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MUNICIPAL SOLID WASTE MANAGEMENT:
A BIBLIOGRAPHY OF U.S. DEPARTMENT OF ENERGY
CONTRACTOR REPORTS THROUGH 19%4

INTRODUCTION

U.S. Department of Energy contractors continue to conduct research
targeting the productive and responsible use of the more than 516,000
metric tons (567,000 tons) of municipal solid waste (MSW) that is
generated each day in the United States. It is becoming more and more
prudent to improve current methods of MSW management and to
continue to search for additional cost-effective, energy-efficient means to
manage our MSW resource.

This bibliography is an updated version of Municipal Solid Waste
Management: A Bibliography of U.S. Department of Energy Contractor
Reports Through 1993 (NREL/TP-430-6078). The original bibliography,
entitled Municipal Waste to Energy: An Annotated Bibliography of U.S.
Department of Energy Contractor Reports, by Caroline Brooks, was
published in 1987. Like its predecessor, this bibliography provides
information about technical reports on energy from municipal waste that
were prepared under grants or contracts from the U.S. Department of
Energy. The reports listed focus on energy from municipal waste
technologies and energy conservation in wastewater weatment. The
bibliography contains three indexes—an author index, a subject index,
and a title index. The reports are listed alphabetically in the subject areas
and may appear under more than one subject. All of the reports cited in
the original MSW bibliography are also included in this update. The
reports marked with * are new entries in this version.

The number of copies of each report originally published varied
according to anticipated public demand. However, all reports are
available in either microfiche or hard copy form and may be ordered
from the National Technical Information Service (NTIS), 5285 Port Royal
Road, Springfield, VA 22161; Telephone: (703) 487-4650; Fax: (703)
321-8547.



Anaerobic Digestion

Anaerobic Filters: An Energy Plus for Wastewaters Treatment, Proceedings of a Seminar/Workshop held
January 9-10, 1980, at Howey-in-the-Hills, Florida, sponsored by the U.S. Department of Energy, Report
No. ANL/CNSV-TM-50, 273 pp. (January 1980).

The objective of the workshop was to review current progress in anaerobic wastewater treatment
processes, specifically bench-scale operations of submerged-media anaerobic reactors. Papers address the
following topics: performance of fixed-film reactors; toxicity responses; uses for pharmaceutical wastes,
high-strength wastes, phenols, and sludge; and use of anaerobic activated-carbon filters in wastewater
treatment. A critique of the conference includes statements from the participants.

Antonopoulos, A.A., Biotechnological Advances in Processing Municipal Wastes for Fuels and Chemicals,
Report No. ANL/CNSV-TM-167, 506 pp. (August 1984).

This report includes the papers presented at the Symposium on Biotechnological Advances in
Processing Municipal Solid Wastes for Fuels and Chemicals sponsored by the U.S. Department of
Energy’s Division of Energy from Municipal Waste and by Argonne National Laboratory, held in
Minneapolis, Minnesota, August 15-17, 1984. Symposium presentations covered many research areas,
with emphasis on understanding the physiology, biochemistry, and genetics of microbes involved in
anaerobic digestion; the various microecological interactions; the biological production of fuels and
chemicals; and the generation and extraction of landfill gas.

Antonopoulos, A.A. and Wene, E.G., (Argonne National Laboratory) Bioconversion of Municipal Solid
Waste and Recovery of Short-Chain Organic Acids for Liquid Fuels Production, Report
No. ANL/CNSV-TM-205, Order No. DE88013967, 41 pp. (May 1988).

The purpose of this investigation was to determine the feasibility of bioprocessing municipal solid
waste (MSW) to produce organic acids and recover the acids for hydrocarbon fuels production. This work
has focused on acid production from anaerobic digestion of a simulated MSW material and a densified
refuse-derived-fuels MSW substrate using 5-L continuously stirred and 12-L packed-bed anaerobic
digesters. Methane generation was inhibited by heat treatment, addition of a methanogen-inhibiting
compound, low pH, inoculum from a long-term acid-adapted culture, and short retention times.
Steady-state operation was reached with acid concentrations of 15,000 mg/L to 18,000 mg/L. Nitrogen
supplements to the feedstock increased volatile acid concentrations to between 27,000 mg/L and
30,000 mg/L. Extraction of digester fluids containing 15,000 mg/L total acids with trioctylphosphine
oxide in heptane recovered more than 82% of the acid in a single extraction. Work was continuing on
maximizing the acid production and recovery from anaerobically digested MSW substrate.

Antonopoulos, A.A. and Wene, E.G., (Argonne National Laboratory) Bioconversion of MSW (Municipal
Solid Waste) and Recovery of Organic Acids, presented at the Anaerobic Digestion Program Review
Meeting, Golden, Colorado, 1 December 1987, Report No. CONF-871269-3, Order No. DE88005992, 11
pp- (1987).

