharge to surface waters, a physical-chemical pilot plant must be
utilized to further reduce both organic and inorgarnic cosntaminants.

(Figure 1.)

For contamipants identified as occcurring in incineratsr or boiler scrubber
waters, either aerobic or physical-chemical processes should be effective
in treating the relatively low BOD waste streams. The physical-chemical
pilot plant should effectively reduce both the crganic contaminants and the
trace me;al concentrations to levels acceptable for discharge to surface
waters. The aercbic treatment process will probably require subseguent

polishing via physical-chemical processes to remove trace metal contaminates



ta levels accegtable for discharge to surface waters.,

The waste streams produced in the condensation of gases and the
separation of pyrolysis fuel oils from the scTubber oil are the most
difficult to treat. Based on the very high BOD's and the low suspended
solids from this WAT procass, the anaerobic filter appears ideally
suited for the initial treatment step. To date, the anaerchic filtar
has been utilized only once in #ull scale operations and conseguently
the pilot plant data will be especially wvaluable in the development of
this innovative technology. The anaerchic contact procsss will run
concurrently with the anaerobic filter for compariscon between the two
pracesses. Likewise, the aercbhic pilot plant should ke uytilized with the
pyrolysis waste streams and the resulss campared with those from the UNCX
process utilized by the Union Carbide Company in treating their Purex
vastawaters. Subsequent physiczal-chermical treatmeni may be regquired
priar to discharge ts surface waters for the removal of trace metals
although these have not been specifically identified in the analysis of

pyrelysis waste streams. (Figure 3.)

The wastewaters from the anaerobic digestion of MSW are the mest poorly
charactsrized because the process itself is only now undergoing full
scale investigation. Depending on the oxygen demand cof the waste streams,
eizher the aercbic or the physical-chemical processes should be eflective
in its treatment. The aercbhic process woutld generally be ineffective

in the removal of traces netals and conseguently, based on results of
fuzther testing, a physical-chemical process may be recuired to usgrade

the effluent. (Figure d.)



In conclusion, based on the results of cur investigation, we feel that
three pilot plant trailers should be designed, constructed, and

operated in the field at WAF facilities. Thése three pilot plants,
anaerchic, aerchbic and physical-chemical, should be operated both

in series Qnd in parallel to obtain data on the relative efficiencies

of the different processes. The operation of the anaersbic pilot plant
should be especially wvaluable because of the innovative nature cf the
processes involved. 1In addition, the operation of the other pilot plants
will provide valuable information on their respective removal efficiencies
vith respect ¢o organic and trace metal priority pollutants. The
successful operaticon of the pilot plants at WAF facilities will provide
vaiuable information on the wastewater streams generated and the
applicapility of various treatment schemes in reducing the pollutant levels

in these waste streams to acceptable levels.,
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TABLE 1

SUMMARY OF SIGNITICANT POLLUTANTS IDENTIFIZID IN EYDRAPULPING WASTZ STRZAMS [I]

THICKZNER

PARAMETER (m=/1) BLOWDOWN WASTIZNATER
Crganic Surrogatss

B.0.D. 2,840 2,880

C.0.D. 8,954 6,799

T.5.S. 4,795 2,882

O and GREASE * *
Mineral Qualit

Na * .

cat? v .

Total Alkalinity * *

a,— * <

-2

504 L]

NO3 NE,:N = 29 !EJ: - 24

9023 . .

w. * *

PE (units) 5.78 4.3

Do . .
Pricrity Pollutan:s

Organics @ .
Priority Pollutants

Matals . *
Flow (liter/min) 290 110
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TABLE 2

SUMMARY OF SIGNIFICANT POLLUTANTS IDENTIFIZD IN INCINERATOR WASTE STRETAMS [2-3]

PARAMETER (mg/1)

QUENCH WATZR

SCRUBZER WATEZR

Organic Surrogates

B.0.D. . 15-400
c.0.D. . 20-790
T.S.S. 4-4,070 90~13,000
Cil and Grease bd *

Mineral Quality
Na® 3.36-1, 306 14-1,621

+
cat? £6-517 19-1,499
Total Alkalinity 0-835 0-2,630
a 98~1,920 180-3, 540
so;2 25-5000 20-1,250
No; 35-100 10-710
po;3 1-21 1-51
N . 5.2
pH (Units) 3.6-11.5 1.8-11.9
Do . .

