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EXECUTIVE SUMMARY

Biomass feedstocks such as wood represent an important renewable energy
resource in the United States. The Congressional Office of Technology
Assessment has estimated that, with proper resource management and the
development of efficient conversion processes, the potential contribution of
biomass to U.S. energy demand could range as high as 17 quadrillion Btu per
year--about 20% of current U.S. energy consumption, Similarly, the Energy
Research Advisory Board (ERAB) has estimated a potential of approximately 10
quadriilion Btu per year. )

Wood and crop residues constitute a vast majority of the biomass feedstocks
available for conversion, and thermochemical processes are well suited for
conversion of these materials. Thermochemical conversion processes can generate
a variety of products such as gasoline hydrocarbon fuels, natural gas
substitutes, or heat energy for electric power generation. The U.S. Department
of Energy (DOE) is sponsoring research on biomass conversion technologies
through its Biomass Thermochemical Conversion Program.

The Program is part of DOE's Biofuels and Municipal Waste Technology
Division. Pacific Northwest Laboratory (PNL) has been designated the Technical
Field Management Office for the Biomass Thermochemical Conversion Program
with overall responsibility for the Program. This report briefly describes
the Thermochemical Conversion Program structure and summarizes the activities
and major accomplishments during fiscal year 18987.

PROGRAM OBJECTIVE AND RESEARCH AREAS

The objective of the Biomass Thermochemical Conversion Program is to

generate a base of scientific data and conversion process information that
will Tead to establishment of cost-effective processes for conversion of biomass
resources into clean fuels. To accomplish this objective, in fiscal year 1987
the Thermochemical Conversion Program sponsored research activities in the
following four areas:

1. Liquid Hydrocarbon Fuels Technology 3. Direct Combustion Technology

2. Gasification Technology 4. Program Support Activities



In this report, an overview of the Thermochemical Conversion Program is
presented. Specific research projects are then described. Major
accomplishments for 1687 are summarized below and discussed in more detail in
the text,

MAJOR ACCOMPLISHMENTS IN 1987

The Thermochemical Conversion Program made substantial progress in
converting biomass into gasoline hydrocarbons. Progress included improvements
in producing intermediate biocrude 0ils and improvements in upgrading the
crudes to gasoline hydrocarbons. Specific accompiishments include:

e production of the first pure biocrude oil at University of Arizona
using an extruder reactor

e successful hydrotreating of less stable biocrude 0ils in a single
step process using a non-isothermal reactor

+ improvement of yields and mass balances for a zeolite upgrading
process.

The Thermochemical Conversion Program also made progress in the area of
biomass gasification and program support. Specific highlights include:

+ completion of design and initiation of assembly of a bench scale,
semi-continuous reactor for gasifying high moisture biomass feedstocks

+ fJdentification of a method for catalytically eliminating tars from
the gases produced by biomass gasifiers

« completion of a technoeconomic analysis of conceptual biomass to
gasoline processes

» served as Operating Agent for the IEA Bioenergy Agreement in the
area of conversion,
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BIOMASS THERMOCHEMICAL CONVERSION PROGRAM
1987 ANNUAL REPORT

PROGRAM DESCRIPTION

INTRODUCTION

Biomass is a renewable energy resource broadly defined as sunlight which
has been stored as chemical energy in plants and trees through the process of
photosynthesis. As such, biomass can collect enormous amounts of solar energy
over large land areas and store this energy until harvested for use. Principal
biomass resources include forest wood, short rotation tree crops, herbaceous

plant crops, grain, oilseed and sugar crops, crop residues, and many types of
wastes.

Until the discovery of large quantities of low cost petroleum and natural
gas in the early 1900's, wood supplied a significant proportion of this
country's energy requirements for heat and power. Combustion of wood in various
sized hoilers produced steam to heat buildings, powered industrial machinery,
and even powered transportation vehicles such as ships, trains and farm
machinery.

