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FORWARD

The U. S. Department of Energy, Office of Environment, Office of Environmental
Assessments, is conducting a project entitled Technology Assessment of Solar
Energy (TASE) Systems, to evaluate the range of potential environmental, health,
and socioeconomic consequences of rapid, large-scale commercialization of solar
technologies. The goal of this project is to identify and analyze both the
positive and negative effects of solar technology deployment. The project will
provide a basis for avoiding potential problems and for grasping opportunities
during the transition to solar energy in the U. S.

Massive solar development will force major increases in the use of those raw
materials needed to make solar system components. Along with this increased
resource consumption and production will come associated pollution. In addition,
rapid solar energy development may mean significant secondary or unplanned
changes in institutions and lifestyles as the nation moves toward greater use

of solar energy systems. The TASE project is designed to provide a quantitative
analysis of the direct and indirect effects of solar energy use. In so doing,

it will help define an environmentally acceptable solar future.

This report is an element of the TASE Solar Technology Characterization Series.
We would 1ike to express our appreciation to Ron Ritschard and Ken Haven of
the Lawrence Berkeley Laboratory for their efforts in preparing this document.

Dr. Gregory J. D'Atessio
TASE Project Director
Technology Assessments Div1s1on

Dr. Robert P. Blaunstein, Manager
Conservation, Solar, and Geothermal Programs
Technology Assessments Division
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INTRODUCTION

The Technology Assessment of Solar Energy Systems (TASE).iS being
conducted by the Division of Technology Overview (Office of Technology
Impacts) of the Office of the Assistant Secretary for Environment '
(ASEV/0TI/DTO) of the Department of Energy (DOE). Analytical efforts
have been undertaken by several of the DOE national laboratories for
Phase I of the TASE program. This report presents the Phase 1 assess-
ment of assigned technologies by the Lawrence Berkeley Laboratory (LBL).
Two renewable resource technologies have been allocated to LBL for
analysis in the TASE program: Municipal Solid Waste (MSW) energy
conversion and cogeneraton.

The primary objective of the TASE program is to dctermine the probable
consequences to the environment and to public health and safety resulting
from widespread implementation of major solar and renewable resource tech-
nologies. The specific principal Phase I objective is to determine the
levels of residuals most likely to result throughout the complete energy
cycle from the utilization of each of the solar and renewable resource
technologies. .

At a time of rising energy prices and diminishing domestic supplies
of crude o0il and natural gas, many municipalities are also faced with
a solid waste management crisis. The cost of direct landfill disposal
is rising and available landfilled sites are becoming scarce in many areas.
Recovery of energy resources from MSW presents a partial solution to
both areas. MSW energy recovery can reduce the mass of landfilled wastes

by as much as 95 percent and can tap a vasl new energy resource. The

yearly collection of MSW is estimated to be 125 million tons nationwide
(Lowe, 1974). The typical energy content of raw MSW is 4500 Btu/1b.
Thus, the maximum potential energy resource base is enormous (1.25 x 10
Btu/yr).

Three basic technologies for recovering energy from MSW are considered

15

in this study. These are: (1) direct combustion using a waterwall incinera-
tor in which the heat from burning refuse is converted to steam by circulat-
ing water in steel tubes jacketing the interior of the incinerator;

(2) manufacture of a relatively uniform shredded, pulverized or pelleted

refuse-derived fuel (RDF) for supplemental firing in autility boiler; and .



(3) pyrolysis or destructive distillation of MSW to extract a low-Btu
fuel gas. While resource recovery and energy recovery systems can be
installed independently, the processes described here include both
energy and resource recovery systems as well as necessary pollution
control equipment for gaseous emissions. While it is realized that
other MSW resource recovery technologies are being developed

(e.g. anaerobic digestion or methane recovery from landfills); only
the three technologies mentioned above have been selected for inclusion
in this study. '

Initial MSW energy recavery in theaUnited States involved the
retrofit of waste heat boilers onto existing incineration units.
Additionally various incinerators have been retrofit with direct
waterwall heat recovery systems. Beyond the direct combustion techniques,
MSW energy recerry technology has not reached a level of development
associated with on-line commercial application. Rather, existing RDF
and pyrolysis plants are supported as either test plants or as demon-
stration plants. The principal problems associated with commercializa-
tion of these technologies have been technical performance problems
with existing systém designs and ‘failure to successfully market
facility energy products (Schnelle and Yamamoto, 1974).

Current '"on-line'" and planned MSW energy and/of resource recovefy.
plants are listed in Appendix C (Table C-1). Additionally, Appendix C
contains a list af private companies involved in MSW research and ‘
development (Table C-2), and an inventory of current research ‘activities
(Table C-3). Table 1 summarizes the current and projected on-line
capacity and approximate elecfrical energy generating plant equivalent.
The resulting total 1985 MSW energy capacity of 3135 MWe is conservative
since required lead'time for most MSW energy recdvery plant types is
less than four years (plants could be on-line in 1985 and not announced
until late 1980). '

At the other (optimistic) end of the possible forecasting spectrum,
St. Clair (1975) reported on the results of a survey of U.S, cities
in which 33 percent of all responding cities with populations. over
100,000 and 45.percent of all cities responding with populations over

250,000 plan to adopt capital-intensivevMSW‘resoufce and/or energy



Summary of Current. and Projected MSW Energy Recoveryldperational Plants

Table 1

.On-Line Plants1

~

‘ . .Planned Plantsz' Total‘

IType of “TPD ‘MiWe TPD . MiWe. TPD . Mwe
System Capacity Equivalent| Capacity Equivalent | Capacity  Equivalent
Direct . '

Combustion 9180 - 530 10,400 600 - 19,620 1130
RDF 6163 355 26,900° 1550 33,063 1905
Pyrolysis 1698° 100 0 0 1698 100
Total 17,041 985 37,340 2150 54,381 3135 MWe

1Includes operational, demonstratloh and test plénts.

2

3

All Planned Plants

are scheduled to.be on-line by 1985.

Plant Capaéity (MWe) ét 60 percent-capacity load factor required

to generate the amount of electrical energy which could be produced
from MSW using mean conversion eff1c1enc1es 11sted in Table C-4 of
this report.

4

Includes 325-TPD St. Louis plant no longer on-line.

Includes 75-TPD Erle County, N.Y. plant and 1000 TPD Balt1more plant
neither of which is currently on-line.




recovery facilities by 1980. Extrapolated across the country, this
would indicate a near-term MSW energy capacity of as much as 40,000 -
‘MWe. Actual 1985 on-line MSW energy recovery may be expected to
fall somewhere between these two extreme values. |

The principal forecasting implication of Appendix C is that
- near-term MSW energy recovery activity will be dominated by direct
combugtion and RDF systems with pyrol}sis gaining real importance
in the long term (1990 or later) based upon the results of ongoing
pyrolysis testing and research.

Cogeneration has recently received increased attention from
utilities, industries, and those involved in the public policy of
energy supply and demand. Interest is based on the very high energy
efficiency and the possibility of reduced emissions from power genera-
tion. Cogeneration systems are modified power plants which provide
both electricity and process heat or ‘'steam, such as required by many
industries a@d some large commercial and residential buildings. The
systems may use steam boilers, steam turbines, electric generators,
gas turbines, diesel engines, and waste heat boilers,. Traditionally,_
cogeneration has been a system where high pressure steam is used in a
turbine to generate electric power and low-pressure steam, which is
used for its heating value in an industrial process. There are other
equally valid processes using the same principle.

Three end use applications of cogeneration systems are charac-
terized in this report. The end uses analyzed include: (1) fluidized
bed cogeneration systems for use in the pulp and paper industry;

(2) diesel system using the digested sewage gas of a sewage treatment
plant for electricity generation as well as heating-and pumping; and
(3) an enhanced oil recovery system.

No new technology is needed for cogeneration systems and, in fact,
a few cogeneration systems have been operating for many years. Though
common in Europe, cogeneration has steadily declined in the United
States, largely because of institutional barriers and transition
costs. Nevertheless, functionally cogeneration is quite attractive
because of its very high efficiency of fuel use, corresponding decrease

in pollution and negligible consumption of water. For these réasons,

>
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people are advocating public policies to remove institutional
barriers and encourage cogeneration. Estimates of the cogeneration
capacity of the United States in 1985 range from 20 to 250 GW.

To meet the Phase I objective, LBL staff have characterized the
individual application associated with each general technology;-
calculated operational residuals.generated by each application;
determined the input capital requirements and, when possible, annual
operating input requirements; and have identified the technical and
institutional constraints for the widespread implementation pf each
application. ' ‘ V

A description is presented of the energy and material deielopment
cycle required for the implementation of each technology. In addition,
the capital requirements are compiled and presented in a SEAS system
format. These capital costs will'be used at a later time to compute
the material demands and capital residuals.

Based on the technology characterization, estimates of the operating
residuals per 1012 Btu of energy produced are made for each stage in
the energy cycle. The results of this analysis, which represented
the expected level of pollutants discharged to the environment, will
be used in Phase II to determine the environmental impact of these
’selected technologies as a function of the number of quads of energy

produced and are summarized in SEAS input format in Appendix A.
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TECHNOLOGY APPLICATIONS A , | '

Direet Combustion of MSW

‘Introduction

Of the three MSW energy recevefy»technologies‘considefed for this
study only direct combustion syseems depend entirely upon existing equip-
ment and>processes Direct combustion systems generally involve no- front
end systems but rather load MSW d1rect1y into 1nc1nerators _ They may be
dlfferentlated from RDF systems by this absence of prc- proc0531ng of
received refuse which is a nece551ty in the RDF process 'In general,

MSW is delivered dlrectly 1nto an 1nc1nerator and bnrned with the resulting
heat beiné partially'recapturedlehrough boilers dr.imugh‘less often, .
through gas tuibines. The cnar is removed to either a resource recovery
process or is land filled, and the waste gas stream is treated and
released after energy recovery. SeveralAdirect incineration systems;
however, do employ coarse shreddeis‘before incineration. Furthervpfee
processing would shift this process to an RDF process. Only two basic
energy products may be obtained from dlrect combustion systems: steam
and electricity.

There are two general types of direct combustion systems currently
being used in the U.S.: refractory wall incinerators and waterwall
incinerators. Steam is a basic energy product of both systems which can .
be converted to electricity in a steam turbine, Refractory wall incinera-
.tors have been used for many years as MSW volumetric reduction incinerators.
In volume reduction incineration no energy is recovered and all heat |
- escapes up the plant stacks. The conversion of such a plant to a steam-
producing plant conceptually requires only the insertion of a boiler
between the incinerator 'and the stack.

Waterwall incineration technology has existed in the U.S. for
25 years and was designed specifically for energy recovery operations.
In a waterwall incinerator steam boiler tubes are located along an upper
wall of the incinerator, and steam is generated directly in the incinera-
tor. A more detailed review of these two systems and of their eperating

characteristics is contained in Appendix F tb this report.
a



Technology Descriptionv

Because of its smaller waste gas flow and iower waste gas water
vapor content, a waterwall incinerator system was selected as the model
application for direct combustion technology. Figure 1 shows a detailed
process flow diagram for a typical waterwall incinerator system. MSW
is received directly from local collection trucks into a large holding
pit from which material is transferred by crane into the waterwall
furnaces. Bulky items are separated and ;hredded prior to incineration.
Furnace temperature is maintained at 1700° F to 1800° F to avoid
slagging. Solid residue is quenched and undergoes a resource recovery
process as described in Appendix B. This type of system, exemplified
by the Wheelabrator-Frye design, can operate with as little as 70% excess
air instead of the 250% to. 300% fypical of refractory wall incinerators.
Output steam is usually in the range of 400-600 psi and 500-700° C.

Electrostatic precipitators are used to clean the gas stream prior to

discharge. Major technological characteristics of this system are

summarized in the Technology Summary Sheet - I.
The major inputs and outputs from this system are summarized in

Table 2. As shown, energy recovery efficiency is 69.9% and total system

‘efficiency (including ancillary energy requirements) is 68%. The systenm,

as shown in Table 2, produces 1 x 1012 Btu of steam per year and this
represents_apﬁfOximately 1.25 x 1012 Btu of fossil fuel equivalent energy.
This equivalent represents an annual savings of approximately 50,000 tons
of coal. TFurther dotail on this equivalency calculation is provided.in
Appendix F. Residual concentrations are included in the Environmental

Data section.

Refuse-Derived Fuel.

Introduction

Municipal solid wastes (MSW) contain substantial quantities of
combustible material such as paper, plastics, wood and other organic fiber.

Since MSW varies in composition from area to area, the resulting refuse
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TECHNOLOGY :

DESCRIPTION:

TECHNOLOGY SUMMARY SHEET - I

Direct Combustion of MSW

Direct combustion systems involve the aerobic combustioh

of MSW without any preprocessing of the received MSW prior

to incineration. Waste heat is captured by either steam
boiler tubes inserted directly into the furnace (waterwall
system) or through a separate boiler (refratory wall).
Produced steam may be used directly or converted to electrical
energy. Solid char residual may be directly landfilled or
subjected to iron, aluminum and glass recovery processes.
Waterwall systems require less excess air (100%-150%) than
refractory wall systems (250%-350%), and burn at slightly -
higher temperatures (1100-2000°F) than refactory wall

systems (QOOO-ISOOOF). Plant capacities for both waterwall
and refractory wall systems vary from several hundred to
several thousand TPD with greater economies of scale possible
at the higher plant capacities. Product steam quality can

vary up to the range of 750°F and 600 psi.

DESIGN SELECTION -

CRITERIA:

END USE:

Direct combustion has been selected for characterization for el
several major reasons. First, the system uses only existing,- ~
"off-the-shelf" technology. Second, it is a low-cost l
alternative. Third, it is compatible with many existing
municipal incinerators used to reduce the volume of landfill
material. Fourth,.it is currently being used in over 50
cities within the United States.

The waterwall sxstém was selected for characterization
because its lower off-gas flow rate increases the efficiency
of emissions control equipment and decreased residual flow
rates, because the system has a higher efficiency, and
because average costs are slightly lower than refractory wall

systems.

Steam - either for district heating or fur industrial

"process heat.
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TECHNOLOGY SUMMARY SHEET - 1 (continued)

The basic system design includes both electrostatic precipi-
tators and scrubbers. However, significant flows of both
air and waterborne residuals are generated which result in
the highest residual generation rate of all MSW energy
recovery systems. Stack gas includes NOX, CO, HC1, NHS’

particulates and SO While the scrubber waste flow is

2° .
acidi¢, high in dissolved solids and hardness, the quench
waste has a pH of 9.9, is high in suspended solids and

is 90°C at the outlet.

v
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'Table 2

Summéry of Direct Combustion Inputs and Outputs
Parameter - 'Amount per 10]2 Btu output/year
~ INPUTS
Capital Inputs
~ lLand 10.8 acres . .
. Labor ~1.4 X 106 Hrs.
Dollars ~$48 X 106
" Operational Ihbuts" . |
MSW 1.57 x 10° Tons (1.43 x 10'2 Btu)
Process}Water 1.008 x 105-Tons
Electricity 2.94 x 10'0 Btu
Other Material Costs ~$2.5 x 10°
“Labor o .~~25,000 Hrs.
OUTPUTS
< o 5 e a2
. Steam 4.72 x 10° Tons (1 x 10 © Btu)
_ Iron | 1.18 x 10* Tons
Glass Aggregate - 8.65 x 103 Tons
Char- , 1.73 x 104 Tons
- .Stack Emissions 1.63 x 10® Tons

_fWaste.Water'?1ows

1.008 x 105 Tons
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1

fﬁel may also haQe.a different content. Appendix G contains a brief
"discussion of the chemical characterization of RDF. 1If properly pro-
cessed, MSW can serve as an energy source offering the advantage of .
"taPpingﬁ an otherwise wasted material. 1Its use can decrease demand for
more conveptjonai fossil fuels such as natural gas, oil or coal.
Utilization of MSW also greatly reduceé the volume of refuse for disposal,
. thus relieving pressure on landfill operations.
Several of the methods proposed for the mechanical processing of MSW
-for resource recovery produce a low bulk density fraction suitable for
‘use as 4 fuel. The list of conversion processes includes: |

- 1) wet processing (hydropulping) followed by component

"scparation and dewatering of the fuel fraction. This process is
demonstrated by Black Clawson at Franklin, Ohio.
2) dry processing (shredding) followed by chemical processing

to produce what is called ECO-Fuel II. This process is demonstrated !
by the Combustion Associates plant at East Bridgewater, Massachusetts;
. 3) dry pfocessing (shredding) followed by air classification.

" Tﬁis process is demonstrated by several projects including Union

' é:. Elgétric in.St. Louis and the cities of Ames and Milwaukee.

- The technology description will focus on the finely shredded air-
classified fuel, since the major part of theAexperience relates to this
techﬁdldgy. The product is combustible with a reasonably high heat of -.
combus;ion and is being utilized as a supplementary fuel in the utility
boilers at several locations (see Appendix C), In Technology-Summary |
Sheet - II is a description of the RDF technology selected as the modei

system for the analysis.

Technology Description
The co-combustion of RDF with a fossil fuel in a modern power plant
is a very cost-effective form of incineration (Klumb, 1976). The major
advantage is its low investment cost, if existing furnaces and boilers

are used, when compared with other alternatives. Use of RDF as a fuel



TECHNOLOGY :

DESCRIPTION:

“1%-

TECHNOLOGY SUMMARY SHEET - II

Refuse Derived Fuel

Municipal solid waste contains many valuable constituents

which éan be extracted by the RDF process andlused,fbr fuel.

Because the composition of the input waste changes with time

and location, there is no standard figure of merit which

defines the precise heat value of this. fuel. Despite this

non-uniformity, the co-combustion of RDF with coal or oil

can significantly reduce our dependence on more conyentional

fuels. ' - |
In this process solid waste is collected, shrédded,

air classified, transported and burned. Alternative processes

use hydropulping instead of shredding. Costs areArélated

to the degree of MSW preparation and the value of the derived

fuel.

DESIGN SELECTION

CRITERIA:

END USE:

RESIDUALS:

The design is based on the Horner and Shifrin RDF system

used in the city of St. Louis. The process assumed the

outputs, including residues, related to an input of 1000 tons
per day. The system produces an approximated 725 tons per
day of refuse-derived fuel which has'én average heat value
of 11.4 x 106 Btu/Ton. The Horner and Shifrin system was
selected because it has been employed- successfully to process
MSW into a fuel that can be co-fired with coal in a utility
boiler. Furthermore, there is extensive literéture available
whiéh describes the technical and environmental concerns of

the proceés.

RDF combustion results in process steam produciion which
has a typical value of 7.19 x 106 Btu per ton of MSW input
at 63 .percent efficiency. '

Process residuals include heavy metals, ash, water emissions

and air emissions such as NOX, Cl1, SOZ’ and particulates.'

Shredders produce noise emissions, odors, and airborne-

particulates.
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source requires more processing than does direct burning. ~ Such
processing results in the ekpenditure of Capifal monies'as well as
the annual cost of operation and:maintenance.: Table 3 sumﬁarizes'l
cost ‘estimates for three different siz*d RDF systems. The cost
of processing 1s a complex functlon of several varlables, 1nc1ud1ng£
1) Size of RDF processing fac111ty ‘ ' o A
2) Location of RDF processing facility and points- of -RDF ‘use
3) Operating schedule - S o ’
4) Cost of MGW received
5) Cost of energy
6) Cost of alternative means of municipal refuse dlsposal
)| Markprah111ry nf rerlaimed materials such as fPrruns
metals, aluminum and glass.
. 8) Costs of obtaining raw garbage.li
In the shredded RDF system (see Figure 2), the refuse is dellvered
to a preparation area where bulky items (e.g., mattresses) are separated'
or sheared to a size the shredders can handle. The refuse is fed into
a hammermill that shreds the refuse to 8-13 cm. (3-5 in. )lpartlcles. |
The shredded material is air classified to separate the light fraction
(about 80 percent of the input refuse) which are primaril* the combustible .
materials and the heavy non—combustible-fraction‘(20 perc?nt of input MSW)f
The heavy fraction from the air classifier goes to a magnetic
separator which removes the ferrous metals that are cleaned and sold as
scrap. The rest of this fraction 1s compacted and sent to a landfill.
It is p0551b1e to process this inert fraction through a series of steps
to recover usable materials such as glass, aluminum and other.metals.'
The light fraction from the air classifier is sent to a secohdafy
shredder (fine shredder) where it is reduced in size to 2 5 em, (1-2 in )
particles. This low density RDF can be _piped over short dlstances or
femporarily stored and then hauled by truck over long distances to the
utility. Pollutant sources at the processing plant include dust from the.
shredders and air c1a551f1cat10n systems, sound from equipment operat1on,
odors, water-borne contaminants from wash of storage areas, and residue
destined for landfill. | -
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Table 3
‘Annual Production of RDF as a Function of Facility Size
Plant Size '
Processing Capacity Units 1,290 590 250
ton/day ton/day ton/day
Aimual Average : o )

Refuse Input } tons/day 1,200 500 250
Actual Réfusc Per -

Yorking Dayl tons/day 1,630 700 350
Required Process Ratc2 tons/hr 120 50 25
Nominal Output3 tons/hr 150 65 35
PDF Produced tons/yr 343,200 143,000 71,509
Ferrous letal Salvaze tons/yr 29,130 12,135 6,070
Reject Materials tons/yr 65,700 27,350 13,690
lleat Value of RDF Btu x 1012° 3.34 1.60 0.50

1 -

Based on 5-day work week, 260 days/yr.:

2 . .
Based on a l4-hr. day processing operation,

3

Based on an 80% production factor to account for unscheduled

down-time.
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At the power plant RDF is unloaded into a receiving bin and is
transferred pneumatically into storage bunkers. From the storage bunker
the RDF is conveyed by pipelines into the boilers and fired in suspension.
Sufficient velocity is imparted to the particles to carry them into the
high temperature zones where along with coal, the particles ignite and
burn. The refuse firing system is designed to provide from 10-20 percent
of the boiler input heat. Light particles are carried out with the flue
gas. Ash and heavy unburned particles fall into the boiler ash pit
and become part of the bottom ash.

Principal pollutant SOurées at the power plant are the boiler stack
particulate emissions, stack gaseous emissions, bottom ash residue, and
sluice water used to hydraulically convey boiler residue to the ash
disposal impountment. Various equipment is employed to control particulate
and gaseous emission, including electrostatic precipitators, Venturi
scrubbers, cyclones, and baghouses.

" The technology description given above represents the Horner. and
Shifrin fuel recovery process, which was operated by the city of St. Louis
from 1972 to 1977. Table 4 contains a summary of the input and output
of the described RDF system. The values used represent the best estimates
from the St. Louis project ‘(Kigore, et al., 1976; Klumb, 1976; and
Sheng and Alter, 1975). A material and energy balance for the Horner
and Shifin RDF system are illustrated in Appendix G (Figures G-1 and 5-2).

With the St. Louis approach as a pattern several applications of
the basic process have been employed in other locations. For example,
the city of Milwaukee has its total volume of MSW (1200 tons/day) handled
by a resources recovery system. Like the St. Louis syStém, refuse is
shredded through two shredders and air classified into light and heavy
fractions. About 7 percent of the refuse (e.g., newspaper and corrugated
material) is removed before the initial shredding process. After magnetic
separation, ferrous metals, glass, and aluminum are segregated and
marketed. Another example is the 200 ton/day recovery system which began

operation in September 1975 in.Ames, Iowa. Both of these operations have
proven capable of consistently processing both commercial and residential
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Table 4

RDF System Input/Output Summary

INPUTS Amount ner 102 Btu Steam Mitput per Year

Land . 8 Acres

Capital Costs® $3.76 % 10°

1su® 1.39x10° tons (1.58x10'%pu)
Water 169 gal/min. (272 Acre-ft.) '
Electricity 7.94x10° Mehr (2.71x10%8¢u)
UTPUTS

Steam 3.34%105 tons (1 x xo‘z Btu)
Ferrous tictals 9.73 x 103 tons

Glass 1.11 x 104 tone

Nonferrous *etals . 1.39 x 103 tons

Residue 4.73 x 10* tons

Stack Exhaust = ° 4.17 x 104 tons

Wator Effluent , : 2.78 x 10* rons

3Assumes no capital investment for boilers or additional air pollution equipnent.

bAssumcs average hcat value of 11.4 x 106 Btu/ton.
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waste (Hoiloway, 1978).

- There are numerous'other processes that transform MSW into a usable
fuel The Black Clawson fuel Trecovery process ba51ca11y involves the
separatlon of fuel from other constituents of municipal refuse by wet
pulping and separatlon technlques used in the paper industry (General
Electric Co., 1975). The resulting pulped fuel is of a very fine
con51stency with about a 50 percent moisture content. No experience

with extensive use of ‘the fuel in ut111ty boilers. exists, however, all

o elements of the fuel preparatlon process have been in operation at the

Amaterlal recovery demonstratlon plant in Franklin, Ohio.
_ * ECO-Fuel II, a ce11u1051c powder obtalned by the hydrolytic
chemieal'treatmeht of the organic fraction of ‘refuse can be pelleted
(General Electr{e Co., 1975). This fuel is a .denser and more stable
type of material which can be more easily stored and transported.
Since ECO Fuel IT is a homogeneous fuel similar to powdered coal, it
can probably be used as a larger fraction of the total fuel in co-combus-
tion( The extent tb which this type of RDF can be employed in existing
or new utility boilers has not been demonstrated.
The Combustion Power Corporation (PU-400 process (Menlo Park))

is a package plant designed to consume 400 tons of waste per day
(S5chnzlle and Yamamoto, 1975). Steel, glass and aluminum are separated
out, and most of the balance is burned in a fluidizing bed combustor
~ with head recovery accompllshed by using a gas turbine generator. The

. process is modular in nature and can be expanded to larger sites.
A It is recommended’ that any one or all of these alternative methods
for processing MSW ‘for use as RDF be analyzed in any future characteriza-

tion of solid waste conversion systems.

Pyrolysis
~Introduction

Pyrolysis is a process in which organic material is decomposed at
elevated temperatures in either a low oxygen or an oxygen-free environ-

ment. Unlike incineration with air, which is a highly exothermic reaction,
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pyrolysis is endothermic and requires the application of heat, either
through the addition of fuels or through partial oxidation of the
pryolysis reaction. Again, unlike incineration, which produces primarily
carbon dioxide and water, pyrolysis produces a comﬁlex mixture of '
primarily combustible gases, liquids and solid char residues (Weinstein
and Toro, 1976).

Pyrolysis offers several significant advantages over MSW energy
recovery systems. First, either gas or liquid fuels may be directly
produced by controlling the design of the reaction vessel and the
Teaction temperature. .Second, pyrolysis requires the addition of only
small volumes of air and thus has a much smaller gaseous waste stream
to deal with for emissions control. In the case of gaé producing
systems atmospheric emissions are almost entirely eliminated.

/The major dréwbacks of pyrolysis are that the technology is still
in a developmental stage and has not been demonstrated in a large plant,
and that both the capital and operating costs c¢f a pyrolysis tend to
be higher than RDF systems.

The chemistry of a pyrolytic reaction is described in Appendix H.
The product mix of this reaction ié'highly sensitivé.to the reaction
temperature. Thus, the temperature of reaction ié used to distinguish
two general types of pyrolytic reactioms: thdse’deéigned to produce
~ gaseous energy products and those designed to producé oils. The reaction
temperature is adjusted to maximize the production of the desired produce
“(gas or oil) and, since both gas and oil are always produced in a »
pyrolytic reaction, the other producf is consumed as an auxiliary
fuel within various elements of the overall process.

Figure 3 shows the schematic flow for all pyrolysis processes.

The front end systems generally‘include shredding and classifying and

may include drying and screening prior to the pyrolysis reaction. Tor

oil producing systems such as the Garrett Research plant at San Diego

(see Appendix H), gas producfs are drawn off following the pyrolysis
reaction and used primarily 4s a heat source for MSW drying. These
systems then depend on either partial oxidation or the use of supplemental
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fuels to drive the pyrolysis process. Gas producing systems such as
1":Union-Cafbide's PUROX plent, oﬁ the other hand, generally use the oil
- produced by pyrolyéie as the fuel to drive the pyrolytic reaction and
‘thus need no auxiliary fuel. o :

While the general system- aescrlbed above 15 most representative
. of the current gener“tlon, systems are being tested which bypass
" most of the front end processes.  This tyoe of svstem (see -
Monsanto's ‘Landguard plant in Appendix H) uses only a coarse shredder
before feedlng the unclassified and unsorted MSW into a rotary kiln.
The char from such a system contains recyclable glass and metal and
is fed into the resource recovery process. The low grade off-gasses
. are fed into an afterburner/heat exchanger to generate steam for use
~in district heating. - In ﬁyrolytic 0il or gas systems the basic energy
‘product is the gas or oil itself. Conversion processes may then be
used to convert this product to steam or to electricity for an end use
product as required. '

Actual pyrolysis systems (Purox, Torrax, Landguard and the Garrett _
plants) were reviewed for selection as the model application. Criteria
included minimization of waste flows, proven technological feasibility,

"and proven economic viability. For all three categories the PUROX
system appeared to be the system of choice. This system has therefore
been selected as the model application for the pyrolysis technology |
The Landguard and Garrett process plants are described in Appendix If,
however capital and environmental data in Appendix A are bascd exclusively
on the PUROX system.

Technology Doscription .

Union Carbide's PUROX system is a high temperature (SOOOOF) slagging
pyrolysis process which produces a low to medium Btu gas rated as 300 to
" 320 Btu/scf. A small test plant was completed in Mt. Vernon, New York,
in 1969 and was operated over a five.year test period before dismantling
(Marp]e; 1974). Based on the success of this plang‘a'ZOO TPD prototype
plant was completedAin Charleston, W,AVirginia in 1974 at a cost of
$16 million. Since then the plant has operated continuously except for

~ -planned upgrade and modification periods.
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As shown-oﬂ‘the block diagram in Figure 4, the PUROX process
fronf end system includes a coarse shredder (shredding fo a maximum®
size of four inches) a magnetic separator for ferrous metal recovery,.
and an aluminum recovery process. Shredded waste is fed into the top
of a vertical shaft pyrolysis furnace. As the MSW descends it is first
dried by the rising hot gases and then undergoes pyrolysis at a tempera-
ture of 3000°F in the central portion of the fhrnacg. The driving
force in the pyrolytic reaction is pure oxygen which is injected at the
bottom of the fuinace to burn the char descending below the pyrolysis .
zone. The inert slag passing from the bottom of the furnace is
quenched and sold as a glass aggregate for construction. Composition
of this slag aggregate is shown in Appendixlﬂ.

The gases rising from the furnace pass through an electrostatic
precipitator, an acid neutfalizer and a condenser prior to collection of
. the fuel gas. Ash and o0il collected during this gas purification
process are recycled into thé'perIYSis furnace. T&pical composition of -
the final fuel gas is shown in Appendix H and the application is summari-
zed on Technology Summary Sheet III. |

The PUROX system has several important advantages over the pyrolysis
systems. These include: '

1. There is no air emission stream. All gases are either
aqueously collected or are part of the product fuel gas. ' _

2. The solid slag forms a fused grit which can be sold as
construction or road bed aggregate.

3. Oxygen is used rather than air to drive the pyrolysis
reaction. While a certain energy cost is paid to produce the
oxygen, its use prodqces a higher heating value gas with NOx
content. :

4. All oils and sludges are recycled into the furnace so
that only one waste water flow exists.

In a comparison of 10 MSW energy recovery systems conducted in.
1974-1975, H. W. Schulz (1975) concluded that, from an efficiency,
engineering and environmental standpoint, PUROX was the best available
system. ‘
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TECHNOLOGY SUMMARY. SHEET - III

TECHNOLOGY:  Pyrolysis of MSW

DESCRIPTION: The Union Carbide PUROX system is a high temperature («43000°F)
 oxygen enriched pyrolysis process which produces oil and low
Btu gas simultaneously. .By controlling the temperature of
reaction at approximately 3000°F gas production- is optimized

with respect to pyrolytic oil. O0il is fed back into the
furnace to drive the pyrolytic reaction. The low Btu product
gas (~300 Btu/Scf) is cleaned in a two-step process prior

to collection. Front end systems include shreddiﬂg, mégnetic
separation of metalic or recoverable ferric matter, and MSW
drying, which occurs as MSW enters the furnace. Several

200 TPD or smaller plants have been successfully built and
operated and it is estimated that a 2000 TPD plant can be

economically operated.

DESIGN SELECTION

CRITERIA: PyrolySis was selected as a téchﬂology for characterization
because the process offers several significant advantages
over the other MSW energy recovery systems. First, it is
a flexible system and can produce either pyrolytic oil or
gas. Second, air emissions are greatly reduced over other
technologies. Third, the process reduces landfill require-
ments below those of other systems. ‘

The PUROX system was selected as the specific application
because of the following factor: higher heating value and
reduced NO, content of its process gas, the slag byproduct
has value as construction or road bed aggregate, fhe system hﬁs
no air emissions except for the releases from the front end
shredder, the residual concentrations in the waste water
flow are lower than those for several other pyrolysis systens,

and the system has been successfully demonstrated.

END USE: Pyrolytic gas may either be collected and sold as a system
end use product, or, as with this application, converted to
electricity. .
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TECHNOLOGY SUMMARY SHEET - III (continued)

RESIDUALS: While there are no air emissions other than the minor flows
from the MSW shredder, waterborne residuals inélude Hg, Zn,
Pb, Ni, Cd, waste heat, solubles and sludge. Ammonia or-
Methanol conversion results in additional COZ, sul fur, NOx,
Co, CHSOH. Also included are iron and fused slag.
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" Due tdfthe success of the West Virginia plant and the practicality

wof the process, plans are belng made to expand to large scale plants.

