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EXECUTIVE SUMMARY

The U.S. Department of Energy’s (DOE’s) Bioenergy Feedstock Development Program
(BFDP) at Oak Ridge National Laboratory (ORNL) is a mission-oriented program of research and
analysis whose goal is to develop and demonstrate cropping systems for producing large quantities of
low-cost, high-quality biomass feedstocks for use as liquid biofuels, biomass electric power, and/or
bioproducts. The program specifically supports the missions and goals of DOE’s Office of Fuels
Development and DOE’s Office of Power Technologies. 

ORNL has provided technical leadership and field management for the BFDP since DOE
began energy crop research in 1978. The major components of the BFDP include energy crop
selection and breeding; crop management research; environmental assessment and monitoring; crop
production and supply logistics operational research; integrated resource analysis and assessment;
and communications and outreach. Research into feedstock supply logistics has recently been added
and will become an integral component of the program. 

Crop Selection and Breeding
The BFDP’s energy crops research emphasizes short-rotation tree crops in the genus

Populus (primarily poplars and cottonwoods) and switchgrass (Panicum virgatum). These species
were chosen as crop development models based on performance in screening trials, potential for
broad distribution, ease of propagation, environmental benefits, and status of genetic information.
Many other species are also suitable feedstocks for bioenergy and bioproducts and could become
energy crops.  Our objective is to improve and protect yields of the model crop species through
breeding and sustainable management systems. High, dependable and sustainable yields are key to
reducing crop production costs. Genetic improvement and appropriate cultural practices provide the
most reliable means of obtaining long-term gains in yield. 

The strategy used by BFDP for developing Populus and willow as model woody crops is
based on traditional breeding programs linked to plant physiology, molecular genetics, pest and
disease resistance, and silviculture practices. Our breeding programs are located in the Pacific
Northwest, and in the north-central, southeastern, and northeastern United States. Each regional
breeding effort is at a different stage of development. The Pacific Northwest poplar hybridization
program started earlier and achieved great success, and the ongoing molecular genetics work is
heavily supported by industry. The north-central poplar breeding and testing effort is just beginning to
demonstrate in field sites the rewards of hybridization and selection for disease resistance. In the
north-central regions, new non-commercial hybrid poplar clones have demonstrated growth rates that
are significantly greater than those of commercial controls. In the southeastern region, eastern
cottonwood clone bank nurseries and clonal breeding trials have been established. In the northeastern
region, selection and breeding of hybrid willow involves native germplasm collection, breeding and
selection, and field trials. Growth data indicate that some of the new clones will outperform those
previously planted in field trials.

Several woody crops studies have relevance nationwide. Detailed physiological studies of
growth limitations in several hardwood species were conducted in the Southeast. Evaluations of the
mechanisms of drought stress resistance among several hybrid poplar clones are providing input to
industry breeding programs. Applying the tools of biotechnology to woody crop selection and
breeding is expected to accelerate progress in woody crop improvement. 

The BFDP is a participating member in two biotechnological cooperatives. Recently,
researchers with the Poplar Molecular Genetic Cooperative isolated the gene that confers resistance
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to an important Populus disease, leaf rust caused by Melampsora medusa. The Tree Genetic
Engineering Research Cooperative is currently transforming commercially important hybrid poplar
clones with sterility genes, insect resistance genes, and herbicide resistance genes. At ORNL,
researchers are using mathematical models and molecular genetic assays to understand the genetic
mechanisms of sexual differentiation and wood formation in willow.

Switchgrass development is centered around breeding programs in Nebraska, Oklahoma, and
Georgia. Current breeding projects build upon early work that identified chromosomal and cytological
differences between upland and lowland switchgrass cultivars and emphasize genotypic recurrent
selection. Thus far, many of the experimental synthetic varieties bred over the past few years are
producing significantly more biomass than commercial controls. New molecular tools are being
developed to explore the biology of switchgrass, to improve classical breeding, and to set the stage
for potential gains through genetic transformation (if deemed desirable). These tools include
development of tissue culture techniques for clonal reproduction of parent plants, molecular
fingerprinting, genetic mapping, and linking physiological traits to specific genotypes. Significant
advances have been made in tissue culture technology since 1993, including the development of
plantlets from a wide variety of plant parts, production of flowers in culture, and techniques for
producing plantlets from cells in suspension cultures.