Research was conducted to determine the feasibility of bioprocessing municipal solid waste
(MSW) to produce organic acids and recover the acids for hydrocarbon fuels production. This work
focused on acid production from anaerobic digestion of a simulated MSW material, and densified
refuse-derived-fuel MSW substrate, using S-L continuously stirred and 12-L packed bed anaerobic



digesters. Methane generation was inhibited by heat treatment, addition of a methanogen inhibitory
compound, low pH, inoculum from a long-term acid adapted culture, and short retention times. Steady
state operation was reached with acid concentrations of 15,000 to 18,000 mg/L. Nitrogen
supplementations to the feedstock increased volatile acid concentrations to between 27,000 and
30,000 mg/L. Aerobic sewage sludge additions to feedstock increased peak levels of acid production to
22,000 mg/L. Acid extraction with trioctylphosphine oxide in heptane extracted more than 82% of the
acid content in a single extraction of digester fluids with 15,000 mg/L total acids.

Brooks, C., Bioconversion: A New Technology for Waste and Sludge Disposal—Workshop Proceedings,
Report No. ANL/CNSV-TM-174, 128 pp. (February 1986).

Anaerobic digestion of biomass offers a solution to the disposal of sewage sludge, municipal
wastes, and other organic materials and produces a methane-rich gas. These proceedings are the result
of a bioconversion workshop held to introduce a technology that results in bioconversion of these wastes
to gas. The technology is based on bacterial decomposition of organic material into simpler compounds.
The principal products of this process are methane and carbon dioxide. The workshop agenda included
discussions of anaerobic technology and presentations of operating data and economic forecasts developed
at RefCoM (Refuse Conversion to Methane), an experimental plant operating in Pompano Beach, Florida.
The workshop was held May 22-24, 1985, in Ft. Lauderdale, Florida.

Dague, R., Anaerobic Biological Treatment of Liquid Wastes for Pyrolysis Processes, Final Report,
University of Iowa Report No. CO0/4455/3 (August 1980).

Wastewater derived from the PUROX® pyrolysis process is high in chemical oxygen-demanding
substances and contains polynuclear aromatic hydrocarbons and other organic compounds, some of which
are toxic. Both suspended and attached-growth anaerobic biological processes have been used to treat
strong wastes. This research evaluates these two anaerobic processes for possible application to PUROX®
waste.

Data Summary of Municipal Solid Waste Management Alternatives, (National Renewable Energy
Laboratory), Report No. NREL/TP-431-4988J, Order No. DE93008307, 59 pp. (October 1992).

This report is one of a series on Municipal Solid Waste (MSW) management alternatives. While
MSW thermoconversion and recycling technologies have been described in Appendices A through E, this
appendix addresses the role of bioconversion technologies in handling the organic fraction in MSW and
sewage sludge. Much of the organic matter in MSW, consisting mainly of paper, food waste, and yard
waste, has potential for conversion, along with sewage sludge, through biochemical processes to methane
and carbon dioxide providing a measurable, renewable energy resource potential. The gas produced may
be treated for removal of carbon dioxide and water, leaving pipeline quality gas. The process also has
the potential for producing a stabilized solid product that may be suitable as a fuel for combustion or used
as a compost fertilizer. Anaerobic digestion can occur naturally in an uncontrolled environment such as
a landfill, or it can occur in a controlled environment such as a confined vessel. Landfill gas production
is discussed in Appendix F. This appendix provides information on the anaerobic digestion process as
it has been applied to produce methane from the organic fraction of MSW in enclosed, controlled reactors.



Drexel University, Recovery of Anaerobic Digestion after Exposure to Toxicants, Final Report, Report No.
DOE/CS/40049-1, 170 pp. (December 1979).

This study examines the effects on methane production of a wide variety of toxicants, heavy
metals, inorganic salts, organic chemicals, solvents, and antibiotics that are used in industrial processes
and, therefore, appear in industrial wastewaters. Methane fermentation of unacclimated cultures, as well
as cultures acclimated to increasing concentrations of the toxicant over long periods, was tested. The
reversible nature of the toxicants was assayed by adding slug doses to plug flow anaerobic filters and
recording gas production before, during, and after toxicant addition.

Dynatech R&D Co., Engineering Economic Analysis of Biomethanation of Pyrolysis Gas, Report No.
DOE/CE/20098-1, 250 pp. (June 1981).

This report gives detailed results of an engineering economic analysis of the biomethanation of
pyrolysis gas from municipal solid waste by the PUROX® process. A process model developed for the
bubble column reactor gives material and energy balances, reaction kinetics, mass transfer rates, capital
and operating costs, and a utility financing cost analysis. Unit gas costs from published economic analyses
are compared for anaerobic digestion, PUROX® pyrolysis plus catalytic methanation, PUROX® pyrolysis
with sequential shift conversion and methanation, and PUROX® pyrolysis with simultaneous conversion
and methanation.
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Finney, C., et al., Fast Production of Methane by Anaerobic Digestion, Volumes 1 and 2, Report No.
CO0-2900-16, 275 pp. (June 1978).