'TZfLUnlon Carblde now. prOJects that these plants will be made up of comblna-

“;tlons of modular unlts of between 200 TPD and 300 TPD (Donegan, 975)

~ It is ant1c1pated that such systems can be economically built at the

:'-1}1000 TPD to 2000 TPD level. Addltlonal front end resource recovery

- steps for glass and aluminum recovery may be included in these: future

’”ljfmodules

. The basic 1nputs to the PUROX process per ton of MSW are 120 Kwhr

-:7of_e1ectr;c1ty and 400 1b O Major outputs include a 0.265 ton waste

: . 2 .
' wa;erlflow,'0.635 tons of dry fuel gas, and 0.2 tons of slag aggregate.

if;Tofal output for a 200 TPD plant is approximately 4.34 x 1011 Btu/year.

"HQEMaterial and energy balances for the PUROX process are shown in

'f  “Appendix Hx (Figures H-2 and H-3).

A ‘summary of PUROX inputs and outputs is shown in Table 5. As

.:’{'can be seen, the PUROX system is 51gn1flcant1y simpler both in major

. “funcitonal blocks and in inputs and outputs than is either the Landguard
'.system or Garrett process; however, it is also significantly more
'capital intensive.

"PUROX residual flows are shown in the Environmental Data‘section.

‘.4ACogeheration systems
- Introduction

The cogeneration systems considered in this report attempt
‘:to match the temperature of a heat supply to the demand hy using

"~ high temperaturc energy which rejects heat at the temperature

- needed for process use, Thus cogeneration is a means of

" increasing our use of the thermodynamic potential of the fuels. we burn.
”'3ﬁis'is important for both fossil fuels and waste fuels such as the

A -wood waste and digester gas used in the systems described here. Burning
“such fuels to do work necessitates the use of a heat engine. Heat engine

-efficiency in turn is intrinsically tied to the input and output tempera-

+" - tures of the engine. Thus temperature determines the amount of work
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' 7 Table S
PUROX Inputs and Outputs per 1012 Btu Output
Inputs  Quantity per‘1012 Btu Output per year
Land ‘ - 20.71 acres
‘Capital $36.82 x 106
MSW _ 1.45 x 105 Tons (1.28 x 1012 Btu)
Electricity 1.59 x 1010 By _
. Oxygen 2.9 x 10" Tons (2.83 x 1010 Btu)
Outputs
. : : 3
Iron - 8.5 x 10 Tons
Slag Aggregate _ ' 2.96 x 104 Tons
Water Condensate 4.3 x 104 Tons _
Dry Fuel gas 9.29 x 104 Tons (1. x 1012 Btu)
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available from e Btu of heat energy. It is wasteful to lower the tempera-
"ture’of heat energy signifieantly without extracting the available work.
Current status of cogeneratlon pro;ects is described in Appendix D.

There are three engines of prlmary importance in cogeneration
systems and they are all used in the applications considered in this
report. They are diesel engines, combustion turbines and backpreSsure' _
steam urbines. These engines, in turn, exhaust hot gas or Steam at usable
- temperatures. The inportant features which were considered in the choice
' of systems and appllcatlon were 51ze, fuel capab111ty, steam pressure
) Tequirements, and the ratlo of power to heat produced Details of these .
characteristics are presented in Appendlx E.

The benefits of cogeneration are increased efficiency and decreased
costs in most applications. Also cogenerated electricity at the least
- will reduce industrial electricity demand on utilities and in many cases
: ﬁill supply'baseload or peaking power to the utility grid on a regular
basis. This, of course, raises institutional problems with respect to
the local electric utility attempting to protect its interests in the
electric power business. '

Finaliy, there are environmental issues with respect to air emissions
and their location. The greater efficiency of cogeneration allows for a
" decrease 1n fuel combustion for electr1c1ty and heat taken together.
Normally, however, there will be an increase in emissions at the
cogenerat1on.51te which is more likely to be in an urban area than a
utility power plant and for that reason the health imnact'maV'be

greater even with lower emissions.

. Fluidized Bed Steam Cogeneration for the Pulp and Paper Industry

~Introduction
. Fluidized bed boilers for use in steam turbine cogenération systems
can be used -to good advantage in pulp and paper mills because of their -
" size scale and fuel flexibility including coal and wood wastes. The pulp
" and paper industry has already shown its interest and willingness for

in plant'generatidn as indicated by existing facilities. These are
primarily fueled by residual oil and natural gas with only 18% of the
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energy from coal. (Therm Electron, 1966, p. 4). This'proposal would

. eliminate the conéumption of oil and gas by replacement with coal and

waste fuels for all elcctric and stcam generation. It is expeéted that

roughly half of the fuel 1n0ut would be coal and half waste nroducts .

such as bark, wood chips and spent liquor. Recently, . such an. example

4w1th the Simpson Paper Company has been researched (Dav1s 1978)."

Tﬁls particular example would have a boiler capacity of 300;000 1b/hr

steam.at 850 psi and 900°F. The turbine generates 19 MV and includes

a condenser. The process steéam will be extracted at 75 psi and(175°F."

' The plant has a very high load faetor with a year -round average e

electric demand of 17 MW and a steam demapd average nf 225 nnn Th/hr,

© . This high load factor is well matched. to the operatlonal ab111t1es of4

a stéam boiler system which should not be turned on and of f frequeﬂtly}

A perticular advantage of using a fluidized bed is theiease oF'burning :,-,:

waste hog fuel which is plentiful in the area. The hog fuel costs.

only §. .:0/106 Btu compared to $1. oO/lO6 Btu for coal. , o
The primary problem that will be encountered in the implementafion

of this system is slowness with which fluidized bed boilers are being

developed. The present American demonstration projects appear to be

- several years behind the level of technology ana experience being

used in Euroﬁe " This problem may be related to the small size'of’A

- fluidized bed b011er5 which make them appropriate for cooeneratlon

* but not utility central statlons. At present it appears that S_te

.10 years will be necessary before such boilers will'be-efferéd

commercially. | 4 .

A second institutional problem relates to the problems of se111ng

excess electric power to the local utility. At present utility payments "ﬂul,wu o

for such power are very low and w111 barely cover the fuel costs of a:
cogenerator. ’

| - The cogeneratiun system as described here is easily applicable to
any industry neceding team and having an interest in burning coal or. - A
coal and waste fuels. Further work is needed enly in- the deveiodment‘andu'
deployment of fluidized bed boilers ensurlng proper credit for .excess :'
. pover ‘sold to the utility. :
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- Technology description

' Fluidized bed combustion is characferized by the rapid flow of
cambustidn'air upward from avgridplate through the bed material including
the coal.‘ This air flow causes great turbulence and mixing of the bed
materials as if they were suspended in a turbulent liquid. In fact, it
is material fluidized by air. A fortunate side effect of fluidization
is the excellent mixing which promotes complete combustion even of waste
materials or coal even when it constitutes only 2% of the bed material.
The large amount of bed material can be limestone which in turn allows

for efficient :emovailof'so as a dry solid waste. Further, the heat

exchange boiler pipes can bz submerged directly in fluidized bed. This
allows for very good conductlve heat transfer at moderate temperatures.
such as 1500° F rather than dependlng on radiant heat transfer from
flames at 3500° F. This is very important in reducing the amount of
nitrogen oxides created from nitrogen in the combustion air. Technology
Summary Sheet - IV describes the salient features of this process. '

Figure STillustrates the major'components of'the fluidized bed
boiler cogeneration proposal'for'a pulp and paper plant. Table 6
summarizes thé:inputs and outputs for the fluidized bed cogeneration
system. - '

Secondary water_Tréatment Plant Cogeneration Using Diesel Systéms

Introdﬁction

" One application of diesel cogeneration systems using biomass
involves the use by sewage treatment plants of digested sewage gas fof
electricity generation as well as heating and pumping. An interesting
example of this is containéd in the plans of the Sanitation District
of Los Angeles County for a waste gas cbgeneration system.

Currently the District maintains a system of 24 digestionntanks
operating contlnuously Each tank has a éapacity of several hundred
gallons and each is fed and drazncd alternately in 1ncrements over a
. 24 hour perlod. These tanks dlgest aneroblcally the prlmary sewage
sludge of the plant, produc1ng about 5.3 x 106 cubic feet of. sewage gas
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TECHNOLOGY SUMMARY SHEET - IV

TECHNOLOGY: Fluidized Bed Boiler

DESCRIPTION: This cogeneration system is simply comprised of a fluidized
' bed boiler powering a backpressure steam burbine-generator.
The exhaust steam is directly usable for processes in the

pulp and paper industry.

DESIGN SELECTION - .

CRITERIA: - The fluidized bed technology was used in the pulp and paper
industry application because of its ability to burn both
wood wastes and coal. Also the size scale and steam pressures

available were well matched.

END USE: .This application was to provide the pulp and paper industry
with electricity and steam. It could, however, be applied
to any industry needing low and or medium pressure steam

and which can burn coal and/or waste material.

RESIDUALS: Fluidized bed boilers have low Nox.emissions because of
low temperature combustion. Sulfur dioxide is effectively
controlled by limestone in the bed and particulates are ‘
very effectively controlled with the use of fabric filters.
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Summary of Fluidized Bed Cogeneration fnputsAand Outputs

( Parameter

Amount per 10*2

Btu output/year

INPUTS
Capital Cost
Land
Coal
- Water
Labor - Construction

Operation

OUTPUTS
Ash
Electricity
Steam Heat

Steam Flow

$11.054 x 106

4.2 Acres
42,000 Tons
210,000 Tons

353,000 Hrs.

~2 x 10* Hrs.

4750 Tons
12

'0.45 x 107" Btu

12

0.55 x 107" Btu

210,000 Tons

hY
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per day.? A third of this is used by the District for .heating the '
digestion tanks and to run the plant's pumping engineé. _The remainder
is sold to the Fletcher 0il Company in Carson, California. The Btu
_content of the gas ha53been{estimated for selling purposes and has’

been found to be between 500-580 Btu per cubic foot.

Technology Description

" The District, of Los Angeles County has developed several proposals
~to expand its treatment system and to implement electrical cogeneratlon.
The plan considered here uses a diesel rec1procat1no englne
waste heat boiler topping cycle generating 12.6 MW and steam at a rate
of 27.4 x 106 Btu/hr. At this stage of the plant's operétions the

- total electrical demand would be about 15 MW; the remaining demand

would be purchased under an agreement for parallel generation with
" Southern California Edison Company (SCE). The District would install
‘eight additional anerobic tanks -for digesting of aerated secondary
wastewater activated sludge. Total Sewage gas available from both
- primary and secondary sludge d1gest10n would be approximately 6.7 million
standard cub1c feet per day. 0f this, about 35 percent would be allocated
'dlrectly to meet the plant's increased heating and pump1ng needs.A The
 remaining 4.4 million cubic feet, together with about 2, 000 gallons per-
day of #2 diesel pilot ei11(see Figure 8) would be entirely available
 -for cogeéneration. Technology Summary Sheet V presents,anoneriew of the
system. ' ' ' ' '

A diesel englne system has the advantages of being able to burn low

o ~ Btu fuel eff1c1ent1y, some 37 percent of the waste gas's energy could. be

converted to electr1c1ty The disadvantages of a d1ese1 system is the
high level of its NO emissions. Thls could cause a 51t1ng problem in
the South Coast Air Ba51n, an area in which EPA- requires that new

generation facilities have pollutant offsets. Table 7 lists a summary

of the system inputs and outputs.
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Fig. 6. Energy Flows for Sewage Treatment Plant Cogeneration System



TECHNOLOGY :

DESCRIPTION: .
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TECHNOLOGY SUMMARY SHEET - V

Gas Diesel Engine

In this cogeneration system byproduct methane gas from
a sewage treatment plant is used in a reciprocating engine

to generate electric power. The engine exhaust is then

. used to ‘generate steam to heat the sewage digesters.

DESIGN SELECTION

CRITERIA:

i

END USE:

RESIDUALS:

The diesel engine was selected for this system because
of its very high efficiency in burning gas to generate

a large amount of electficity.

The sewage treatment plant was chosen as an end use for
this cogeneration system because of its supply of waste

gas and need for low grade heat.

The primary problem with diesel emissions is NOx because

,of high combustibn temperature. Sulfur dibxide and

particulate emissions are low when burning gas.
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fiA Table 7 SR

Dlesel Cogeneratlon System Input/Output Summary

‘ﬁInEufe"
Land
'ZCapital

#2 Diesel Pllot 011 S

Sewage Gas
" Water

QA'Labor - Constructlon:

Operat1on

:'.l?';OutEuts
i_;Electr1c1ty
7fuPump1ng

Heated Sludge

. : A‘f‘Steam

Boiler Stack lossas

0. 1 Acres

-~$11 .54 x 106
1,192, 609 Gallons .

+3963.5 x.10 Cu Ft._(581 Btu/cu ft )

6

300 x 106 Lbs.

. 1.26 x 10 Hrs
a'6000 Hrs

178,891 Mih
'20,586_MWh

| 502.8 x 102

300 x 10° Lbs:
| 198,768.2 x 108 Btu -

Cu Ft.
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Enhanced 0il Recovery

" Introduction

An important petrdleum industfy which is.becoming much more energy-
'intensive'is oil production. 0il well recovery factors are typically’
about one third of oil in place or less when‘it‘is tightly bound in the |
rocks or the oil viscosity is very high. The latter is particularly
true in California where the heavy oil recovery can be fripled to about
50-60 percent by heating. This is preséntly being done on a large scale-
with‘high pressure steam from boilers burning high sulfur, cheap, first-
tier oil to recover second-tier oil which is twice as valuable. This i
political economic situation discourages any switch to coal as a fuel in
the near future. However, during the period 1980 to 2000, it is possible
that both iocal crude 0il and Western coal will be used efficiently in
cogeneration systems to provide electricity to utilities and steam to
oil fields. This would include fuel gasification for use in combustion

~

turbines.

Technology Description

A preliminary schematic of a possiblg»cpgenerafion system is given
in Figure 7. The main components are an oil gasifier which fuels a
combustion turbine generating electricity and hot exhaust which in'turn
generaﬁes steam in the heat recovery steam generator. The net electric
power available to the utility grid will be 260 MW at a .very high load
factor; Technology Summary Sheet - VI charaéteriies the system.
There are several reasons for this proposed setup. First, the fact
that very high pressure sfeam is required meant that a combustion turbine
would have to be the prime mover because backpreééure steam turbines and
d1ese1 englnes cannot produce high enough pressure steam. Combustion
turb1nes, in turn, require gas or oil fuel which for practical purposes
‘meant oil. Then the economic factor of price controls lead to the decision
to gasify low valuevfirst‘tier 0il rather than bring in refined oil at a
much higher price. This decision obviously isvartificiél and may not be
the best in the long run. The inputs and outputs of the system are
summarized in Table 8. Operational residuals for the described enhanced oil
recovery system are shown in Appendix 1. Capital requirements for the system
- are listed in the capital residuals section of this report. ' | -
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DESCRIPTION:
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TﬁCHNOLOGY SUMMARY SHEET -~ VI

Combustion Turbine for Enhanced 0il Recovery

The system in this application will consist of.-a Texaco

crude oil gasification process which fuels three large
combustion turbine-generators. The turbiﬁe exhaust is then
used to raise high pressure, low quality steam in the heat
recovery boiler. This steam is driven into the o0il reservoir

to heat and drive the heavy crude oil out.

DESIGN SELECTION

CRITERIA:

END USE:

RESIDUALS:

Combustion turbines were the only possible choice because of
the requirement for high pressure steam. The o0il gasifier was
chosen because of the opportunity to use artificially cheap
first tier oil before it enters a refinery and reduires entitle-
ment to be paid.

Enhanced oil recovery was the chosen end use because of its
requirement for high pressure steam as produced by a

combustion turbine cogeneration system.

The primary residual will be NOx from the turbine. Sulfur is

removed from the gas stream and particulate emissions are low.
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Table 8
Summary of Enhanced 0il Recovery Inputs and Outputs

Parameter . . Amount per~1012 Btu output/year
INPUTS

Land ) negligible

Crude oil ' - 210,000 bbl.

Capital . ' . $16.37 x 106

Labor Construction 8.38 x 10° Hrs.

Operation 2.7 x 103_Hrs.

OUTIUTS

Electricity ".25 x lolthu

Steam Heat .75 x 101?Btu

Steam Flow 288,000 Tons




* -, ENVIRONMENTAL DATA

. .Direct Combustion

'; System Residuals
: D1rect combustlon systems produce 51gn1f1cant gaseous and water-

borne wastes Table 9 .gives mean values for stack emissions from

e mun1c1pa1 incinerators. These figures assume thé presence of scrubber

_ “systems and thus are lower than would be the case if data were taken
- in front of the ‘scrubbers. Efficiency for scrubbers is reported to be
‘xas high' as 95 pereent_(Walker, 1967;‘0ngerth and Tucker, 1970). However.. -
lzloﬁerxvaiuee of 85 percentAto 90 percent may be encountered in
refractory wall systems due to h1gh flue gas flow rates.
A . Table 10 lists waterborne residuals for major direct combustion
o waste_water flows. ,It should be noted that several systems studied
have essentially noAflow from the quench water settling tank since
’a suff1c1ent mass of water is entrained ‘with the solid char flow out
of the quench tank to-avoid the necessity for direct quench water
drscharge. In all cases the. quench water flow is small and less
sigﬁificent than the scrubber flow.
' Land water, labor and other capital residuals associated with a
- direct combustlon system are llsted in ‘Appendix A as are re51dua1

data-ln_the-format compatible with SEAS model input.

"T" RefueerDerivedeuel:v

4‘Since there is little published data concerning the environmental

’Ti‘aspeot5~of RDF systems, this report will rely on information reported

'-on the City of St. Louls/Unlon Electrlc demonstration plant. An

evaluation of emissions from the refuse proce551ng plant and the Union

Electric refuse firing borler was reviewed earlier (Kilgroe et al.,

1976 Holloway, 1976) For discussion purposes, the RDF system has

'; been d1v1ded into three parts: oollection and transport, processing
1:(e.g. -shreddlng and air classifying), and energy conversion. The.
Kiatter components are emphasized below.

~ 'The residuals'associated with the collection and transport of -

_mun1c1pa1 refuse have been described. preV1ously (Aerospace Corporation,

A1976)L In that report, sol1d waste disposal was characterized as one
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" Table 9

Stack Effluent Characteristics!

3

- Comnonent 'ppm 1b/Ton Ton/lﬂlthu.output

. particulates .06 grains/scf 30 . 2.3 x 10°

N, - 14,557 1.1 x 10°
11,0 vagor --- 14452 1.1 x 10°
S0, 23 1.3 136

Axo; 95 s ‘227. .
o, - 293(2)‘ 2.26 x 10>
co - 10 758

o, --- 17352 1.32 x 10°
1nel 55 1.0 75.8
total acids 35 1.4 106.1

am 18 0.3 22.7

1

Yalker, 1967; and !loore, 1967.

2 A 2 o g
Assume 9.6 tons excess air for combustion.

Froa: Kaiscr,.1967ﬁ Macadam; 1976; Carotti and’ Smith, 1974;
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Table 10

Direct Combustion Waterborne Residuals:'

12

_Residual _Me

- 1. Scrubber Waste Flow

an_Concentration

" Tons/10-< Bty qutnut

pil 3.9 N
suspended solids 1350 mg/1 "22.8
dissolved solids 6200 mg/1 " 104.6 .
alkalinity 1.0 mg/1 11.69 x 1072
chlorides : 2540 ﬁg/l -42.81
“hardness 3430 mz/1 57.3

- sulfates 1250 mg/1 . e

‘_fhosphates 30 mg/1 ---
. .\ ’ v

2. AQuench YWaste Flow '

pH | 9.9 -<w
suspended solids 1360 mg/1 31.4
dissolved solids 2330 mg/1 . 39.3
alkalinity 300 mg/1 '5.06
chlorides 820 mg/1 13.8
hardriess 510 mg/1- 8.6
sulfates SOS‘mgll - 8.5
phosphates 30 mg/1 0.51
temperature 907C ——

From: Ongerth and Tuckér, 1970; Hann, 1970_r
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'_wof the most hazardous occupations in the country Statlstlcal ‘f‘-

‘results show a higher than normal incidence of coronary heart dlsease '::fikij”»'ﬂ

for sanitation workers, compared to other male populatlon groups
_Carbon monox1de exposure was suggested as ‘a possible-cause. In th1s
‘report we have not calculated the residuals;generétea aufing‘refuse
collection and delivery. ' ‘ A
Municipal waste is received, sorted, shredded and'aif»classified'
“in an effort to separate recoverable materials'as;the”orgéniC'fraction
is upgraded to a usable fuel. All conversion proceéoéslessentially’have
the same front end operations. The major residnals during front end
operations are: pértiCulates from the'hammermill'(shréddef) and air
classification systems, noise from the processing equipment ‘water- .
borne contaminants from washdown of the waste handllng area, re51due
for landfill and odors. In addition, bacterial and virus act1v1t1es

“have been found in the processing plant dust (Kilgroe, 1976).

The typical particle emissions from the hammerniill .and air classi- %+

fier were reported to be. .032 kg/ton and .346 kg/ton, respectively

(Kllgroe, 1976) . The majority of these particleé (more than 90 percent) T

were greater than 7 ym in diameter, which is larger than those normally

respired by humans. The particulates can be controlled by dust

collecfors. ‘ a '
During the energy conversion process at thehpower plant.there are

expected to be pollution problems related to the content of ash,-

nitrogen, sulfur and chlorine in the refuse fuel. ‘The chemical compo- Lo

sition of RDF determines its emission characterxstlcs

The boiler stack particulate emissions have been studled by varlous__h}ffV‘

groups including the Midwest Research Institute. The part1cu1atesA
can be effectively collected by electrostatic précipitators (ESP).
It has been reported, however, that ESP collection efficienoy is

reduced when RDF is co-fired with coal, which is dependent on. the fuel

mix (Holloway, 1976). This reduction primarily occurs at loads above ST

100 MWe because of the higher gas flow volumes (see Figure 8). :The

“level of partlculate emission after ESP collectlon (assumlng 99 percent,j:,,j

efficiency) was estimated to be 160 tons/lO Btu (Teknekron, 1975). .
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The gaseous stack emissions have been analeed at the St. Louis/
Union Electric Demonstration plant (Kilgroe, 1976; Klumb, 1976).
Table 11 compares the data for coal only and coal/RDF firing. There
is no discernible effect on SOZ’ SO3 or NOx, since the higher SOZ
values in the coal/RDF system were the result of an increased sulfur
content .of the coal. The chlorine emissions in the stack gasses,
however, are about 20 percent higher in the coal/RDF tests. The
increase in chloride emissions is due to a mixture of polyvinyl
chlaoride and cellulose products found in the processed refuse. There
appears to be no data available on the release of heavy metals from the
stack gas.* The flue gas residuals,resulfing from a typical RDF system
are presenfed in Table 13. _

The level of residual bottom ash was found to be significantly
greater in the co-fired system than in one burning only 'coal at’comparéble
boiler loads. An average boiler residue of 4350 kg/hr was reported'for
the RDF system compared to 790 kg/hr for the coal-fired system (Kilgroe,
1976). This increased level of bottom ash, which subseqﬁently must be .
landfilled, consists of inert solid particles (glass, metals, etc.)
and unburned solid particles (wood, plastic, leather, etc.), in addition
to coal ash., The bottom ash'représents about 20 pérténtAof the boiler. :
residue. _

Since the residue from a co-fired boiler is 4-7 times higher, a
potential exists for water pollution from the boiler ash ponds that
receive ash removed by water from fhe bottom of the furnace (Aerospace,
1976). Tests by Union Electric Company indicate that thrée parémeters
in the coal-RDF ash pond effluent do not meet state guidelines.. Table 12
compares these three parameters in a coal pond and a coal -RDF pond.

Other water quality parameters are higher in the coal-RDF ash pond
efflucnt than the coal ash effluent (Kilgrde etal., 1976). These

- include ammonia, boron, calcium; chemical oxygen deménd, iron, ﬁanganese,
oil‘andgrease,and total organic solids. Sulfates, however, were
significantly lower in coal-RDF ash effluent. Table 13 presents

the concentration of several ash pond effluents in tons pér~1012 Btu,

The residual emission rates for the RDF system in the format required
for input to the SEAS model are found in Appendix A.

* : . o
Mercury will probably appear in the stack emissions (Holloway, 1976).



-49-

Table 11

Stack Gas Emissions?

- Components

SO2 (ppm)
SO3 (ppm)
NO_ (ppm)
Cl (mg/m°)

Coal

943

298

335

/

Coal/ROE

1067b

8

285

402

a .
Source: Kilgroe, J.D.,

et al., 1976.

b, . . . oo .
13 percent increase in SO, emissions during coal-RDF tests resulted from a

24 percent increase in

Table 12

codal sulfur content.

Comparison of Ash Pond Effluents®

Rinchenmical

Dissolved

Suspended
Solids (ppm)

Coal-RDF Pond

Coal Pond

Oxygen Demand (ppm)

- 50 - 100

10

Oxygen (mg/1)

3 -10

10 - 14

10 - 150

10 - 50

3source: Kilgroe, J.D., et al., 1976.
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, Table 13
Residuals from Typical RDF System
PROCESSING ' " POLLUTANT o RESIDUALS PER 1012 Btu SYSTEM OUTPUT
. | .‘ . . | \ .
Hammermill " Particulates’ 1.15° " tons
Air Classifier . Particulates 53 tons
Energy Conversion
\ | l '
Stack Imissions. { |
'f | t .
! Particulate\sa 160 tons
SO2 192 tons
Nox 150 tons
‘Chloride (C1-) 50 tons
Ash Pond Effluents
(BOD) Biochemical Oxygen
. Demand .039 tons
(DO) DBissolved Oxygen .0078 tons
(TSS) Total Suspended Solids 8,08 tons
“Acid 1.34 - tons
Phosphates . .678 tons
Chromates . .039 tons
Boron- 5.38 tons
Organics 1.08 tons
Chloride (Clz) .428 tons
Boretom Ash ’
40

Residue

tons

, ?;Eter ESP, assuming 99 percent efficiency




H-}Pyroly51s ‘ : - T .
1 wastc flows from the PUROK nrocess are’ 11m1ted to a comblned
.scrubber and quench waste water flow and. to ‘the exhaust from the -

;front e1d shredders.' 0115 and- captured SOlldS in the’ off -gas

":arfflow are recycled 1nto ‘the’ pyroly51s reactlon Solld lag residues

:-;;are sold as ‘a secondary product along w1th recyclable alumlnum and'

fjferrous metals daJor residuals assoc1ated W1th each of the two_.-

’%4waste flows fron the PUROY are listed 1n Table 14, Land, water and

- labor requ1rcments for the system as well as cap1ta1 residuals are

: listed elsewhere in. thlS renort The oneratlonal residuals 11sted

‘ ;ﬂzln Table 14 are also presented in Appendix A on SEAS data input

“,’sheets

Cogeneration Systems

The generation of steam and electric power is a significant-use

of fossil fuels and causes a large fraction of present day air pollu-
~“tion emiSsions.A_COgeneration in nearly all eases is based upon the
" combustion of fossil fuels and so air pollution problems must be

"4addressed;“AWith’respeet to water bodies, cogeneration can significantly

L reduce the impact of the electrical generator because normally there will

be negllglble water consumption and thermal discharge beyond that
‘ normally assoc1ated with the process heat. The emission values for '

e these’ pollutants are given in Table 15 and Appendix A.
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Table 14
Residual Concentration for PUROX System
Air Residuals Concentration ) . Mass per-lo12 Btu output
particulate (from ' 7.5 x 1077 Kg/Ton 1.17 Tons
- shredders)j . some bacteria and viruses '
" combined waterborne
_ residuals
HCL 5.8 1b/Ton MSW 408.9 Tons
lg " 0lppa © 4.2 x 10™° Tons
Zn : ' 3.1 pom "1.33 Tons
> S . 2.2 ppm . . i 9.46 x 10~} Tons
NI 1.0 ppm ' 4.3 x 107! Tons
(o S ' 0.01 ppm 3.8 x 107 Tons
Other solubles : 18.6 1b/Ton MSW : 1310 Tons
Heat — e 1.06 x 10** Btu
Waste water flow 66 gpm . 4.3 x 10* Tons -
Other Residuals
. Sludge c—— 1.06 x 10° Tons
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Table 15

‘Summary of Cogeneration Residual Generation

Residual _ Production per 1012 Btu Output (tons)

Fluidized Bed

302 94
NO . 68
X

Particulates : 250

Ash to Landfill 3500

Dolomite ‘ 5800

Solid Waste to Landfill 4.2‘acre-ft
Dieéel

Particulates 50

Ash to Landfill 950

SO2 i 0.014

NOx o -1600

Hydrocarbons 545

Sludges to Landfill : 0.663

Enhanced 0il Recovery o
~NO_ 70

p'e

Hydrocarbons ’ 7.1,
Co 19
Particulateé : . 0.12

50, 4.8

Ash to Landfill 2.28
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Fluidized Bed Boiler

The prlmary pollutants from the fluldlzed bed boiler for the paper

"plant will be NOX,'SO particulates, and solid waste.

NO_ ‘emissions arezeffectively controlled in the fluidized bed by
: 11m1t1ng the combustlon temperature . to 1600°F. . This is possible
because the heat transfer surface is immersed in the bed
SO emissions are able to be controlled with 90 percent effective-
ness by absorptlon in the 11mestone bed The spend Iinestone and
. ash mixture is then w1thdrawn as-a dry SOlld waste. -This in itself
" can be a problem because of the volumes involved. It can be mitigated
' by u51ng lower sulfur fuel or rcgeneratlon . o
Partlculate emissions from fluidized bed b011ers would be high if
they were not controlled Fortunately the controls such as a’ cyclone and
fabric filter baghouse in series are techn1ca11y s1mp1e very reliable
and flex1b1e

" .Diesel Engine

The primary pollutant from the comhustion turbine burning gas is NO_ .

Emissions of SO2 are avoided by removing the sulfur from the fuel gas
stream which is relatively easy compared to removing sulfur from liquid
- fuels or flue gassés: Particulate emissions arc very low for sny engine
burning gas as a fuel.. The NOx problem can be reduced Py injectlng steam
or water into the combustion chamber of the engine, although at some
etficiency cost. Note that in any case an engine burning low-Btu gas
will produce less NOx than when burning oil.

From an environmental standpoint it is unfortunate that cogeneration
tends to be site?specific to industrial areas which are likely to have
existing air pollution problcms. Finding'sulutions‘to this problem may .
become more difficult than overcoming the economic and institutional

barriers.

I
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A major policy question raised by cogeneration and environmental
control is the priority for clean, high quality fuel. Industries
can be expected to desire high quality fuel for cogenefation systems
to decrease their capital investment in fuel handling, engine cost and
pollution controls. Policies which can make clean light distillate
0il or natural gas available on a reliable basis will go far towards
improving the economics and thus implementation of cogenerétion.
Because of its high energy efficiéngy, cogenération can afford higher
prices for fuel and economic efficiency is served by its ﬁse.
Furthermore, environmental efficiency may be served by using better
fuels in cogeneration systems. Particularly with gas turbines and
diesel engines an industrial site may create less pollution with a
clean fuel cogeneration sy;tem producing electricity and steam than
would héve<been.produced by'a normal industrial boiler burning lower
quality fuel. Thus environmental efficiency suggests using the best
fuels in the most environmentally efficient processes such as cogenera;
tion. ' '

This fuel issue is very. important for two of the systems considered in
this report which require oil and gas. The enhanced oil recovery
cogeneration system must use oil or gas in the combustion turbine which
is required for the high pressure steam needs. ‘The sewage treatment
plant burns methane in a diesel engine which directly removes that fuel
from natural gas users because the gas is.presently sold to the local .
gas utility for residential use.

' Another environmental issue concerns pollutant mismatches which may
prevent offset. A large cogeneration potential exists with gas
turbines, which may require a NOx offset. However, the old boilers
replaced may_have emitted large amounts of SO2 and particulates but
little NO_. It may be difficult to control a large amount of NO,
emissions because of economic and transaction costs plus constraints

on allowable offsets. A policy allowing offset c¢redit at some ratio
for other pollutants exceeding air quality standards would encourage
cogeneration and lead to.a;greater reduction in total emissions.

At present EPA policy does not_allow'inter-pollutant.tradeoffs although

. there are situations where such tradeoffs would aid achievement of a

healthy air environment. The California Aif RésoﬁrcéS'(CARB).but not the

EPA, recognizes this and is willine to consider inter-nollutant
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tradeoffs if the net result is a decrease in health threatening'pollu-
tion. - This strategy has already been accepted by CARB and'Congress

with respect to automotive diesel engines which are allowed to exceed
the new car emission standards for NOx Because their other pollutant
emissions are so low and meeting the original NOx standard would be very
difficult if not impossible to attain. Diesel engines used for _
cogeneration.are not faced with an absolute standard but the need for
offset for'NOx effectively makes sitting this engine a problem or other_
pollution sources for offset. Thus cogeneration opportunities requiring

diesel engines may be blocked.
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FACTORS INFLUENCING UTILIZATION OF SOLID WASTE. CONVERSION AND QOGENERATION

Several factors influence the application of any solid waste conver-
"sion project or cogeneration process. In addition.to technical feasibility,
reliability and economic suc¢cess, there are questions of environmental
quality. Will a conversion to these untested technologies merely be a
trade of one type of pollution for another? In order to analyze the
feasibility for solid waste conversion and cogeneration systems, it is
necessary to identify their characteristics and evaluate the constraints
they will place on using the fuel products. This section of thé report
will briefly outline a few of the major factors. influencing implemen-

tation.

Solid Waste Conversion

The implementation of solid waste conversion sYstems depends on
several factors including the supply and quantity of wastes, technical
and economic feasibility and potential environmental impacts.

The residential and commercial waste stream can be'subject to _
considerable modification in composition over a period of time. This
can be an impediment to the practicality of using these resources.