Crop Management Research
Woody crop management research has been an integral component of the BFDP since its

inception. Although many silviculture issues are sufficiently resolved to result in successful
establishment and production, most management issues — such as rapid increase of preferred
clones, fertilization, weed control, and disease and insect control — must be optimized at the region-
or site-specific level and thus are not resolved at all locations. Insects and disease have the potential
to seriously hinder the development of woody species as energy crops. Research at several
institutions is focused on developing new cottonwood clones that are resistant to the cottonwood leaf
beetle, Septoria  stem canker, and Melampsora leaf rust.

Crop management research for switchgrass focuses on improving practices or conditions
that constrain the use of switchgrass for energy. These constraints may be related to planting, stand
establishment, use of chemicals for fertilizer, weed or pest control, soil quality, or harvest regime.
Establishment issues, such as seed dormancy, seed scale-up, and the use of herbicides and/or
insecticides, are important because of their potential impacts on cost. Successful stand establishment
practices have been developed for the Southeast, including use of methods to break seed dormancy,
effective application of fertilizers (N, P, and K), and herbicide regimes. Although much progress in
establishment has been accomplished, research efforts are continuing to optimize establishment in all
regions.

Environmental assessment and monitoring
In the process of developing feedstocks, it is important to develop the quantitative data

needed to identify the environmental benefits and risks associated with establishment, management,
and harvest of bioenergy crops and their use for energy. Water quality issues are increasingly
becoming a concern because of the potential transport of herbicides and nutrients into surface water
and groundwater. Studies in small watersheds have been conducted in the Southeast to evaluate
erosion, surface water quality and quantity, and subsurface movement of water and nutrients from
woody and herbaceous crops. A watershed study in South Carolina is evaluating the effects of water
level manipulation on water quality and quantity, soil quality, and short rotation woody crop
productivity. 
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An integral component of environmental studies of biomass crops is to quantify the changes
that occur in soil quality and soil carbon storage for a variety of management practices, soil types,
and climates. Soil carbon sequestration and soil quality in areas with switchgrass plantings are
currently being investigated in the southeast. In the near future, similar research will be initiated in
the northern Great Plains region. Early indications are that soil improvement may be occurring in
areas planted with switchgrass. In the Southeast, a model based on soil organic carbon
measurements has been developed to predict the rate of increase in soil organic carbon after
switchgrass establishment.

Recently, BFDP has worked with the United States Department of Agriculture (USDA)
Agricultural Research Service to begin studies on the use of agricultural residue, particularly corn
stover, for energy production. This research will be part of an effort to identify stover availability and
harvest potential while maintaining soil cover, soil stability, and soil quality.

The role of energy crops in enhancing biodiversity has been an area of research since 1992.
From 1992 to 1996, bird and mammal surveys were conducted in areas that contained various types,
sizes, and ages of energy crops and undisturbed habitats. In general, established hybrid poplar
plantings were used more extensively by birds and small mammals than common row crops but less
extensively than natural mixed forests. In the Southeast, bird community structure and diversity in
industrial plantings of sweetgum and sycamore were comparable to community structure and
diversity in similarly aged hardwood forests.

Operational Research
Operational research involves the collection and analysis of data from commercial-scale or

demonstration-scale plantings. The objective is to understand and improve overall system efficiency
and reduce costs of feedstock supplies. The BFDP has been engaged in operational research since
the North Central Hybrid Poplar Regional Planting established approximately 130 acres of hybrid
poplar in the late 1980s. In 1994 and 1995, the BFDP and others collaboratively established
approximately 5000 acres of hybrid poplar in two Minnesota projects. Production and operational
data from these plantings are being collected and published for use by the bioenergy community. The
BFDP is working with collaborators in projects established through the DOE Biomass Power
Program. For these switchgrass and willow production systems, the planting, field preparation,
harvesting, transporting, and processing costs are being tracked and recorded.