Methane gas is produced as the organic fraction of solid refuse and is rendered inert by anaerobic
digestion. Objectives of this research were to show that product gases are inhibiting and their transfer is
rate-limiting, anaerobic digesters can be optimized to promote faster methane production, and optimal
performance requires separation of hydrolysis from gasification. The research revealed that there is a
purely economic justification for a two-stage technology: the masses of bacterial cells and methane were
found to be about equal, and the protein content of the concentrated cells has potential as a premium
agricultural feed stock.

Genung, R.K., et al.,, Summary of the Oak Ridge ANFLOW Pilot Plant Project, Report No.
ORNL/TM-7582, 154 pp. (July 1981).

Oak Ridge National Laboratory has developed an energy-conserving wastewater treatment system
based on an anaerobic, upflow (ANFLOW) bioreactor that uses films of bacteria fixed to inert, stationary
packing material. The treatment process is based on passing wastewaters upward through the bioreactor
for continuous treatment by gravitational settling, biophysical filtration, and biological decomposition.
A two-year pilot plant project using a bioreactor was conducted with raw wastewater on a municipal site
in Oak Ridge, Tennessee. The system was compared with activated-sludge treatment systems (also
operating under secondary treasment requirements) and was found to consume as little as 30% of the
energy required by the activated-sludge systems.



Idaho National Engineering Laboratory, Municipal Solid Waste Bioconversion Technologies, Report
No. EGG-2193, 68 pp. (October 1982).

Relevant literature on bioconversion of municipal solid waste (MSW) is reviewed. The
availability, composition, and properties of MSW are reported. Pretreatment of lignocellulosic material,
the predominant component of MSW, is described, including mechanical (separation and size reduction),
chemical (acid hydrolysis, enzymatic hydrolysis, enzymatic hydrolysis, caustic treatment, and other
chemical treatment), and physical (thermomechanical/hydropulping and irradiation) processes. The
bioconversion processes described include anaerobic digestion, including a description of methanogens and
their biochemistry; the results of laboratory research that used MSW as feedstock, and product and
by-product recovery; pilot-scale MSW digestion facilities and the results of pilot-scale research; and the
-production of ethanol and chemicals by fermentation.

Isaacson, R. and Pfeffer, J., Advanced System Experimental Facility—Solid Waste to Methane Gas:
Background and Process Description, Report No. ANL/CNSV-22, 15 pp. (August 1981).

The technical issues of methane production from anaerobic digestion of municipal solid waste are
being investigated on a pilot-plant scale at the Refuse Conversion to Methane (RefCoM) facility in
Pompano Beach, Florida. This report covers the background and theory involved in applying this
technology to solid waste and the details of the specific process used in the RefCoM facility. The plant
capacity is 100 tons/d. In current tests, 40 tons/d of volatile solids are fed to the digesters, which convert
about 25 tons/d into gas. For each pound of solids destroyed, 6 standard cubic feet (scf) of methane and
6.6 scf of carbon dioxide are produced. Eventually, the test facility will produce about 300,000 scf/d of
each.

Mooij, H.P. and Brooks, C. (Argonne National Laboratory) "RefCOM Commercialization Program:
Anaerobic Digestion," Energy from Municipal Wastes: Opportunities for the Southwest, presented at the
Workshop on Energy from Municipal Waste: Opportunities for the Southwest, Austin, Texas,
23 June 1986, Report Nos. ANL/CNSV-TM-173, CONF-8606334, Order No. DE87014258, pp. 82-86
(May 1987).

The RefCOM Commercialization Program is the culmination of a developmental program that
verified that the generation of methane gas from waste in a digestion process was of the same quantity
and quality as established in laboratory testing. This technology resulted in establishing criteria for the
construction and operation of a plant in the private sector, to utilize MSW and sewage sludge.

Muller, D. and Norville, C., Sludge Storage Lagoon Biogas Recovery and Use, Report No.
DOE/IR/05106-2-Vol.2, Order No. DE93005622, 69 pp. (July 1991).

The City of Memphis has two wastewater treatment plants. The SWTP employs two large
anaerobic digestion sludge lagoons as part of the sludge wreatment system. Although these lagoons are
effective in concentrating and digesting sludge, they can generate offensive odors. The SWTP uses
aerobic digesters to partially stabilize the sludge and help reduce objectionable odors before it enters the
lagoons. The anaerobic digestion of sludge in the lagoons results in the dispersion of a large quantity of
biogas into the asmmosphere. The city realized that if the lagoons could be covered, the odor problem could
be resolved, and at the same time, biogas could be recovered and utilized as a source of energy. In 1987,
the city commissioned ADI International to conduct a feasibility study to evaluate alternative methods of
covering the lagoons and recovering and utilizing the biogas. The study recommended that the project
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be developed in two phases: recovery of the biogas and utilization of the biogas. Phase 1 consists of
covering the two lagoons with an insulated membrane to control odor and temperature and collect the
biogas. Phase 1 was found to be economically feasible and offered a unique opportunity for the city to
save substantial operating costs at the treatment facility. The Mempbhis biogas recovery project is the only
application in the world where a membrane cover has been used on a municipal wastewater sludge lagoon.
It is also the largest lagoon cover system in the world.