The central problem of MSW conversion plants is that they require a
guaranteed supply ongarbage for the 20-year life of the plant, in
order to produce revenues to meét their high fixed capital costs.

Technologics for recovering energy from waste are developing
rapidly. However, under any current technology, the major barrier to
wider adoption of MSW energy recovery is greater than the value of the
energy in the marketplace. The MSW energy projects operating under
construction or in various stages of planning are feasible only where
revenues from the recovery of secondary materials (e.g. ferrous metals,
glass and aluminum) and high waste disposal fees ($7-$15/ton) are added
to the energy sales, thus enabling fhe projecfs to break even or show
a profit (Gordian Associatcs, 1977). .

~ The value of MSW energy products in the marketplace is closely
related tothe price of fossil fuels they displace and the cost of
substituting the particular MSW product. To é large utility, buying
MSW electricity is analogous to buying power from municipal power

companies. Its production is viewed as inefficient, unreliable and

a small part of the total capacity.
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Solid waste has a composition that can readily be upgraded to a
valuable fuel. On its "as received" form,{it has some undesirable
- characteristics if used as a fuel, but preﬁaration and separation over-
come most of these. The heating value of the processed product must
be high enough to minimize the effect of the fuel on the boiler or
furnace efficiency. Costs of transporting, storing and handling
incréase as the heat value decreases, since a greater amount of fuel
has to be procéssed in order to obtain the same amount of energy.
Enough of the final product must be available to justify any expenses
that the user will incur in modifying the facility to accept this
new fuel source. )

Sulid refuse can'be'usgd as a substitute for conventional fossil
fuels in existing or newly designed combustion units. The majbr
markets are utility steam electric boilers, industrial steam and
steam electric boilers, and downtown steam and chilled water distribu-
tion utilitiés.' Since resdurce recovery systems are capital-intensive,
there will continue to be a lack of confidence in‘theit'econqmic feasi-
bility until the systems are fully demonstrated and developed.
Technélogies that work on a small scale (35 tons/day) may .develop
unexpected problems when applied on a large scale (1000 tons/day).

" “Another potenfial economic constraint on the use of a solid waste
conversion system relates to its acceptance at the local level, Mény
local governmental units'when faced with the problem of disposing of
solid wastes tend to use the traditional methods of landfilling
rather than investigating the new pdssibilities of resource recovery.
For example, Union Electric Company of St. Louis, which was one of
the first utilities to burn processed refuse fuel in a demonstration
project, abandoned its operatién in April 1977. The problems were
cconomic and political. The voters of Missouri had adopted a pro-
position that prevented the utility companies from including the
carrying costs for construction funds in their electric rates. That
restriction, plus rising costs, made the economics of the project
questionable (EPRI, 1977). |
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A critical aspect of the feasibility of any resource recovery
>system is the quality of the products. This is true for both the
' secondary materials (ferrous metals, aluminum, glass) and the processed
‘fuel. Claims to recovery materials from mixed waste have not beén '
‘borne out. Only ferrous metals separation, which is a long-established
’ technology, has proven itself in practlce The high degree of purity-
requlred by markets for use of secondary materials has been difficult
to. achieve once materials are contaminated with mixed garbage.

- Varying comp051t10n and moisture content of the processed fuel
results in emissions of great inconsistency and erratic funct1on1ng |

of the emission control devices (electrostatic prec1p1tators) Even

though the sulfur content of MSW is relatively low in comparison to coal S

"_there are potent1a1 problems with partlculates and heavy metals. Fuel
~derived from refuse, for example, contains higher levels of cadmium,
lead, copper, chlorine and zinc than coal (Wentworth, 1970).

Ash residues from plants, which burn solid wastes or raw garbage,
nay be hazardous wastes which must be trucked to special landfills
tnat‘control leachates. Water pollution problems are of concern in
some pyrolysis methods as well because of the high organic content of
the effluent. |
| Critics 6f solid waste conversion systems argue that solid pollution
‘problems are being traced for air and water pollution problems. The
topic of concern is the actual cost needed to meet the applicable
Federal and state pollution control standards. These Federal and state
emissions limitations will determine the technological and economic
~feasibility of compliance. Furthermore, state and local review of
actions regarding new projects will determine whether a new source of
emission, in fact, will be permitted to locate in a giren area.

The principal reason for the lack of activity in resource recovery
is that tne activity is risky. ‘For most communities, the key to adoption
of recovery is costs that are competitive with landfill. For the nation
as a whole, this generally means that the public sector must. be the
-main risk taker. Furthermore, the unique financial and revenue structure
of the heavily regulated utility industry contributes to why the financial
and operating risks of MSW energy recuvery arc unattractive (Gordian
Associates, 1977j.
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Contributing causes include inflation, high interest rates, lack
of sufficient investment capital, and the likelihood that MSW invest-
ment costs will not be allowed in a utility rate base (e.g. St. Louis
experience). - ‘. ' ' |
In order to overcome some of the barriers to the utilizatibn of
municipél refﬁse, there are certain emerging patterns. The future
development calls for not involving the utilities directly in waste
disposal problems. An intermediary is suggested instead to pperafe
the recovery facility, collect a disposal fee, convert MSW to cncrgy,

and sell the secondary materials recovered (Gordian Associates, 1977).

Cogeneration

In reality cogeneration imblementation depends on‘technical and
institutional feasibility plus economic feasibility 'which reflects
energy efficiency. All of these variables are indirectly affected by
another figure which is the ratio of powef output to heat output.
This, determlnes how much, 1f any, electr1c1ty will be sold to the
gr1d For example a steam boiler/turbine system may produce 50 kWh/ _
10 Btu of steam heaf A gas turbine/wastc heat builer, however,
produces 200 kWh/lO Btu of steam heat. This is a ratio rather ‘than
an efficiency so that while a gas turbine produces more electricity,
it also produces less steam heat. The important use for this power/.
heat ratio is matching energy maximizing electrical generation if
institutional arrangements allow an economic advantage from selling
power. The problem at present is that utilities offer very low
prices for excess power generation. All of the variables affecting
cogeneration interact in a complex way to determine the best system
choice as illustrated in Figure 9.

The generation of steam and electric power is a significant use
of fossil fuels and causes a large fraction of present day air pollution
emissions. Cogeneration in nearly all cases is based upon the combus-,
tion of F05511 fuels and so0 air pollutluu problems must bé addressed.
W1th respect to water bodies, cogeneration can significantly reduce
the impact of electrical generation because normally there will be

negligible water consumption and thermal discharge beyond that normally

associated with the process heat.
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Fig. 9. Cogeneration System Alternative Analysis
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With respect to air pollution, guidelines are given in the
standards and regulations established under the Clean Air Act. Of
first concern arebthe Ambient Air Quality Standards set by3EPA for
SOZ’ NOx and particulates. The primary standards for theseibollutapts ef”
are set to protect human health. Unfortunately a large fraction of
industrialized Air Quality Control Regions do not meet the standard
for one or more pollutants. In these non-attainment areas new pollu-
tion sources are not allowed to interfere with. meetlng the standard
One compromise to prevent economic stagnation is pollutlon offset
whereby a new statlonary source can be built if a greater amount of
the same pollutants are removed from the same locality. The 1mportance _:
of offset to cogeneration systems is that it puts a premlum on low ' :
emissions 1nc1ud1ng controls stricter than New Source Performance
Standards whlch normally apply to electrical generatlon Under offset
regulations each pollutant must be more than offset, be decreasing or
ceasing emissions elsewhere. Thus the type of em1551ons available
for offset may be important in deciding system choice. '

From an environmental standpoint it is unfortunate that cogenera-
tion tends to be site-specific to industrial areas which are likely
to have existing air pollution problems. Finding solutions to this
problem may become more dlfflcult than overcoming the economic and
institut1ona1 barriers.

A major policy question raised by cogeneration and env1ronmenta1
control is the priority for clean, high quality fuel. Industries can
be expected to desire high quality fucl for cogeneration systems to
decrease their capital investment in fuel handling, engine cosf and
pollution controls. Policies which can make clean light distillate
oil or natural gas available on a reliable basis or natural gas will
go far towards improving the economics and thus implementatiun uf cogen-
eration. Because of its high energy efficiency, cogeneration can afford
higher prices for fuel and economic efficiency is served by its use.
Furthermore, environmental efficiency may be served by using better
fueis in cogeneration systems. .Particularly with gas turbines and -
diesel engines an industrial site may create less pollution with a
clean fuel cogeneration system producing electricity and steam than.

would have been produced by a normal industrial boiler burning lower
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quality fuel. Thus environmental efficiency suggest using the best
fuels in the most environmentally efficient process such as cogenera-

tion.



~
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CONCLUSIONS :

The primary environmental problems of converting municipal refuse
to energy or utilizing cogeneration systems vary with the type of |
process employed. Several specific applications associated with MSW
conversion and cogeneration have been chaiacterized,in the previous -
sections of this report. This section will briefly sompare the various
technologies according to several key parémetefs including system
inputs, outputs, stack effluents and waterborne residuals.

Table 16 contains a cumparison of system inputs per'lolz Btu
steam output. Land requirements are minimal for all systems. The
RDF system is by far the cheapest to build and is also the most
efficient in terms of energy recovery per ton of MSW. The fluidized -
bed system has the highest overall,sysfem efficiency. However, the
PUROX system uses the least ancillary energy and is the only system
not requiring an input water flow. Thus the RDF is the most favorable
for capital inputs and the PUROX is the most favorable for 6perational
inputs. .

‘ In Table 17 is found a similar'comparison of system ontputs.

' Systeﬁ energy products have becn left as the primary system producf
rather than converting each fuel to a common end use product such as
electricity. ' | '

The availablc data on stack emissions are cumparéd in Table 18.
The major air pollutants of concern are: SOz,NOX,HCI,'hydrocarbons,
and particulates. The RDF system which was characterized in this study
involved co-combustion with coal and therefore it is not surprising that
the resultant SO2 levels are relatively high. The sulfur emissions,
however, would be expected to be lower than those from a 100 percent.
cval-fired boller.. Nitrogen oxides seem to be only a problem in the
direct combustion system and the cogeneration applicatibns. The diesel
system associated with primary and secondary sewage treatment plants
has the highest level of NO, emissions of the processes under.study.
Chlorides, in Lhe form of HC1l, are characteristic of solid waste
conversion=proéesses because of the presence of‘polyvinyl cﬁlorides in
the waste stream. Chlorides released to the air would be an efflueni

of some concern, since there are no emission standards as vet. .Particu-
lates are a major component of all the systems studied. Direct Combustion



Table 16

Systemizlnputs Comparison

(amount/10°¢ Btu steam per year)
Systems
No. . Parameter ' -
’ LG GP PX DC RDF FP DI EO
1. Land (acres) ) 5.9 35 20.7. 10.8 9 4.2 ¢.1 0.1
. . 6 8 6 6 S . 6 7 7

2 Capital (dollars) . 11.2x10 7.42x10 36.82x10 48x10 3.76x10 11.05x10 11.54x10 16.4x10
3 MSW (tons) 1.8x10°  2.38x10°  1.45:20° 1.57x10° 1.39x10°  4.2x10% s -
4  Air (tons) 1.78x10° -- 0 -- -- -- -- --
S 0, (tons) 0 0 2.82x10* 0 0 - -- .-
6  Fiel 041 1.28x10° 567 - - - L19x10®  2.1x10
7 Electricity (Btu's) 4.05x10'° 1.14x10!!  1.ex10'® 2.94x10'® 2.71x101° - -- -
8 M0 (tons) 1.1sx0®  9.2x10° 0 1.008x10° 1x10° 2.1x10°  1.5x10° --
LG = Landguard pyrolysis

GP = Garrett flash pyrolysis

PX = Union Carbide Purox process

DC = Direct combustion

RDF = Refuse-derived fuel

FB = Fluidized-bed cogenératioﬁ_

DI = Diesel cogeneration )

EO = Enhanced oil recovery (cogenerntion)' -

*Coal replaces MSW ’

**Sewage replaces MSW (3.96 x 10° cf)

-59-
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Table 17

Systems Qutput Comparison

{tons/day,1012 Etu steam per year)"
Systems
No. Parameter - -
LG GP PX bC RDF FB DI- EO
5 s 5 72x10° ' - 5
i Steam (tons) 4,32x10 5.97x10 0 4,.72x10 3.34x10 2.1x10 2.1x10 144
2 Electricity (kW-hr) 151108 1.76x10%  2.20x10%
3 Fuel 0il ’ - -0 4.03x104 0 0 0 -- - -
4 Fuel Gas 0 1.97x104 —:).6le04 . 0 0 - -- --
5 Ferrous Metal 1.26x103 I.61x103 .3.4le03 1.18x104 9;73x103 .- - - g
. . o
6 Non-Ferrous Metal - ].53x104 1.05x103 - 1.39x103 -- -- -~ fh
7 Glass - ' 3.06x10°  z.0ex10®  2.96x10*  8.esx10°  1.11x10 - - -
8  Waste H, a.s8x10®  1.ama0®  au3xa0® roosao® - -- -- -
9  Char 1.44x103 35.05 o L1xa*  4sa0t  3.smo0d 950 2.28
- 5 - _
10 Stack EfSluent 585  1.06x10 117 L6310 470t a2 3.15x105 101
11 Water Effluent 4.68x10° 5.6x10% 335.17.  2.78x10% -- - -
LG = Languard pyrolysis - FB = Fluidized-bgdfcogeneration
GP = Garrett flash pyrolysis’ DI = Diesel §ogeneratlon" i
PX = Union Carbide Purox procsss E0 = Enhanced 0il recovery (cogeneration)
DC = Direct combustion

RDF

= Refuse-derived fuels

3plank indicates no available data



Stack Effluents Comparison

Table 18

(tons/1012 Btu steam per year)

RDF

‘= Refuse-derived fuel

Systems
No. Parzmeter
LG GP PX DC RDF FB DI ‘EO
1N, -- -- o - 1axo® -- -- - .-
2 HyG Vapor - = 0 . 1m0’ - - - -
3 ' SO2 12? 22.5' '0‘ 136 192 . 94 " 0.014 . 4.8
4 NoL 72.2 8.2 0 227 ‘_150" . 68 1.6x10° 70
5 9 - - o 2.26x10° - - - -
6 €O . - - 0 738 -- -- -- 19
7 cob. - - 0 . 1.32x10° - -- -- --
HCl 306 3.3 0o 5.8 -- -- - --
Hydrocarbons 12 0.65 0 : -- -- - 545 7.1
10 - Chlorides 5.2 - _ :0 - . 56 v - : - ;-
11 Pa*ticulaies ‘ 7.6 112.4 . '-}.17v A2.3x103 A160,v l250 ' 50 0.12
12 - Char/Ash to Landfill 1.44x10%  1.33x10° 2.30x10°  L.73x0® - aamac®  3isxao® 950 2.28
LG = .Landguard pyrolysis ~FB = Fluidizédfbed cogeneration '
‘'GP = Garrett flash pyrolysis ' DI = Diesel cbgenération '
PX = Union Carbide Purox process E0 = Enhanced oil recovery (cogeﬁerationj
DC = Direct comhus;ion 4 A

-19-
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systems contribute the highest level per 1012 Btu output,-wiéch may
1imit the use of this technology in areas with strict particulate
standards. There are, however, available controlltechnologies to
control this envirommental concern. From the point of view of stack
effluents, the PUROX pyrolysis system seems to contribute the lowest
quantities of air pollutants, while direct combustion operations
produce the highest. There are more available.data in the

case of direct combustion units which may contribute to this situation.

Table 19 summarizes the data on waterborne residuals. The major-
pollutants are: suspended solids, ash quenéh water, trace metals,
organics ana acids. Because of the paucity of information in the
literature on water effluents from waste conversion and cogeneration
processes, it is difficult to compare the various technologies; 'If is
Teported elsewhere_that both the oxygen pyrolysis (gas utility) and flash
pyrolysis (oil utility) systems produce large quantities 6f waste Yater
that must be cleaned and disposed (Aerospace, 1976). The major environ-
mental concern is the effectiveness of water pollution controls on the
spread of hazardous materials. '

Table 20 presents a summary of the major environmental problems
for each of the systems selected for analysis. Future effort within
the project will be directed toward expanding and refining the inter-
system comparison as data on the various effluents become available.

N\
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Table 19

Waterborne Residuals Comparison
(tons/1012 Btu steam per year)2

Systems
No. Parameter - g - -
LG GP PX DC - RDF
1 HCl -- - 408.9 -- -
2 Hg : -- - 4.2:(10.3 -- --
3 In - - 1.33 -- --
4 P -- -- 9.46x107" -- -
5 N -- -- 4.3x107 .- -
6 cd - - -- 3.8x107 ) - -
7 Other Solubles -- . - - --
8 Suspended Solids -- -- -= -- 8.08
9 Sulfates -- -- -- 8.5 --
10 Chorides -- ~- - 56.6 .428
11 Phosphates .- - -- 0.51 .6785
12 Hardness - -- -- 66.4 -
13 Waste Heat . g - - 1.06x1011 -
14 waste H,0 4.68x10%  1.06x10°  4.3x10*  1.008x10°  2.78x10%
15 BOD Tee - - -- .039
16 coD -- : 1.44):103 -- - -
17 Sludge -- - - - 40
LG Landguard pyrolysis
GP = Garrett flash pyrolysis
PX = Union Carbide Purox process
DC = Direct combustion
RDF =

Refuse-derived fuel

8No available data on cogeneration Systems

~
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~ Table 20

Summzry of Major Environmental Problems

System ‘ Emissions to Air Dlscharge§ Problems
to Water
" Direct Combustion Significant amounts of S0 , NO_, Emissiens Potential difficul-
' HCl and especially particulates - from scrabber ty meeting local
water o air quality stand-
» . A ards
RDF SO, (depending on S content of Greater BOD . ' Significant levels
‘ : codl), particulates, HC1 . and COl' levels of bottom ash for
_ : : o ' than cca’ combus- disposal
‘ , 4 tion
Purox - Particulates (from shredder) Significant
' ' A amounts of HCl =
and trace metals .
: , N o . o ‘ . Dat ilable *
Fluidized Bed © . Significant amounts of SOZ’ a not.avaL. o :
(cogeneration) NOx and particulates '
Diesel - ' significant amounts of NO_ and ° Data not available *
(cogeneration) " hydrocarbons - R I
Enhanced 0il. - : 'Significant;amounts_qf NO.. = Data not available . *
Recovery g S ' X : :

Cogeneration tends to be site-specific to industrial areas which are likely to have existing
pollution probiems. - R : . ' R

-OL-
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APPENDIX A

CAPITAL AND OPERATIONAL RESIDUAL INPUT SHEETS
FOR SEAS MODEL APPLICATION

This appendix contains the formattéd input sheets for capital
and operational system residuals. For each Technéiogy_Application,
sheets are included in the following order{ Capital -Expenditures
and Material Requirements Summary Reporting Form, Technology Capital
Costs: Works Sheets, Technology Capital Costs: - Work Sheets—Annual
Operating Costs, and Residual Data Sheets.

l SO2 scrubbers and either baghouses or gleptrostatic precipitators.
are included as a basic element of each system and are reflected in
capital costs and in the fesiduél generation rates. An extra column
has been added onto all Capital Material Requirements Sheets. This
column is used to indicate whether or’nof the corresponding material
is recycled upon either replacemenf'of decommissioning or is described
as a land residual. It should be noted that_ai} waste watér flows
described in this appendix can be discharged directly into municipal

sewer systems without pretreatment.

Side Equations

The three MSW energy recovery processes described in this report
also prodﬁce,secohdary products which are not sold in propoit{on with
or to the same customers as#the basic energy products. ‘The sale of
these secondary products is handled in the SEAS model system through
the use of "side equations." The side equations for the MSW technolog1es
are shown in.Table A-1. Included in this table are both production rates
for secondary equations and identification of general- sectors to which °
these products are sold. | '



Table A-1

‘MS¥ Technology Side Equations

Production Rate

System Product (tons/1012 Btu of output) Sectors Sold To
Direct Combustion Iron 1.8x104 Recycled to metal fabrica-
tion industries
Glass 8.65x103 Recycled to stone, glass,
clay industries
RDF -Iron 9.73x103 kecycled to metal fabrica-
tion industries
Aluminum 1.39x103 Recycled to Non-Ferrous
Metal Industries
Glass 1.11x104 Recycled to stone, glass,
clay industries
Pyrolysis Iron - 8.45x103 Recyc@ed to metal fabrica-
tion industries
Aluminum 1.41x103 Recycled to non-ferrous
' : metal industries
2.34x104 Sold for construction and

Gless Aggregate

road Sed aggregate

-ZL- .
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CAPITAL EXPEMDITURES A!'D MATERIALS REQUIREMENTS
“SUITMARY REPORTING FORM

TECHNOLOGY ___Mupicipual Sorud Waste  RESIONAL APPLICABILITY OF DATA:

APPLICATION __RDF NATIONAL: _X .
DATE SUBMITTED 8 August 1978 FEDERAL REGION NOS, all
SUBMITTED BY ___. __LBL STATES: ___ s
A. CaritaL Costs $1977 _DEFIATOR _ _$1972
1. MATERIALS $ 71,952,800 1,43 50,316,600
2. TRANSPORTATION 6,150,000 1.43 4,300,700
3. CONSTRUCTION LABOR __39,629,600 1.43 27,7¥3,000
I, PROFIT & OVERHEAD 29,136,900 1.43 i 20,375,460
A.l ToraL $146,869,300 1.43 102,705,800
B. AwnuaL SysTem 1012 BTU Ourput | 6.45 (10125Ty)
C. AunvaL SysTem Fossiv Fuer CourvaLent/1032 BIU Output 1035 (101p1U)
D. ToraL CapivAL Cos1/10%2 AnnuaL BTU [Agl:‘ o $ 15.923.400
E. i'urBer oF YEArRs 1O ConsTRuUCT FACILITY : 3 .

F.' Puasine oF ConsTRUCTION CosTS (% .EACH YEAR):

VAR 1 2 3 4 5 5 7 B8 8 10

7 2 22 2 2 o2 _ o __
6. Expectep LiFe oF FaciLiTy (YEARS) 30
H. PFan Years 1o ConsTrRucT FACILITY 1455
I. Man Years/1012 BTU ANNUAL OUTPUT [ﬁ] B} ‘ : -225.4

J, EstiMaTep Lanp Use ‘9.5 acres



Nec

. TECITIOLOGY CAPLITAL COSTS: WORK SIHEEY . ¢
: loutof 3
TECHNOLOGY: _ Municipal Solid Waste APPLICATION: Rofuse Derived DATE: upust 1978 :
(4) : : (8) - (9) (10) 1
[ 0y Expendi tures o Total Inforum Sector Desicnatfon Fraction | Scale Factors (11) .
L quadéley sl st () 1 (s N of Total | And Year Recyelo
ategory®! § Units Price” |. 19778x; B s1C2® SEAS SECTOR SEAS # Cost Applicadble Footnotes
- ; -
411 ‘2432 Veneer § Pl 45 .28 based on 0
814 - 2431, | Mill work § w 46 .58 current (]
2433 ' .
275.4 281 Iadustrial Chem 64 .18 designs and 0
1,056.9] 299 | Petroleum Refin. 76 0.72 research (]
1,364, 3272 Cement ,Concrete 89 .93 a scale 0
gypsum
83.6% 321 Giass 86 087 factor of 0
336.5] 3293 Other Stone,Clay 90 - 0.23 one is assumefl 0
. Glass . .
815.7 331, .Steel 91 0.56 for all years| 1
' 332
589.4 | 3331 Cepper 92 .40 through 1
‘167{2 3334 Aluminum 95 11 1
402.2§ 3339 Onher'Primary 96 .27 1
e non-ferrous
22,372.1] 3441, Fabricated St'rucr
3442, ture Material 104 15.2 1
_ 3443 ) ‘ )
3,250.2f 3494 ‘Pises, Valves, 109 2.21 1
_ : fittings
6,7220 3499 Fabricated Metal 110 458 1

(2) For construction category, indicate the number of man-hours of labor required. {b) Prices shou.d be for
1972,
rounding.,

1,.

10!

If other prices are used, indicate year.- (c) 1957 SIC code.

annual Btu output are contained in the list of side equations,

yes, 2 = no. Those items not.recycled become land residuals, quantities of recycled materials per

(d) ' Numbers may not add to totals due to

-VL-



TECIT{OLOGY CAPITAL COSTS: WORK SHEET

TECHNOLOGY: Municipal Solid Waste '

o 2 out of 3
8 August 1978

APPLICATION: efuse Derived Fuel DATE ¢ .
) .y . (8) . - : (8) 9) - (10)
.. Expendit . SO . : ] _ 11
o Expenditures —3 ' Total Iﬁforun Sector Dcs#gn1tion Fraction | Scale Factors| (11 )
Jouatbley | BVt cose | ) © Q) of Total | And Year Recycle
Cntcgo;y“ f Units Price 197 § | sicac SEAS SECTO SEAS ! “Costd Applicable Footnotes
‘ 2346.7] - | Misc Material - 1.60 ‘ i 0
14931.7| 3511 | Engine & Turbine 111 10.17 1
322.6| .3623 Welding Apparatup - 133 0.22 0
3458.8] 3434, | Material Handling 114 - 2.34 1
| 3435 NS D . . ,
872.1| 3820 .| Mech. Measuring 157 0.59 0.
2270.8] 3569 Gen.Ind.Machine | ~.122 " 1.55 1
5962.5 3561 Pumps, Gemeraterp 119 4.08 1.
2980.4f 3621 _ | Motors & Gen. 131 "2.03 0
12.5| 3572, | Other Office Mach - 124 ' 0.0085 0
- 3576 : A o
"134.5. 3999 | Misc. Manufacturg 166 0.092 0
4 Materiall and Equipment )
B Total|71,952. §
Transpoftation 6150. Trucking 169 4.19 0

(a) For construction catcgory; indicate the number of man-hours of labor required.

{b) ‘Prices should be for

1972. .1f other prices are uséd,-indicate year. (c) 1967 SIC code. (d) Numders may not add to totals due to

“rounding.

; 1 =_yes, 2 = no. Those items not recycled become land residuals, Quantitics of.recycled materials per
% annual Btu output are contained in the .list of side equations.

10!

-Sl-



TECHNQLOGY CAPITAL COSTS:

WORK SHMEET

3 out of 3

3

. - TECIINOLOGY Municipal Solid Waste AP?LICATIOH: Refuse Derived Fuel DATE : 8 August 1978 _
; ) (8) (9) (10) 11
- Expeaditures o Total Inforun Sector. Designation Fraction. | Scalc Factors (11) \
, Quadtley | plCst [ . | (©® %) of Total | And Year - : Recycle
Categorydl § Units Price 197 § | s1cs SCAS SECTOR SEAS # Costd Applicable Footnotcs
Servi¢s § Management 10.7¢ - - - 0.73 0
Labor 2.9657X106h1'$‘l3./hr 38,553.6 - - - 26.25 0
OH Lafor © f1,566.1} - New Construction 19 7.88 0
OH Otjer 3,855.4 - New Construction 19 2.63 0
Profi{ 13,715.4] - - 19 9.34 0
Total 46,869.3 99.97

‘Land | 10 acres 1,420.5

.(a) For construction category, indicate. the number of man-hours of labor required.
If other prxces are. used indicate year. -

1972,

rounding.

10‘2

yes,’ 2. no,

(c) 1967 SIC code.

Those items mot recycled becone land residuals, quantities of recycled materials per
annual Btu output ate contained in the list of side equatlons. X .

{b) Prices should be for
(d) humbers may not add to totals due to

-9‘-



TECIINCLOGY CAPITAL COSTS:

WORK SHEET

1 of 2

TECHNOLOGY : Munlcipal Solid Waste APPLICATION: RDF - Annual Operation DATE: 8~August ‘1978
- ) ' . {8) (9) (10)
ditures ( . . » 11
T Expen‘qE ure & Total Inforum Sccter Designation Fraction | .Scale Factors an
W qualéley y | Cost | ) (6) n of Total | And Year : Recycle!
Categoryd| £ Units Price 197 § | s1cs€ SEAS SECTOR SEAS # Costd Applicable Footnotes
80 281 Industrial Chem| 64 195
- 7 3272 Cement, Concert 89 0.17
) Gypsun .
2 321 Glass 86 0.049 0
-3293 Other Stone, .90 * 0.14 0
. Glass, Clay -
3331 . Copper 92 0.097 . 1
3334 Aluminum 95 - 0.049 1
9 3339 Other, non- 96 0.022 1
. Ferrous
675 3441 Fab. Struct. 104 16.40 1
3443 : .
375 3494 Pipes, Valves, 109 9.13 1
3498 Fittings
30 - Other Misc Mat. - 0.73 0
280 3561 .pumps, compress 119 6.82 - 1
165 353 Materials,hand- 114 4,02 1
ling equipment '
59 3622 Industrial Cont 157 1.45
1.5} 3572 Other off.Lqpt 124 0.037
80 3511 Engines § Turbifes 111 1.95

(a) -For construction cu»egory, indica%e the number of man-hours of labor required.,
If other prices are used, ind1cate year.

- 1972,

rounding.

l 1 =
10!

2Y

es, 2 = no. Those items not recycled become land residuals, quantxtxes of recycled materxnls per

(c) 1967 SIC code..

annual Btu output are contained in the lxst of side equations.

" (b) Prices should be for
(d) Numbers may not add to totals due to -

-LL-



TECHNOLCSY TAPITAL COSTS: WORK SHEET 2 of 2

TECHNOLIGY: Municipal Solid Waste APPLICATION: RDF - Annual Operation DATE: 8 August, 1978
< 4) , . I C)) (9) (10)
Expendit ( run S¢ Ak : 1
T Evrcng%lurcs 5 Total Irforun Scctor Dcs1gn1tion. Fraction | Scale Factors (11) .
.| Guantiey p | Sost (s) . 6) N of Total | And Year _ Recycle
Categorvd] § Units Price 1974 | Sic# SCAS SECTOR SEAS # Costd Applicable - | Footnotes
80 3621 | Motor §-Sen TS| 1.96 A ‘ 1
20 371 | Motor Vehicles | = 157 0.48 - - 0
Total Material § Fquipmentj 1934.5 .
: | 203 494 Electricity 180 | 4.99 0
1 550 | 494 Water § Sewer 179 113.44 0
o 30 494 Heating Fuel ©178. . 0.76 0
Transpprtation : 150.9 - { Trucking S N 3 3,65 0
Labor | .- 928 - Labor | 20 .22.63 : 0
OH Wag 4 t 278.4 1 - New Constructicd =~ 20° | . 6.80 0
OH Othpr ’ . . 92.8 - New -Constructioj 20 . 2.25 0
°4108.6 ‘ - Total N Y
T R

_8L-

(a) For construction category, ind1cate the nunber of m"n-hours of labor required, * (b) . Prices should be for
1972, 1If other prices are used indicate year. (c) - 1967 SIC code. | (d) NunbeAs may not add to totals due’ to
round1ng. . .

1 1 =2yes, 2 = no, Those itens not recycled becone land residuals, quantities of recycled naterxals per f
1014 znnual Btu output are contained in the llst of side equat1ons.




: 1 of 2
Sicheslgy, Lovel of Regiczalizationt
Ipticscies _RDE___ ‘ ¥ational_Yes
oty Sededeted g August 1978 Fedezek . - ) Gede ¢ v {T:e Rrgloasl
Mﬂ!{tg“ !r LBf —ey Stets - oy Codo 6,;‘ : Z; 1 macey) oo e
el el ol Bl e W IO ol e B |1 Lo
Qocpiaens | ¢ T=angpses ger 1048 a0 | 1644 BTV Blileiency | Copdtel  Operptieg| Residwal & dieiy | Caeiite |
cnd-use Irgue, - : Tl Caveesyys  Toxonemy| eisas
- — . Ll A N : _| Comsinene
Process in‘L(Frov t End) ] (
23 07 land 3 51.44 16.33
01 00 air 3 2.1 0.86
19 00 "} air 3 ? ?
Energy Conversidn
23 07 { 1land 2 152.0 48.25 3
01 00 air 2 8.0 2.54
02 00 air 2 192.0 60.95
03 00 air 3 150.0 " 47.62
07 20 air 3 50.0 15.87° -
Ash_Porjd "
09 00 vater 2 0.039 0.0124
12 00 vater | 2 8.08 2.87
15 00 vater 2 1.38 0.43
20 00 - water 2 0.678 0.215
20 21 vater 2 . 0.039 0.0124
20 12 vater 2 5.38 1.1

-GL-



[l MR
_Reluaty etd Dany 2 of 2
Tycraclopy Municipal S'olid* Waste * Leval ef xgg_ic';:;quﬂml
deplisasivs_RDE — otdoaad x|
Tato Sutedesed 8 Auag_u_sg:-1978 ' Fgdenss _all Cole 4__ ! [Tes Pxgioapl
s Ses—_ T w1 P P
dual " oy . : smoid 3T ads Casends: se
e e e T T el i B o
Gositnens | ! Traaspees g:,n;.zt‘):i T} %g;&btq Edileleney | Copital v@qnﬂu% :«;gfgg, :;:ﬁ:f g:;’;u
frerry ) Coemuimeng -

Ash Pond] (Cont'd} 4 !