Supply logistics research, only recently added as a component of the BFDP program,
focuses on the equipment, systems, and infrastructures required to move biomass from where it is
grown to where it is used, in a form needed by the end-user. We are collaborating with the National
Renewable Energy Laboratory (NREL) on a model of the logistics and costs of collecting,
transporting, and processing corn stover for use as an ethanol feedstock. The results will be linked to
the ethanol conversion models developed by NREL to obtain full supply-chain economics.

Integrated Resource Analysis and Assessment
Integrated resource analysis and assessment research uses information from BFDP tasks

and DOE programs to analyze economic factors associated with biomass production. The work
involves creation of tools, models, and databases that can be used by firms, government agencies,
and other institutions to conduct analyses pertinent to their needs. Our analysis focuses on regional
and national issues and provides information in the form of databases and user-friendly models that
can be used by individual firms to conduct screening and pre-feasibility analysis. The Oak Ridge
Energy Crop County Level Database (ORECCL) includes county-level land-use information and
information about three energy crops, including expected yields and range and estimated production
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costs. The Multi-Feedstock Biomass Resource Database contains estimated price and quantity data
for forest residues, mill residues, urban wood wastes, agricultural residues, and dedicated energy
crops. Economic models that have been developed include (1) BIOCOST, a model used to estimate
regional costs of producing switchgrass, hybrid poplar, and willow; (2) the Oak Ridge Integrated
Biomass Assessment System (ORIBAS), a geographic information system (GIS)-based
transportation model; and (3) the Policy Analysis System (POLYSYS), an agricultural sector model
used to estimate the cost-competitiveness and impacts of biomass crops with traditional agricultural
land uses.

Economic and policy analyses
The databases and economic models are currently being used in several economic and policy

analyses. One recent analysis indicates that if biomass could be sold at a $40/dry ton farmgate price,
approximately 42 million acres (producing 188 million dry tons of biomass) could produce energy
crops at a profit greater than that from existing uses of the land. In a joint analysis with the USDA
Forest Service, we are evaluating the potential role for hybrid poplar in fiber markets.

Corn stover is an existing form of biomass that could be collected and processed to produce
ethanol as a liquid transportation fuel. A study is currently analyzing the potential economic impacts
of a corn-stover-to-ethanol industry in the ten Midwestern states that produce the greatest quantities
of corn. The analysis, conducted for each state, will include one-time impacts associated with the
construction of ethanol plants, as well as annual impacts associated with plant operation, the
agricultural sector, and the transportation sector.

Partnership and Outreach
The BFDP strives to provide useful, accurate information on energy crop research, biomass

resources, and biomass production. All BFDP staff communicate with public and technical audiences
through such activities as farm show participation, International Energy Agency task participation,
contribution to web sites, BFDP’s Energy Crops Forum newsletter, and fact sheets or Frequently
Asked Questions sheets. In addition, staff members have participated actively in meetings with
environmental constituencies across the country to provide input and to identify, define, and
document the interests and concerns that internal and external stakeholders have about bioenergy
crops and agricultural residues, cultivation, and harvesting practices.
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1.  INTRODUCTION

The U.S. Department of Energy’s (DOE) Bioenergy Feedstock Development Program
(BFDP) is a mission-oriented program of research and analysis whose goal is to develop and
demonstrate environmentally acceptable crops and cropping systems for producing large quantities
of low-cost, high-quality biomass feedstocks. These feedstocks may be used for liquid biofuels,
biomass electric power, and/or bioproducts. The program specifically supports the missions and
goals of  DOE’s Office of Fuels Development and DOE’s Office of Power Technologies who
jointly provide major funding for the program.