*Nagle, N.J. and Rivard, C.J., (National Renewable Energy Laboratory) Anaerobic Bioconversion of Tuna
Processing Wastes, presented at the 1993 General Meeting of the American Society for Microbiology,
New Orleans, Louisiana, 26-30 May 1992, Report No. CONF-9205212, p. 319 (1992).

Short communication.

National Renewable Energy Laboratory, Anaerobic Digestion: Annual Report, FY 1988, Report
No. SERI/SP-231-3520, Order No. DE89009453, 163 pp. (June 1989).

Anaerobic digestion research is being undertaken by the U.S. Department of Energy under the field
management of the National Renewable Energy Laboratory to produce methane from biomass and waste.
The primary focus is on municipal solid waste (MSW) as a feedstock but some efforts are 0ngomg’ﬁasmg
other biomass feedstocks. MSW represents a vast resource for energy production; however, its vana‘blhty
presents unique problems in using it as a feedstock. To make methane production from waste and biomass
economical, researchers are addressing three major technological improvements: increasing solids loading,
decreasing solids residence time, and improving conversion efficiency. Improvements were made in all
three areas through biological and engineering research activities and resulted in a decrease in methane
production cost from approximately $8.00/million Btu in 1980 to less than $5.00/million Btu in 1989.
Future research will continue to increase our understanding of the organisms involved in the anaerobic
digestion process and their interactions. Both biological and engineering research will continue in-order
to decrease the cost in methane to less than $3.50/million Btu by the year 2000.

National Renewable Energy Laboratory, FY 1987 Anaerobic Digestion: Annual Report, Report
No. SERI/SP-231-3331, Order No. DE88001172, 221 pp. (July 1988).

Anaerobic digestion research is being undertaken by the U.S. Department of Energy under the field
management of the National Renewable Energy Laboratory and is sponsored as part of the Energy from
Municipal Waste Research Program to produce methane from biomass and waste. Primary focus is on
municipal solid waste (MSW) as a feedstock; however, some efforts are ongoing using other biomass
feedstocks. MSW represents a vast resource for energy production; however, its variability presents
unique problems in using it as a feedstock. To make methane production from waste and biomass
economical, researchers are addressing three major technological improvements: increasing solids loading,
decreasing solids residence time, and improving conversion efficiency. Improvements have been made
in all three areas through biological and engineering research activities and have resulted in a decrease in
methane production cost from approximately $8.00/million Btu in 1980 to $5.00/million Btu in 1988.
Future research will continue to increase our understanding of the organisms involved in the anaerobic
digestion process and their interactions. Both biological and engineering research will continue in order
to decrease the cost of methane to less than $3.50/million Btu by the year 2000.



Oak Ridge National Laboratory, "Vegetation Helps Microbes Clean Up Contaminated Soils," Oak Ridge
National Laboratory Review, v 23:2, pp. 57-58 (1990.

According to research sponsored by DOE’s Hazardous Waste Remedial Action Program,
chemically contaminated soils may be cleaned up more rapidly by soil microorganisms if vegetation is
present. The research was done at Oak Ridge National Laboratory using soils collected from the Savannah
River Site. It was found that trichloroethylene was decontaminated faster in soils surrounding plant roots
than in soil without vegetation.

*Qverend, R.P. and Rivard, C.J.,, (National Renewable Energy Laboratory) Thermal and Biological

Gasification, presented at the First Biomass Conference of the Americas: Energy, Environment,
Agriculture, and Industry, Burlington, Vermont, 30 August-2 September 1993, Report Nos.
NREL/CP-200-5768-Vol. 1, CONF-9308106-Vol. 1, Order No. DE93010050, pp. 470-497 (1993).

Gasification is being developed to enable a diverse range of biomass resources to meet modern
secondary. energy uses, especially in the electrical utility sector. Biological or anaerobic gasification in
U.S. landfills has resulted in the installation of almost S00 MW (e) of capacity and represents the largest
scale application of gasification technology today. The development of integrated gasification combined
cycle generation for coal technologies is being paralleled by bagasse and wood thermal gasification
systems in Hawaii and Scandinavia, and will lead to significant deployment in the next decade as the
current scale-up activities are commercialized. The advantages of highly reactive biomass over coal in
the design of process units are being realized as new thermal gasifiers are being scaled up to produce
medium-energy-content gas for conversion to synthetic natural gas and transportation fuels and to
hydrogen for use in fuel cells. The advent of high solids anaerobic digestion reactors is leading to
commercialization of controlled municipal solid waste biological gasification rather than landfill
application. In both thermal and biological gasification, high rate process reactors are a necessary
development for economic applications that address waste and residue management and the production
and use of new crops for energy. The environmental contribution of biomass in reducing greenhouse gas
emission will also be improved.