11 00 water 1.03 0.34 ‘

20 20 water 0.428 0.136

Bottom Agh ! )

23 07 [sorid | 1 40.0 f12.70

Capital Residualq ‘ _

38 99  {land 9 acres 2.85 acresL'

Operatiohal Residpal

a3 00 Labor | 1 6. 12xz0%rs {1.94310%r

20 78 vater | 1 . 78X10*Tons| 8. 825x10°1chs

!
3

_08-



Bt (),

Bedfulp Dets Mrepy 1 of 2
tavel of R;;.io;:;lu;dml
_ . ¥outemad _Yes ..
Bete ptnieted__R Aueust 978 . Bedemad o Seded ) [Vst Bepterpd
e e w— T Y]
e e e N R e e diond F=d [t
Gor,soem | 9 Tonspors | g;:;-:‘g;vm é;‘a\;“bﬂ{ Biictanty | Capital  Opesgting :;gi?::g, ; g:i’ri;r 2@“
- Enty (tons . . . Ccsznrnt
43 00 | 1abor] 1 2.62x10%hr | 8.73x10%%
20 78 water | 1 1.008x10° | 3.36x10%
23 69 solid | 1 1.73%10° 5.77x10°
Stack Efnissi:m ;
"01 - 97 | air 2 115 38.35
02 " 0o air 2 13.6 4.5
03 00 air 2 227 75.67
0s 00 air 2 758 252.67
15 00 air 2 106.1 35.37
07 93 air 2 22.7 7.57
07 78 air 2 |1.1x10S 3.67x10%
19 00 | air 2
23 07 “land 3. 2.28x10° 7.20x10°
27 00 land 3 122.4 40.8

18-




L Stoghyred (F
l_e_s_al'e!*u{: !_.'g’.l &!n_;.g' 2 of 2
1id, Fa Cuvel of Repichalirazicas
l‘.:;llea..m E];gc; Cmahnm,gn' ¥ptaonal yes
Bets Sudrdesed 8 Aug 78 Fedemst_ 211 Code # 1 [0 Begterpd
M"!t.ﬂ ¥, Lpmence-Repkelox ah, stst,e[ P “.‘ — Code .{;'; — Z?e Texsatey] o Oe
N Tl R - I = Ly e e
focpacent | ¢ Tosngport pez 100é b1y | 1542 9 Jhitleienay | Gopival  Cpesening| Bestdwns € dinta | Coeagte |
1 endeuse Ingue, ' Casessry!  Taxonomy] clems ’

— . Enerry . Cocpinon - :
" Scrubller Waste| Flow ' - N i

12 00 | weted © 2 22.8 7.6

13 00 weter 2 104.8 1 34.87

16 20 weter! 2 42.8

20 86 wzten] 2 21.1 14.27

14 60 wzten] . 2 1.62 - .} - 0,54

Slag | uench Wapte Weteyd Flow

12 00 wate -2 31.4 10.46

13 00 water 2 39.3 13.1

16 20 water 2 13.8 4.6

20 | 86 { wateq 2 8.5 2.83

14 00 vated 2 0.51 0.17

a | 78 watej 2 l1.7x0%em | s.s7x10%0]

-28-
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CAPITPL EXP“'DITUP. S AID NAT Rl"LS REQUIREHEHTS
T SUITIARY REPORTING FORH

- ;._TECHNOLOGY | '-Mu“ﬁﬁpalSélld‘MSFeAZH_REGIONAL APPLICABILITY OF DATA:
.f .:APPLICATION - byrowysis o . NATIONAL: __X
":}“ﬁATE SUBMITTED & August 1078 - .FEDERAL REGION NOS.
- suBMITTED BY __ Bt 7 sTaTEs:
© A Caprtac Costs . - 81974 _DELLAIQR_ $1972
1. ZMATERiAL's',‘ . 116,458,000 1.18 ‘ 98,693,300
2. TRAN'.S'PORTATI'ON"..-' 9,458,000 - © 1.8 7,994,100
‘3.‘ CONSTRUCTION LABOR 50,708.0.0(') A 1.18 i 42 .972_900
lg,f- PROFIT & OVERHEAD 39.971‘,}000 V 1.18 33,873,700
A1 ToTaL 217,920,000 ' 1.18 ' 184,678,000
B. AnnuaL SvsTem 1012 BTU Outeur ' 153 (0'%kmny
" C. AnnuaL SysTtem FossiL FueL EQUJYALENT/lﬂlz BTU Qutpur 19.13 (10 2803
D. TotaL CapiTaL Cos1/1012 AnnuaL BTU Aﬁl]. 12,070,500
E. iluxBer oF YEARs TO ConsTRucT FACILITY 4

F.- Puasine oF ConsTRUCTION CosTs (% EACH YEAR):
A )

YR 1 2 (3 4 5 6 7 8 9 I
7 ﬁ'é.l__?i_'_ -
G. EXPE;TED Lire oF FaciLiTy (YEARS) ' 30
H. Man Years 1o ConsTRucT FACILITY 2100
I, Man YEARS/1012 BTU ANNUAL OUTPUT [EJ : ) 137

J. Estimatep Lanp Use ' ' 10 acres



TECHNOLOGY, CAPITAL COSTS: WORK SHEET 1 0f 3 1

TECHNOLOGY : Municipal Solid Waste APPLICATION: .Pyrolysis - DATE: 2 August 197&
4) 3 i P ) - (9) ’ (10)
Expendit ( - : 11
—T Xpenxélurcs 6 Total Inforum Sector Desigriation Fraction | Scale Factors . (an .
Quantity " p | Cost (5) . (6) (7N of Total | And Year Recycle
Categorydf § Units Price 197 § | SICA™ | SFAS SECTOR SEAS # Costd Applicable Footnotes
410 2432 |Veneer & Plywsod 45 0.19 0
820 2431 |Millwork § Woad 46 0.38 based on , 0
' 2433 : ‘
10 281 |I~dustrial Chzm . 64 0.0046 current
110 '299'.Petroleum Ref. 76 0.0505] designs, .
6741 3272 }Czment, Conérete, 89 3.09 - assumed
' ' Gypsum ' . )
- 40 321 |Glass 86 0.018 to be one . 0 ) )
1560 3293 j0zher stone,Glass 90 0.72 for al}
330 331 | S=eel 91. 0.15 years
332 )
. . ' 2:
1259|3331 | Cepper 92 0.12 through 1 :
69 3334 |Aluminum 95 0.032 12000 1
82{ 3339 |Other Primary non 96 0.038 1
) Ferrous: . .
19850] 3441 |Fabricated Struct 104 9.11 . 1
- 3444
3443 .
10600 3494 | Pipes, Valves, 109 : 4.86 ) 1
3498 |Fittings -
340] - |other misc. met. - 0.615 .y 0

(a)  For construction category, indicate the number of man-hours of labor required. (b) Prices should be for
1972&1 If other prices are uscd, indicate year. {c) 1967 SIC code, (d) Numbers may not add to totals due to
rounding.’ . : ' ‘

1 1 15763, 2 = no. Those items nét,recycted becene land residuals, quantities of recycled materials per
10!¢" annual Btu output are contained in the lis: of side equations,



. - TECHNOLOGY CAPITAL COSTS: WORK SHEET

20f3

TECHNOLOGY: wynicipal Salid ste APPLICATION: Pyrolysis " DATE: 2 Aueust 1978
i : 4 i ' (8) (9) (10)
Expendit ; : :
o xpen i ures 0 Total Inforum Sector Designation Fraction | Scale Factors ‘ (1) .
'Quaﬁtlty p | Cost (5) (6) AN of Total | And Year - Pecycle
. {Category?d| § Units Price 1974$ | sics€ SEAS SECTOR SEAS # Costd Applicable Footnotes
5575 3561 Pump, Compressor 119 2.60 N 1
Blowers
1180 3567 Industrial Patter 122 0.86 1
3569 '
- 18, 3572 Other Office 124 0.0083 0
3576
20 359¢C Service Ind. 126 0.0092 1
machines ‘
2410C 3511 Engines §& Turbine 111 11.06 1
138 | 3623 | Welding Apparatus| 133 0.063 0
3322 3621 Motor & Gen 131 1.52 1
12880 3484 Materizls llandlin 114 5.91 1
3435 ° | Machinery
4055 3569 Gen Indus Machine 122 1.86 1
320 3820 Mechanical Meas. 157 0.15 0
- 22830 3999 | Misc. Manufact. 166 ' 10.48
Materipl - Sub Totjl 116458 R
Transppretation 9433 Trucking 169 4,33 0
Labor(pies) 4.279x}0%ar ]
£11.95/hny  S070& Labor _ 19 23.27
OH: Wagps ‘ 15212 New Construction 19 6.98
OH Othfr 5071 New Construction 19 2.33

‘(a) For construction category,-indicate the number. of man-hours of labor rcquifed., (b) Prices should be for
Numbers may not add to totals due to

1972, If other prices are used, indicate year.

rounding.’

-

1 1 z,yes, & = no. Those items not recycled become land residuals, quantities of recycled materials per
10

(c) 1967 SIC code. (d)

annual Btu output are contained -in the list of side equations.

-58-



3o0f 3

TECHNCLOGY CAPITAL COSTS: WORK SHEET : e ]
TECINOLOGY: Municipal Solid Waste APPLICATION: Pyrolysis DATE: 2 August 1978
sy 4) 3 . (8) (9) © (10) 1
o Expenditures o7 Total Inforum Scctér Designation Fraction | Scale Factors| . o ‘( 1) .
ouaféley “Ty | Cost (5) (6). (¢} of Tot2l | And Year Pocycle
Category?| § Units Price® | 19748 | sic4© SEAS SECTOR SEAS # Costd Applicable Footnotes
Profit 19688 Profit w 9.135 0
Total Cdst ‘ . : S _
216,570 ) 99.043 8
370 o

Land 10 acres

- -9g-

{(a) For construction category, indicatc the numbor of man-hours of labor required. (b) Priceﬁ should be for
(c) 1967 SIC code. (d) Numbers may not add to totals due to

If other prices are used, indicate year.

1972,
rounding.
Ty e yes, 2 = no. Those items not recycled become land residuals, quantities of recycled materials per
.‘1012 annual Btu output are contained in the 1ist of side equations.



. TECHNOLOGY:

TECHNOLOGY CAPITAL COSTS: WORK SUZET

1 of 2

" APPLICATION: Pyrolysis-Annual Oneration DATE : t'Augusgl 1978
Expenditures ng;i : Inforunm Sector Desipnation Fragzion Scalgggactors (10) (1)
N Jouahtley ) p|Cost [(5) . . -(6) (7) - | of Total | And Year pocyele!
Categoryd| & Units Price 19748 | sIct SEAS SECTOR SEAS & Costd Applicable Footnotes
: l _ :
30 281 Industrial Chem 64 1.92 0
6 3272 Cement, Concrete] 89 0.38 0
Gypsum
4 321 Glass .86' 0.27 0
10 3293 | Other Stone, 90 0.64 0
Clay, Glass -
3331 Copper 92 0.26 0
3334 Aluminum 95 0.13 1
16 3339 Other,Non-Ferro 2 96 1.03 1 éo
15 3441 Fab. Structural 104 0.96 i 1 3
| 3443 -
15 3494 Pipes, valves 109 0.96 1
3498 fittings
10 - Other misc mat. - 0.64 1
100 . | 3561 Pumps, Compressofr 119 6.42 1
. 3563 _ ' : B
210 353 _ Materials handl- 114 13.47 1
ing Equipment
65 3622 Industrial Cont- 157 4.17 0
‘ rol ' ' '
1 3572 Other office 124 0.064- 0
90 3511 Engines § Turbi 111 5.72 1 ‘
: 90 3621 Motor & Gen "r _131 5.72 1

(a) -For construction category, indicate the number of man-hours of labor required.
1972. If other prices are used, indicate year.

rounding.

! 1 =.yes, 2 = no. Those items not recycled become.land residuals, quantities of recycled-mateyials per

(b) Prices should be for

{c) 1967 SIC code. .(d). Numbers may not add to .totals due to

1012" apnual Btu output are contained in the list of side cquations.



TECHNOLOGY CAPITAL COSTS:

WORK SHEET

2 of 2
. TECINOLOGY: Municipal Sclid Waste APPLICATION: Pyrolysis-Annual Operation DATE: 3 August, 1978
. 1C)) i s (8) 9) : (10) 11
il) _Expenditurcs - Total Inforum Sector pesignat.ou Fraction | S:=ale Factors (11) .
quadtley b | Cost [ (6) - I3 of Total | Aad Year Recycle
Categorvdl § Units Price 19748 | s1cec SEAS SECTOR SEAS # Costd Asplicable Footnotes
19 371 Motor Vehicles 145 0.64 0
30 382 thh. Measure. . 1587 1.92 1
Total Equigment §
Matenjials ' 698 .
18.5 494 Water § Sewer 179 1.14 ' 0
5 494 Heating Fuel 178 0.32 0o,
Transportaqion 56 - Trucking - 169 3.59 0
Labor (direct
r?c‘t?,, 090 jr .
: $11.85| $58 - Lzbor 20 35.70
0.H. Rages 167 - Nzw CZonstruction 120 10.72
0.H. Qther - 56 - " Nzw Constructlon|. 20 3.49 |
Total | 1558.5 100. 094

(a) For construction ca<egory, indicate the number of man-hours of labor required.

1072.

1

1=
10

12

yes, 2 = no.

If other prices ave ‘used, indizate year.
rounding. . :

(=) 1967 SIC code.

Those items not recycled become land residuals, quantities of recycled naterials per
annual Btu output arp contained in the Iist of side equmtions,

(b) Prices should be for
(d) Nunbers may not add to' totals due to

-88-



e~\?ur 1d] 1 0f 1
Tydwoleyy  Municipal Sol1d Ha g;g Lml o mm.xu;uem
Appifestiea__ Pvrol_vsxs © ¥pttemel .
tto Budmesed 1S July 1978 : Fed«;n! all Calg # 1 [Tse Regdoapl
adnitted Iy Lawrence Berkeley Lab 2t all Cole ¢ © Cele Tonanety, . .
& (" ‘ T % 30 R . T T - L,’ l m 0‘!
Lesiduat T:~=n~=y Nedivm Baxirose | Gooss Croos Abatemmt $ Jrasenens/i0M vy Secondiny Restduply | Excendowy | Foute
Cavegary/ l “digit ke.x-u%; &e.\dun: Remqvad - : cS2sidusl 10t
Gempicens Teoasoss r 1 1642 BYY Léileleney | Cepdtal  Opaoming] Residust 4 dipds | Cocustn
end -use Inpus, : Cazessy/  Texonomyl cigxs
Eaerry ) tc:.'.-.—n
23 07 land 3 56.69 29.64
01 00 air 2 3.51 1.56
37 00 water | 3 1.20x10° T {s.7sx10* T} -
38 .99 land 1 61.3 acres 27.3 acrcT -
.19 00 air S - -- .0
43 00 -- 1 1.486x105hr' 6.62x104hr 0
08 00 air S - -- 0
21 78 water | 2 3.17x10 8t} 1.41x10M Bew 0
15 20 water 2 1.23x103 T 5.48x102 T 0
20 a7 vater |- 2 1.26x10°2T | s.62x10731 o
20 ‘80 water 2 3.9 T 1.78 T 0
20 44 water 2 2,84 T 1.27 T 0
20 88 - water 2 1.29 T 5.75 T 0
.20 14 [owater | 2 1.26x107°T S.62x}0-3ﬂ 0
22 - 00 water 2 3. 93x103T 1.75x103T 0
23 69 land '} '3 8. 88x10 T 3.96x1041 0
.20 78 water 1 4. 34x10 T 1.935x10 T 0

-68-



-90-

CAPITAL EXPEHDITURES Aff-HATERIALS REQUIREMENTS
SUITARY REPORTING FORM

TECHNOLOGY _Cogeneration REGIONAL APPLICABILITY OF DATA:

APPLICATION Fluidized Bed NATIONAL: _.__ X _

DATE SUBMITTED _8 August 1978 - FEDERAL REGION NoS __all

SUBMITTED BY LBL STATES: ___ 81l '

A. Cap17aL CosTs Coe 81977 _DEFLATOR = __ $1972
1. MATERIALS ~ _5,616.400 _1.43 " v 3,927,550
2. TRANSPORTATION :‘ 443,700 o 1aes 310,280
3. CONSTRUCTION LABOR 4.588,000 . 1.43 3,208,400
I, PROFIT & OVERHEAD - ' 28,500 , i.a3 . 579,370

A.l ToTaL 11,476,600 143 . 8,025,590 ‘

B. AnnuaL SysTeM 1012 BTU OutPUT 4 0.726(10!2 Btu/yr)!

C. AwnuaL SysTem Fossiv FueL Fourvarent/1032 BTU Outpur  1.43 :

D. ToraL CAPITAL Cos1/1012 Annuar BTU [Agl] 11,054,540

E. iuvber oF YEARs To CONSTRUCT FaciLity - “‘ 2

F. Puasing oF ConsTRUCTION Costs ($ EACH YEAR):

VR 1 2 3 4 5 8 1 .8 9 W

A S8 e e e e e

G, ExeecTep LIFE oF FaciLity (YeEars) . - 40

H. Man Years To ConsTRucT FACILITY ' ) 173

1. Man Years/10%2 BTU AnnuAL ouTPuT [ﬁ] ‘ : 238

J. EstimaTep Lanp Use g o 0

! see Append1x I or Application Section for details on product mix and fossil fuel
equivalence



TEC:T!OLOGY CAPITAL CCSTS:

"WORK SHEET

8 August 1978

TECINOLOGY:  Ccgeneration APPLICATICN: Fluidized Bed . . DATE: ' _
. 4) . T(8) - (9) 10
Expenditures ( I 0 : ( (10) 11
) Xp o 5 Total nforun Sector Designation Fraction | Scale Factors| - ‘ )..l
Quantity L p | Cost (5) e (6) € of Total | And Year . . |Recycle
Catcgo:y“ & Units | Price 1977 5 SICH SCAS SECTOR SEAS # Costdx109 Applicable - | Footnotes -
439.0 | 3441 Other Structured { 104 ° 3.83 - " assumed 0
Prod. ' - . . ’
240.7 |} 3564 Pump, Compressor. | 119 2.10 equal to 1
1040.0 {331 Steel = 9.07 one for all 1
139.0 }3494, Pipes, valves, | 109 1.21. year through | i
3495 fittings, . -
335.0 2433 . Plumbing § Heatin§ 102 - 2.92 : 1
44,0 {3821 Mech.Mecasuring De}.157 0.38 2000 0
196.0 3561 Pumps, Compressor 119 . 1.71 1
60.0 | 3569 Industrial Patterp 122, 0.52 1
1681.0 [3511 Engines § Turbine| 111 14.65 1
85.3 3443 Boiler shop 103 0.74 -1
46,0 [3273 Cement, Concrete, - :
N Gypson 89 0.40 -0
11.0 3536 Material Hand11ng 114 0.096 0
. Equipment
169.3 "} 3444 Other structural | 104 1.74 1
prod.
83.0 |]3821 Mech. measuring 157 0.72 1
! Dev. :
86.0 §3612 Transformer 130 0.75 1
Switches .
82.0 |[3613 Transformer 130 0.71 1
Switches

1972,
rounding.’

1 1= zycs, 2 = no.
10!

{c) 1967 SIC code.

{a) For construction category, indicate the number of man-hours of labor required.’
If other prices are used, indicate year.

(b) Prices should be for
(d) Numbers may not add to totals due to

Those items not recycled become land residuals, quantities of recycled matgtials per - .
annual Btu output are contained in the list of side equations.

(1) 1= yes, 2 = no Those items not -recycled become land residuals, quant1txes of recycled materials per 10lz
annual BTU output are contained in the list of side cquations,

_16-



TECHNQLCCY CAPITAL CCSTS: - WORK SHEET

" TECHNOLOGY:  Congeneration , APPLICATION: Fliidized Bed DATE: 8 August 1978
Expenditures ! T<§::)11 ___Inforun Sector Designation Frnc(:?xon Scaltt:gl)’actors (10) (1) .
) T quakbley | 3 y | Cost |5 ®) (7) | of Total | And Year Recycle
Catcgory® f Units | Price 197 7$4¢ SIC'?c SEAS SECTOR SEAS P ‘ Cost? Applicahle Foocnotcs
’ 20.3 {3532 | Const. Mining, | 113 0.18 0
mach ,
' 413.8 | 3555 | Special Ind. | 118 3.61 . 1
' machine . .

65.0 | 3622 | Iadus. Controls | 132 0.57 1

3.0 3621 ° { Motor & Gen 131 " 0.026 1
80.0 |3273 .f Cement, Corcrete| 89 |, 0.70 0 -

8.0 }1794 New Construction 19 0.07 0

230.0 |3498 | Pipes, Valves 109 , - | 2.00 1

13.0 3292 | other stone, clay] 90 0.i1 0

) 1 glass
‘ 46.0 ;1621 _ i-New Construstion | 19 0.40. 0
Total Eqipment ‘ 5616.4 '

Noaa37 | - Trucking 169 3.87 0

352,900 hrs.| @ 13.00(2072. - - |Lavor 19 18.02 0

621.3 |o# (wagehNew Construction | 19 - 5.41 0

207.2 jOH (oth:ﬁ') Tew Constructiof 19 : 1.81 0

_ 2516.0 | - [Architect § Eng. | 19 | 21.70 0

Total [Zost  |11,476.6 . 100.02 '

—z6-

(a) For construction category,. indicate the nurber of man-hours of labor required. (b) Prices should be for
1972, If other price'l are used, 1nd1cate year. (c) 1967 SIC code. (d) Nunbers may not add to totals due to

rounding.

l = yes, 2 = no. Those items not recycled besoms Jand residuals, quantities of recyclcd materlals per
“ 1012 annual Btu output are contained in the llist of side equations.



TECHNOLOGY CAPITAL COSTS: WORK SHEET / ANNUAL COSTS lof 1

TECHNOLOGY: Cogeneration APPLICATICN: Fluidized Bed Combustion DATE: 21 Septémber 1978
8] E;pcnzizurcs 57 Tgill Inforum Scctor Designation Fragigon 'Scaléggactors (10) o (11)
Qua.§ ty b Cogt (5) (6) 4)) of Total | And Year
Categoryd| § Units Price 19/6$xiaSIC3° SCAS SECTOR SEAS # Costd § | Applicable. Footnotes Recyclee
| ' : 0 2431 - Nillyork - yood 46 0 Assumed 0
: 5 281 | Indus. Chem. 64 - "~ 0.53 | Equal tol 0
1 321 | @ass : 86 0.11 For all Costs 0
1 333 Other stone § E o
Clay : .90 | ‘o1 4 0
30 331 | Iron and steel 91 3.15 1
; 1 3339 | Non-Ferrous metal 96 0.11 1
” 1 ) 20 3¢41 | Fabricated } . . '
: 3443 | Structural 104 £ 2.10 : 0
. 50 3499 | Fabricated Mtal | 110 5.25
: 10 "3494 | Pipes, valves, ' '
: Fittings ‘ i 109 1.05 1 S
2 3569 | Cen.Indus.Equip. 122 0.21 1 -
20 3434, | Material handling ;
3435 Equipment 114 2.10 1
" 3561 |Pump, comp.,blover] 119 . 0.53 1
3622 |Control Equip. 132 0.42 0
20 3670 |Electrical Equip. 139 2.10 0
13 | 9433 |Trucking 1 169 1.37 0
552 | . - Labor 20 57.76 -0
165 | - Overhead (wages) 20 - 17.33 0
55 - Overhead (other) 20 5.78 0
To}al Cost | 952 100.01 0

(a) For construction category, indicate the number of man-hours of lagor requiréd. (b) Prices should be for
1972. If other prices are used, indicate year. (c) 1967 SIC code. (d) Nwmbers may not add to totals due to
rounding., (e) 1 = yes, Z = no. Items not recycled may be considered to be operational residuals.



Rexb2uals Ppen Phevd

Sycwotegr___ Cogeneration tevel of Ragiczalizedcat
Apsticating Fluidized Bed : . Hatqenal - _
Pats Subcivegd 8 August 1978 Fdessd _3lo . Cetc ! [Pep Ragtonpd
weitted By ] R-— kel Stote 11 Code b _ - ¢ Lofs Ta: ‘ S
b H—taurence d sghelaiad, Facramm % e s 125 A o de)
Residvat | Taorcay | Nedin Rezdnesp | Grozd ] Coess frazenima $ Avateocne/10i s Bscsndary Rastfusly | Secrndery | Feots
Cirepery/ | bdigin | of Residusls - bessdaaly | Rexaval : 1;,.4“31 rrtes
ozsacnsy | f oerepest per lod¥ oty 1084 LTV Eisleltnay | Copital  Dpespting| Residuad 4 dipde | Coaxye
5 crdevse Inpuy, - ; Caserony/  Tzmrenormy] clews
Enerry K ) CC'ﬂén"nt .

02 00  air 3 9% 37.6 - 1

03 . 00 .air 3 68 27.2 2

o1 00 air| - 3 250 100 1,3,4

23 07 | land 3 3500 . 1400 1

02 : 00 - land 3 5800 - - 2329 \ 1

L] N
23 0% land 3 4.2 acre f“ 1.68 acrejft 2.3
. »
29 00 land 3 ga1se - .| 1900

1. Yaverbaum, Lee, FBC of Coal and Waste Materials NOYES, Park Ridge, N.J: 1977 2. 44
2. Ibid., p. 107.

3. Reigel, S.A., Bundy; "Why the Swing to. B:g}wuses" Power, 121,(1):68,Jan. 1977.

4, Noll, K. et al Air Pollution Control and Industrml Energy Productxon, Ann Arboz,” Ahn")\rboi Sc,ierjcé, 1975, -

S. Output is 55% steam and 45% electric power.

;VG-
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CAPITAL EXPEQ‘!DITURES ABD MATERIALS REQUIREMZMTS
SUITARY REPORTING FORM

TECHNOLOGY ___Cogeneration REGIONAL APPLICABILITY OF DATA:
APPLICATION __Diesel NATIONAL: X
DATE SUBMITTED ___8 August 1978 _ FEDERAL REGION NOS, _all
SUBMITTED BY IBL, STATES! _ all
A. Cap1iaL CosTs . ___$1977 - _DEFIATOR $1972
1. WMATERIALS __ 5,359,100 __1.28 4,186,800
2. TRANSPORTATION 418,000 . 1.28 326,560
3, CONSTRUCTION LABOR ___1:656,500. 1.28 1,294,140
i, PROFIT & OVERHEAD 600,000 1.28 468,750
A.1 ToTAL 8,033,600 138 6,276,250
B. AnnuaL SYSTEM 1012 1Y oureur ' 0.544 (10%2BTu/yr) "
C. AnnuaL SysTem FossiL FueL EOU]VALENT/IUIZ.BTU.OUTPUT 1.207 (10*%BTU/yT)
D. ToraL CapiTaL CosT/l()-12 AnnuaL BTU ABl 11,537,225
'E. iukBer OF YEARs To ConsTRUCT FACILITY . 1

F. PrasinG OF ConsTrRUCTION COSTS ($ EACH YEAR):

VR 1 2 3 4 5 6 1 8.8 1
4 w o
6. ExpecTep LiFe of FACILITY (YEARS) 2
H.  Man YEArs To ConsTrRucT FACILITY ) 60.5
1. Han Years/1012 BTU annual output [g] ‘ o
J. EsTimaTED LanD Uske. : 0

lt}eo Appendix I for detrails on product mix and fossil fuel equivating calculations



- TECHNCLCSY CAPITAL COSTS: WORK SHEET
" TECHNOLOGY: Cogeneration . APPLICATION: Diesel - DATE: 8 August, 1978

§)) Expeﬂ?EIUrcs 3y ngi' : Inforun Sector Designation rraiiian Sca1§9§actors (o e 1
g . Quantity | Cost 1 (8) e | (6) € of To&al And Year Recycle
Category?| h Units Price 1977$*p] SICH SEAS SECTOR SEAS ! Cost Applicable Footnotes .
3530.1 | 3510 Engine & Turbine | 111 '43.94 1
243.0 | 3621 Motors & Generatoy 131 3.02 1
151.2 | 3443 Boiler: 103 1.88 1
126.0 | 3480 Misc Fab Wire 108 1.57 0
591.9 | 3494 2ipes, Valve, 109 Y 1
Idtting
46.9 {3622 | Indu. Control Eqpk 132 0.58 1
40.0 | 3611 Mech. Measuring | 129 0.48 .0
630 {3444 | Other structurai| 104 7.84 1
- }-418.0f - | Trucking’ 169 5.20 -0 ©
123,460 hr| 12.15/8 1500.0 { ~ | Laber - 18.69 .0 <
' ) 450.0 | OH.(wagz) New Construction 19 : 5.60 0 ’
150.0 | OH (othcPNew Construction | 19 = | 1.87 0
156.5 | 8911 Architect & Engr | 19 1.95 0
T » . : !
8033.6 | : | 99.99

{aY For construction category, indicate the number of man-hours of labor required. (t) Prices shculd be for .
197231 If other prices are used, indicate year. {c) 1967 SIC code. (d) Numbers may mot add to totals due to . .
rounding. 3

1 1 = yes, 2 = no. Those items not recycled become land residuals, quantities of recycled materials per

1012 annual Btu out pu‘ are contaxned in the tist of side equations.



L9043 m 4
Xechmteyy_Cogeneration Veval of Zezickaliezsies)
Joptieatien_Digsel Fneine . . Yadened x| :
Sutriteed by 1 Btate 11 Codo ¢ 3y Trxomowy,
Usitted br_Lawzence Berkel - 7 s ot ) i Y @ s} A
Besidval | Tovemesy | Nndiwm Rarsnzgg | Crosg Gress Mbatemsre | § Avaveecns/2038 U] Teceneary Regtdusly | Sxcedury [ Foote
Ciregery/ | & digis ol fesidusly ferrdunly f Rezeval Sesidust | azess
| $oineas |9 Toangpeee per LCIRTSTY § 148 bV Eifisgeney | Copdsal  Opowsting| Resideal 4 dixit | Conudie
crdouse Iepue, - ’ Catesey/ | Toxopssy] eiens
Enery . Cezmdnemy -
01 00 air 3 50 91,9 1
23 07 land 3 950 1746.3
02 00 air 3 0.014 0.026 . , 1
03 00 | air 3 1600 2941.2 40% $8E4 27 00 2.3 2
04 00 air 3 545 1001.8 1
27 200 | 1and 3 0.663 1.22 )

.

l From EPA, Air Pollution Emission Factors, AP-42.

: 1
2. Thomson, S.J. and Crow, "Energy Costs of NOX Control" Hydrocarbon Processing, May 1976

‘-LG-



-98-

CAPITAL EXPEMDITURES A!D MATERIALS REQUIREMENTS
SUIMARY REPORTING FORM

TECHNOLOGY ___Cogeneration . REGIONAL APPLICABILITY OF DATA:
APPLICATION __Enhanced Oil Recovery NATIONAL: X=
DATE SUBMITTED 8 August 1978 __ FEDERAL REGION NOS, ._2ll
SUBMITTED BY _ LBL . ) STATES: -all
A, Car1TaL Costs $1977 _DEFIATOR $1972.
1. MATERIALS 188,005,000 ‘ ‘ 1.43 131,472,000
2, TRANSPORTA'{]ON ‘14,600,000 1.43 10,269,800
3, CONSTRUCTION LABOR . 108,910,000 1.43 76,161,000
I', PROFIT & OVERHEAD 39,540,000 7 1.43 27,650,000
Al TotaL . 351,115 n;m ' 1.43 | 245,534,800
B. AmvuaL Svstem 1012 BTU Oureur 4 15 (10'? pru/yr)
C. AunuaL SysTem Fossit Fuer EQUIVALENT/IQI.Z BTU Output 25 (10" Bru/yr)
D. "TotaL CapiTAL (Z4os1'/10_12 AnnuaL BTU [AglJ | _,'_6,369‘000‘
E. fu:ber oF YEARs 70 COnSTRUCT FACILITY o 4
F.© PHASING OF Cousjnun;ou_ Costs ($ EACH YEAR):
VR 1 2 3 4 5 6. 7 &8 98 1
4 28 28 2% s '__, —_— —
6." ExPecTeD LiFe ofF FacriiTy (YEARs) - 20'years
H. Man Years 1o ConsTrucT FACILITY | ars
1. Man Years/1012 BTU ANNUAL OUTPUT [B] ’ .. 248.5 years
J. EsTimaTeED Lanp Use - o . 8 acres



TECHNCLOGY CAPITAL COSTS: WCRK SHEET ‘
1l of3

TECINOLOGY:  Copeneration 0 APPLICATION: Enhanced 0il Recovery DATE: 8 August 1978
. - : y .
Expenditures - Inforunm Sector Designati (8) (9) (10)
(1} 5%1 (3) Total . ST - o Fraction | Scale Factors an 1
' a Quantity oy | Cost  1.(S) . (6) (7) of Total | And Year Recycle
Catepory?| § Units Price 19779*1§%IC3 SEAS SECTOR _| SEAS * Costd Applicable Footnotcs
1170 | 2432 | Veneer & Plywood | 45 | 0.33 assumed
2360 | 2431, | Millwork § Wood .| 46 0.67- equal to
2433 o Y
5495 281 Industrial Chem - 64 " 1.87 | one for all
3990.. | 299 | Petroleum Refin. 76 1.14 | years ,
4320 3272 | Cement, Concrete 89 - - “1.23. | through- 4 o 0
‘ Gypsum.’ ' . ’ , ‘ :
75 321 Glass . . ’ 86 - 0.021'- 2000 . 0
1780 3293 | Other Stone, =~ 90 0.51 ¢ - 0
. _ Clay, Glass ) ) . )
41,200 ]331,332 Steel'_‘ ; 91 11.73: 1.
410 | 3331 | Copper . e 0.12 1
180 . | 3334 | Aluminum ‘ 95 0.051 1
500 3338 other non-ferroud 96 0.14 1
25,700 | 3443, | Fabricated 104 | 7.32 1
3444 Structural : )
15,800 3494, Pipe, Valve, ) 109 - . 4.50 . . 1
© ] 3498 Fittings- . o : v {
17,145 | 3441 | Other Structural] 104 . 4.88 RER!
1040 | 3450 | Machine Products{ 105 1 o0.30 1
12,430 - Other misc. Mat.| 110 | 3.54 0
30,000 { 3511 | Engines § Tubine{ 111 8.54 1

(2) For construction category, indicate the number of man-hours of labor required. (b) Prices should be for

127231 If other prices are used, indicate year. (c¢) 1967 SIC'code. (d) Numbers may not add to totals due to
rourding. o

1 - ;
1 szcs, 2 2 ng. Those items not recycled become land residuals, quantities of recycled materials per
101¢ annual Btu output are contained in the list of side equations.