Oak Ridge National Laboratory (ORNL) has provided technical leadership and field
management for BFDP since DOE began energy crop research in 1978. The major components of
the BFDP include the development of energy crop and residue resources, research on
environmental issues related the production of energy crops and the collection of residues for
energy uses, integrated economic and resource assessments, support and evaluation for
development and demonstration projects, and stakeholder communications. Feedstock supply
logistics efforts have recently been added and will become an integral component of the program. 

The BFDP’s energy crops research emphasizes short-rotation tree crops in the genus Populus
(primarily poplars and cottonwoods) and switchgrass (Panicum virgatum). The research and
development strategy used by BFDP for developing energy crops is to create virtual “Crop
Development Centers” within a region by facilitating collaboration among the best experts
available. This strategy relies heavily on traditional genetic improvement approaches.  One core
institution conducts the breeding, while others are recruited to conduct clone or variety trials and
supporting research.  Linkages among researchers and institutions are facilitated by the BFDP to
ensure that information from plant physiology, molecular genetics and biotechnology, pest and
disease resistance, and silvicultural/agronomic studies are integrated into the breeding process.
ORNL staff ensure the continual exchange of information and plant materials among regional
cooperators as well as enhance the crop development efforts with basic physiological and
biotechnology research. BFDP’s crop development research is complemented by resource
assessments, economic analysis, and environmental research and analysis that provide the
information needed to demonstrate and commercialize biomass energy systems. Its environmental
research, designed to ensure that feedstock production systems are sustainable and environmentally
beneficial, emphasizes water quality impacts, soil sustainability, carbon sequestration and cycling,
and biodiversity.

The BFDP includes analysis of potential resource supplies and demands to provide timely and
relevant information to public and private organizations interested in biomass energy development.
Work in this area incorporates information from all BFDP research areas and from the U.S.
Department of Agriculture (USDA). It supports short-term information responses and the longer-
term development of databases and analytical tools. To facilitate collaboration with other
organizations interested in bioenergy, the BFDP strives to use existing and accepted models,
databases, and methods, especially ones used by the USDA.

The project support and evaluation activity provides a central contact for companies and
individuals needing information on feedstocks and market development at the larger scale. Data
and information from experiences with larger-scale feedstock supply systems are, in turn, fed back
into the program’s research and analysis elements. With an increasing number of individuals and 
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organizations  assessing the potential importance of biomass energy, the BFDP places a strong
emphasis on providing consistent and documented data and information.

This status report is organized as follows. First, the history of current crop breeding and
selection is reviewed. This is followed by a three-part section on crop management research
including woody crops, herbaceous crops, and environmental sustainability. The last three sections
of this report include a discussion of operational logistics research, integrated resource analysis and
assessment research, and a final section on outreach and partnerships that includes a list of current
research projects and collaborators arranged according to geographic region. The report is
extensively annotated with references that are available through BFDP or from specific research
collaborators.
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 2.  ENERGY CROP SELECTION AND BREEDING RESEARCH

BFDP at ORNL has been conducting research for DOE since 1978 to identify and develop
fast-growing trees and herbaceous crops. The research and development (R&D) strategy used by
BFDP recognizes that each region of the country may require different plant materials and different
agronomic approaches in order to obtain economically competitive and environmentally acceptable
crop production systems. However, the types of R&D required in each region are similar, and some
of the more basic elements of the research are applicable across regions. Our near-term objective
has been to optimize current production efficiency with a longer term objective of improving and
protecting yields through breeding and technology. Increases in yield are the key factor to reducing
crop production costs, and genetic improvement along with appropriate cultural practices provide
the most reliable means of obtaining long-term gains in yield. Dramatic changes in biotechnology
during the past 5 to10 years have greatly increased the opportunities for genetic gains.