Priority Pollutants
Organics . *

Priority Pollutants
Metals . Hg 0.03-11

AS 0.2-7
T-gi 1-200
e 0.06-7

Pb 13-500
cd 1.2-20

Fe 40-3,600
Cu 1-52

Zn 30'1: 050
Mn €-65

Flow (liter/min)

Conmiineé flows up to 2,200 1l/m




TARLE 3

STMMARY OF SIGNITICANT POLLUTANTS IDENTIZIZD IN¥ PYROLYSIS WASTT STREAMS ([9=11]

PARAMETER (me/1)

PYROLYSIS CONDENSATE and GAS SCRUB3ITR WATER

Organic Suzzogaces

B.0.D. 5Q,000-77,000
C.0.D. 39Q,000-52,0Q0
T.5.S5. 30=-1212
0il and Gzease 500-1,000
Mineral Qualisy
Na© gs=-170"
ca*? 84-135"
Total Alkalinisy
" 360-690"
so72 44-62"
.; L J
NO3
-3 .
P04
< 2-3"
pE ( unizs ) 3.7+
s o] 2.4=3.7+
Priorisy Psllutants
Crganics Phencl 20=50+
2=4 Dimethyl Pheno Q.6~%+
Benzene 4+
Toluene 1+
thylbenzsne 1+
Naphthalene 3+
Pricrity Pollu*ants
Matals lead 0.3-0.8+
Zine 2.8=15+

Flow (liter/min)

Up to 250=-zegcores differ




TABLE 4

SUWMMARY OF SIGNITICANT POLLUTANTS IDENTIFIED
IN DIGESTER SUPERNATANT/TILTRATE [12-13]

PARAMETER (mz/1)

DIGESTER SUPSRNATANT/FILTRATE

Organic Surzogates
B.0.D
c.0.D.
T.S.S.
0il and Grease

500-10,000
1,000-30,000
200-15,000

«

Mineral Qualicy

+
Na

+
CaZ

Total Alkalinity

cL
-2
504

NO3

-3
P04

o]

pH (units)
s o]

.
.
100-2.700
.

6.4-7.2

Priority Pollutants

Organics

Total wolatile solids €50-3,800

Priority Pollutants
Metals

Flow (lite=/min)

(S
"~
o




ITICIENCY CF TREATMINT PRCCZISSES IN REMOVING SIGNITICANT

TABLE S

POLLUTANTS FROM PERTINENT INDUSTRIAL DISCEARGZES (20-22)

Percent Removal (\)

Industsv/level
or Treatment

cD

Cil &
Grease

Phenol

Sulfide

Petrolam

Primazy
Biological
Secondary
Filtration

Carbon Adsorption
Anaercobic Filter

30-60

40-99
40-70
70-98

20=30

30-385
20-33
70-54
10=-13

50-80

20-85
75-95
60-30

60=35

50=33
65-95
70=35

=50

60-59
5-20
90-100

0-99

70-100

Steam Elecwriz
Power

Prima~y
Biological
Secondazy
Anaershbig Filter

S0=70

70-90

5Q=-95 |

Pulp & Paper

Prizma-v
Biological
Secondary
Anaersbic Filter

85-239

73-34

95

Steam Suz2ly &
Cocling

Precipitation &
Czacgulation

—

90-100 |

roaric Qienicals

Biclogical
Secondazy
Carbon Adsorption

93
30

63=74
69

2lastics §
Svnthetiss
e ——————————te—

Biclogical
Secondazy

80-39

90-35

Tood Processing

Anaerobic Filter

55-86

Pharmaceutical

Anaezokbic FPilter

94-38

Wastewarpr Traoas-
ment rlant

Anaerckiz Filter

8s

76

~o
~
—
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