-66-



TECHNCLCSY CAPITAL COSTS: WORK SNHEET 2 0f 3
TCCINOLOGY ¢ Cogeneration APPLICATION: Enhanced 0il REcovery DATE: 8 August 1978
: ) 4) s i ; (8) 9) (10) 11
Expenditures —53 Total Infsrun Sector Dcsxgqntion Fraction | Scale Factors (11) 1
0 Jquattley | ()b Cost L) | (&) ™ of Total | And Year Recycle
Category®| & Units : Price 1977%a0f S1C4C | SEAS SECTOR SEAS F Costd Applicabte Footnotes
2000 3434 ;Materials Handling 114 0.57 1
3435 I Machine
3100 3820 Mechanical Meas- 157 0.88 1
. ) uring
230 3541 | Machine Tools, 116 0.066 0
Cu:iter .
230 3542 Machine Too:s, 117 0.066 1
Form ’ .
2300 3623 Weiding .Apparatus 133 0.65 0
6250~ | 3621 |Motors § Ger. 131 1.78 1
8630 3561 | Punmps, Compressor 119 2.46 1.
’ Blower .
775 3567 Industrial Fatter 122 0.22 1
3569
50 3569 |3er. Ind. Mach. 122 ©0.014 1
845 " | 3998 |Misc. Manufactupe| 166 0.24 0
188,005 ‘
14,660 Trucking 169 4.18 0

1972, If other
" rounding.

Ly a_yes, 2 = no. ; Aand 1
10!°" amnual Btu output are contained in the list of side equations.

Those items not recycled becom

2 land residuals, qﬁan;itics of recycled materials per

fa) For construction category, indicate the number of man-hours of labor required. (b) Prices should be for
' prices are used, indicate year. (c) 1967 SIC code. (d) Numbers may not add to totals due to

-00T-



TECINCLCGY CAPITAL COSTS: WORK SHEET

. ' 30f3
" TECHNOLOGY: Cogeneration APPLICATION: Enhansed 0il Recovery DATE: 8 August, 1978
Expenditures 4 Inforum Sector Designation (3). o = (10) an
m = 3 Total — : - Fraction | Scale Factors . 1
quadtlty o | Cost 1 (5) () ) of Total | And Year Recycle
Category?| & Units price® | 1977¢d SICAS | SEAS SECTOR SEAS # Costd Applicable Footnotes
] Labor  }7,603,850 k| 13.00 | 98,850 - - 19 28.15 0
Mngmnt § Service 10,060 | - New Construction 19 2.87 0
OH (Wages) 29,655 | - New Construction 19 8.45 0
OH (Other 9,885 - New Construction 19 2.82 0
351,115 100.01
Land S,150 - - -

(2) For construction catcgofy} indicate the number of man-hours of labor required.
1972, If other prices are used, indicate year. (c)
. reunding.

1
10

1 -2y

(b) . Prices should be for

1967 SIC code. (d) Numbers may not add to totals due to

es, 2 = no, Those items not recycled become land residuals, quantities of recycled materials per
annual Btu output are contained in the list of side equations.

-101- -



TECINOLOGY CAPITAL COSTS:

WORK SHEET / ANNUAL COSTS

1 of 2

TECHNOLOGY: Ccgeneration APPLICATION: Enhanced 0il Recovery DATE: 21 September 1978
: (4) "Deei : (8) (9) (10) (11)
o Expenditurcs 57 Total Inforum Scctor Designation Fraction | Scale Factors
Qua&glty b Coct <) (6) )] of Total | And Year
Catcgory?| § Units Price’ | 1976 $f SIC4C | SEAS SECTOR SEAS f- Costd (%) | Applicable Footnotes | Recycle®
740 2431 | Mllvork - wood 46 0.32 Assumed 0
] Equal to 1
18,000 281 {Industrial Chem. 64 . 7.77 For all Costs 0
150 321 Glass 86’ 0.07 0
‘950 | 3293 |Other stone, clay 90 0.41 0
10,100 {331,332 {Iron and steel 91 4.36 1.
16,600 3339 |Non- Ferrous metal 96 7.17 1
200 3441} Fabricated - .
: 3443§ |Structural Mt'ls. 104 0.09 0
125,400 | 3449 |Fabricated metal}
_ N.E.C. 110 10.97 1.
12,220 | 3494 |Pipes, valves, } - , '
fitting 109 5.27 1
10,600 { 3569 |Gn. Indus.Equipt.| 122 4,58 - 1-
1,700 3434} Mterial handlmg} : ,
3435) |Equipment 114 0.73 1
1,600 | 3561 |Punp, compressor} . ;
: ~ [Blaver 119 0.69 1
©2,700 | 3622 [Control equipment | 132 117 0

(2a) For construction category, indicate tﬁc number of man-hours of labor required. (b) Prices should be for

1972.

rounding.

If other prices are used, indicate year.
(e} 1 = yes, 2 = no.

(s) 1967 SIC code..

Items not recycled may be conszdered to be operatzonal resxduals.

(d) Numbers may not add to totals due to

-20T-.



) ’ 2 of 2
TECHNOLOGY CAPITAL COSTS: WORK SHEET /ANNUAL COSTS

TECHNOLOGY: Covenerator o APPLICATION: Enhanced 0il Recovery DATE: 21 September 1978
— ' 4 ’ Anes (8) - {9) ' (10) (11)
___Expenditures , Tgtll Inforun Sector Designation Fraction | Scale Factors
M) Jouabbley | ) 1 goce () - (6) ) of Total | And Year . . .
Catcgory| & Units Price? | 197 $1BSI1C#S | SEAS SECTOR SEAS # Cost®% | Applicable Footnotes | Recycle
’ 21,100 3670 | Electrical Equip. 13 9.12° 0
M.cerial | Cquipment jub-Total| 122,040
‘ . 9,520 9433 | Trucking 169 4,11 0
71,400 - Labor 20 30.84 0
21,4200 - Overhead (wages) 20 | 9.25 0
7,149 - Overhead (Other) 20 3.08 0
100.00
Total{Cost 231,520f

-¢01-

(a) - For construction category, indicate the number of man-hours of labor required. (b) Prices should be for
1972. 1If other prices are used, indicate year. (€) 1967 SIC code. (d) Numbers may not add to totals due to
rounding. (e) 1 = yes, 2 == no. Items not recycled may be considered to be operational residuals.



Bedduats Bron Freay

é‘\_\nm. AL gtz

. Lo PSS A4S S R
Testroloyy__COgeneration tavel of Pegickalizanion
drpliestie__Erhanced 0i) Recovery ¥3teonal 3
2%y Sudeits 15 Jul 78 c ' ~
ea\’ Feizied uly 1278 _— Felezst 9 : Sote 4 ! [Vos Reglaspl
duyniteed £y Lawrence Perkeley Lab 2z4s  Californin Sods ¢ © fede Tr
{n_- Y SRRSO & R 2 S Vo 7o) trenaay] or
Nidizoy Bxrine Crsts : T . — oar o)
4 notp kgng’uah ] Rstereassa0ds STUf Geccadivy Restluls | Sreendizy [ Forte
i - e pol3 . Kesidual | noe
! Teanspent g;d.g\:;‘ ey Gepdsal  Operptinp) Residosl 4 dipft | Conusie rees
' freiry Caserony/  Toxonewy] tigw
. i Conpenene )
Gas Tur{:ine .
03 00 air, 2 70.0 - 28. 40% .53.55(10' $5x104 27 00 2.3 7,8
04 o0 air 2 7.1 2.84 7
05 20 air 2 -l 7.8 7 "
01 00 air 2 0.12 | o.048 7 g
. ]
02 00. air 2 4.8 1.92 7
23 07 land 3 2.28 0.91
[
7. Air Zmissions from the combustion turbine are for natural gas combustion ahd were dbtained fron Air Pollutiod Emission.
Factors, EPA publication #AP-42. Note that the energy output used ia this calculation includes the oil marketed which
does not get burnzd in the turbine.
8. Balzhiser, Richard, "RED Status Report: NO_‘ Control Technology"

EPRI Journdl,2(X3): 43, April 1977.
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APPENDIX B

CHARACTERIZATION OF MUNICIPAL SOLID WASTE (MSW)
AND MSW CONVERSION TECHNOLOGIES

The concept of MSW energy and resource recovery was presented
in the Introduction section of this report. Thié appendix will charac-
terize the input municipal solid waste, will briefly contrast energy
and resource recovery with landfill systems, and will expand on the
description of general MSW recovery systems provided in the Introduction

section.

Conceptual Comparison of Landfill and Recovery

1

Approximately 600,000 tons of solid wastes are generated daily within
commercial, residential and industrial sectors in the United States. By
the most common current practices, these wastes are collected at the site
of generation by two- and four-ton trucks, hauled to a central transfer
station, compacted, loaded on to large (10-ton) transfer trucks and
hauled to a landfill site. National average costs for this type of
operation range from $4-to $8 per ton and may be approximated by the follow-

ing regression equation (Nuss et al., 1975):

CLF = 2,35 + Q96(L)

where
CLF = cost of collecting and landfilling one ton of MSW
2.35 = national average haul cost (includes collection,

transfer and haul)
L = 1landfill land costs ($1000/acre)

In addition to variations in land costs, CLF varies significantly
as a function of the deviation of haul costs from the national norm.
For example, in San Francisco, California, where both land costs are
high and haul distances are long (approximately 30 miles), the actual
haul cost is approximately $10 per ton and the total cost is approximately

$16 per ton (California Solid Waste Management Board, 1977). In many
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locations waste incineration is added to this process before the haul
to a landfill as a weight and volume reduction measure.

As a alternative to direct landfill disposal, a variety of
resource recovery schemes are currently being investigated. In general
these schemes convert a certain portion of the solid waste stream com-
bined with varying amounts of additional input energy into usable energy
or energy fuel, basic recoverable’ resources, an éir_pollution stream, a
water poIlution stream, and a substantialiy reduced solid waste stream.
While resotuirce recovery proccsses can recover energy resources and
valuable recyclable resources (iron, aluminum, glasas a_nd' paper) and do
substantially reduce landfill requirements, they alsb generate these
pollutant flows released into the atmosphere and into municipal water
systems. General schematic diagrams for a landfill system and for an
energy and resource recovery system are shown in.Figure B-1. This
figure shows the basic categories of inputs and outputs associated with
each system and qualitatively compafes them. A positive rating (+)
indicates that the use of or generation of that category on that system
is preferable (provides a net‘benefit) relative to the other system.

As is evident, energy and resource recovery systews provide significant
benefits by producing energy and recyclable materials and by reducing
landfill operations and land requirements for landfill. However,

several significant additional costs are also incurred. Aquatic and
atmospheric pollutants are generated and large initial capital investments
are required.’ "

In addition to the qualitative systemic comparison shown in Figure
B-1, a determination to shift from landfill to-a resource recovery system
involves a wide spectrum of technical, engineering, social and institu-
tional issues not depicted in Figure B-1. As examples, these include
the statu-of-the-art of the various technologies (will it work?), the
question of public or private ownership and operation, the financing
and marketing of the facility and its products, and the municipal
organization required to adequately support and promote the facility.
To emphasize the last issue, Bartolatta (1975) stated that the princi-
pal difference between resou;ce recovery facilities and other munici-’
pal facilities and operations is the unique organization required to
finance and operate the facility and compétitively market the products.
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A Landfiil System

¢ ‘ ‘ : .
Inputs . N Outputs
MSW .
>
- {-)* Land MSW to landfill (-)
- > - >
A {(+)- Capital
(?)** Operating Costs ' - Landfill leachates (-)
- - - —
(?) Operating En'ergy.
B. Er_\grgy and 'Rvesource Recovery System -
Cmsw . = Solid waste to landfill (+)
{+) Land. Atmospheric pollutants {-)
.(--) -Capital . Aquatic pollutants (-)
. > —T
‘(.7.) O eratin .Cosfs S Energy recovery (+)
AP g > -
(?) Operating Energy Recyclable resources (+)
— -1 ¢ =

R indicates a less desirable parameter value than with the opposing.
~ Thus, land is (-) for landfill systems as more land is required for these
systems than for Resource Recovery Systems.

- #%(7) indicates that neither system has a clear, consistent advantage.

XBL 7810-11658

Fig. B-1. Systemic Schematics for a Landfill
and for a Resource Recovery Systcm
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Thus the shift toward energy and resource recovery systems involves
complex, long-term economic analysis, environmental tradeoff.analyses,
institutional adjustments, and risk analyses both for the new emerging
technologies, for future MSW supply and composition, and for future .
product market conditions. While the local importance of one factor
in this ‘analysis (such as stringent atmospheric-discharge standards or
a lack of available land for landfills) may dominate the decision making
considerations between these two general types of solid waste disposal
systems in some communities, for many others the many individual costs
and benefits associatéd with resource,rééoVery systems must each be

addressed and analyzed.

Characterization of Municipal Solid Waste

- Municipal Solid Waste is that waste collected on.a routine basis
from #he residential and commercial sectors within a populated area.

In general MSW does not include either industrial solid wastes or
agricultural solid wastes as these are typically segregated from resi-
dential and commercial wastes thrdugh a separate collection and procesél
sing system (Kaiser; 1967; West Virginia University, 1976). It should
also be noted that at the rates of production considered for energy
récovéry, MSW is a product of urban rather than rural areas,

A large number of studies have analyzed the rate‘qf'production and
composition of urban residential and commercial wastes for individual
commﬁnities. The rate of production of MSW, as characterized by these:
studies, varigé from ; low of 2.75 to 3 pounds per day per person
(Stephens, 1925; Golueke and-McGaukey, 1976) to a high of 4.5 to S5 pounds
per. day per person.(Wilson, 1971; Mathematical Sciences Northwest, 1974;
Levy, 1975). To approximale the mean of all 3tudies, a value of four:
ppundsAper person per day, is used which can act as a good ''ballpark"
rate of production for planning purposes. Several studies (e.g. Quimby,
1975 or Golueke and McGanhey. 1976) have suggested MSW nroduction rates
have increased over time on a per capita basis. However,“this increase

is slight and is not included here.
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The composition of MSW has also been well studied and is of greater
imporfance than the rateof production for energy and resqurée recovery.
Table B-1 shows the composition of MSW by major material components as
reported by the indicated selected studies. Several of the annual
avefage percentage values shown in Table B-1 (e.g. yard wastes) are,
in fact, highly variable over a one-year period. The high variance in
percent composition of paper goods results, in'pért, from source
separation of paper goods practiced in some but not all communitiés.
Table B-2 shows the basic chemical compositionAof MSW reported for the
same general group of studies. Of particular interest to this sfudy
is the energy content of MSW. 'The mean energy cbntent of MSW in the
reported studies is 9.08 x 106 Btu/ton. The variance between any
specific sample and this mean value ccan be significantly higher than
that shown in Table B-2 as Table B-2 data are on time-averaged values
and thus do not reflect either variations over the year or. spatial
variations (e.g. central city and suburban collections). It should be
noted that, while significant between samples were found over time of
year and size of community, significant regional variations were not
found. )

The analysis by Wilson (1971) suggests that the methods used to
calculate heat contént tend to significantly underestimate actual heat
content and that values of 1.4 x 107 Btu to 1.8 x 107 Btu per ton are
more accurate. The use of approximately 9 x 106 Btu/ton as a mean MSW
heat content would then represent a somewhat conservative estimate of
heat input and thus an overestimate of overall system efficiency.
However, the preponderﬁnce of available information suggests that
9 x 106 Btu/ton to 9.1 x 106 Btu/ton is as reasonable an estimate as
can be made. -

The nomographs shown in Figure B-2 provide a simple means'of asses-
ing the impact of the use of average rates of production and MSW energy
content (or of actual local variations from these means) on the total
energy supplied to the MSW energy recovery process. Starting with thé
lefthand scale of Figure B-2 for the examplé shown, a geheration rate of
4 1b/person/day and a local population of 200,000 are connected with a
straight line which is extended to the center scale to determine total

local MSW generation rate. This point is then connected with the assumed



‘ Table B-1
MSW Mazerial Conmponcnts from Various Studies
. Year Metal (Ferrous . . 'R9bb°r . . .
Source Analyzed Paper Glass Totzl Metal) {Aluminum} - (Other) Plastic _ Le;:ﬁer' Textiles Wood Food Wastes Misc. Total
US EPA, 1976 1972 31,6 10.1 9.5 (8.5 (0.7) (0.3) 3.5 2,6 1.5 3.6  17.0  18.9 ~ 1.5 100
Us EPA, 1977 1975 30.6  10.5 9.6 (8.5 (0.8) (0.3 4.1 . 2.7 L5 3.7 167 191 LS 100
W. Virgina Univ. 1975 48.0  14.0 8.0 o _ IS U5 TR 1.0 .. 2.0 16.0 9.0 100
CA State Solid Average 46.0 9.6 7.5 (6.0 (1.0) - (0.5) 2.1 21 . 2. 4.2 6.4  20.0 - 100
Waste Board, 1976 ) _ )
CA State Solid Average 33.0  10.0 9.5 (8.0 (0.8  (0.5) 3.5 4.0 . 2.0 - 4.0 145 17.5 2.0 100
Waste, Mgmt. . : o : R EER . e :
Board, 11977 ] . ) ) : . . - . .
Préston, 1975 1974-75  '41.5 7.6 8.1 (7.0 0.7 . (0.8 237 w28 L1 200 140 19.1 1.8 . 100
‘Levy, 1975 Average 35.5 8.2 13.4  (12.0} (1.0) - (0.4) 2.2 . 2.9 1.8 2.0 14.5 . 18.5 1.0 - 100
Sussman, 1974 Avérage 38.0  10.0 0.0 ( 8.0} (1.0) - (1.0) 4.0 3.0 -..-2.00 : 4.0 14.0 " 14.0 1 100
' Kaiser, 1967 Average 41.9  10.3 8.3 o . Co31 0 0.9 206 . 3.1 12.2. 175 100
Cho, 1975 1972-74  44.9  13.05 12.9 . R S o4 ULz 0320 .22 1009 6.45. 1.1 . - 100
Livingston, 1976  Average 38.00 10,0  10.0 (8.0 . (1.0) - (1.0) . ' 4.0 3.0 2.0: : 4.0  14.0 4.0 1.0, - 100
US EPA, 1976a Average 34.9 10.5 9.8  ( 8.G) (0.8) - (0.4) 3.8 . 2.6 _; f{ 1.Z 7380 1409 16,3 1.6 - 160
Lawler, 1975 Average 43.0 8.0 8.5 (7.00 - (1.0) - . (0.5) 2.0 - - 200 2.0 % 3.0 15,0 13.0 - %5 100
Schaelle and .. Average 44.7 85 . &7 . .. g onnC U asTas wele. 126 1.7 0 100
Yamamoto, 1978 C . . - . R : T I ST o
Mean 39.4L 1002 9.55 (6.1  (0.88]  (0.53)  2.96 . 2.25 . 1.1 . 3,14 14.05 - 15.43° 1.29°
"Standard © s.6L  1.78 1.72 - "“1.58 . 0.13 ¢ 0.26 . 1.02 0.93. .. 0,57 . 0.86 . 2.77  4.10 0.90
Deviation ) . T ) e L s o L :
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Table B-2

MSW Chemical Composition from Various Studies

Source

Btu
Per

Ton

(109)

Organics

Fe

W. Virginia,
1976

Sessler § Cuha
1975 :

Preston, 1975
Levy, 1975
Sussmzn, 1974
Kaiser, 1967
Cho, 1975

‘Livingston,
1976

Schenelle §
Yamamoto,
1975

Mean

Standzrd
Deviation

Variance

9.2

9.1
9.5

9.2

8.2
8.8

9.5

5.4

5.08
0.59 .

D.22

52.0

52.0

53.0

52.5

- 0.58

0.25

Moisture Ash
25.0 8.5
25.0 -

25.0

21.0 9.0
33.0 12.6
25.5 6.0
21.0 10.0
25.0

24.57  9.22

4.00 2.40

13.74 4.59

6.0

7.0

8.4

7.9

6.5

7.06

0.11

0.78

24.4

25.0
22.0
24.7

25.0

26.18

24.38

1.26

1.28

3.2

3.0
2.9
3.3
3.0

3.51
3.08
0.16

0.02

-111-
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Conversion  Energy

Tonnages Factors Value
T35 T 0.8 T6
130
T 25 ' T-'o
+20
TI5
. _-'5 ano
Population T!
-30

Solid
V\go_ste +20
-3 41
T, 200
3 ., EE 50
4 - F100 T°°°
5 — "L400
1200
61T =500
7JL N 3 . o _L 300 jL
LB/day POP10*  TONS/day 10? Btu's/Ib10® Btu's/day 10°

KWH/10% ¥ Therm 10°®
* Assumes 30% conversion efficiency ‘in electrical generating plant.
XBL 7810- 11648

Fig. B-2. Nomograph for Calculation of Total Energy Value of MSW (from
California State Solid Waste Management Board, 1976)
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heat content (5 x 103 Btu/1lb or 10 x 106 Btu/ton as used in this example)
and extended to the far right scale to find total heat content of the
MSW in Btu/day.

General Characterization of MSW Energy Recovery Systems

All of the MSW energy recovery systems which are addressed in this
study follow the general schematic shown in Figure B-3. As used here,
front end sysfems are those involved with the preparation-of MSW for an
actual recovery process (energy recovery or resource recovéry), while
rear end systems perform the transformafion of MSW into an energy
product. Conversion systems are used to convert a basic energy product
. into some other enérgy end use form. It is generally true that the
selection of a given process or set of prdcesses within one box on
Figure B-3 does not restrict the choice of processes in subsequent boxes.
Thus, a wide variety of specific facility designs are possible with each
being tailored to local characteristics and requireménts. a

Figure B-4 shows the general Resource Recovery Module in greater
detail. The processes and products listed on Figure B-4 are typical of
most MSW resource recovery systems and are used in tﬁis sthdy as a standard‘
design for all energy recovery systems. The selection of specific com-
ponents for this module does not affect the outcome of the energy recovery
systems except by varying facility total capital requirements aqd opera-
tinnal auxilliary energy requirements. This resource recovery éystem does
not include paper recovery nor is it based on a analysis to maximize
profitability or to ensure net energy efficiency of the recovered material.
Rather, this portion of the total MSW recovery system is based on the most
common on-line technology in U.S. plants. |

Table B-3 1lists the major categories of residuals associated with the
operation of one or more of the MSW energy recovery systems. Not all
pollutant flows listed on Table B-3 are produced by each MSW enérgy
recovery technology. However, the potential for this spectra of residuals
should be systematically assessed for each step within an MSW recovery

process.
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Front end systems
0 Sorting

Rear end systems
o Boiler furnance

Conversion system

> combustion

Collection »| © Shredding or grinding }-
O Air classification
© Trommel screen

O Hydropulping
O Drying

\

Resource recovery

O Electro-magnetic
separation

o Aluminum magnetic
separation

O Froth flotation

o Color analyzer

O Heavy media processes |

ORDF processing
o Pyralysis

, '1

Y

o Gas turbine

O Steam turbine
o Methanater

o Heat exchanger
O Boilers

o Scrubbers
O Precipitators
o Cyclones

0 Aluminum
-0 Ferrous mefals
O Glass

1 oBag houses
| oReheater
oMist eliminator

Emissions control |

AA : Y

—

0 Electricity
O Steam

0 Pyrolytic oil
O Pyrolytic gases
9 RDF

oChar
oAsh

Land fill o Waste water effluent
o Stack emissions

o Lost heat

Misc, residues

Fig. B-3. Municipal Solid Waste Resource Recovery
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Metal Recovery . : ' SR
"o Heavy Media . Glass Recovery.” " - = |
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Metals

" Glass -
Aggregate .

- XBL 7810-11653

Fig. B-4. Resource Recovery Module
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Table B-3

: . . g o S|
Major Residuals Generated by a Municival Solid Waste Processing Facility

\

R .
Fmissions to air

Discharges to water

Residuals to land

\

w0 -and\SO
X X

fic1

~

/Partgqu}ate;
Fly ash
cacteria, virus
Trace metals

Noise and dust

bpd i »

Suspended solids
Ash
Trace ﬁetals and salté

Organics

Acids

Metuals
Inorganics
Nondecomposed organics

Bacteria, virus

Organic components (phenols, halides, aldechydes, and unknown organics)

1erom Acrospace Corp., 1975 and 1976.
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APPENDIX C- R
CURRENT STATUS OF MSW ACTIVITY

This appendik contains three tables which depict various aspecﬁs
of the present level of national activity in muniéipal solid waste
energy recovery. Table C-1 lists existing MSW energy recovery plants,;
those which have operated but are not now operational, and future
plants for which firm commitments have been made. Table C-2 lists
U.S. private companiéé and public sector'agencies'involved in the
design, research construction or operation of MSW energy recovery
facilities, Table C-3 lists existing funded research activity in MSW
energy recovery by source of funding. Finally, Table C-4 lists
syétem conversion efficiencies for existing MSW energy recoveryb

systems.



Table C-1

. teien s : 1
Current Operational Activity in MSYW Energy and Resource Recovery ™

1. Dbirecct Combustion -

Type

Location/Devcloper Capacity Products Start Up Datc. Capital Commcnt
: Cost
| (103. %)
Nashville, Tn./TVA  waterwall 760 TPD steam Aag. 1976 after 27,0990 Enginccfing & Enission
system modification problems forced exten-
sive systcem modificatios
Saugus, MA/ waterwall 1200 TPD.  steam Nov. 1975 35,000 -
Chicago (NW), Il1l./ waterwall 1600 TPD  steam 1972 30,000 market difficulties witl
A steam, excessive stack
emission
Harrisburg, Pa./ waterwall 720 TrD steam Oct. 1973 3300 marketing steam as of
‘ : mid 1976
Norfolk, Va./ waterwall 360 TFﬁ steam 1976 2135 cost does not include
' retrofitted ESP
' !
Braintrce, ia./ waterwall 240 TPD steam 1977 after 2300 ESP required to meet FPA
* : modification emission guidclines:
Blytheville, Ark./ mocular com- 50 TP steam Nov. 1975
bustion unit
Chicago (SW), Il1./ refractory wall 1200 TPD steam 1963
Groveton, N.H. ‘modalar com- 30 TPD steam 1975
bustion unit
Merrick, N.Y. - refractory wall 600 TPD electricity =~ 1952



... ...Table C-1 (continued)

Location/Developer

Ark./

bustion unit

Type Capacity Products Start Up Datc Capital Comment
' Cost
(103 §)
Miami, Fla./ rcfractory wall 900 TPD  stecanm 1956
Oceanside, N.J./ refractory wall/ 750 TPD  steanm RWI - 1965
waterwall e - 1974
“|Sloan Springs, Ark./ modular com- 20 TPD stcam Sept. 1975
' bustion unit’
Portsmouth, Va./ - waterwall 160 TPD  stcam Dec.,1976
combustion
Akron, Ohio/ waterwall 1000 TPD steam late 1978 planned
combustion '
-{Haverhill,-Mass./. - -waterwall 3000 TPD -electricity NAg
combustion
Jacksonville, Fla./ modular com- 50 TPD steam, iron NA US Navy plant
bustion unit
Lexington, Ky./ waterwall 1050 TPD steam, iron NA
combustion
Maypor:z, Fla./ refractory wall 40 TPD steam NA US Navy plant
' incinerator
Minneapolis, Minn./ waterwall 1200 TPD steam 1980 steam to support
B ’ combustion . papermill operation
New Haven, Conn./  waterwall ’ 1800 TPD steam, iron NA
combustion
North Little Rock, - modular com- 100.TPD  steam early 1978
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aluminum

" Teble C-1 (continued)
Location/Developer Twpe Capacity Products Start Up Date Capita% Cost Comment
- ' ($105)

{Onondaga County, "waterwall 1000 TPD - stcam, iron  NA

N.Y./ conbustion -

Menlo Park, Ca./ direct combus- 90 TPD electricity, 1976-1977 Emission control and
|Combustion Power tion glass, ferrous System testing operational problems
{Co. (CPU 400) and non-ferrous conducted when- onerating with MSW.

- metals ‘

JUS Recycle Corp. direct 12-25 TPD steam -—- many now in commercial/

(Consumat)/ combustion modules ‘ industrial use '
Los Angeles, Ca./ watervall 1000 TPD  steam NA steam to be used in
[Watson Energy combustion ‘ refinery operations. A
Systcms Awaiting atwosnheric

emissions permits

WWeber, Utah/Clean waterwall 300 TPD stean 1966

Air, Inc. combustion

Cuyahoga County, waterwall 1200 TPD  steam, metal 1979 33,000
-{Ohio/ incineration

2. RDF

St. Louis, Mo./ RDF 325 TPD RDF, ferrous May 72 to 2500 closed duc to economic
Union Elec. metals, glass 1977 ~ and institutional

' o constraints
Ames, Io./ RDF 200 TPD  electricity, Fall 1975 5600
o ferrous metal,
aluminum
Hempstead, N.Y./ RDF fired 750 TPD stean, ferrous Jan. 1974 6000
waterwall metal, glass,




R PO L S w o

. Table C-1 *(tontinﬁed)“ T e .

Location/Developer Type Capacity :Pfoducts Start Up Date Capital Cost . ‘Comment
Chicago (Crawford), RDF 1000 TPD RDF, ferrous. Jdne 1976 17,500 RDF for use by local
I11. metals, glass _ 1~‘utility. :
Milwaukee, Wi./ RDF 1000 TPD RDF, ferrous  Nov. 1976 18,000
American Can Co. metal, glass A : ‘
: aluminum : : .
Bridgeport, Conn./ RLOF 1300 TPD RNF, ferrous under construc- 29,300
Occidental Research metal, glass tion
. aluminum
Berlin, Ct./CRRA RDR 1400 TPD  RD%, ferrons under construc- 22,000
: metal, class tion : -
alaminunm
Wilminzton, Del./ RDF 500 TPD  RNT, ferrous  NA 25,000
: metdl, plass
Baltimore County, RDF 550 TPD steam, ferrous 1975 steam for use in cement
Md./ : metal, glass plant
Dade County, Fla./ wet pulp RDF 3000 TPD steam, ferrous NA steam for use by local
field waterwall metal, glass utility
incinerator . aluminum
Monroe County, N.Y./ RDF 2000 TPD RDF, ferrous NA RDF for use by local
metal, glass utility .
aluminum ‘
Bridgewater, Mass./ RDF 160 TPD RDF, ferrous .1974 ECO-FUEL-11 plant
metal, glass
aluminum
RDF, ferrous 1974

N. Washington, D.C./ RDF

80TPD

metal, glass
aluminum
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Table C-1 (continued)

Location/Deveioper

Type

Capacity

Products

Start Up Date

Capit
(10

¥,

Cost " Comment

Albany, N.Y./

Central Contra
Costa County, Ca./

Chemung County,
N.Y./

Detroit, Mich./
Hackensack, N.J./
Lane County, Ore./

Memphis, Tenn./

Montgomery County,

Ohio/

Palmer Township,
Pa./

Portland, Ore./ -

Tacoma, Wash./

RDF

RDF

RDF

RDF fired
waterwall
incinerator

RDF

RDF

RDF fired
waterwall

. incimerator

RDF

RDF

RDF

RDF

1200 TPD

1000 TPD

300 TPD

3000 TPD

2500 TED

750 TPD

2000 TPD

1600 TPD
150 TPD

200 TPD

undecided

RDF, ferrous NA
metal, glass

RDF, ferrous 1979
metal, glass
aluminum

RDF, ferrous NA
metal, glass

steam, ferrous NA
metal, glass,
aluminum -

steam, ferrous NA
metal, glass
aluminum

e
elec., ferrous NA
metal, g}ass
aluminum

electricity, Fe, NA

Al, glass

RDF, Fe, Al, N/A

glass

RDF, ferrous NA
metal, glass

RDF, Fe, glass NA

steam, Fe, al, NA
glass :

" RDF for use in sludge
incinerator

for use in cement kiln

-pZi-



RDF, glass

Table C-1 (continued) .
Location/Developer Type Capacity Products Start Up Date Capitgl Cost Comment -
' o (10” $)
New Britton, Conn./ RDF undecided electricity, NA
Eco-Fuel I1I Fe, Al, glass
Los Gatos, Ca./ RDF 100 TPD fuel pellets, 1976 pilot plant undergoing
Sira Corp. glass, ferrous active testing
and non-ferrous -
metals
Akron, Ohio/ " RDF 1000 TPD steam, ferrous start date 25,400
C : and nonferrous delayed
metal, glass
Brockton, Mass./ RDF 400 TPD RDF, ferrous and 1973 12,000 expanded to 400 TPD in
Eco-Fuel II nonferrous metals, A : 1977
glass
Madison, Wisc./ RDF 200 TPD RDF, glass, paper, 1979 RDF for use in'utility
‘ ferrous and non- boilers -
ferrous metals '
Montgomery County, RDF ) 1200 TPD RDF, glass, 1979-1980
Md./ ferrous and non-
. ' ferrous metals
New York, N.Y./ RDF 1500 TPD RDF, glass, ferrous 1980
: and non-ferrous metals
Scranton, Pa./ RDF 500 TPD steam, aluminum, 1980 16,000
o " ferrous metals
Toledo, Ohio/ RDF 1000 TPD = ferrous metals, NA

-sZ1-



Table C-1 (continued)

Location/Developer Type Capacity Products Start Up Date Cépit%l Cost, Comment
‘ ' : (10~ $)
3. Pyrolysis
Baltimore, Md./ gas pyrolyéis 1000 TPD'  -'steam, ferrous late 1975 26,000 . numerous system technical
Monsanto (Landguar : metal, glass (shakedown) _— problems have delayed
System) : 4 , ‘ ' ' ~ start-up
South Charleston, gas pyrolysis 200 TPD fuel gas 1974 (pilot 13,000
W.V./Union Carbide ' A plant)
(Purox System) :
San Diego, Ca./ flash pyrolysis 200 TPD pryolytic oil, late 1976 with 14,000
Occidental Research S glass, ferrous 4 month shake-
& nonferrous metal down
Seattle, Wash./ pyrolysis 1500 TPD facility still in

planning phase

Riverside, Ca./ pyrolysis approx. low Btu gas 1977 Begil testing

Pyrotek X-50 ‘ 50 TPD . i

Pyrolysis System '

Irvine, Ca./Deco pyrolysis't ~ S0.TPD ~ gas, 0il, - 1977 - _ test plént only -
) ' , - - charcaal : ‘

Erie County, N.Y./ pyrolysis ' 75 TPD  steam or low 1969-1973

Carborundum (Torrax ' ... . Btu gas : :

System)

“|East Grandby, Conn./ gas pyrolysis 120 TPD' ~ fuel gas™ - 1978 : » " plant used primarily
Urban Research § . . L : ' * for technology testing
Development :

Richland, Wash./ gas pyrolysis 3-5 TPD . pyrolytic gas . 1975 T B . test plant only

"|Battelle Northwest ' : .
{Lab :
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Table C-1 Footnotcs

1. Sources: Weinstein and Toro, 1976; Levy, 1975; Ventworth,
1970; USEPA, 1976 and 1977; California State Solid Waste Management

Board 1976 and 1977; Council on Environmental Quality, 1976 and
1977; McEwan and Levy, 1977.