Pacific Northwest Laboratory, Operational Characteristics of Anaerobic Digesters at Selected
Wastewater-Treatment Facilities in the United States, Report No. DOE/CS/20300-2, 46 pp. (July 1981).

Operating characteristics of 60 anaerobic digester facilities in the United States were surveyed to
determine the number of stressed digesters and the value of the gas being produced. Median values
correspond to those digesters operating well, but 30% of the digesters surveyed were stressed with regard
to at least one important parameter. Methane off-gas is conservatively thought to total 2.36 x 103 Btu/yr,
with a present value of $40 million.

Pacific Northwest Laboratory, Production and Utilization of Methane from Anaerobic Sludge Digestion
in U.S. Wastewater-Treatment Plants, Report No. DOE/CS/20300-3, 109 pp. (July 1981).

This study estimates the energy potential from anaerobic digestion of municipal sewage sludge
and assesses the present digester-gas utilization schemes with respect to energy and cost-effectiveness.
Use was determined from limited survey data. To determine the most cost-effective use of digester gas,
conventional on-site and off-site uses were considered. Three generic on-site uses were selected for energy
and cost accounting analysis: generation of heat, mechanical energy, and electrical energy. A sensitivity
analysis was also performed to assess the effects of change in the economic analysis variables. Of the



gas-utilization methods analyzed, the most energy-efficient and cost-effective is the direct production of
mechanical energy to drive aerators and pumps. The scheme for mechanical energy generation uses all
of the digester gas by burning it directly in internal-combustion engines. Between 50% and 80% of the
mechanical energy required for wastewater treatment can be provided by digester gas. In addition, waste
heat can be recovered from the engines to aid in heating the digesters and buildings.

Pacific Northwest Laboratory, Enhancement of Methane Production in the Anaerobic Digestion of
Municipal Sewage Sludge, Report No. DOE/CS/20300-1, 151 pp. (June 1981).

Research conducted over a two-year period demonstrated that additions of powdered activated
carbon to digesters with less than normal levels of efficiency enhance operation. However, carbon
addition does not improve the efficiency of well-operating digesters. Six types of powdered activated
carbon were approximately equally effective in enhancing the operation of stressed digesters. Additions
of coal or fly ash did not significantly improve operations. Carbon addition should be considered at full-
scale treatment plants where digesters are operating poorly. However, in the initial design of new
facilities, maintaining closely controlled environmental conditions, including temperature and mixing, is
more important than basing the design on continuous carbon addition. A preliminary economic analysis
indicated that the increase in methane production probably would not offset the cost of carbon. Economics
improve when the effect of carbon on sludge handling, sludge transportation, and plant chemical
requirements is included in the analysis. e

Pfeffer, J. and Isaacson, R., Biochemical Conversion of Municipal Solid Waste: A Technology Status
Report, Report No. ANL/CNSV-TM-122, 80 pp. (December 1982).

This is one of nine assessment reports prepared for Argonne National Laboratory to document the
current state of development of energy from municipal-waste disposal/recovery technologies. This report
focuses on biomass and its conversion to energy. One significant source of biomass is the' organic
material present in urban solid waste. Used paper, garbage (food waste), and yard and garden debris
contain significant quantities of energy that originated as solar energy. Processes are being developed to
recover this energy in a useful form. Biochemical-conversion processes are capable of producing methane,
a gaseous fuel; ethanol, a liquid fuel; or synthesis chemicals that can be used in place of petroleum-based
synthesis chemicals. The status of these bioconversion processes is discussed in this report.

*Phillips, C.A., Webster, N., and Wander, J., Case Studies of Sewage Treatment with Recovery of Energy
from Methane, Report No. TVA/NFERC-93/8 Z-347, Order No. DE95001719, 101 pp. (June 30, 1993).

In the Southeast, there are about 3,000 wastewater plants with a capacity of more than 3,700
kiloliters (1 million gallons) per day. Under this study, operating data and available financial information
on a variety of technologies for large and small plans was documented for ten facilities. Studies were
done on wastewater treatment plants (WWTPs) with design capacities ranging from 36,000-45,000
kiloliters (9.5-120 million gallons) per day. All of these WWTPs recover the gas produced in their
anaerobic digesters and use at least part of it as fuel for boilers and/or internal combustion engines. The
engines power generators, blowers, or pumps, and most are equipped with heat recovery systems. Based
on the historical data provided by the participants in this study and from the authors’ own technical
analysis, methane recovery and utilization systems appear to be cost effective, although the degree of cost
effectiveness varies widely. The types of energy recovery systems are not uniform among all the
participants so that the cases in this limited survey are not precisely comparable to each other. Also,
reliance on historical data and cost information generated from portions of total plant operations and



estimates makes it difficult to complete analysis of specific variables. The fact remains, however, that
regardless of the individual type(s) of digester gas energy recovery system in use, data from seven of the
ten participants reflected annual savings ranging from $67,200 to more than $700,000. Further, Wander
Associates current analysis reflects that nine of the ten realized annual savings ranging from $5,000 to
more than $600,000.