Today it is estimated(a) that biomass provides about 2.7 quadrillion
Btu's of energy per year in the United States. This corresponds with about
3.6% of the annual U.S. energy demand. This energy comes primarily from the
combustion of wood and other forms of biomass to provide steam and process
heat., This contribution is very significant in relation to other energy
resources. Nuclear power generation, for example, provides(b) about 3.8% of
the nation's energy supply.

With proper resource management and the development of efficient conversion
processes, it has been estimated that biomass resources can provide an even

(a) Office of Policy, Planning, and Analysis. 1983. Energy Projections to
the Year 2010. DOE/PE-0029, U.S. Department of Energy,
Washington, D.C.

(b) Haggin, J., and J. H. Kriegr. Chem. and Eng. News, p. 28, March 14,
1984,




greater fraction of this nation's energy supply. The Office of Technology
Assessment has estimated(c) the potential contribution of biomass to the U.S.
energy supply could range as high as 17 quadrillion Btu per year, about 20%

of current U.S. energy consumption. Similarly, the Energy Research Advisory
Board (ERAB) has estimated(d) that biomass could potentially supply the nation
with about 10 quadrillion Btu by the year 2000. As an abundant, renewable,
domestic energy resource, biomass can help the United States reduce its
strategic dependence on imported oil and natural gas. In addition, biomass

is the only renewable energy technology capable of addressing the need for
liquid transportation fuels, €

PROGRAM ORGANIZATION

For hiomass to attain its full potential as a solar energy option, a
technology base must be developed for converting biomass into fuels that can
be easily substituted for natural gas and liguid hydrocarbons derived from
petroleum. The U.S. Department of Energy (DOE) is encouraging the develop-
ment of this technology base through research sponsored by its Biomass
Thermochemical Conversion Program. This Program is part of DOE's Biofuels
and Municipal Waste Technology Divisiaon, Qffice of Renewable Technologies.
Pacific Northwest Laboratory (PNL)(f) has been designated as the Technical
Field Management Office for the Biomass Thermochemical Conversion Program.
As such, PNL has responsibility for overall management of the Program.

The Biomass Thermochemical Conversion Program began in 1977 as one aspect
of DOE's overall effort to develop renewable energy resources in the U.S,
The recognized potential of biomass as a significant contributaor to meet the
nation’s energy demand suggested the need for research into more efficient
processes for converting the resource into usable energy. The relationship

(c) Office of Technology Assessment. 1980, Energy from Biological
Processes. Vol. I, Biomass Resource Base, U.S. Governmental Printing
Office, Washington, D.C.

(d) Solar Energy Research and Development: Federal and Private Sector Roles,
Draft Report to the Solar R&D Panel of the Energy Research Advisory Board,
September 2, 1982.

(e} Collins, P. Energy From Biomass: Building on a Generic Technology Base.
November 27, 1984, p. 5., ANL/CNSV-TM-157.

(f) Operated for the U.S. Department of Energy by Battelle Memorial Institute.
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of the Biomass Thermochemical Conversion Program to other programs within
DOE's Biofuels and Municipal Waste Technology Division is shown in Figure 1.

Otfice of Renswable
Energy Teachnology

|

Biofusls and
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FIGURE 1. Relationship of Biomass Thermochemical Conversion Program to
Biofuels and Municipal Waste Technology Division Organization

OBJECTIVE AND GOAL

The objective of the Biomass Thermochemical Conversion Program is to
generate a base of scientific data and biomass conversion process information
that will lead to establishment of cost-effective processes for conversion of
biomass resources into clean fuels. Areas of research included in the program
are gasification, liquid fuels production, and combustion of biomass. The
goal of the program is to improve the data base for biomass conversion by
investigating those parameters that are critical to thermal conversion
processes.