2. Not Available.



-128-

Table C 2

“U.S. Companles Currently Act1ve in MSW Energy Recovery System
. Operation, Manufacturing, or Design

[COMPANY ' - RESOURCE RECOVERY : ENERGY RECOVERY
Direct Incineration RDF Pyrolysis

All-American Engr. Co. X
Allis-Chalmers Corp. X X

American Can Co.
(Americology Div.) X . X

Automated Disposal Sys. X X

Battelle Pac. Northwestern .
Lab X X

Blach-Dawson Co. X X

<

Browning-Ferris
arborundum Env. System X
lear Air, Inc.
ombustion Equip. Associates

Combustion Power Co.
onservation International
‘ontinental Can
evco Mngt.

Ecologenics, Inc.

Engineefed Wafte Control

Environomotrix, Inc.

K X X X M M M X M
>

Gruneman Ecosystems Corp.

{Henningson, Durham and
Richardson -

>4
B

Los Angeles By—ProduétS .
I:tonsanto (Environ-Chem) . X . X

ashville Thermal Transfer :
Corp. X X

lovitron Corp. X X
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(continued)

.|COMPANY RESOURCE RECOVERYL

ENERGY RECOVERY

RDF

RyrolysisA

Pollution Control, LTD
Process Systems

Pyrotek (X-50 Pyrolysis
. Systems)

R and M Associates

Raytheon Corp.
Research-Cottrell

SCA Services, Inc.

Sira Corporation

Simplex Industries

Systems Associates

Titan Environmental Systems
Torrax Systems, Inc.

Union Carbide Corp.

Union Electric Co., St.
Louis, Mo.

Universal 0il Producers
Urban Research & Development

University of California,
Berkeley

U.S. Navy

U.S. Recycle Corp.,
(Consumat)

Vista Chemical § Fiber
Products

Waste Management, Inc.
Wheelabrator-Frye

Williams Brofhers .

LT T T S B A

F T S

irect Incineration

> XK X X

X

X

1. From: Wentworth, 1970; California State Solid Waste Management Board,
1975 and 1976; USEPA, 1977; Weinstein and Toro, 1976; Sheridan, 1976

U.S. Council on Environmental Quality, 1977 and 1978.
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- Table C-3

Current Research Projects in MSW Energy Recovery

1

Projects Funded by Department of Energy

Project Title

Study of Technical Problems
of Nashville Incinerator

Environmental Control Requirements
in Solid Waste Processing and
Energy Recovery Facilities

Support of Equipment Test and
Evaluation Facility (and Energy
Conservation through Resource
Recovery)

European Assessment
Co-firing in Cement Kiln
Tests of Gases from 200 TPD

Pyrolysis Reactor

Pompano Beach: Advanced System
Experimental Facility

Digester Mixing Tests -
High Rate Anaerobic Digestion
Utilizacion of Waste Carbon

Monoxide as a Chemical Feedstock

Regional Study - Characterization
and Waste Quantification

Amonia from Urban Wastes

Partial Home Heating and Cooling’
from Household Wastes

Contact/Performing Organization

R.B. Engdahl (ret.)
Battelle Columbus Laboratories

Ames Lahoratory
Iowa State University

Dr. Harvey Alter
National Center for Resource Recovery

H.C. Baille
Resource Planning Associates

Ron Jones
Environmental Equipment Corp.

W. Plant
Union Carbi-e, Linde Division

Peter Vardy
Waste Management, Inc.

J. Schwartbaugh
Systems Technology Corporation

C.D. Finney
Natural Dynamics

N.G. Wittenbrock .
Battelle Pacific N.W. Laboratories

" H.C. Baille

Resource Planning Associates

Ms. C. Shreve
City of Seattle"

R. Murray
General Electric Company

lFrom: Hunt, Franklin and Franklin, 1978,
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S

Table C-3 (continugd)

Project Title

I'mzymatic livdrolysis

Application of SGF'I Technology

Plug Flow Vs. Complex 'lix
Reactors for ‘lethane Formation

Biological Conversion of Organic
Refuse to lethanc

Feedlot Energy Reclamation
Demonstration

Recovery of TFuel Gas from Waste

Bench Scale Research in the
Thermochemical Conversion of
.Biomass

Constructinn of “Wood Taste-to-ﬂil
Facility

Technical Evaluation of
Waste-to-0il Plant

Heat Treatment of Organics for
Increasing Biodegradability

Conversion of Biomass into Gaseous
Products

Cxperimental Prozram for the
Albany, Oregon Waste-to-0il
Pilot Plant

Contact/Perfornina Oraanization

Leo Snano
U.5. Army Laboratories
Pollution Abatement Division

Dr. W.J. 'uffman ‘
Texas Tech University

Dr. John T. Pfcffer
University of Tllinois

Dr. John T. Pfeffer
University of Illinois

Warren Coe
lamilton Standard

Dr. Non Yisc

Dvnatech

Paul Walkun
Battelle Pacific N.W. Laboratorics

R.J. Lull
“farcon, Inc.

[nile 1. Houle
Bechtel Corporation

Dr. Perry “icCarty
Stanford University

Dr. Donald E. fiarrett

Garrett Cnergy Research and Engincering

Dr. Sabri Frgun
Bechtel Corporation
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(continued)

Project Title

Concepts for Improving the Fuel
Quality of RDF

Preparation, Use and Cost of
Densified RDF

Waste as a Supplementary Fuel

Firing Densified RDF in a
Stoker Boiler

- Utilization of Solid Waste as
Fuel

St. Louis/Union Electric
Supplementary Fuels Studies

Technical/Economic Assessments
of Waste-as-Fuel Processes

Coincineration of MSW with
Agricultural Wastes (Hawaii)

Preliminary Environmental
Assessment of the Production
and Use of Mcthanol Froum
Non-Coal Sources

Ethanol Fuel Via Enzymatic
Hydrolysis

‘Materials Recovery,; RDF,
Aluminum, Glass and Air
Classification Research and
Development

Preprocessing Systems
Evaluation

Acid Hydrolysis for Biological
Conversion

Environmental Effects of Utilizing

Solid Waste as a Supplementary
Power Plant Fuel/

Contact/Performing Organization

Dr. N. Norman Hecht
University of Dayton Research Institute

Dr. Harvey Alter
National Center for Resource Recovery, Inc.

Arnold Chantland ,
Public Works Director, City of Ames (Iowa)

Dr. Gregor Rigo _
Systems Technology Corporation

Dale A. Vaughn
Battelle-Columbus Laboratories

Paul Gorman
Midwest Reserach Institute.

E.M. Wilson :
Ralph M. Parson Co.

W.H. Hirai
County of Hawaii

W. Ballantyne .
Battelle Columbus Lalburatories

Leo G. Spano
U.S. Army Natick Labouratories

Dr. Harvey Alter
National Centcr for Resource Recovery

David Bendersky
Midwest Research Institute

Dr. W, Brenner
New York University

Dale A, Vaughan
Battell Columbus Laboratqries
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~

Project Title

Technical Assessment of Air

Pollution Control at the Baltimore
Demonstration Gas Pyrolysis Facility

Pilot Pyrolysis of Mixed Waste
to Fuel '

Preliminary Environmental Assess-

ment of Biomass Conversion to
Synthetic Fuels

Fine Grinding Technology
Assessment :

Environmental Assessment of
Waste-to-Energy

Disposal of Sludge from Fluidized

Bed Combustion Processes

Combustion and Emission Tests on

Portable Pyrolysis Char and 0il
Glass Recovery Technology
Technical and Economic Analysis
of Materials Recovery System -
New Orleans Recovery 1

Technical Assessment Support

Construction and Demolition
Wastes Survey :

\

Contact/Performing Organization

Tony E. Eggleston
TRW Systems Group, TRW, Inc.

Dr. Richard Stephens.
Energy Resource Co., Inc.
S.T. DiNovo

Battelle Columbus Laboratories

M. Schrag
Midwest Research Institute

M. Schrag
Midwest Research Institute

Ralph Stone Company

ERDA-Pittsburgh Energy Research Center

Raytheon Company

J.F. Bernheisel

National Center for Resource Recovery

Systems Technology Corporation

J. Commins
JACA Associates
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Table C-3 (continued) .

Projects Funded by Other Governmental Agencies

Project Title

Anaerobic Conversion of Organic
Wastes into Methane by Thermo-

philic Bacterial Associations (USDA)

Heat Treatment of Refuse for
Increasing Anaerobic Bio-
degradability (NSF)

Biological Conversion of ‘
Organic Refuse to Methane (NSF)

Syngas from Coal § Mimicipal
Solid Waste (NSF)

Preparation for Conversion
of Cellulose to Glucose (DoD)

Secondary Resource Recovery
Programs (Including Pilot)
Plants (BoM)

Environmental Impact Evaluation
of Municipal Refuse as an Energy
Resource (BoM)

Investigation on the Utilization
of Peanut Hulls in Feed and Non-
Feed Products (USDA)

Technological Problems Inhibiting
- the Increased Use of Recovered
Materials (NSF)

Methane Fermentation of Feedlot
Wastes (USDA)

Alternate Sources of Heat Energy
for Rural Maine (USDA)

Pyrolytic Conversion of
Cellulosic Materials (NSF)

Pretreatment of Cellulosic
Materials to Increase the Rate
of Enzymatic Hydrolysis by
Partial Acid Hydrolysis (NSF)

Contact/Pérforming Organization

J.G. Zeikus
University of Wisconsin

P.L. McCarty
Stanford University

Dr. J.T. Pfeffer

University of Illinois

Dr. H.W, Schulz
Columbia University

T.L. Reiling' -
Reiling Industries, Inc.

P.M. Sullivan
U.S. Department of Interior

Bureau of Mines

College Park Metallurgy Research Centef

D. Burdick
Department: of Agriculture

Dr. Harvey Alter .

National Center for Resource Recovery

R.A. Rhodes
U.S.D.A.

N. Smith
University of Maine

F. Shafizadeh
University of Montana

H.E. Grethlein
Dartmouth College
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Table C-3 (continued)

Project Title Contact/Perférming'Ozganization
Alternatives to the Conventional J.M. Slaminski .

Use of Petroleum (DoD) . U.S. Navy

Uses of By-Product Polymeric W.V. Wyatt

Wastes Generated in Arkansas (DoT) Arkansas State University"

*The letters in parenthesis indicate the funding agency. USDA = U.S. Department
of Agriculture; NSF = National Science Foundation; DoD = Department of Defense;
DoT = Department of Transportation; BoM = U.S. Bureau of Mines
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Table C-3 (continued)

Projects Funded by Non-Federal Public Organizations

Project Title » ' Contact/Performing Organization
Energy Recovered from Processed J.E. Bigger
Municipal Solid Waste : Los Angeles City Department of Water

(City of Los Angeles)

'Fuel Gas Production from Municipal E.E. Lindsey

Solid Waste
(University of Massachusetts)

University of Massachusetts

Studies in Methanogenesis R. Ross

(Production of Methane, Sludge) University of Hawaii
Fertilizer and High Protein Feed

for Agricultural Wastes

(University of Hawaii)

*Funding agency is listed in parenthesis.
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Table C-3

(continued)

Projects Funded by Private Industry

Project Title

Pilot Plant for Resource Recovery
from MSW

REF-Fuel (RDF)
Storage and Retrieval Bins
Disc Screens

Lyndhurst, N.J. Process
Municipal Waste Into Briquette
Fuel (Eco-Fuel){Eco-Fuelll)
Solid Waste Utilization
Upgrading of Low Grade Fuels

Through Pretreatment Processes

Heat to Energy Conversion
Heat Recovery from Waste Products
Scrap Tire Tyrolysis Project

for Recycle of Carbon Char and 0il

Burning of Tires in a Furnace
to Generate Steam

Retorting of 0il Shale and’Other
Low Grade Fuel Resources for
Recovery of 0il

Conversion of Organic Wastes
- to 01l

Scrap Tire Utilization
Waste Product Utilization

Energy Conversion and Increased
Production Systems

Contact/Performing Organization

Art Tschannen
Adolph Coors Co.

Bruce Hendrickson
Browning-Ferris Industries, Inc.

T.A. Johnstone
American Sheet Metal, Inc.

Frank G. Hamilton
Rader Systems, Inc.

Robert M. Beningson
Combustion Equipment Associates

H.L. Koenig
Commonwealth Edison Company

T.E. Ban
McDowell Wellman Engineering Company

Robert E.S. Thompson
Environment, Inc.

U.R. Ryffel
Dow Chemical Company -

V.A. Snow
Goodyear Tire & Rubber Company

E.R. Moats _
Goodyear Tire § Rubber Co.

T.E. Ban
McDowell Wellman Engineering Company

L.G. Donaruma
Clarkson College of Technology

G. Alliger
Firestone Tire § Rubber Company

S.G. Holt
Consolidated Papers, Inc.

M.D. Robison
Weyerhaeuser Company
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" Table C-4

MSW Energy Reéovery System Efficiency Comparison

** Estimate:

T availabie energy out

U.S. EPA 1976(b)

U.S. EPA 1977
Golueke and McGanhen, 1976

Oak Ridge National Laboratory, 1976

’ Percent F.ff'iciency. (Fnergy Recantured)
HMETHOD MSY to Fuel MSK to Steam MSH to Electricity
Estimate**| a b c d Mean a b d | Mean a b ¢ d | ‘*ean

' Value Value “Value
Waterwall |100 100 100 100 | 100 59 67 63 20 29
Fluff RDF | 70 74 85 | 76.3] 43 s8 53 19 20] 24

| bust ROF 80 80 63 63 ---

West RDF 76 76 43 43 -
Purox 64 64 66 | 64.7 58 58 2] 22
Landguard | 75 78 66 | 74 42 42 54 46 16.8 22| 19.4
Occidental| 26 26 46 | 32.7f| 23 23 23 2.2 16| 12.6
Torrax 34 65 74.5)1 58 37 47.58 23 23
*Efficicncy = L er':crgy in
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APPENDIX D
CURRENT STATUS OF COGENERATION SYSTEMS

A great variety of 1nd1v1dual cogeneration systems is currently avalla-
ble on the open market. Three general types of cogeneratlon systems are
characterlzed in this report; however, these systems by no means cover the
entire spectrum of potential systems. Cogeneration systems are-generélly
smail-scale, are employed to support a single industrial activity rather than
a general service system, and are tailored system by system to meet the -
specific product mix required by the industry.

Despite the flexibility and efficiency of cogeneration systems, their
contr1but1on toward national electrical energy production has deciined from
15 perqent in 1950 to four percent in 1970. The impediments to expanded use
of cogeneration which have accounted for this decline are not technical,but
rather economic and institutional. These impedimeﬁts relate to the historical
price of electricity, to institutional reluctance to enter into the ?ixad
generation of two energy products, and to the inability of specific industries
'to profitably sell excess electricity into a utility grid. All of these
variab1e$ are indirectly affected by the ratio of powei output to heat output
for a cégeneration system. This ratio determines how much excess electricity, if
any,.will be available to the utility grid. For example, a steam boiler and
turblne system may produce 50 kWh/lO6 Btu of steam heat. A gas turbine-waste
heat boiler, however, produces 200 kWh/lO Btu of steam heat. Thus, while a gas
turbine produces more electricity, it also produces less steam. The importance of
this power/heat ratio is in matching the energy demand nrofile of an industry,
especially where it is uneconomical to sell excess electric power. '

‘ As mentioned, the variety of cogeneration arrangements currently in use
is large in order to match system supply characteristics and the demands of
an industrial or commercial app11cat10n These systems have different fuel
requirements and pollution emissions and can employ a variety of pollﬁtion
control measures. Major system characteristics for some of the potential
cogeneration combinations are shown in Table D-1.

The cogeneration systems described in Table D-1 are typical of indﬁstrial
plant applications such as the diesel and fluidized bed systems described in

this report. A second general application of cogeneration is for enhanced oil



Table D-1

Cogeneration Systems

Process  Total Plant
Elect steam installed
System Size " Fuel Steam FCP press cost Pollution Controls General system
(M elect.) (kW/10% BTU)  (BTU/KWH) {psig) ($/KkW) ‘ notes
Gas turbire + Gas s Hater or * 1000*F exhaust
& w2ste heat 0.5+75 * §2 ofl 200 5,500 150 - 600 $350-400 NOy steam can be used as
belier » Treated resid. ) injection clean hot gas
+ SNG (low BTU)
Diesel engine ) * Gas . * No, ¢ Tuning sEfficient at part
& v2s5t2 heat 0.5+25 e 2 of 400 6,500 15 - 150 $350-500 » Part.'s * Steam 1nject load and in srall
boilter * Treated resid. » Baghouse sfzes
* High power/steam -
ratio
Stezn Soiler ‘s Any ofl - - - S02 sLlow S fuel +Efficient at
& turdbine >1 + Coal 4575 5,000 15 - 600 $500-600 Part.'s scrubber ’ part load ’
* Wastes NO, » Precipitator
* Design
Cotired cycle * Gas . * Water or steam e« Variable power/
8 waste heat 1+150 - £2 of} 150 5,000 - 15 -900 $350-450 NOy {njection steam ratio
bofler « SNG s Back pressure
. steam turbine
tean ; . . sEfficient at
bot toming. q.5+10 Waste heat N.A. 0 N.A. $400-600 N.A. N.A. part 1oad
’ ) * Uses exhaust
>500°F
g 0.6+1  -Waste heat KA. 0 A, $400-700 N.A. N.A. -Effictent at

part load

- o Uses exhaust

Q00°F '
« Prototypes avail,
* Requires cooling
water

-Ivi-
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recovery. As an example of this type of system, Pacific Gas and Electric Companf
is negotiating with Getty and Texaco to install combustion turbine cogeneration
systems of 280 and 270 MWe capacity, respectively, in Kern County;'Californiah
0oil fields. The o0il companies have been blocked from further development of -
steam injection because of SO2 and NOx emissions constraints from:crude oif
boilers. The economic situation discourages cleanup by the oil companies so
they approached PGEE with the offer of inexpensive oil in exchange for_stéam.'”
Electricity generation in turn allows PGEE to invest in oil gésification and
desulfurization equipment to meet emission constraints. This ‘institutional
arrangemgnt Provides energy, economic and environmental advantages and although
no cogeneration systems have been installed at present, there is a significant.
potential for their installation in the future. As stated above PGSE ié
presently negotiating for 490 MWe of baseload capacity, supplying 3.6 x.lO6
1bs/hr steam. This steam capacity is only one-fifth df'thelpresent steam .
generation in the three major Kern County oil fields (Kern River, Midway-Sunset,
and S. Belridge). Additionally, there are several other significant heavy oil
deposits in California as listed in Table D-2. ‘ |
The recoverable heavy oil figures given in Table D-2 are conservative
with respect to cogeneration potential because they:consider only 1975 tech-
nologies and economics. This would be steam soak methods of recovering
$5.2$/bb1 0il. Doubling the value of the oil will permit steam drive methods
and increase the recoverable reserves by 30-50 percent. On the gther hand,
two-thirds of this oil will be recovered using steam while One-third will be
recovered with COzlflooding or detergent drives which do not use cogeneration.
Finally, the list.only considers the largest fields capable of supporting a
200 MWe cogeneration plant for at least 15 years. ' '
While enhanced oil recovery sﬁpports the petroleum drilling operation.
exclusively, fluidized-bed and diesel'cogeneratioh are particularly attractive
to several major industrial sectors. Table D-3 lists projections reported
for coéeneration activity in 1985 for six major industries which require -

both electricity and process heat within the temnerature and oressure ranges

1

for which cogeneration is an efficient producer.



, Table D-2
" Potential for Expanded Enhanced 0il Recovery in California

Field County API O:i;i:- Rec0:§;§blea Project Sponsor
' Gravity 169 b1 109 bbl Yo P

Cat Canyon Santa Barbara °11-13 7.3 1.4 ERDA-Getty Oil
Santa Maria Valley Santa. Barbara %14 5.1 1.0 Union Qil
Kern River Kern %13 3.3 0.6 Getty-Standard
Midway-Sunset Kern n ,2.5 0.5 ERDA-Chanslor 0il
“Kern Front Kern %14 - 1.3 0.3 Several small projects
Cymtic Kern 012-14 1.2 0.2 Several small projects L
San. Ardo Monterey %11 1.2 - 0.2 Texaco and Mobil ‘-,J:"
Poso Creek (Premier) Kern 012-13 1.0 0.2 None
Casmalia '~ Santa Barbara °10 0.9 0-0.2 None
Oxnard Ventura 07.8 _ 0.9 . 0 None
McKittrick Kern °14-15 0.9 0.2 Getty 0il and others
Guadalupe San Luis Obispo °11 0.1 0.02 None
Paris Valley Monterey %11 0.06 0.01 ERDA-Husky 0il

©15-10 (API):

19% recovery factor; %10-7: 0% recovery factor

Sources: Estimates by Alan Leighton, ERDA-SAN, September 1, 19765 A. Leighton and J. Patek,
Combination Thermal Drive to Recovery Very Heavy 0il from Paris Valley Field, California,

7nd Annual ERDA Sympcsium on Enhanced Oil Recovery,. Tulsa, Oklahoma (Sept. 1976).
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- Table D-3

Cogeneration Projections for 1985

1985 Cogeneration

Industry Capacity,* MW
Food ‘ | 343
Textiles 98
Pulp and paper ' 4,861
Chemical v 2,677
Petroleum refining 763
Steel 1,423
TOTAL 10,165

* i
Assuming no government action
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APPENDIX E
APPLICATIONS OF COGENERATION SYSTEMS

This appendix describes in some detail two potential applications
of cogeneration: fluidized bed combustion in the pulp and paper industry

and enhanced oil recovery.

COGENERATION IN THE PULP AND PAPER INDUSTRY: A BRIEF OVERVIEW

Industry Description

The pulp and paper industry in the U.S. consists of over 350 compénies
together representing over 700 operating mills. . The output of this sector
totaled about 600 pounds of paper and cardboard producté per person in 1975.
Total industry capacity is about 200,000 tons per day,‘almost half of which
is located in the southeastern United States (Table E-1). Integrated mills
with both pulping and forming facilities account for about 70 percent of
industry capacity. These mills have an average annual capacity of about
300,000 tons. Non-integrated mills (forming facilities only) tend to be
smaller, with only about 15,000-20,000 tons annual capacity on the average.
Industrial plants are thus large and capital-intensive; a new installation

can exceed $300 million.

Fuel Consumption

Some 90 percent of the fuels consumed in the industry are used to
produce process steam at temperatures between 250-390°F, and between 50 and
175 psig. The industry generates a tremendous amount of biomass fuel in the
form of bar, wood chips and spent liquor (the waste product from the pulping
process). In terms of Btu potential such wastes accounted for 44 percent of
all energy consumption in the industry nationwide (Thermo Electron Corporation,

1976, Table 4.27)*

Fuel and Energy Uses

‘While most ot the steam is used at relatively low temperatures and
pressures, much of it is produced at higher pressures, allowing ample appli-
cation of steam turbine topping cycle electrical generation. In fact, the
*Thermo Electron Corp, A study of Inplant Flectric Power Generation in the

Chemical, Petroleum Refining and Pulp and Paper Industries. %oodham, MASS.
NTIS, PB255-659, June 1976,
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Table E-1

; Region Distribution of the

Pulp and Paper Industry

< .

Wyoming, Colorado, New
Mexico, Arizona, Utah,
Nevada, Washington,
Oregon, California,
Hawaii, Alaska

Region, B States Mills (%) Capacity (%)
New England MaiLe, New Hampshire, 15 8
. 8 Veérmont, Rhode Island,
\ Massachusetts,
\ Connecticut
. \\\ .
Middle New York, New Jersey, 18 10
Atlantic Pennsylvania -
_ East North Ohio, Indiana, Illinois, 22 16
Central Michigan, Wisconsin
West North Minnesota, Iowa, 4 3
Central Montana, North
Dakota, South Dakota,
Nebraska, Kansas
South Atlantic Delaware, Maryland, 12 24
Washington, D.C.,
Virginia, West Virginia,
North Carolina, South
Carolina, Georgia,
Florida
East South Kentucky, Tennessee, 7 12
Central Alabama, Mississippi
West South Arkansas, Louisiana, 8 12
Central Oklahoma, Texas :
West Montana, Indiana, 14 15




-147-

ihdustry consumption of electrical power per ton of product has grown signifi-
cantly over fhe yeafs, énd the use of higher boiler pressures has followed
"this trend. During the 1965-i975 period, the largest boiler capacity additions
~ were iﬁ'the4850-1250 péig range, and significant capacity was added at pressures
greater than 1250 psig (Thermo Electron Corporation, 1976, Table 4.40).

' Natural gas is used for direct fire hot air dryers and space heating,

as well as for some boiling. Residual o0il is also used directly in lime kilns
to fire the pulping chemical Trecovery process. Thus residual o0il use is roughly
proportioﬁal to energy-generated'from liquor. The lime kiln operations require
about. 2 x 106 Btu of oil per tonqu paper. Energy generated in spent liquor

is about 20 x 106 Btu per ton of paper product’. It should be borne in mind,
however, that bbiler/recovery'efficiencies are not the same for the biomass
fuels and for the purchased fossil fuels. The American Paper Instituté (API)
estimatéslan average boiler gfficiéncy of 85 percent from purchased fuels

e.g. 15% stack loss), 70 ercent from bark, and 60 percent for spent liquor.
g p P P q

Thermodynamic Potential for Increased Cogeneration

The potential for bottoming of waste heat in the pulp and paper industry
is believed to be negligible;“The waste heat from stack gases, warm water,
lheated air, and water vapor ranges from 100°F to 400°F, too low to result in
any substantial electrical géneration.‘ The remainder of this section will
‘therefore deal with topping potential.

For topping cycles, the maximum potential electrical generation depends
on the industry's steam flow fequirements (amount .of steam per unit time and
its pressure and température), and the’tYpe of topping cycle. 1In 1975 for th
industry as a whole, the amount of steam used ﬁas about 1100 x 1012 Btu, '
averaging about 1.421 x 108 1bs per hour, most of which is at 50-400 psig,

The standard power to steam ratios for steam turbine, gas turbine, and diesel
topping cogeneration are about 45 kWh/lO6 Btu, 200 kWh/lO6 Btu, and 400 kWh/10

Btu, respectively. Applying figures such as these to the total process steam

6

requirements yields the maximum electrical generation potentials (Table E-2).
We note that even under steam turbine topping, the maximum generation
exceeds current implant generation, suggesting substantial increases

even at present levels of economic activity and extensive implant generation.



Table E-2

Maximum Potential fo5r Inplant Generation of Electricity
in kWh/Year in the Pulp and Paper Industry

Electricity (109 kWh/year).

, Maximumn Potential Generation1 Maximum Poténtiél Export3
"Region . : ‘ Tota%
~ Steam Gas . Used Steam Gas .
Turbine Turbinz 3165?1 Turbine.  Turbine glesgl
Topping Topping opping Topping Topping opping
New England 4.4 15 30 4.2 0.2 - 10.8 25.8
Mid-Atlantic 3.4 12 23 3.6 c0.25* 8.4 19.4
East North Central 7.4 - 26 52 7.4 -- 18.6 44.6
)
West North Central 1.0 3.6 S 7.1 1.2 (0.2) 2.4 5.9 =
? Too
South Atlantic 18 65 130 14 4.0 51 116
East South Central 8.5 30 59 .2 1.3 22.8 51.8
West South Central 9.1 32 64 .6 0.5 23.4 55.4
Mountzin § Pacific 9.7 33 67 10 (0.3) 23 57
TOTALS 61.5 216.6 432.1 56.2 5.3 160.4 = 375.9
Notes
1. Maximum potential generazion - topping process steam (the opportunities for topping of
process heat and bottoming of waste heat in the pulp and paper industry are minimal).

2. Purchased plus inplant generation (hydro not included).

3. Maximum potential Ffor export - maximum potential generation minus purchased
inrplant generated electricity.

4. Use greater than maximum potential.

electrical minus
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- Gas turbine and diesel topping could generate substantial exports of electricity.
Several caveats must be mentioned, however. First, gas turbines and diesel
systems require more total fuel to generate any given usuable electricity-plus-
‘steam-Btu equivalent, due to higher'effiéiency of the steam turbine. There

is more unrecoverable heat output in these systems than in steam turbine

systems. Second, the pulp and paper industry requires treﬁendous,hmounts of
steam, as noted above. Finally, gas and diesel systems require petroleum

fuel inputs. Steam generation allows the burning of coal and other solid
biomass fuels. This is an important factor for the pulp and paper industry

.whose waste already comprises between 40 and 50 percent of its fuel inputs.

Economic Potential for Increased Cogeneration

The implementation of cogenerated electricity and steam systems on a
wide scale requires additional investment in instances where these products
" are generated separately. That such investment has been forthcoﬁing only
in small amounts in the U.S. is not surprising when historical realities ,
are considered. Low energy costs and rapid postwar expansion 6f centralized,
" utility-run power systems, coupled with an emphasis by industry on first
cdgts have selected against cogeneration, as witﬁessed by the decline in
cogenerated electricity as a percent of total generation in the U.S. since
1950. The enormous increases in petroleum fuel costs and the steady growth
of industrial plant size have begun to turn cogeneration's economic picture
around. In general, the measure utilized to determine the viability of an
investment is the level of internal rate of return. Essentially, the
internal rate of return (r) is determined for any given investment by the

following formula ‘ »

N
C=E__R_i_i
(1 + 1)
i=1
where

= capital costs
= after-tax returns in year i

expected lifetime of investment in years

H 2 X 0
n

= internal rate of return
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The rate of return required by a business to Ju5t1fy investment depends
many factors, particularly the degree of expected market risk, borrow1ng
costs, and debt/equity .ratios. It has been estimated that for the pulp and - -
paper industry, the average rate of return required over all investments is
about 15 percent after tax. In general,industries need a-higher rate of
return for cost saving investments such as cogeneration than for product--
oriented investments which are associated with direet'profitebility;'hafkef“
‘expansion, and the like On the other hand a lower rate is requ1red by -
utilities (around 13%) because electricity (and steam in some cases) is the
utility' s primary product. Moreover,.as a regulated-1nduqtry, utilities
‘can usually borrow at lower rates. Thus implemeﬁtation could depend bn
generation plant ownership In fact, the pulp and paper 1ndustry generates
55-60. percent of its own electr1c1ty in-plant, making-it 11kely that it
might invest in cogeneration at return rates fairly close to,1ts industry
average. ' . _ A A 1

Another iesue facing cogeneration -implementation is whether or not if%-
is associated with expansion or replacement of process steam facilities.

If cogeneration is considered as industry expands or replaces worn out or
obsolete boilers, pipes, pumps, fans,’etc.; then initial investmen; capitai
costs estimates are reduced because the firm. will only consider the incre-
mental costs associated with electricity generation (e.g. costs of turbine,
generator, etc.). If existing and useful proceSs'steam equipment must be
replaced, however, the total costs of the new system must Be used, including
those associated with steam production.

A final consideration influencing rate of return are tax policy and
f1nanc1ng options. Both increased investment tax credit (such as are pro-
posed in President Carter's national energy policy) as well as decreesedl
corporate income ta£ rate would increase expected rates of return.

"Also, if a company has access to outside capita1~at interest rates below the
expected return rate, its willingness to invest cen‘be'expeeted to increase
relative to a base case situation in which it had to generate all its funde

internally or dilute its equity.