Reutter (John G.) Associates, The Review and Evaluation of a Bioconversion Process Demonstration Plant
and Its Related Technologies, Report No. DOE/CS/20101-1, 214 pp. (February 1983).

This study continues research on the implementation of a commercial-size bioconversion facility.
The study was done to evaluate pertinent data related to the development and implementation of the
bioconversion process, identify institutional barriers, develop realistic estimates of costs and revenues, and
develop the methodology for implementing a commercial-scale bioconversion facility. The variables upon
which this study was predicated are the review of the existing resource-recovery processing system and
the evaluation of the biological process as cultivated at the Refuse Conversion of Methane (RefCoM)
facility at Pompano Beach, Florida, under the supervision of Waste Management, Inc.

*Rivard, C., (National Renewable Energy Laboratory) Anaerobic Digestion as a Waste Disposal Option
for American Samoa, Report No. NREL/TP-422-5043, Order No. DE93000068, 30 pp. (January 1993).

Tuna sludge and municipal solid waste (MSW) generated on Tutuila Island, American Samoa,
represent an ongoing disposal problem as well as an emerging opportunity for use in renewable fuel
production. This research project focuses on the biological conversion of the organic fraction of these
wastes to useful products including methane and fertilizer-grade residue through anaerobic high solids
digestion. In this preliminary study, the anaerobic bioconversion of tuna sludge with MSW appears
promising.

Rivard, CJ., Adney, W.S., and Himmel, M.E., (National Renewable Energy Laboratory), Enzymes for
Anaerobic Municipal Solid Waste Disposal, presented at the National Meeting of the American Chemical
Society (ACS), American Chemical Society, Cellulose, Paper and Textile Division, Boston, Massachusetts,
22-27 April 1990, Washington, DC: American Chemical Society, 1990, Paper CELL 9, p. 3 (1990).

It is estimated that of the 320 billion pounds of industrial and domestic waste generated in the
United States each year, approximately 240 billion pounds are biodegradable. This fraction is composed
primarily of paper products, food and yard waste, and a wide array of organic byproducts. The fastest
growing component in municipal solid wastes are the plastics group. Although the major polymers
developed and used are essentially non-biodegradable, recent state and local legislation has mandated the
use of biodegradable plastics. The majority of municipal solid wastes are deposited in landfills which
permit decomposition through natural anaerobic processes. These anaerobic processes are complex, with
a consortia of microorganisms responsible for the production of specific enzyme mixtures necessary for
effective breakdown of the polymeric substrates. Controlled anaerobic digestion systems may be used in
small scale to develop appropriate microbial consortia and to determine optimal nutrient levels and
environmental parameters necessary for effective degradation rates in large scale processing. This paper
discusses the advances made in the biodegradation of cellulosic waste in general, with specific focus on
the hydrolysis of both cellulosics and experimental and established biodegradable plastics.



*Rivard, C.J., Nagle, N.J., Adney, W.S., and Himmel, M.E., (National Renewable Energy Laboratory)
"Anaerobic Bioconversion of Municipal Solid Wastes: Effects of Total Solids Levels on Microbial
Numbers and Hydrolytic Enzyme Activities," Applied Biochemistry and Biotechnology, v. 39/40,
pp. 107-117 (1993).

The anaerobic bioconversion of municipal solid wastes (MSW) produces both a valuable fuel
product (methane) and a residue useful as a soil amendment. The application of high-solids fermentation
technology offers improved economics over the more traditional low-solids fermentation systems. An
important benefit of the high-solids process is the reduction in process water, which results in smaller
fermentation reactors, and thus lower capital and operating costs. However, the anaerobic bioconversion
process appears to be more efficient at high-solids as compared to low-solids levels. To understand the
effects of solids levels on the anaerobic bioconversion process more thoroughly, representative high-solids
and low-solids anaerobic reactor systems processing identical MSW feedstocks are compared with respect
to fermentation performance, total microbial cell number, and important hydrolytic enzyme activities.

*Rivard, C.J., Nagle, N.J,, Nieves, R.A., and Himmel, M.E., (National Renewable Energy Laboratory)
Anaerobic Digestion of Municipal Solid Waste: Analysis of Cellulose Biodegradative Power, presented
at the 205th American Chemical Society National Meeting, Denver, Colorado, 28 Mar-2 April 1993,
Washington, DC: American Chemical Society, Report No. CONF-930304, p. 484 (1993).