RATIONALE

Thermochemical conversion processes employ elevated temperatures to
convert biomass materials to more useful energy forms. Process examples
include:



» liquefaction to produce biocrude oils for upgrading into gasoline
and diesel fuels

* gasification to produce Tow-, intermediate-, or high-energy fuel gas

» gasification to produce synthesis gas for the production of high-value
jiquid and gaseous fuels

* combustion to produce heat, steam, electricity, direct mechanical
power, and combinations of these,

Wood and crop residues comprise 96% of biomass feedstocks available for
conversion to liquid and gaseous fuels. Thermochemical processes are well
suited for conversion of these materials. These processes can convert 85 to
95% of the organic material in such feedstocks with high efficiency and
relatively little sensitivity to variations in the feed material. As
illustrated in Figure 2, thermochemical conversion processes can provide a

wide spectrum of versatile products consistent with U.S. energy use patterns,

BIOMASS
FEEDSTOCK

THERMOCHEMICAL COMBUSTION GASIFICATION LIQUEFACTION
PROCESS | :

INTERMEGIATE HaT [ ] P
PROOUCT GASES LOW.-ENERGY| |MEDIUM-ENERGY
ehe gl CHAR CRUDE OILS
F ‘ F r

STEAM INTERMNAL FUEL GASES SYN LIQUIDS GASOUINE.
FINAL PRQDOULCT PRAOCESS HEAT COMBUSTION METHANE METHANCHL FUEL OIL.
{ ELECTRICITY ENGINES GASOLINE DISTILLATES

FIGURE 2. Thermochemical Conversion Can Provide a Wide Spectrum of Products

Compared to other solid fuels such as coal, biomass feedstocks have
unique properties that offer potential advantages for thermochemical conversion
processes, These properties include:

* high volatility - Biomass feedstocks contain a high proportion of
volatile material, 70 to 90% for wood compared to 30 to 45% for
typical coals. This means that a Targe fraction of most biomass
feedstocks can be devolatiiized rapidly at relatively low























































































APPENDIX

BIOMASS THERMOCHEMICAL CONVERSION PROGRAM

RECENT PUBLICATIONS

Recent publications from projects sponsored by the Biomass Thermochemical

Program are listed below. The pubiications are listed in the following
order:

tiquid Hydrocarbon Fuels
Gasification

Combustion

Program Support
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LIQUID HYDROCARBON FUELS

Project Title: Production of Biocrude 0ils Using an Entrained Bed Process
Development Unit - Georgia Tech Research Corporation

Kovac, R. J., C. W. Gorton, D, J. O0'Neil, and C. J. Newman. 1987. "Low
Pressure Entrained Flow Pyrolysis of Biomass to Produce Liquid Fuels.”
Proceedings of the 1987 Biomass Thermochemical Conversion Contractors' Review

Meeting, pp. 23-39 CONF-8705212, National Technical Information Service,
Springfield, VYirginia.

In

Knight, J. A., C. W. Gorton, R. J. Kovac, and C. J. Newman. 1986, "Entrained
Flow Pyrolysis of Biomass." In Proceedings of the 1985 Biomass Thermochemical
Conversion Contractors' Meeting, pp. 99-113 CONF-8510167, National Technical

Information Service, Springfield, Virginia.

Knight, J. A., C. W. Gorton, and R. J. Kovac. 1984, "Entrained Flow Pyrolysis
In Proceedings of the 16th Biomass Thermochemical Conversion

of Biomass."
Contractors' Meeting, pp 287-297 CONF-8405157, National Technical Information
Service, Springfield, Virginia.

Gorton, C. W., and J. A. Knight. 1984. "0il from Biomass by Entrained Flow
Pyrolysis.” In Proceedings of the Sixth Symposium on Biotechnology for
Fuels and Chemicals, C. D. Scott, ed., Symposium No. 14, pp. 15-20. John

Wiley & Sons, New York, New York.

Knight, J. A., and C., W, Gorton. 1983, "Oi) Production by Entrained Flow
In Proceedings of the Third Biomass Liquefaction

Pyrolysis of Biomass."
Experts Meeting, pp. 138-146, University of Sherbrooke, Sherbrooke, Quebec,

Canada.