The Effect of Economic Incentives on Potential Implementation by 1985

To assess the potential for increased cogeneration, one must make

assumptions regarding industrial growth. The estimates shown. below. are
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based on the following projections: (a) the amount of steam and electricity
‘would.increase by 50 percent in the 1975-85 period, implying.a conservative
3.2 percent real annual growth rate, and (b) 75 percent of existing (1975)
_ capécity is éssumed to be.still in place by 1985. The economic incentives
ﬁconsidered ﬁre increased tax credits- (up to 50 percent of new investment in
‘cogeneration), lower corporate tax rates (down to 25% of income) and the
availabilify of up to 50 percent financing at 10 percent.
With steam topping, only very small amounts of electricity will have to
j be purchased by 1985. Even in the base,case of no added incentives (e.g. currenﬁ
féx structures and no debt financing) and industry ownership of facilities,
self-generation would amount to about 65 percent of industry needs. With
’ incehtiveS-fdr industry'or under a system of utility ownership,;cogenefation
could account for 82-99 percent of industry's power needs. With gas turbines
‘and diesel cogeneration, given appropriate petroleum, synthetic fuels or
- adequate fluidized bed combustion technology, substantial electricity could
be exported: from a low of 2.2 percent (given gas turbine topping, industry
. ownership, and no incentives) to a high of 9.6 percent. The latter case assumes
diései topping, utility ownership, all tax incentivés, and outside financing options.
Potential fuels savings for 1985 would be about 70,000 bbl of oil per
day for the steam systems and 290,000 bbl/day for both gas turbihe_and diesel
topping (Thermo Electron Corporation, 1976, Table 6.31). These estimates
assume industry ownership and all economic incentives. For utility ownership,
assuming all incentives, the savings -are 110,000-135,000 bbl/day, 380,000-
420,000 bbl/day, and 480,000-580,000 bbl/day for steam, gas and diesel topping,
respectively. The increase in savings listed here for gas and diesel would
need to be modified somewhat if their higher heat rate were taken into account.

N

Fluidized Bed System for the Pulp and Paper Industry

Fluidized bed cogeneration system is suggested for use in the pulp and
paper industry because of its ability to burn both coal and waste fuels
efficiently and cleanly. . '
| Two significant ‘trends in the energy field today are fuel switching from
0oil and gas to coal and waste fuels and also decreasing environmental impact.
The combination of these trends is largely contradictory on the basis of

existing experience with coal combustion. This, however, should change in
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the near future with the implementation of fluidized bed COmbustion'(FBC)
| which inherently produces low emissions. Furthermore,'it'is bfASmall to
moderate size scale which makes it well suited to use in cogeneration
applications. Cogeneration complements FBC well by maximizing efficiency

in the use of waste and fossil fuels to produce both electricity and
process heat for use by industry. Unfortunately 1ndustr1es tend to be
located where ambient air quality is already poor and where emissions 1mpact
on large populations. Thus fluidized bed combustion is expected to be
significant in the future and its emissions and their control will be
especially 1mpnrtunt o |

The first feature of FBC is the fact that it allows any type of coal
or waste fuel to be burned regardless of‘ash ‘content or caking properties.
Furthermorc, the coal requires little pfoCessing such as washing and pulveri-
zation as done in modern coal plants because the ash is easily included.in
the bed material. Generally the coal is only crushed t6,1/4 inch size to.
ease fuel feeding. }

The ability to burn any coal or waste materlal and to burn it cleanly
is a feature because of coal's var1ab111ty. Coal varies in its physical
properties and chemical composition. Some coals produce too much ash or
slagging ash and so cannot be used in some boilers. This does not inter-
fere with FBC, however, because .of the small fraction of coal in the fluidizcd
bed. Likewise, sulfur content can vary from 0.5 percent to 5 percent by
weight. Once again, the large bed or sorbent can easily adapt to varying
sulfur removal rates by adjusting flow rates. ThlS is an advantage under
proposed New Source Performance Standards which require 90 percent control
regardless of sulfur in the fuel rather than simply meeting an emission
standard with some combination of low sulfur coal plus a scrubber. Thus
an industry with 90 percent sulfur control in FBC will have flexibility in choos-
ing coal supplies. This is particularly important for small industrial
users which tend to have greate:.variability in their coal supplies because

they cannot claim an entire mine's production as a utility power plant does.

Combustion

The most important features of combustion for powér generation and

process heat are combustion temperature, heat transfer and overall efficiency.
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In éeﬁeral higher temperatures mean greater effieiency in energy conversion
to eleetricitf. "The limiting factor, however, is not combustion but rather
aiproblem.with materials.' For example, high pressure steam pipes can only
withstand 5665C. Most gas turbine blades are damaged by temmeratnres over
950°C{ Thus, we do not have the technology to take advantage of the thermo-
‘A dynamic potential.of coal combustion flames at 2000°C. To limit tempera-
tures, boilers maintain a large excess air flow to dilute the combustion
gases. .quidi;ed bed Burners must also maintain a large‘werking fluid

flow to limit temperatures but do so in the combustion zone so that actual
combustion temperatures'can also be reduced to about 800 or 900°C or less.
‘The bottom limit would be the ignition temperature of 500 to 600°C depending
on the fuel.

..~ Fluidized Bed Combustors

The characteristics ‘of fluidized bed combustion are determined byvthe\
combustion bed. which has onlv one to two nercent fuel,
“This bed is fluidized by a flow of combustion air from a gridplate below
Fhe'Bed. These two features are eomplementary in that the excellent mining
of a’ fluidized bed.isfwhat;allows such a large amount of inert bed material.
In turn, this allows the témperature to be decreased without losine complete
combustion by providing a large thermal mass.

It is very convenlent for this bed material to be 11mestone or dolomite. -
It then can react chemically with sulfur diox1de and allow its removal

as a dry solid waste. The low temnerature is alsn imnartant
‘for decreasing thermal NOx formation. Finally, the low temperature and

large amount of bed material serve to minimize the emission of trace metals
from the coal combust1on.

" The large amount ‘of bed material also allows heat transfer pipes to be
lecated directly in the midst of the combustion zone. This gives a much more
eOﬁﬁact boiler which in turn decreases expenses.

The aetuai design of an FBC is still experimental. Development
appears to be more advanced in England and Sweden where a few units
have been placed in regular operation. In the U.S. the prototypes are st111
experiencing problems with coal feeding while many European-units 51mp1y

- pour coal in the top. Nearly all of the American work has been done by Pope,
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'

Evans and Robbins, Inc. They have designed and built a DOE-funded conversion
of the 30-MW Rivesville plant to a F3C. This boiler will actually have

three beds plus a carbon burnup cell. This improves turndown capabiiity

by beinp able to turn one or two cells off. The carbon buraun cell is
needed because the Rivesville beds only consume 83 percent of the fuel
carbon. At a recent éoal conference it was stated that this was inevitable
and that industries might not require a burnup cell but that utilities definitely
would for maximum efficiency. The problem of elutriation results from

the poor Americaﬁ'design vhich uses too high an air velocity. European
designs, on the other hand, do not require 2 carbon burnup cell. Host
estimates are that fluidized bed combustion will be available commercially

by the middic to late 1930's, which is discouragingly slow, considering

the use of fluidized bed reactors in the chemical.industry for decades.

¢

ENIANCED OIL RECOVERY

At present the Pacific Gas and Electric Company is negotiating with
Getty and Texaco to install combustion turbine cogeneration systems of
230 and 270 My capacity in ¥ern County, California oil fields. The oil
companies have been blocked from further development of steam injection
because of environmental constraints with respect to 50, and NO, emissions
from crude oil boilers. The economic situation discourages cleanup-by the
0oil companies so that the utilities were approached with the offer of
inexpensive oil in exchange for steam. Electricity generation in turn
allows PGSE to invest in’oil gasifiéation and desulfurization equipment
to meet emission constraints. This institutional arrangement p;ovides
energy, economic and environmental advantages and although no cogenera-
tion systems have been installed at present, there is-a significant
potential in the future. As stated above PGGE is presently negotiating
“for 490 MW of baseload capacity, supplying 3.6 x 106 1bs/hr steam.

This steam capacity is only:one-fifth of the present steam generation
in the three major Kern County o0il fields (Kern River, Midway-Sunset
and S. Belridgej. Furthermore, there are several other significant‘heavy

0il deposits as listed in Table E-3.
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The recoverable heavy oil figures given in Appendix D (Table.D-2)
are conservative with respect to cogeneration potential because they
consider only 1975 technologies and economics. This would be steam soak
methods of recovering $5.25/bbl o0il. Doubling the value of the oil
will pe;mit steam drive methods and increase the recoverable reserves by
' 30-50 percent, On the other hand two-thirds of this oil will be recovered
using steam while one-third will be recovered with CO, flooding or detergent
1drives which do not use cogerieration. Finally, the list only considers the |

‘largest fields capable of supporting a 200-MW cogencration plant for at

- .least 15 years.

Obviously the potential for cogeneration is vefy,large. Table D-2
(Appendix D) lists 4.7 x 10° recoverable barrels of heavy o0il in California.
Assuming that 40 percent is recovered by éogenérated steam drive over 20
years, produttioa will be 96 x 10° bbl/year. If 59 percent is marketed,

15 percent converted to electricity, 25 percent converted to steam and 19
percent lost, then generation will be 5500 MW continuous for 20 years.
Nationally the potential might be triple this amount. ‘

The problem which needs to be addressed with respect to enhanced
~oil recovery cogeneration is whether the oil-fired combustion turbine
systen assumed in the example above is the most advantageous method.

It is presently preferred by those contemplating the installation of the
first oil field cogeneration. ' This, however, has been largely determined
by the artificial economics of low first tier oil prices. At this point
it is important to take a broader long-term view of the technical options
‘ available. Most important among these are combined cycle and closed
cycle systems allowing the use of coal.or possibly coal gasification. .
These systems may have slightly lower efficiencies, but more importantly,

0il production will be doubled by the substitution of coal.

0il fuel availability is obviously no problem, although 4t present
the artificial pricing of oil has caused lower tier oil to be trucked to
distant fields to avoid burning second tier oil for steam. ’
This institutional arrangement is for the benefit of the companies
involved and may not be in the long-term public interest. For example,
the large capital investment by the public utility with ratepayers'

money depends upon the artificially depressed prices for first tier oil
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before it enters a refinéry and requires entitlement payments to
refineries buying foreign oil. This investment in crude gasification
will be in jeopardy if the Federal government -decontrols the price of
f1rst tier oil which in a fa1r possibility over a period of 20 years.

An energy flow diagram for the oil-based system is presented in
Figure E-1 based on preliminary equipment specifications of PG§E.
This included large GE frame 7000 turbines rated at 75 MW. In assess-
ing th§ enhanced recovery industry energy profile, ip will be necessary
to consider a range of engines including smaller, less efficient ones
which ‘may be appropriate in other locations. This information includes
empirical data on the performance of various englnes as a function of
fuel, temperature and load. Portunately the lodd characteristics of
enhanced recovery are simple and stable over .time (years). Thus the
duty cycle will be based primarily on the optimum maintenance schedule.
The process used in this case allows for daily‘fluctuations in steam
production without interfering with oil prdduction. It is important to
maintain a high pressure (900 psi), but steam quality is not critical
and 80 percent vapor is considered satisfactory. The water content is
important to prevent scaling because of poor water qua11ty

With respect to environmental constraints, the role of cogeneration
is positive compared to the existing boilers burning crude oil without
controls. All of the major combustion turbines with gaseous fuels can
méet fﬁe New Source Performance Standards promilgated by the EPA for
gaé turbines lést fall. At the state and local level, Kern county is
a non-attainment area with reébect to some ambient air quality standards
(NOx, SOZ)’ Fortunately New Source Review procedures now allow pollution
tradeoffs which are abundantly available from the existing dirty boilers
to be retired. Future investigation should indicate the possibilities
for increasing steam and o0il production while décréasing pollution
emissions. ‘

Operatlonal residuals and capital requirements for the descrlbed
_enhanced o0il recovery system are listed in Appendix A. Appendlx I
contains a description 6f the capital residuals for the cogenerétion

systems.
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~ APPENDIX F
- DIRECT COMBUSTION SYSTEMS

Y

This appendix prOV1des add1t10na1 1nformat10n on the character15t1cs
of direct combustron systems' to that 1ncluded 1n the body of the report
Its purpose -is to clarify the information contalned in the Technology
Application section and to provide 1mportant 1nformat1on concernlng
Direct Combustion systems whlch is not requlred for SEAS 1nput through -
the TASE _program. ‘ . ' ‘

L A general schematrc d1agram for MSW drrect combustion systems is

~ shown 'in Figure F-1. Some systems, 1nc1ude ‘coarse shredders, while

some screen incoming. MSW and shred only overs1zed material; many
systems include no front end proce551ng at a11 As briefly described
in the Technology Appllcatlon section. of. thrs report, incinerators are
e1ther of a refractory wall or of a waterwall type Refractory wall
incinerators requ1re the use of a borler or of an afterburner to
complete combustion tollowed by a b011er, to produce the basic system
product: steam. This steam may e1ther be converted to e]ectr1r1fy or
~.used directly for 1ndustr1a1 process or. d1str1ct heating app11cat10ns
while the wastergas<stream.1s;treated and released from the plant stacks.
‘ A general compariSOn'of waterwallcan& refractory wall systems is
shown in Table F-1. Refréctory.systems tend to require more excess air

and generate a higher volume of H,0 in the off-gasses, both of which

decrease the desirability of the iefractory wall system. Further,
refractory wall incinerators burn at a much lower temperature than
waterwall systems. It sﬁouid be noted that while these temperatures are
comparable to RDF systems, they are well below that of pyrolysis systems,
which have reaction temperatures of 900°F - 3000°F. A »

The simplicity of both of these types of systems and their use of
existing technology has accounted for the interest in and adoption of
direct combustion'systoms as indicated in Appendix C. '30wever, there
are two major disadvantages to direct combustion systems wh{ch'limit the
- future attractiveness of thishtechmology relative to RDF and pyrolysis

-

systems. These are:
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Table F-1

Typical Gas Compositions for Conventional and Stecam-Generating Incinerators

Type of Incinerator ;

Waterwall

Refractory

Refuse Firing Rate, MT/hr
(ST/hr)

Air Cooling/Air Cleaning ethod

Excess Air, %

Stackh Exhaust

Temperature, °c (OF)

Volume % COz, wet basis
(dry basis)

Volune % Q., wet hasis
(dry basis)

Volume % N,, wet hasis
{(dry basis)

Volume % 1,0, wet basis

Flow, C!/min @ temperature
(ACF:l @ temperature)

- 15.2 (16.7)

Boiler/Flectrostatic

Precipitator

71.7 .

211 (411)

9.1 (19.5)
7.2 (0.9)
69.3 (80.5)

13.3

2400 2 211°C

(84,700 2 411%F)

8.4 (9.2) (nating)

3
£

“Caustic Scrubber

180 (estimatcrl)

§7-77 (135-179)

- 3.7-3.2 (4.9)
10.1-5.6 (13
164.2-54.2 (32.2)
22-34

2119 ¢ 77°C_
(74,300 2 170°r)
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1. Large volumes of excess air are required to ensure complete

burning and to maintain desired incinernator temperature. As

"a result, the volume of dry flue gas is draﬁatically_iﬁcreased

as shown in Figure F-2. The required large air flows dictate
the use of large fan systems, larger stacks, largér‘pfeéipitators
and/or scrubbers, and decreased precipitator effiqiencies

- (Waste Age, March 1975).

2. MSW incineration tends to increase pipe, refractory and 11n1ng
fouling and corrosion when compared to other steam-producing
fuels (Govan, Martin and Monro, 1974). The high fly ash content
of MSW off-gasses tends to coat waterwall and superheater pipes
and thus reduce heat transfer efficiency. High PVC and rubber
content in MSW will increase chlorine corrosion of metal tubes
and plpes (Govan, Martin and Monro., 1974).

A third type of direct combustion systems not shown in Figure F-1 are.
the modular‘systems. These §ystem§ typically have a capacity of less than
. 50 TPD and use an incinerator-afterburner-boiler flow rather than a water-
wall system. Modular systems therefore closely resemble a refractory wall.
. incinerator in operational characteristics, except that burning is split
between the incinerator and a gas-fired afterburner, where sufficient
excess air is injected to complete the burning process, and that the
modular systems are designed for low flow applications (refractory wall and
waterwall incinerators are now being designed in the thousands of tons
per day, while modular systems are designed for 30-50 tons per day).

. Even though there are differences between the refractory wall and
waterwall operation, and between,modular systems and each of the other
two types, the three systems are similar with respect to conversion
efficiencies and to residual generation rates (Schoenberger, Wohlers and
Jackson, 1970; Combustion Power Company, 1927). Because of its advantages
relative to refractory wall systems and because of its greater system
simplicity, a waterwall incinerator system has been selected for model
application in this study. A material, capital and energy input/output
summary for a typical waterwall incinerator is included in the Technology
Application section. A material balance is shown in Figure F-3. The
system energY'balancé is shown in Figure F-4. Data for Figures F-3 and
F-4 were obtained from a critical'synthesis'of the data contained %n:
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- (65 x 10% Tons)

10° Tons)

" Iron
150 Ibs.

(1.8 x 104 Tons)."

Glass Aggregate
110 Ibs

" 18.65x 103 Tons)

Char
220 {bs.

.73 x 104 Tons)

Process Water
583 ibs.

{4.58 x 104 Ton)

'ty

GAS CLEAN UP

Stack Em‘i'ssions
20, 735 tbs,
(1.63 x 10 5 Tons)

12.75 x 105 #13/Ton MSW)

N A S |

XBL

Fig. F-3. Direct Combustion Material Balance

Waste .
Water Flow
583 Ibs. L
{4.58 x-10% Tons)’

7810-11663
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{
. Air Water - MSW Electricity
- 0 B 0 B 9.1 x 108 B! 85 x 104 Btu
. : . .
(0 8tu) {0 Btu) 1.43x10'2Brw) | (1.34 x 1010 Bru)
!.“%\‘ls £\ b
, INCINERATION AND BOILER
!;}-.;5:?*94; "4‘
T 1 Off gases
‘ Stea"iii' ‘i " Waste .
6.36 » 108 Bt Water Electricity L,
(1 % 1012 Bt A 1.02 x 10° By Water
(1.6 v 1010 gu) © 0 Rt
’ (0 B}
GAS CLEAN UP
Recovered ~  Char l
Material 0 Bt !
0 8tu (0 Btu). Waste Stack
(0 Btu) Water Emissions
0 Bty 20735 Ibs.
(0Btu) {0 Btu)

Efficier;cv s

'

Energy out
Energy in

Y

_ 1 x 1012 Bty
—tx 1o, B
1.46 x 10'“ Btu

= 68%.

YNumibers give amount per ton of MSW and (amount per 1012 1y output).

 Fig. F-4. Direct Combustion Energy Balance

XBL 78i10-11659
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qupan, Martin aﬁd,Monro, 1974; Moore, 1967; Lawler, 1975§‘kaiser; 1976
and 1976a; University of California, 1951; OmgeTth and Tucker, 1970;
Bishop and Deming, 1967; and Hahn, 1970. A 1000 TPD plant following the

L schemat1c shown in F1gures F- 3 and F- 4 will produce 1.946 x 1012 Btu of

steam per year working at an 85 percent on-line rate. This MSW would
then replace approximately 97,500 tons qf'coal per year which would
otherwise be required to produce industriel Quality steam.
Determ1nat10n of the f05511 fuel equivalency of MSW for a direct
: combustlon system is deplcted in Figure F-5. The design end use for the
direct combustion energy product is industrial process steam. Direct .
MSW combustion incinerators produce relaii&ely.low pressure (150 psi
to 500 psi) and iow temperature (400-6009C),steam.' In order to produce -
the same 1 x 1012 Btu of industrial steam, 1.25 x 1012 Btu of fossil
fuel would. be required. If however, MSW-produced steam is converted
to electricity as ah'end use product, only 5.1 x 1011 to7.1 x lollBtu
of coal w111 be replaced by the MSW system Assumed system efficiencies
for all’ processes are shown in Flgure F-5. MSW convefsion efficiency

is calculated from Figure F-4.
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MSW
1.43x10"2 Btu/yr

Piocess efficiency 957,000 .fons/yr

Fossil fuel
Equivalent
- (coat at

'2.5x107 Btu/ton)

"I Industrial boiler
' f_or steam
1.25x10% Bty -

vdquired' '
(50,000 tons/yr)

‘ Steam
11012 Bt
~ (Industrial

~ quality)

2. Utility
boiler for .

- electricity - L
5.1,-7.|x|o"13'm Electricity

. required . 1.8-25%10" Bty

- (25,000-28,500 » .

“tonsAyr).

% ay ) XBL 7810-11667
. *process efficiency :

Fig. F-5. Fossil Fuel Equivalency for .
MSW Direct Time Systems
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APPENDIX G .
CHARACTERIZATION OF RDF

The chemical composition of RDF determines not only its heating
value but also its.emission control problems. Table G-1 provides a com--
parison of the typipal'composi;ion of raw refuse and RDF using reasonable
estimates for noh-site'speciflc,;nélysis; The chemical composition for
air-classified RDF (as used by Union Electric at St. Louis and by the 3
city of Ames) and the wet:pulped RDF (Black Clawson fuel) is shown'in ‘

comparison with coal in Table G-Z. , _
‘ The pollﬁtion problems of sulfur, nitrogen, ash and chlorine prevail
for each fuel. The amount of sulfur in refuse fuels is significantly
lower than coal. It is expected that there will be no difficulty in
achieving the sulfur standards established for stationary sources.
Nitrogen levels are also lower tﬂan those of coal and should pose no
serious problems that could not be controlled. There is typicaliy twice
the ash content in RDF as there is in coal. The overall effects?of ash
are to increase operating and capital costs due to handling of bottom
and fly ash. Increased ash levels may result in additional residuals
in the air emission and boiler residue which will require further procesé'
control. The chlorine content of RDF is also enhanced because of the '
presence of plastics in the combustible fraction. The potential environ-
" mental impacts related to the pollutants listed above are- discussed in -
anqther sec%ion (Environmental Data). A

The materials and energy balance for a typical RDF system are shown
in Figures G-1 and G-2. The values shown are amount per ton MSW input.
In addition, in the materials balance diagram the amount-per-lolz-Btu

of output is also included.
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. . Table G-1
Comparxson of Raw Refuse and RDF

. Category o L 'Raw Refuse Refuse Fuel

Ultlnate Analysis of Refuse
(1% wc1ght)

Carbon . -~ | ] 26.18 | 32,73
' Hydrogen S 351 a.33
Oxygen T | 22.08 28,79
Nitrogen ' : o : . 1 1 0.58 0.55
Sulfur - 0.10 . , ' 0.11
Chlorine | . 0.08 - o.01
‘Noncombust ibles o 2247 | 9.2
Moisture : S ). - 25000 : 24.14

Proximate Analysis of Refuee . :
Moisture N 25.00 24.11

Volatile matter  45.39 58.50
'Fixed . carbon - - ,  6.64 8.07

Noncombustibles . . . 22.47 , - 9,29

lleating Vélue A
_Organic : o N 4,622 .. 5,858

Partial oxidation. of metal - .78 3
Total Btu's per Pound .- 4,700 A - . 5,866

. Source: Barnett, S.M. et al. ,'Enetgy From Solid Waste Utilization, Proceed1ngs‘
of the Sixth Annual Northeastern 1 Regional Anti- Pollut1on Conference,
Un1ver51ty of Rhode lsland July 8 9, 1975
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Table G-2

Comparison of the Chemical Composition of Fuels

Coal" Air Classified Hydropulned

‘ - RDF - RDT
H,0 moisturo s -o26.0 | so
C, carbon 63.31 s 27,28 : 23.26
H2 hydrogen o i 4.?5 . - 3.85 : 3.3
Nz nitrogen - . : ’ " - 1.02 ; .0.28 ' 0.33
Cl chlorine | . 0.12 L 020 0.72
0, oxygen - 9,9§~ . i .21.49 b 17.2
Ash | : , 11.28 1. 0.3 | 5.6
S, sulfur 3 .38 | 7 0 . 0.09

Source: EnvironmentaiiScience § Technology, tay 1975.
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MSW

1 ton 0.38 x 10° Ton)

.. FRONT END SYSTEMS

e ) l

Processed MSW - Procetsed MSW
- :{Heavy Fraction) .02 Ton . - - . . : {Light Fraction) . 0.8 Ton
“3”""5‘”’ ‘ {1.11 x 105 Tom
. B . .
: . RESOURCE RECOVERY : ‘ ROF
'
- Recycled
' Bo.icl:cmuur
. . A . RDF
: 2.4 Tons
(3.34 x 10° Ton) 0.7 Ton
{4.73 x 10% Tons)
*Ferrous *Nonférrous *Glass Residue ENERGY CONVERSION
Metals Metals . 0.08 Ton 0.04 Ton
0.07 Ton 0.01 Ton " 1107 Ton
.11 x 104 15.56 x 107 Ton
(9.73 x 10% Ton) .39 x 103 Ton) %107 Ton) )
Fly Ash
.5 Ton

, 1695 x 10% Ton)

€0y

EMISSION CONTROLS

b

Water Sﬁck ‘Steam . Bottom Ash Residue
Ettivent Exhaust 22-24Tons 0.2 Ton 0. Ton
0.2 Ton 0.3 Ton

2.78 x10° Ton)’ (4.17 % 10% Ton)  (3.34 x 105 Ton) (2.78 x10% Ton) (138 x10% Ton)

Syalues shown as amount per ton MSW input and {amount per 10"am of output).

*Potentially recoversble gmtevinls.

XBL 7810-11657

Fig. G-1. RDF SystemMaterials Balance®



i

-172-

Electricity : MSW A
‘ 445x10%8 | 11.4x108 B

FRONT END SYSTEMS

Electricity o . . E | :
2.39 x 104 B L A o
MSW ' o . . Msw
‘ 2.28 x 10 Bw A | : - ‘ 9.12 x 10° Bty
RESOURCE RECOVERY _ RDF
Electricity ‘
1.2 x 104 Bty
A s .RDF
Recoverable  Residue’ o ‘ o
Material : ENERGY CONVERSION
, Elect(icity Fly Ash ¢

6.35x 109 Bt . I

EMISSION CONTROLS

ooy

Cwater 7 Stack ~ Steam E 'Botto;n Residue
Effluent - Exhaust 719 x 106 Btu Ash

. T ¥ F . .: , . . .
er. - _  Steam Energy Out 2,19 x 106 gty .
Recovery Efficiency = - MSW Energy In - ® 14x1008w . - 0.631

* 8values shown as Btu per ton MSW input, . . R 4 )
. : XBL 7810-11656

r

Fig. G-2. RDF System Energy Balance®

o
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" APPENDIX H-
" PYROLYSIS CONVERSION OF MSW

o

This appendix contains additional information on pyrolysis energy
recovery systems to that contained in the Application and Environmental
4Data.section of the report. Specifically, limited information on the
basic ehemistry of pyrolytic reactions, an exbansion of the advantages
and draWbacks to pyrolytic systems, add1t10na1 descrlptlon data on the
PUROX sytems, and general descriptions of the Landguard and Garrett
Research processes are included.

1

Chemistry of Pyr01y51s:

The elemental” comp051t10n of the organic fractlon of MSW roughly

approximates that .of.cellulose which can be chemically represented as

(CeH10%5)n
(We1nste1n and Toro, 1976). With this approximation a simple pyrolytic

, where n “indicates the number of basic chemical units
reaction can be represented as (Weinstein and Toro, 1976):

- ~ heat -~ . o
MSW = C6H1005 > fuel gas with CO2 and H20 + pyrolytic oil

+ other condensibles + carbonaceous solid residue

‘ The relafive yield of each of these baséc product components is
dependent upon:the specific characteristics of the input MSW and upon

the control conditions of the pyroly51s react1on The primary control
conditions include temperature, pressure and the use of catalysts or
oxydizing agents. The relative product mix is most sensitive to the reac-
tion temperature, and, in fact, this control-is used to separate gas-
producing from oil-producing pyrolytic systems. The effects of temperature
variation on the resulting product mix and product gas composition are
shown in Table H-1 and Figure H-1, regpectively. The relative product mix

from a typical pyrolytic reaction is shown in Table H-2.
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Table H-1

" The Effect of Temperature on Pyrolysis Yields
(Weinstein and Toro, 1976)

Pyrolysis Temperature, °C 482 649 816 927
(°F) (900)  (1200) (1500}  (1700)

Product Yields,

weight %
Gases 12.33  18.64  23.69  24.36
Volatile Cdndensiblesa 43,37 29.20 47.99 46.96
Other Condensibles 17.71 9.98 11.68 11.74
Char 24,70 2080 17.24 171.67

98.12 99.62 100.60 100.73

Pyrolysis System Advantages and Drawbacks

Pyrolysis systems have several key general advantages over other

systems. Briefly, these include: fuel compataibility (pyrolytic fuel
can be varied between o0il énd gas and can be subsequently converted
to methanol, ammonia or dthéf end use products); gaseous emissions can
be minimized by collecting the off—gaéses as an energy fuel; the processes
are efficient and economical to ruﬁ General drawbacks include high
capital costs and high corrosion- and dep051t10n rates on refractory walls
and waterwall boiler tubes. '

‘ Advantages and disadvantages of spec1flc pyroly51s systems are shown

in Table H-3. Based largely on this tabular comparlson, ‘the PUROX system

was selected as the model appllcatlon

PUROX ‘System -~

A basic description of the PURUX system is contained in the Applications
section of the report. This section presents supplemental information on
the characteristics of the systems, its products and on the mass and energy
flows through the systems. A :

An average analysis of the PUROX product gas is shown in Table,H-4.
and a comparison of this fuel with other common gaseous fuels is shown in
Table H-5. Average composition of the slag aggregate is shown in Table H-6.
This aggregate is suitable for sale to various industries including road

construction.
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' Fig. H-1. Gas Produétioh—Labora}ory Pyrolysis of
Municipal Solid Waste

l¢rom McFarland, J.M., 1972
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Table H-2 :
Simple Pyrolysis _ i
: lﬂiction Om ’ Pyrolydcon _
Yield; weight % 20 ' &
Composition, weight % L ..
Carbon 48.8 8518
Hydrogen 39 16
Nitrogen 1.1 0.9
Sulfur 0.3 0.1
Ash ns 0.2
Chlorine 0.2 0.3
Oxygen (by diff.) 139 ‘334
' A 100.0 _ 100.0
Heating Value, cal/g (BTU/Ib) 5000 (9000) 5830 (10,500) .
Fraction Gas . Water
Yield, weight % ‘0 .Y
Volume % Contains
‘0.1 Water Acetaldehyde
v 42.0 Carbon Acetone
* . Monoxide..  Formic Acid
27.0 Carbon Dioxide Furfural
10.5 Hydrogen Methanol ~ -

0.1 Methyl Chloride
$.9 ‘Methane

4.5 Ethatie -

89 Cy to Cy
—— - hydrocarbons

99.0

Methyl Furfural
Phenol
Etc.
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Table H-3
Advantages and Drawbacks of Pyrolys1s ‘Systems 7
System Advantages Disadvantages
Garrett flash Over 2 years operaung experience with pnot Requlres g‘traﬂne size reduction of refuse -~
' ‘plant 0. 015 in. :
Does not requlre auxiliary fuel for preheat Refuse must be predried --2to 31. moisture
Pro&uces ofl -~ storable and trﬁnsportnble Agglomerating ﬁoﬁcombustibles, especially
(8500-10, 500 Btu/1b) . glass, may contaminate fluidized bed
_ Potential for recovery of clean glass and iron Char highly alkaune and corrosive
Process flexible -~ can produce oil (1 b‘rrel/ Fuel oil == low nash point ~ 130°F; objection-
wn) or gas (6000 scf/ton) nble odor, highly alkaline. and high viscosity '
Prod\leea dry char -- heaﬁng value 8000 Btu/lb. Requirea extensive water purification
S S Entire process -- especially front end equip-
ment -~ very expensive
Moasanto  Operating experience with pilot plant since 1968 &u-eddlng of refuse: to -6 in.
' ' ‘Produces gas -~ burhed to produce low-pressure Restricted to normal municipal refuse N
‘ :‘_.te:::)(l‘ ton/day refuse produces 200 1b/hr- " Char is wet, as produced; requires drying
Potential for r'ecovery of iron Char -- highly alkahne pH12: low heating value
Does not require predrying of refuse Gas scrubber required
' : Auxiliary fuel for preheat
Union Carbdbide Some operating experienee with S- tons/day pilot anslderabie lnvestnlxlemlin a large O; plant

Urban Research and .

Development

Torrax

City of Charléston

plant

‘Generally nccepts normal refuse without eize re-

duction "--

Gas produced - hlgh hening‘ value 300 Btu/scf,
relatively clean, and can be upgraded by methan-
ation .

NO; producuon virtuauy precluded .
l-‘nel gas requires less air per scf or per 1000

'Btu |han natural gas

Molten reaidue -- potemial for metals recovery
Does not requh'e auxﬂiary fuel )

Some operat(ng experience with pilot plant

‘Generally lccepts normal municipal rel‘use

without size reduction

Uses zir with a more convenuoml degree of
preheat

Gas produced by the process is fired for preheat
no nuxmnry fuel needed
Afr heater -- a normal boiler

Longest operating experience -- 3 to 4 yeai-a.,

with 75-ton/day pilot plant

Accepts normal municipal refuse as received,
No shredding

Shaft furnace problems -- material hangup and
gaseous reactant medium flow through the bed
appear to have been resolved

bonc openung experience, 2-3 ycars. on bench
scale

Fuel gas has high heating value -- hal! of nat-
ural gas

Requires size reduction of bulky refuse

. Requires gas cleaning train -~ electrostatic

precipitator, acid absorber, and condenser

. Water purification for condenger and cooling

tower water

Produces low-grade gas ~- 200 Btu/scl

Cleaning of flue gas 'required

Requires glass and iron ih refuse to perimit
proper fluxing for slag flow

Size reduction -- 4 ft required for bulky waste

Requires separately fired, expenslvc ceramic
preheater.