Anaerobic digestion of municipal solid waste (MSW) represents a waste disposal option which
results in the production of a gaseous fuel (methane) and an organic residue suitable for us¢' as a soil
amendment. The rate limiting step in this process is the hydrolysis of polymeric substrates such as
cellulose. Analysis of digester sludge resident cellulase enzyme activity will be discussed. “Cellulase
enzyme activities are removed from sludge solids by a detergent extraction protocol. The analysis of
discrete cellulase activities was accomplished using non-denaturing gel electrophoresis and Zymogram
activity staining for carboxymethyl cellulose activity. Preliminary isolations of discrete cellulase activities
from anaerobic digester sludge was performed by preparation isoelectric focussing using the Rainin RF-3
system.

*Ruth, M. and Landucci, R., (National Renewable Energy Laboratory) Anaerobic Digestion Analysis
Model: User's Manual, Report No. NREL/TP-421-6331, Order No. DE94011858, 79 pp. (August 1994).

The Anaerobic Digestion Analysis Model (ADAM) has been developed to assist investigators in
performing preliminary economic analyses of anaerobic digestion processes. The model, which runs under
Microsoft Excel™ is capable of estimating the economic performance of several different waste digestion
process configurations that are defined by the user through a series of option selections. The model can
be used to predict required feedstock tipping fees, product selling prices, utility rates, and raw material
unit costs. The model is intended to be used as a tool to perform preliminary economic estimates that
could be used to carry out simple screening analyses. The model’s current parameters are based on
engineering judgments and are not reflective of any existing process; therefore, they should be carefully
evaluated and modified if necessary to reflect the process under consideration. The accuracy and level
of uncertainty of the estimated capital investment and operating costs are dependent on the accuracy and
level of uncertainty of the model’s input parameters. The underlying methodology is capable of producing
results.



*Shepherd, P., (National Renewable ‘Energy Laboratory) Municipal Solid Waste Management: A
Bibliography of U.S. Department of Energy Contractor Reports Through 1993, Report No. NREL/TP-430-
6078, Order No. DE94011805, 181 pp. (July 1994).

- U.S. Department of Energy contractors continue to conduct research targeting the productive and
responsible use of the more than 536,000 tons of municipal solid waste (MSW) that is generated each day
in the United States. It is becoming more and more prudent to improve current methods of MSW
management and to continue to search for additional cost-effective, energy-efficient means to manage our
MSW resource. This bibliography is an updated version of Municipal Waste to Energy: An Annotated
Bibliography of U.S. Department of Energy Contractor Reports, by Caroline Brooks, published in 1987.
Like its predecessor, this bibliography provides information about technical reports on energy from
municipal waste that were prepared under grants or contracts from the U.S. Department of Energy. The
reports listed focus on energy from municipal waste technologies and energy conservation in wastewater
treatment. The bibliography contains three indexes—an author index, a subject index, and a title index.
The reports are listed alphabetically in the subject areas and may appear under more than one subject.
All of the reports cited in the original MSW bibliography are also included in this update. The number
of copies of each report originally published varied according to anticipated public demand. However,
all reports are available in either microfiche or hard copy form and may be ordered from the National
Technical Information Service (NTIS), U.S. Department of Commerce, Springfield, VA 22161. Explicit
information on ordering reports is included in Appendix A.

Systems Technology Corp., Energy Recovery from the Effluent of Plants Anaerobically Digesting Urban
Solid Waste, Report No. DOE/CS/20451-, 92 pp. (March 1983).

This report discusses a study of the parameters of concentration, time, temperature, and pH to find
optimum conditions for enzymatically converting unreacted cellulose in the effluent of an anaerobic
digester to glucose for ultimate conversion to methane, and then to project the economics to a 100-ton/d
plant. The data presented illustrate the amount of cellulose hydrolysis (in percent solubilized mass) for
enzyme concentrations from 5 to 1,000 C,U/g of substrate, using either filter paper or anaerobically
digested municipal solid waste reacted over periods of 0-72 h. With an active bacterial culture present,
the optimum temperature for the hydrolysis reaction was found to be 40°C. The feasibility of recycling
enzymes by ultrafilter capture was studied, and it was found that the recovered enzyme is not denatured
by any of several possible enzyme loss mechanisms—chemical, physical, or biological. Although rather
stable enzyme-substrate complexes seem to be formed, various techniques permit a 55% enzyme recovery.

Systems Technology Corp., Evaluation of Mixing Systems for Biogasification of Municipal Solid Waste,
Report No. DOE/CE/20100-1, 85 pp. (June 1981).