Advanced Biomass Direct Liquefaction Extruder-Feeder Reactor
Systems - University of Arizona

Project Title:

White, D. H., D. Wolf, G. Davenport, S. Mathews, M. Porter, and Y. Zhao.
1987. "An Advanced Extruder-Feeder Biocmass Liquefaction Reactor System."
In Proceedings of the 1987 Biomass Thermochemical Conversion Contractors'
Review Meeting, pp. 5-21 CONF-8705212, National Technical Information Service

Springfield, Virginia.

L}

"A Continuous Extruder-Feeder for Reactor
In Proceedings of Energy from Biomass

White, D. H., and D. Wolf. 1987.
Institute of Gas Technology,

Systems for Biomass Fuels Processing.”
and Waste X, ed. D. L. Klass, pp. 1685-1688,

Chicago, Iilinois.

White, D. H., D. Wolf, N. W. Andrews, D. Joshi, J. Wong, and G. Davenport.
1986. “Real-Time Microprocessar Control and Data Acquisition of Biomass
Direct Liquefaction Systems.” In Proceedings of the Second National
Conference on Microcomputer Applications for Conservation and Renewable
Energy, Donald E. Osborn, ed., University of Arizona, Tucson, Arizona,
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LIQUID HYDROCARBON FUELS (cont'd)

White, D. H., and D. Wolf. 1986. "An Advanced Extruder-Feeder 8iomass Lique-
faction Reactor System." In Proceedings of the 1985 Biomass Thermochemical

Conversion Contractors' Meeting, pp. 115-140 CONF-8510167, National Technical
Information Service, Springfield, Virginia,

White, D. H., and D. Wolf., 1985, "An Extruder-Feeder for Reactor Systems
for Biomass Fuels Processing." 1In Proceedings of the Fourth Technical Review
Meeting, Energy from Biomass: 8uilding on a Generic Technology Base, pp.
115-124 ANL/CNSV-TM-176, Argonne Natieonal Laboratory, Argonne, Iliinois.

White, D. H. 1984, "Development of Extruder-Feeder Biomass Liquefaction
System." 1In Proceedings of the 16th Biomass Thermochemical Conversion

Contractors' Meeting, pp. 375-3G97 CONF-8405157, National Technical Information
Service, Springfield, Virginia.

Khan, M. B. 1984, "Gas Dispersion in Viscous Non-Newtonian Fluids Using an

Extruder-Feeder." Master of Science Thesis, University of Arizona, August
1984,

Shlapak, N. A, 1984, “Microprocessor-8ased Real-Time Process Control of

Biomass Liguefaction." Master of Science Thesis, University of Arizona,
August 1984,

Homaidan, A. 1884. "Modeling of Extruder-Feeder for Biomass Concentrated
Slurries.” Master of Science Thesis, University of Arizona, May 1984,

Ghoddoussi, M. G. 1983. "Solvolysis of Biomass at Elevated Temperatures,"
Master of Science Thesis, University of Arizona, December 1983.

Lezzar, A, 1983. “Effects of Void Volume on the Friction and Rheology of
Concentrated Slurries," Master of Science Thesis, University of Arizona,
December 1983,

Project Title:; Upgrading of Liquid Fuels from Biomass - Pacific Northwest

Laboratory
Elliott, D. C., and E. G. Baker, 1987. "Research on Hydrotreating Catalysts
to Hydrodeoxygenate Biocrude 0ils." In Proceedings of the 1987 Biomass

Thermochemical Conversion Contractors' Review Meeting, pp. 81-97 CONF-8705212
National Technical Information Service, Springfield, Virginia.

E1liott, D. C., and E. G. Baker. 1987, ‘"Hydrotreating Biomass Liquids to
Produce Hydrocarbon Fuels." In Proceedings of Energy from Biomass and

Waste X, ed. D. L. Klass, pp. 765-784. [Institute of Gas Technology, Chicago,
I1Tinois.

Elliott, D. C., and E. G. Baker. 1986, Catalytic Hydrotreating of Biomass
Liquefaction Products to Produce Hydrocarbon Fuels, Interim Report. PNL-5844,
Pacific Northwest Laboratory, Richland, Washington,
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LIQUID HYDROCARBON FUELS {cont'd)

Elliott, D. C., and E. G. Baker. 1986. "Upgrading Biomass Liquid Fuels."
In Proceedlngs of the 1985 Biomass Thermochemical Conversion Contractors'’
Meeting, pp. 81-97 CONF-8510167, National Technical Information Service,
Spr1ng$1eld Virginia.