2.1 HISTORY OF CROP BREEDING AND SELECTION

In the 1980s the focus of BFDP was on identifying the best species and geographical regions
for further examination. Many collaborators from universities and the USDA were selected based
on technical competency and geographic location. Well over 100 woody species and 35 herbaceous
species were evaluated for their potential to produce high yields over broad geographical areas. The
evaluation was based on a combination of newly established species comparison trials and
evaluation of previously established trials.

The woody crops selection and breeding research in the early 1980s focused on improving the
productivity of short rotation woody crops (SRWC) through testing, selecting, and genetically
improving species and clones of trees and shrubs for use in intensively managed systems. The most
promising areas for development based on land availability were located in the South and Lake
States, though the Pacific Northwest provided the model for rapid production systems. By 1984,
BFDP was able to identify and rank 22 hardwood species that were most promising for wood
energy feedstock plantations.1 The results of the early screening studies are found in BFDP
documents.2, 3, 4, 5 Of the 22 hardwood species identified, four “model” species and a genus were
identified for detailed research: cottonwoods and poplars (genus Populus), sweetgum
(Liquidambar styraciflua), silver maple (Acer saccharinum), black locust (Robinia
pseudoacacia), and American sycamore (Platanus occidentalis).6, 7, 8, 9, 10 Other species that
were identified as potentially important include willow (Salix spp), alder (Alnus spp.), eucalyptus
(Eucalyptus spp.), and mesquite (Prosopis spp.). Selection criteria for parent trees and their
progeny included narrow crowns, high energy content, high specific gravity, coppice ability, pest
resistance, and high per-unit-area productivity.6 Genetic improvement programs, silvicultural studies,
and basic research projects across the United States were initiated (Fig. 2.1), and some progress
was made on silver maple,11, 12 eucalyptus,13 black locust,14, 15 alder,16, 17 mesquite,18, 19 and
sycamore.20 

Our focus today is on Populus in the Pacific Northwest, as well as the north-central and
southeastern United States, and on hybrid willow in the Northeast. The remaining species have
mostly been eliminated from the program because of fiscal constraints, lack of demonstrated
productivity, limited site adaptability, difficulties during the biochemical conversion process to
ethanol, or a combination of several of these factors. Because it is recognized that species diversity
would reduce the risks associated with supply, our early work with multiple species will be valuable
should funds become available to continue development of additional species. 
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Fig. 2.1.  Model woody and herbaceous crops chosen for study in the 1990s.

In 1984, field studies were begun to screen and select promising lignocellulosic herbaceous crop
species (annual and perennial grasses and perennial legumes). Projects were started in the
Southeast [Auburn University (AU) and Virginia Polytechnic Institute and State University (VPI)]
and Midwest and Lake states (Cornell University, Geophyta, and Purdue University). These areas
were chosen because they included large areas of cropland with relatively few environmental
restrictions on productivity (e.g, temperature or moisture extremes). In 1988, screening trials were
started in the Great Plains [Iowa State University (ISU) and North Dakota State University]. Each
project compared a number of species under a range of management intensities on a range of sites
from good cropland to cropland marginal for conventional row crops (Fig. 2.1). Results from these
early trials are available in BFDP reports21, 22, 23, 24, 25, 26, 27 and in publications by the
investigators.28, 29, 30, 31, 32, 33, 34, 35, 36  

In 1991, the decision was made to focus herbaceous crop research on switchgrass,37, 38 which
is a high-yielding perennial grass species with potential for widespread use in the United States. As
with SRWC research, the rationale for use of a model species was to concentrate our efforts and
resources in order to improve the overall efficiency of the many interrelated aspects of research
that are requisite for bioenergy production. Some selections of switchgrass varieties during the
species screening trials demonstrated high within-species variability in yield potential and the
likelihood that gains in yield could be achieved through additional breeding.31 Six new projects were
initiated in 1992 in the areas of yield management (3 projects), breeding (1 project), and basic
studies of  biological processes (2 projects), including physiology, soil carbon dynamics, and
biotechnology.
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Fig. 2.2.  The crop development concept used for each region.