- Auxiliary tuel -- about 2o$ of the healing valve

of refuse -- required . o "
Produces low-Btu fuel gas-
Size reduction of bulky waste required

Requlres she reduction of normal municipal
refuse -

Progress appeara ‘slow -- project sml in early

' relearch phano
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Table H-4

Typical PUROX Fuel Gas Analysis

II2
co

: o,

-

: Cli4

C2+

Nz’ .A’ "

26 -
40 -
17 -
. <

anproximately 100

"~ Volume -

3 -
5 -

%

30

50
23

‘From: Bonnet, 1975
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Table H-5 _

Comparison: of PUROX Gas apdlothgr Qé;éoﬁs Fuels;_i_

PIIRNOX
Propert _, o
perty 3 Fuel Gas a, | Cl, C ' n
Btu/sc€ . 300-310 959 2400 3100
S . '
Compression Power2 (Y¥whr/mm Btu) 4,3-5.2 1.4 0.5 N3G
Combusion air a .
requirement (SCF/mm Btp) 3000-8200 10,600 10,400 10,400
Volume of Combustion.  ° :
Products (SCF/mm Btu) 10,100-10,300 11,100 {10,800 10,800
lleat Released/Volumc of ) :
Combustion Products (Btu/SCF) 95-1N1 99 92

1. From Marple, 1974; and Donnegan, 1975,

2. Gas compressed to 35 psig from 1 atm.5°100°F with 75% efficiency
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Table H-6

Average Slag Analysis

0

.3

Mn0o

‘ SiOz' k0.7
Ca0 10.3
AIZO3 ’19.5
TiO2 0.6
BaO \ 0.2
P205 0.1
FeO 6.2
MgO 2.2
NaZO 8.0
'RZO 1.0
Cuo 0.2
Misc. 0.7

100.0
From: Bonnet, 1975
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Detailed .mass and energy balances for the process are contained in
Figures H-2 and H-3, respectively. The PUROX process as described in this
study does not include conversion of the fuel gas to any other end use fuel.
However, processes exist to convert pyrolytic gas to several common products
including ammonia and methanol. Figure H-4 shows material and energy flows
through a methanol subsystem designéd to act as an add-on to the PUROX
process. A schematic diagram for such a conversion process is shown in
Figure H-5. A summary of the overall PUROX system inputs and outputs is

shown in Table H-7.

Landguard System

The Monsanto Landguard plant installed at Baltimore, Maryland, is
a 1000-TPD plant sited on a 10-acre panel and costing a total of §19
million. Six million of this total was provided to the city by a
Section 208 EPA grant, and $4 million by the Maryland Environmental
Services. The plant has been designed and constructed by Monsanto
Enviro-Chem Systems, Inc. Initial construction of the plant was com-
pleted in June of 1975 and production testing was begun. Immediate
major problems which arose included the inability of the scrubber system
to meet state and federal emission standards, premature failure of the
kiln refractory, and varioﬁs mechanical problems. While these problems
were basically corrected by mid-1976, new problems caused Monsanto to
abandon the project as of January, 1977. The City of Baltimore still
plans to operate the plant on a reduced scale (Solid Wastes Management,
March 1977).

In defense of the Landguard system it should be noted that two 35-

TPD test plants (one in St. Louis, Missouri and one in Kobe, Japan) both
have met all design specification and emission standards (Sussman, 1974;
Hamabe EEQEl:’ 1975).- MSW tested at the Kobe plant was high in both
moisture and plastics content. In addition, various industrial wastes
and sewage sludge were tested. Both air and water emission standards
were met in all tests (Hamabe et al., 1975).

The major inputs to this system in addition to MSW are labor (the

Baltimore plant uses 31 employees for 24 hr/day operation), water at a

rate of 638 gallons per ton of MSW, electrical energy at a rate of 225 kW-hr
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‘MSW
1 Ton
(1.41 x 10° T)
FRONT END SYSTEMS, "
Shredded Waste
- .0.94 Ton ¥
(1.32x 105 T)
Fe Quench Water 022 ;
. . 0 on
0.06 Ton \ _ : 4
84x103T) ’ o Y : (282 X 1077
" . PYROLYSIS AND GAS CLEAN-UP
§
Al o
0.01 Ton Water L Dry Fuel Gas Sla
(1.41x103T) Condensate  °, 0,683 Ton 0.186 Ton,
on B
251 . 9.63x 104 T) 34x 10
(3.68 x 10% Ton) (2:34x107T)

Y Yy

XBL 7810-11675

Fig. - H-2, PUROX System Material Ralance
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Electricity - . ] msw
904x1048tu o , . . lelosatu
(1.27 x 100 gr) : T e (1.2Bx 10‘2 Btu) -
FRONT END SYSTEM
. : . Shredded Weste Electricit
Hwon ‘ | 9.0x108 B L 1a3x
0 Bty » . = (1.27 x 10'¢ Btu) 1169 1o Btu) -
{0 8tu) o p :
- % :
Quench “* | 1201 x.16% Bru
: v (2.83 x 1010 Bru)

PYROLYSIS AND GASCLEAN-UP

Water - | Dry FustGas | Slag
Condénsate | 7,1 x 106 Btu egate

' ?088';‘0) 1x102 g | (08t

A N

Energy Out - 12

Etficiency = TEnergy In = 1.34x 1072 Bty " 0.748

XBL 7810-11676 -

Fig. H-3. PUROX System Energy Balance
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Diagram (per ton of MSW input)

Steam Dry Fuel Gas Elei:tricity .
03T 0657 T 1.8 x 105 Btu
. METHANOL CONVERTER
' Methanol . Vulalile Gas Purge Stream Wasie Water Floi -
{99.85 + %) Gases 0056 T go3727T . W 2
0195T - 3 xw0dr CHq: V027 T CHaOH. 101 x 104 T
- : Hy' 0082 T Fo: 40 ppm
. NO,: ~5.5x109 T ;b:; g:z pom
Steam-Condensate H2$ : co: '\'5'5"'0'3 T N’: H-ggm
Condensate . : : :
0195 T Scrubber
] Discharge
. CO,: 0.458 T
Sul ur: 1977
From: Mathematical Sciences
: “'Northwest, 1974 -
XBL 7810-11660
 Fig. H-4. Methanol Converter System Input/Output
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9) Dry Gas {10) Purified Ory Gos

Reactor Feed

CO,. H,S

Water
Condenser

Stripping
Column

Absorber #1

" Absorber #2

8 .
Water, (1) Shifted Gas
Woter-solubles )
Spent N13) | Regenerated 4
{7) Cloaned Solvent Solvent
Wet Gas

Water

Condenser

(14) Portially Spent Solvent

1) Wet Refuse 7) P Water
i 07} Purge {18) volotiles @23
g5 Recycle {21) | Methyl Industrial
g § Fuel Mmethanol
3
ES o ° -
28 5« £ e 2¢
g we 2E 5E s
V] o] o >
© o= o2 £
c - 0 3 2 V]
5 ("] 2V 2
[t ('3 o
x [=]
° {3) Recycle Oils
2 {4) Fly Ash .
{2) Oxygen a .y = 1 (22) Higher
(16} Crude  (19) Devolotilized {20) Water & 1 Alcohols

Methanol Crude Methonol Heavy Ends
Methyl

(5} Slag Steam Fuel Blond

From: Mathematical Sciences Northwest, 1974
XBL 7810-11652

Fig. H-5. Methanol from Refuse—Flow Diagram
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Table H-7

PUROX Inputs and Outputs per 1012 Btu Output
: : . - . - *
Inputs Quantity per’lo12 Btu Outnut per year
Land 20.71 acres
Capital " $36.82 x 10° _ -
MSW - 1.45 x 10° Tons (1.28 x 10}? Bew)
Electricity 1.50 x 1010 Bry - o
Oxygen 2.82 x 104 Tons (2.83 x 1010 Btu)
Qutputs.
. o 3

Iron | 8.45 x 10" Tons

Slag Aggregate
fiater Condensate

Dry Fucl gas:

2.96 X 104 Tons
4.3 x 10% Tons
9.65 x 10 Tons (1 x 10'2 Btu)

.
Capital rcsidual (Land and Capital are calcululed as in Table H-8 based
on an annual PUROX system output of 4.345 x 1011 Btu.
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. per ton of MSW and miscellaneous oils and liquid fuels at a rate of 7.3
gallons per ton of MSW. |

The basic products of the system are steam at a rate of 2.4 tons per
ton of MSW, glass, ferrous metals and aluminum for recycling, and a 94-
percent reduction in the volume of the solid wastes to be land filled
(Sussman, 1974; California State Solid Wastes Management Board, 1975).
The one intermediate nroduct pyrolysis gas, is a low Btu gas (approximately
120 Btu/cublc ft) and on a dry basis con51sts of" approx1mate1y 69.3 percent

n1trogen, 11.4 percent CO 6. Slpercent co,

amounts of methane,,ethylene and oxygen (Sussman, 1974) This gas is
burned in an afterburner to generate product steam.

As a rotary kiln process, the Landguard system requires only coarse
shredding of incoming MSW. This waste is then stored and ram fed directly
into the kiln where fuel oil is added to drive the pyrolysis reaction.
Char produced in the kiln is quenched and sorted in accordance with'the
assumed design of the basic resource recovery module. Gasses produced in
the kiln are burned to completion in an afterburner at 1400°F. Gas
turbines are not employed in this system. Waste heat is directed into
two parallel b011ers to generate 200,000 pounds of steam per hour. Waste
gasses are scrubbed and are passed through a cooling dehumidifier prior
to discharge. Scrubber waste water passes through a settling tank where
flocculent is added, with the overflow being recycled to the scrubbers

and the underflow being used as quench water for the solid char.

A basic mass balance for this system is shown in Figure H-6. The
system energy balance is shown in Figure H-7. Data for these figures were
compiled from a joint analysis of work by: Mallan and Titlow, 1975;
qusman, 1974; California State Solid Waste Management Board, 1977 and
1975; Quimby, 1975; Weinstein and Toro, 1976; Malin, 1971; Hamabe et al.,
1975; Livingston, 1976; Sessler, 1975; Schnelle and Yamamoto, 1975.

Basis efficiency parameters are shown in Figure H-8. Total projected
output of a 1000-TPD Languard plant is 1.701 x 1012 Btu (7.34 x 105 tons
of steam per year). A summary of the overall system inputs and outputs

is shown in Table H-8.
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#2 Fuel Oil

7.1 gal.
; {1.28 x 109)

MSW

| Ton
(1.8 x l05 Tons)

FRONT END SYSTEMS AND PYROLYSIS REACTION

Misc. Oils Solid Char
. 0. gal. 0.32 Tons
(18 x 104 gal.) (5.76 x 104 Tons )

* .

Off gases
- Air ' Recycled Boiler
Misc. Oils 545T Water
0.1 gal. 4 : 2.4 Tons
U8 x10%gal)  (9.8Ix10%T)

{4.32 x 105 Tons)

y v Y

RESOURCE RECOVERY

AFTER BURNEﬁ AND HEAT EXCHANGES

Ferrous
Metals Glass Aggregate Char
- 0.7 Tons 0.17 Tons 0.08 Tons

(1.26 x 10% Tons) {3.06 x 104 Tons) {1.44 x 103 Tons)

R

Flocculent Make up

. - Water*
Exhaust -
6.13 Tons ¢ {0.16 Tons)
(113 x 108 Tons) (2.88 x 104 Tons)

Y v

~N

EMISSIONS CONTROL
Steam

22.-24 Tons .

(4.32 x 10° Tons) E
Waste Stack Scrubber
Water Exhaust Particulate
0.26 Tons 6.03 Tons 37 x 104 Ibs.
(4.68 x 104 T) 1.03 x 108 Tons)  (0.333 Tuns)

Figure shown as amount per ton of MSW input and (amount per 10 12 Btu of steam output)

*Water makeup assigned to emission control module; however, some of this water is
used in char waterquench.

Fig. H-6.

Landguard Pyrolysis System Mass B‘alanc‘e

XBL 7810-1166!

>
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MSW © No. 2 Fuel Oil

Electricity
5.29 x 105 B - {9.1x108 8w - |esx1058w
(9.52 x 1010 Btu) {1.637 x 1012 Btu) (1.76 x 1011 Bu)

FRONT END SYSTEMS AND PYROLYSIS RlEACTION

1
Misc. Oils ~ Solid Cher o
4 Misc. Oits
1.2 x 107 Bty 4
(2.16 x 109 Btu) 12x 10" Buw
’ (2.16 x 10" Btu)
Electricity )
1.88 x 105 Btu _
(3.38 x 100 gru) o ¢
Y 2 /
RESOURCE BECOVERY AFTER BURNER AND HEAT EXCHANGERS
Electricity ' Steam
3.12 x 109 Btu 5.56 x 105 Btu
(2.01 x 10'0 Bru) (1% 10'2 Bru)
Recovered* Char*
Material 0 8tu Exhaust
0Bty (0 Btu) ,
(0 Btu) - X . ‘ v
EMISSIONS CONTROL
! : : Water Air

Effiuent Emissions

S ooy

MSW Energy Out _ 1.000 x 10'2 Bty

Reco Effici = = =
ecovery Efticiency Steam Energy I 1.637 x 1012 Bty o611

12 .
Jotal energy Lut - -
Total Energy Out _ 1.0x10 Btu _ _ 0.508

: fici
System Efficiency = @  Energy In ~ 1.97 x 1072 Btu

*Energy content of recycled material and of char is defined as zero since ali energy is unrecoverable.
: : XBL 7 810- 11666

Fig. H-7. Landguard Pyrolysis System Energy Balance
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Table H-8

Misc. Fuels and 0Qils

Cutouts

3.6 x 10% ga1 (4.32 x 107 Bew)

X A Landguard System Input/Output Summary

Inputs o Amount per 102 Rtu stesm output per vo ar’ ,i:_‘_ i
. ; oy - ".\

Land | _ I 5.9 scres

Capital Costs ‘ $11.2 x 10°

SN ) 1.8 x 16° Tons (1.637 x 10'2 Btu)

Adr ) ) 1.78 x 10° Tons ‘ ‘

#2 Fuel 0il 1.28 x 10% ga1 (1.76 x 10!? Bru)

Water "1.18 x 108 gal (353 acre f€t)

Electricity 4,05 x 194 Mwhr (1.38 x iol‘ Bth)

Steanm

Ferrous Mectals

Glassy Agaregate
Char

Waste water diseharge
Stack exhaust
Scrubber particulate recovery

v

4.32 x 10° Tons (1 x 1012

1.26 x 10° Tens
3.06 x 10% Tons
1.44 x 10° Tons
4.68 x 10* Tons
1.103 x 10° Tons

33.3 Tons

ABtu)

12

.For capital resources figurcizgiven as input per 10" Btu annual output.
Thus if plant output = 2 x 10°° Btu annual output = total required input

divided by 2.
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- Effluent flows for the Landguard system are summarized in Table H-9.
12
Btu of

T steam output. .SEAS 1nput forms for residuals are contained in the

: Appendlx to this report Waterborne effluent flows are less.than 75 gpm.

... To date no data on re51dual ‘concentration are avallable However, thlS

' ?‘pollutant flow is though to be relatively free of partlculate BOD and

o COD concentratlons

Progected system operatlng economics are shown in Table H-11. Greater

'-].detall on capital and operatlng input is contalned in the Capital Require-

ments .section of this report

Garrett Flash Pyrolysis

The Garrett flash pyrolysis system differs from the previous two
systems in that it is an oil-producing system. It also has the most
extensive front end system of the three pyrolysis plants described in
this report. This plant uses a low temperature'(QOOOF - 1300°F) flash
. pyrolysis to produce the product mix described in Table H-12. As described,

this pyrolytic 0il is a direct substitute for Bunker C oil {Preston, 1976).
The flash pyrolysis process was developed privately by the Garrett
Research Corporatioﬁ on a 4 TPD test plant. Following successful testing
-of that system, a 200-TPD prototype was completed in 1976 for San Diego

. County under partial funding by U.S. Environmental Protection Agency

and by San Diego Gas and Electric Company at a total cost of between

$18 and $20 million. System tests evaluations and adjustments have been
made over the 1976-1978 period, including both MSW tests and tests on
various,industrial waste streams.

The‘front end system for this plant includes resource recovery of
ferroos metals, aluminum and glass as well as both coarse and fine
shredding of the organic wastes. The specific flow diagram for this
front end process is shown in Figure H-8. While this system provides
expanded resource recovery, it does so by incurring a significant
. -capital and operational cost. Estimated capital cost of this expanded
front end system is between $1.5 million and $2.5 million; The added
‘operational c¢ost is primarily an added electrical energy requirement

x(approximately 40 kW-hr/ton of MSW or 1.37 x 105 Btu/ton of MSW) and a
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Table H-9
Landguard Stack Bffluents per 1012 Btu Output
Pollutant Reéiduals'per 10-12 Btu System Output

No 77.2 Tons

X A
802 : 127  ‘Tons
Particulates 7.6 Tons
{ICL 306 Tons
Hydrocarbons ' 12 Tons
Chlorides 55.2 Tons




Table H-10
Landguard System Stack Residuals

Source of Estimate

Pollutant Soggdsﬁzgie Boss, Sussman, Malin, :ﬁin;z:in iMean
Mgmt. Board, 1974 1974 1971 1976 ?
1976

NOx 100 ppm 50 ppm 50 ppm 65 ppm 70 ppm
SO2 V100 ppm 199 ppm 100 ppm 115 ppm
Particulates* .02 gr/scf .03 gr/scf .03 gr/scf .03 gr/scf .02 gr/scf .03 gr/scf
HC1 3.4 1b/ton 3.4 1b/ton
Hydrocarbons | 10 ppm 10 ppm
Chlorides 25 ppm 25 ppm

*corrected to 12% CO

2

-g61- .
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‘ Table H-11 ‘ :
Landguard System Economics ($per ton of MSW) = =

Anortization |  $5.55

Operating Cost

Material inputs 4.00
 Manpower _ 1.10
Maintenance : 1.80
iliscellaneous ' .60
$7.60
Total Cost $13.15
‘Revenues
Steam 6.18
Iron . 1,55
Glassy Aggregate .40
$8.13
Net Cust per Ton - : $5.02°

From Cal. State Solid Waste “anagement Board, 1975; Sussmhn; 1974.
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Table H-12

Gatreft Flash Pyrolysis Products

~Hajor Product

% Comnosition

*fajor Components

% Composition

48-50%

1. Char 20% C
| Ash 39-35%
0 13-14%
other 4-9%
100%
2. 0il 40% C 155-55°,
0 32-35%
oo 6-9%
N 1-1.5%
nther 2-6%
100%
3. Gas 30% “2 11-13%
gp 35-405%
an 35-407%
CU4 4-5%
c,hi 2-4°
o:hgr 3=7%
100%
4. NYater 10%
100% -

From Preston, 1976;

Levy, 1975.
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Municipal pe—— . ’ d
Solid . Weste . Light Moterial +0.128 in. Secondary
ﬂ Hammerhill ——@__—’ Shre_dder

Moisture .
-0.125 in. . 14 Mesh
. . . Light Fines IOrgonic
L Drier Air Table 7 Feedstock
Dense
Tevious £ = -
Electro-magnet Metal Fines Flotation | Float Storage
: Call Bin
" To Pyrolysis
Bl . N ¢ Reactor
Y i
Light Materiol ) Residve
Storage , i : —
Bin Glass
\ Al Oversize ) A P
Classifier Parficles A Equipment
Heavy Material ‘
Residve
Trommel
+4" Particl 4" Particles '
fcles eS| Rake Rod  Mill |-
Classifier
%' < 4 Particles *

P~ Residue

* This would be =ﬂ\e‘_‘hodmch.!o an aluminum recovgry plend,
X8L 7810-116%0

Fig. H-8. Garrett Flash Pyrolysis Front End System (Levy, 1975)
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an increased maintenance requirement. The majority of_the‘added energy
cost is for the required fine shredding process. Figure H- 9 éhows the
energy cost associated with this single process. ' '

The pyrolytic gas and most of the char produced'in the pyrolytic '
reaction are recycled into the pyrolyfic furnace. Tﬁis gas is the -
driving force for the pyrolytic reaction. A mechanical separator and
an_oil'decantervare used to éeparate the product oil from char and gas,
respectively. After gas éleanup, excess proceés‘gas is bu;ﬁed in an
‘afterburner,»used to preheat.recycled gas and chaf, and exhausted through
a baghouse_ filter. - | |

The major inputs- to this process per ton of MSW include approximately
84 gallons of water (700 1bs), minor amounts (51€ units) of No. 2 fuel oil,
and 140 kW-hr of electricity. Major products include approximately 41
gallons of oil (338 1lbs at 12,390 Btu/1b), 106 pounds.of glass aggregate,
165 pounds of ferrous metal, 13.5 pounds of aluminum, 315 podnds of inert
material, 500 pounds of waste vapor, 121‘pounds of process waste watér,
and 111 pounds of char. A 200-TPD plant produces 4.188 x 106 Btu of
"0il per ton of MSW for an annual average production of 2.56 x 1011 Btu,

The Garrett flash pyrolysis material balance is shown in Figure H-10.
The'systeﬁ energy balance is shown in Figure H-12. Data for Figures H-10
and H-11 were obtained from a critical synfhesis of data contained in:
Preston, 1975 and 1976; Levy, 1974 and 1975; Garbe, 1976; Weinstein and
‘Toro, 1976: International Research and Technology Corporation, 1972;
Schnelle and Yamamoto, 1975; and Mallan and Titlow, 1976. Overall energy
efficiency of this system as shown in Figure H-11 is 43.3 percent. Major
system inputs and outputs are summarized in Table H-13.

Residuals generated by the Garrett process are listed by stream in .
Table H-14. As can be seen, 100x emissions and COD load in the process
waste water stemming from a series of oils and tars formed w1th and
existing with, the water in the pyrolytic reactlon, form major environ-
mental problems for this system.

System economics are listed in the Capital Residual section of this

report.
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Secondary Shredding (Preston, 1976)
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Flocculents Water for MSW
Glass Recovery 1 Tonll}
700 lbs 2.38 x 1
(8.36 x 104 T)
FRONT END SYSTEM
Shredded
MSW Process
No. 2 Fuel Oit 844 1bs 5 Waste Water
5 Ibs (1.0 x10% T) 1211bs
5.97 x 102 T) + (1.44 x 104 T)
PYROLYSIS
i P Gas Off-gas
Waste W Aggregated rocess Ga -g
7038 Iebs. ater 133.5%?)5. 468$bs.10 - Water ?t1r7e?r:1b
4 4 - {5.59 x . S
{8.36 x 107 T} (1.58 x 107 T)" (1'39)(1051_)
SEPARATION AND CLEANUP
lron Water Vapor !
165 Ibs 600 1bs Oil
(1.97 x 104 T) (5.97 x 10% T) 3W/#bs . :
. (4.035 x 107 T)  Excess Gas
Waste .
Char Water, Air
. 111 ibs 4 )
Aluminum , . 1
135 Ibs (1.32x 107 T) AFTER-BURNER
(1.6x 103 T) i
Exhaust Gas
274 \bs
(327 x 104 T)

vy

Y

{1) Data shuwn on a per ton of MSW and a {(per 1072 Btu output basis.

v oY v

Fig.. H-10. Garrett System"Materia'.l Balance

v

Y

XBL 7810-11665
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\

{1) Numbars describe amount per tan af MSW and amount per 1012 Btu output.

Y

Y Y

Figo H-lln

Water Flocculents Electricity MSW
0 Btu 2.38 x 105 Btu 1 Top
(0 Btu) (5.68 x 10'0 Btu)] 9.1'x 10 ?5”(”'
$ $ (2.17 x 10'“ Btu)
FRONT END SYSTEM
1 1
Processed
No. 2 Fuel Oil Electricity mMsW
9.6 x 10% Btu 2.17 x 10° B
(2.29 x 10'0 Bru) | (5.18 x 1070 gru) | L2sPO™
PYROLYSIS
Waste Water Recycled
0 Btu Resources .
{0 Btu) 0 Btu Process Water Electricity Oft-gases
(0 Btu) Waste Water 2.25 x 104 Bt
0 Btu (5.37 x 109 Btu)
(0OBtu)
SEPARATION AND CLEAN UP
’ Waster Water Excess
0 Bt I Off-gas
{0 Btu)
Air
Y
AFTER BURNER
. Stock
nyolytlc Oél » Exhaust
4.188 x 10° Btu 0 Btu
(1 x 10" Btu)

(o Btu)

&

#

XBL 78i0-1i662

Garrett Process Energy Balance
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Table H-13

Summary of Major Inputs and Outputs for
the Garrctt Flash Pvrolysis Progess

1. Inputs®

12

Anount Per 10 BTU Outnut Per Ycar

Land 35 acres

Capital $74.2 x 10° -
MSW 2.38 x-lOS Tons (2.17 x 1012 Btu)
Process water 9.2 x 104 Tons .

No. 2 Fucl 0il 597 Tons (2.29 x 100 Btu)
Electricity 1.14 x 10! Beu

2, Outputs

Glass aggregate 1.58 x 1')4 Tons

Iron 1.97 x 1()4 Tons

Aluninun "1.61 x 10" Tons

Char 1.325 x 104 Tons

0il 4.035 x 10* Tons (1 x 10'% Bru)
Exhaust gasses 3.27 x 104 Tons ‘
Waste water 1.06 & 10° Tons -

Water vapor S

.97 x 10° Tons
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Tablg H-114

Garrett Process Residuals

esidual

Concentration

12

1. Stack Exhaust

particulates
SOZ-
NOX
HCL

hydrocarbons

[N ]

Proccss Waste

0.05 grain/scf -
700 pnnm
250 opm
100 ppm

20 ppm

ter Flow

con

w
.

199,000 »Hon

‘Air Classifier and Shredder

particulates

0.4235 Kg/Ton

Amount -pér 10°" Btu Output

i

.22.9ATons
3.2 Tons
3.3 Tons

0}6S_Tons
1.44 x 197’ Tons

112 .4 Tons

From Levy, 1975; Preston, 1976; International Reseafch

1972; and Sessler and Cukor, 1975,

and Technology Corp.,
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APPENDIX I
CAPITAL REQUIREMENTS

INTRODUCTION

This appendix provides background information for fhe capital
costs associated with the technologies listed in Appendix A in the
DOE-préscribed format for direct use in the SEAS model.

For each majorvtechnology and application, a single plant type
is described. Associated with each plant is a specific plant design
and plant capacity. /The use of a single plant design and material
specification to rep?esent a technology as is done in SEAS implies
both linearity betwéen plant size (or output) and all major plant
inputs, and an independence of plant cost from specific plant design.
While the basic SEAS model structure necessitates these assumﬁiions,
it is evident that/neither is correct and that significant economies
of scale can be realized for several technologies. Figure I-1 shows
basic unit cost foﬁ direct MSW combustion steam recovery system
(cost per unit throughput) as a function of-plant size. It is
evident from this f;guré that costs for a 1000-TPD plant should not be
linéérly translateq into costs for a 6000-TPD plant or for a 30-TPD
plant. Similarly, Figure I-2 shows the non-linear relationship
between operational employment requirements for MSW conversion plants
and plant size. The use of "average' and mid-range cost figures
in this report should minimize the error induced by subsequent linear
scaling of plant size and costs by the SEAS model, but will certainly
not eliminate the error. ) . |

In addition scveral standard conventions were used to estimate
several of the figures listed in Appendix A for capital and operational
" costs. These conventions are: | ‘

e GNP fixed-weighted price indices are used to deflate all data
to 1972 dollars.

e 1977 average labor wage rate of $13.00 per hour is used for all
labor. Previous year's wage rates are obtained by deflating

this rate to other year dollars.

%) It
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Fig. I-1. . Plant Capital Cost as a Function of Plant Size
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2, Sathaye, J. et al, 1977
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4. Mallan and Tnlow 1975

5. Klumb, 1976

6. California State Solid Waste Management
Board, 1975

1. Genercn Electnc Corporation, 1975

Fig. I-2. Employment Réquirements for Various Site Plants
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e Overhead on labor costs for construction is assumed to be 30
percent of laﬁor while administrative overhead is assumed to
be 10 percent of labor costs. Profit assumed to be 10 percent
of total project costs. |

e One man-year of labor is assumed equal to 2000 hours.

e  In the absence of actual transportation cost estimates, trans-

bportation costs (SEAS Sector 169 - Trucking) is assumed equal
to 8 percent of actual materials costs.

Cost data for a "typical" plant for each of the following technolo-
gies are included in Appendix A: pyrolysis of MSW to electrical energy,
generation of RDF from MSW with conversion to electricity, enhanced 011
recovery converted to electrical energy, fluidized bed system for the
pulp and paper industry, and a diesel system for cogenerat1on A
" brief characterization of each plant for which data is listed in
* Appendlx A is included here so as to document the plant configurations
being described. ' V
DIRECT COMBUSTION J

The direct combuStion system cliaracterized here is based on typ1rab.
or average data comp1]ed from a large number of municipal furnaces.

Not all of these furnaees are used for energy recovery. Data are based
on a 1000-TPD system. Ferrous metal; aluminum and glass aggregate
recovery sysfems have been added for labor, capital and ancillary
energy requiremerts. Waterwall boilers are used to produce steam which
acts‘as the primary system product. Recovered resources are sold to
lecal manufacturing markets. Steam is sellable to a-variety of manu-

facturing processes and to electric utilities for electricity.

RDF
A MSW to RDF conversion plant capable of processing approximately
1500 TPD of MSW and a 350-MWe electric power plant using 20 percent

RDF and 80 percent coal are included in the capital residual descrip-

tions. The RDF plant design is patterned after Union Electric's
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St. Louis RDF plant. Power plant sizing and design are typical
of the current generation of intermediate-size plants (<1000 MWe).
Electrostatic precipitators are included as an integral element of
plant design. RDF products may either be used for electrical.,.

generation (as used here) or to support industrial steam production,

PYROLYSIS

The pyrolysis plant described in_this report includes both the
pyrolysis blants or oxygen production plants and a combined cycle
power plant to support a 400-MWe generating capacity. 'In order to
- feed the combined cycle with 100 percent pyrolytic gas, 6000-TPD
capacity of gas pyrolysis plants are included. These plants are
. patterned after Union Carbide projections for a 2000-TPD plant
paralleling their successful 200-TPD PUROX plant at Charleston West
.Virginia. Scrubbers and electrostatic pefcipitators are included as’
an integral part of the basic plant configuration. Linear scaleup
factors are Assumed. Gas could‘support industrial (manufacturing)
steam production as an alternate to electricity p;oduction. In case
final conversion efficiencies are significantly improved (from 32
_percent to 80 percentj, residuals per 1012 Btu. output should be adjusted

downward by a factor of 2.5.

FLUIDIZED BED

System capital requirement data were derived from Comparative

Study and Evaluation of Advanced Cycle Systems by the General Electric

Company for the Electric Power Research Institute in February 1978.
This work reported a detailed engineering design study on the use‘of
fluidized bed boilers for a utility power plant. That application
required 24 FPC cells arranged in six modules. A large number of
cells is required due to the small output of fluidized bed boilors.
For the pulp and paper cogeneration applicatioh considered here,

two cells are used in a single module. Each of these cells are
scaled to one-third the size of the fluidized beds propoégd for
utility use. A reduction scale factor of 37 percent is used to

account for reductions in module size and number. This scale factor
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is based on staff judgement but is not supported by industry or other

estimates.

ENHANCED OIL RECOVERY

The data for this prOJeCt are prOJected from the proposed app11ca_' e

tion in the Kern River 0il Fields which are expected to produce 280 MWe;,4"

continuous . and 1500 bbl/day of 0il, half of which w111Ago.d1rect1y.to L

market. The other half is used as input to- the cogeneration systenm.
Data on the gas turbine are from the Bechtel Energy Supply Plannlng

Model. Data on the heat recovery steam generator are from the

Westinghouse Energy Conversion Alternatlves_Study, Vo}ume 5. In

each case linear scaling factors were used to match compoﬁeht size -

to oil field output. Cogeneration system products include both steam
and electricity. Steam output is designed to support'manufacturing-'A‘
industrial process heat requirements. Electricity can either be used

internally within the o0il field operations.

DIESEL

The diesel system described here is the most simple of the cogen-
eration systems included in the study. The system includes only the
engine, piping interconnec¢ts and transimission intcrconnects. The
application selected is for a municipal sewage disposal pléﬁt. Primary
engine input fuel for thi§ application is methane derived from municipal
sewage sludge and design output capacity is a combined product of 12.6°
MWe and 33.8 x 106 Btu of steam per hour. Capital residuals and
operational residuals are taken from data developed by the Los Angeles :
Sanitation District and by W1111ams and Lane, Inc. OUperational .

material input and labor requirements are not available at this time.

FOSSIL FUEL EQUIVALENCY

It is essential that the amount of fossil fuel which would be
required to produce the amount of end use energy generated by each -

energy recovery system were the listed fuel (e.s. MSY) not availa-
ble, be calculated for use in the SZAS rocdel system. This amount of



Table I-1

System Fossil Fuel Equivalency

Fossil Fuel

System - Product ~ Qutput Effiz;;ncy Equivalent
- Input

Direct Combustion steam lxlO12 Btu 80 1.25;1012 Btu
RDF electricity 2,10 Beu! 33 6.06x10'! Beu
. tricity. 12 tu ' 12 Btu
Fluidized Bed steam 5.54x10'! Btu 80 6.93x10'! Beu
‘ electricity s.06x108 Bt . . 34 1.31x10!? Btu
~ Total 1x10!? Btu 2.00x10"2 Btu

Diesel . steam  4.01x10 Btu 80 . 5.01x10 = Btu
 electricity  5.99x10!! Btu 34 1.76x10" Btu
| Total 1x10'2 Beu | 2.26x10'? Beu
Enhanced 0il Recovery steam 2.5x1011 Btu 80 3.13x1011 Btu
| | electricity  7.5x10'! Btu 34 2.21x10"? Beu
Total lxlo12 Btu 2.52x1012‘3tu

i1

lElectricity generated from burning of 20 percent RDF and 80 percent coal.126.06 x 10
Btu of coal replaces required MSW input. Total system requires 3.03 x 10"~ Btu of coal.

-11z-
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fossil fuel is the additional amount of fossil fuel which would be
consumed if the described solar and conservation systems were not
used, and is called the "fossil fuel equivalency" of a system. .
Table I-1 shows the fossil fuel equivalency of each of the six

systems described in this report.
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