Two specially selected mixing systems are tested and evaluated to determine how effectively they
prevent the formation of fibrous mats and stringers during the anaerobic digestion of a slurried mixture
of preprocessed municipal solid waste and sewage sludge. One mixing system is a mechanical agitator—a
vessel-centered rotary shaft with four blades at each of two levels to drive the slurry downward. The
second system is made up of three equidistant gas gun assemblies that produce bubbles at a constant rate
to draw the slurry upward. Under common test conditions, the solids accumulations are generally the
same for the two mixing systems. In all tests, the percentage of solids in the top level is higher than
percentages in the middle and bottom levels. As the feed ratio and the percentage of solids in the
feedstock are increased, this differential becomes progressively more pronounced. Moreover, the
percentage of volatile solids (in a given amount of total solids) in the top level becomes disproportionately
higher than percentages in the other two levels.
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Tsao, T., "Pretreated High-Solids MSW for Anaerobic Digestion to Methane," Biofuels and Municipal
Waste Technology Research Program Summary: FY 1986, Report No. DOE/CH/10093-6, Order
No. DE87001140, p. 154 (July 1987).

A novel process for treating and digesting high-solids municipal solid waste (MSW) for rapid
methane generation was designed. This process enhances the solubilization of the cellulosics in MSW by
applying cooking with lime in which the solids are solubilized in a very short time. After precipitation
of calcium with recycled carbon dioxide, the cooked liquor is fed to a column anaerobic digester packed
with immobilized bacterial cells to complete the methane generation. The calcium precipitation removes
the excess carbon dioxide from the gaseous output and makes high-Btu methane gas. The use of a
continuous extruder for the alkali-cooking pretreatment of MSW feedstock is under experimentation.

Waste Management, Inc., RefCoM Research Project: Monthly Technical Report, July 1984, Report No.
DOE/CS/20038-T13, 23 pp. (July 1984).

Data are presented depicting the July statistics for the operation of Digesters 1 and 2 of the
RefCoM garbage-to-gas project in Pompano Beach, Florida. In addition, data on the analysis of solid and
liquid effluents are tabulated.

Waste Management, Inc., Preliminary Engineering for Advanced System Experimental Facility (ASEF)
Solid Waste to Methane Gas, Report No. CONS/2770-1, 249 pp. (January 1976).

This report documents the preliminary engineering effort for an Advanced System Experimental
Facility (ASEF) at Pompano Beach, Florida. The ASEF is designed to produce methane gas from urban
solid waste. A general description of the project, justiflcation of basic need, process design, preliminary
drawings, outline specifications, estimates of cost, and time schedules for design and constructlon in
Phases I and II are presented.

Wene, E.G. and Antonopoulos, A.A., (Argonne National Laboratory) Liquid-Liquid Extraction of
Short-Chain Organic Acids from Anaerobic Digesters, presented at the Anaerobic Digestion Review
Meeting, Golden, Colorado, 25 January 1989, Report No. CONF-8901100-1, Order No. DE89009823, 11

pp. (1989).

Anaerobic digesters with glucose or municipal solid waste feed were operated to maximize
production of short-chain organic acids. Digester effluent was extracted by liquid-liquid extraction with
trioctylphosphine oxide (TOPO) or trioctylamine (TOA) in heptane or 2-heptanone as the water immiscible
phase. Digester effluent was recycled to digesters after extraction. Both TOPO and TOA in organic
solvents effectively extract organic acids from anaerobic digester fluid. Longer chain acids have a higher
distribution coefficient than shorter-chain acids. Long term extraction of digester fluid with recycle was
not toxic to the anaerobic production of short-chain acids.

*Wyman, C.E. (National Renewable Energy Laboratory) Microbial Conversion of Renewable Resources
into Fuels, Chemicals, and Materials, presented at the 203 American Chemical Society National Meeting,
San Francisco, California, 5-10 April 1992, Report No. CONF-920444, p. 202 (1992).

Microbial systems can convert renewable resources including lignocellulosic biomass, starch crops,
and carbon dioxide into fuels, chemicals, and materials. Ethanol and other products are now derived from
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starch crops such as corn. Substantial progress has been made on technology for conversion of
lignocellulosic biomass (e.g., wood, grasses, and agricultural and municipal wastes) into ethanol, and
research opportunities have been identified to reduce the cost of ethanol from these materials to be
competitive with conventional transportation fuels. Medium Btu gas can be derived from lignocellulosic
biomass by anaerobic digestion and cleaned up to a pipeline quality gas. Several technologies now under
development promise to make such gas economical. Microalgae produce lipid oils for fuels and other
compounds from carbon dioxide, and genetic engineering approaches are being applied to enhance the
rates and yields of product formation. In addition to fuels, a biorefinery could derive a wide range of
chemicals and materials through microbial conversion of renewable resources.

York Services Corp., Refuse Conversion to Methane (RefCoM): Design and Modification Rationale for
Proof-of-Concept Facility, Report No. ANL/CNSV-TM-102, 52 pp. (September 1981).

The report describes the design evolution of an advanced experimental plant that converts solid
waste to methane. Built in 1978 in Pompano Beach, Florida, to process up to 100 tons/d of refuse, the
plant is the first commercial-scale facility employing anaerobic digestion to produce methane-rich gas.
The report summarizes plant operating problems, as well as the progressive refinement of the facility
design. It concludes with 