E¥liott, D. C., and E. G. Baker. 1985. "Hydrodeoxygenation of Wood-Derived
Liquids to Produce Hydrocarbon Fuels." In Proceedings of the 20th
Intersociety Energy Conversion Engineering Conference, pp. 1.586-1,592,
#SAE P-164, Society of Automotive Engineers,

Beckman, D., and D. C. Elljott. 1985, "Comparisons of the Yields and Prop-
erties of the 0il1 Products from Direct Thermochemical Biomass Liquefaction
Processes.” Canadian Journal of Chemical Engineering. 63:99-104.

Elliott, D. C. 1984, "Bench-Scale Research in Biomass Direct Liquefaction."
In Proceedings of the 16th Biomass Thermochemical Conversion Contractors’
Meeting, pp. 399-4272 CONF-8405157, National! Technical Information Service,
Spring%ie]d, Virginia.

E1liott, D. C., and E. G. Baker. 1984, "Biomass Liquefaction Product Analysis
and Upgrading." In Comptes Rendus de L'Atelier de Travail Sur la
Liguefactionde la Biomasse, University of Sherbrooke, Sherbrooke, Quebec,
Canada.

Elliott, D. C., and E. G. Baker., 1984. "Upgrading Biomass Liquefactian
Products Through Mydrodeoxygenation." In Biotechnology and Biocengineering

Sympasium, C. D. Scott, ed., Symposium No. 14, pp. 159-174. John Wiley &
Sons, New York, New York.

Schirmer, R. E., T. R. Pahl, and D. C. Elliott., 1984. “"Analysis of a Thermo-
chemically-Derived Wood 0il1." Fuel 63:368-372.

Project Title: Upgrading of Biocrude 0ils Using Zeolite Catalyst - Solar
Energy Research Institute

Diebold, J. P., and J. W. Scahill. 1987. *Upgrading Pyrolysis Vapors to
Aromatic Gasoline with Zeolite Catalysis at Atmospheric Pressure.” In
Proceedings of the 1987 Biomass Thermochemical Conversion Contractors' Review

Meeting, pp. 61-80, CONF-8705212, National Technical Information Service,
Springfield, Virginia.

Diebold, J. P., H. L. Chum, R. J. Evans, T. A, Milne, T. B. Reed, and J. W.
Scahill. 1987. "Low Pressure Upgrading of Primary Pyrolysis 0ils from
Biomass and Organic Wastes." In Proceedings of Energy from Biomass and

w??tes X, ed, D. L. Klass, pp. 801-830. Institute of Gas Technology, Chicage,
[1iinois.
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LIQUID HYDROCARBON FUELS (cont'd)

Evans, R, J., and T. A. Milne., 1986. Fundamental Pyrolysis Studies, Final
Report 1 October 1980 - 30 December 1985. SERI/PR-234-3026, Solar Energy
Research Institute, Golden, Colorado.

Evans, R. J., T. A. Milne, and M, N, Soltys. 1986. "Direct Mass-Spectro-
metic Studies of the Pyrolysis of Carbonaceous Fuels. III. Primary Pyrolysis
of Lignins.," J. Anal. Appl. Pyrol, 9:207-236.

Diebold, J. P., J. W. Scahill, and R, J. Evans. 1986. Entrained-Flow, Fast
Ablative Pyrolysis of Biomass, Annual Report, 1 December 1984 - 31 December
1985, SERI/PR-234-3012, Solar Energy Research Institute, Golden, Colorado.

Reed, T. B., J. P. Diebold, H. L, Chum, R, J. Evans, T, A, Milne, and J. W.
Scahill. 1986. "Overview of Biomass Fast Pyrolysis and Catalytic Upgrading
to Liquid Fuels." In Proceedings of the 1986 Annual Meeting, American Solar
Energy Society, Inc., Boulder, Colorado. June 11-14, 1986,

Diebold, J. P., J. W. Scahill, and R. J. Evans. 1986. "The Thermal and
Catalytic Upgrading of COxygenated, Primary Biomass Pyrolysis 0il Vapors."
In Proceedings of the 19B5 Biomass Thermochemical Conversion Contractors'
Meeting, pp. 31-55, CONF-851C0167, National Technical Information Service,
Springfield, Virginia,

Evans, R. J., and T. A. Milne. 1986. “Applied Mechanistic Studies of Biomass
Pyrolysis." In Proceedings of the 1985 Biomass Thermochemical Conversion
Contractors' Meeting, pp. 57-79 CONF-8510167, National Technical Information
Service, Springfield, Virginia.

Diebold, J. P. 1985, The Cracking Kinetics of Depolymerized Biocmass Yapors
in a Continuous Tubular Reactor, MS Thesis T-3007, Colorado School of Mines,
Golden, Colorado.

Diebold, J. P., and J. W. Scahill, 1984, "Ablative Entrained-Flow Fast
Pyrolysis of Biomass." In Proceedings of the 16th Biomass Thermochemical
Conversion Contractors' Meeting, pp. 319-347, CONF-8405157, National Technical
Information Service, Springfield, Virginia.

Evans, R. J., T. A. Milne, M, N. Soltys, and H. R. Schulten., 1984, "The Mass
Spectrometric Behavior of Levoglucosan Under Different Ionization Conditions
and Implications for Studies of Cellulose Pyrolysis." J. Anal. Appl. Pyr.
6:273-283,

Evans, R. J., T. A. Milne, and M. N. Soltys. 1984, 'Fundamental Pyrolysis
Studies." In Proceedings of the 16th Biomass Thermochemical Contractors’
Meeting, pp. 349-373 CONF-8405157, National Technical Information Service,
Springfield, Virginia.

A.4



GASIFICATION

Project Title: Conversion of Forest Residues to a Methane-Rich Gas in a
High Throughput Gasifier - Battelle Columbus Laboratories

Feldmann, H. F., M, A. Paisley, and H. R. Appelbaum. 1986. "Conversion of
Forest Residues to a Methane-Rich Gas in a High Throughput Gasifier." In
Proceedings of the 1985 Biomass Thermochemical Conversion Contractors'
Meeting, pp. 339-360 CONF-8510167, National Technical Information Service,
Springfield, Virginia,

Paisley, M. A., H, F. Feldmann, and W. D. Watt., 1985. Wood Gasification
Combined Cycle Retrofit in a Conventiognal Pulp Mill Cogeneration System.
American Institute of Chemical Engineers, 1985 Summer Meeting, Seattle,
Washington,

Feldmann, H. F,, M. A, Paisley, and H. R. Appelbaum., 1985, "High-Throughput
Conversion of Cellulosic Type Materials to Medium-Btu Gas Without Oxygen."
In Proceedings of the IECE '85 Meeting, Miami, Florida.

Feldmann, H. F., M. A. Paisley, and H. R. Appelbaum., 1984, "Scale-Up of a High
Throughput Fluidized-Bed Gasifier to Produce Medium-Btu Gas (500 Btu/scf)
from Wood." National Meeting on Biomass R& for Energy Applications,
October 1-3, 1984,

Feldmann, H. F. 1984, *“The Case for Medium-Btu Gas from Biomass.* 19th IECEC,
August 19-24, 1984, San Francisco, California.

Feldmann, H. F., M. A, Paisley, and H. R. Appelbaum. 1984, "Conversion of
Forest Residues to a Methane-Rich Gas in a High Throughput Gasifier.* In
Proceedings of the 16th Biomass Thermochemical Conversion Contractors'
Meeting, pp. 13-38 CONF-8405157, National Technical Information Service,
Springfield, Virginia.

Appelbaum, H. R., M. A, Paisley, and H. F. Feldmann. 1984. “Computer Modeling
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