2.2 CURRENT CROP SELECTION AND BREEDING RESEARCH

Genetically improving Populus, willow, and switchgrass through selection and breeding
research is a key component of BFDP. Enhancing such traits as drought resistance, pest and
disease resistance, and growth is vital for developing bioenergy crops. Genetic improvements
combined with appropriate cultural practices provide the most reliable means of obtaining long-term
gains in yield. 

2.2.1  Woody Crops

The current R&D strategy used by BFDP for developing Populus and willow as model woody
crops is shown in Fig. 2.2. This strategy is based on traditional genetic improvement programs and
clone-site trials with linkages designed to gain an understanding of plant physiology, molecular
genetics, pest and disease resistance, and silviculture issues.39  The integration of biotechnology into
traditional breeding projects is leading to increased yields, improved adaptability, and acquired pest
resistance. Our core regional breeding programs are located in the north-central, northeastern, and
southeastern United States. The current network of research sites encompassing regional field trials
and testing sites, conventional breeding activity, and basic research is shown in Fig. 2.3. The BFDP
strategy, results, and directions for woody crop research were recently detailed in Wright and
Tuskan 39 and Tuskan.40

Breeding and selection efforts for poplars and willow have moved into advanced generation
breeding strategies involving both interspecific and intraspecific hybridization. Heterosis, or hybrid
vigor, has been demonstrated in numerous crosses involving either species.41  Here, the hybrid
progeny outperforms either parent. The selection criteria have focused on improvements in
productivity and disease and pest resistance. Improvements in energy content (e.g., by increasing 
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Fig. 2.3.  Location of crop development and biotechnology centers for
woody crop selection and breeding.

density) and fiber properties may become important in the use of these species for energy and 
bioproduct formulations, so expansion of selection criteria is being evaluated.

 Traditional breeding and selection work with hybrid poplar and eastern cottonwood is ongoing
in the north-central United States with funding primarily to the USDA Forest Service (USDA/FS)
and ISU. The development of clones for regional testing takes place, in part, at ISU and the
University of Minnesota where, recently, twenty new cottonwood clones were evaluated in nursery
trials. The new clones were selected on the basis of relative performance to commercial checks
and then clonally propagated for inclusion in regional tests.  In addition, thirty-one clones from
previous regional tests were identified as ready for full-scale testing in operational plantations.
During 1995 and 1997, clonal trials were established in Minnesota, Iowa, Wisconsin, and Michigan
using Populus clones obtained from ISU and the University of Minnesota.  This work has
demonstrated that clones bred and selected in Iowa performed well at the Iowa and Wisconsin test
sites while clones bred and selected in Minnesota performed well at the Minnesota and Wisconsin
test sites (D. E. Riemenschneider, USDA/FS, personal communication). Thus, opportunities to
transfer clones between breeding programs in Minnesota and Iowa may be limited. Some
experimental clones have demonstrated growth rates that are significantly greater than the
commercial controls (Fig. 2.4). For example, mean aboveground increment biomass for two controls
at 4 years was 3.0 Mg/ha/year (1.3 dt/ac/year) in Minnesota and for the best clone was 3.9
Mg/ha/year (1.7 dt/acre/year) (D. E. Riemenschneider, USDA/FS, personal communication). It is
anticipated that the final yield (8–10 years) for the control in Minnesota will be 9.0 Mg/ha/y
(4 dt/acre/year).



2-5

Location

Minnesota Iowa Wisconsin Michigan

R
ela

tiv
e 

Pe
rfo

rm
an

ce
 (%

)

0

50

100

150

200

250

Control 
5 Best 
Single Best 

3.03 Mg/ha/y

4.26 Mg/ha/y 6.43 Mg/ha/y

3.25 Mg/ha/y

Fig. 2-4.  Mid-rotation (after 4 years) for the 5 best hybrid poplar clones at 4
regional test sites.  Controls are clones DN34 and NM6.  Source: D. Riemenschneider,
USDA Forest Service.

Breeding and selection in the southeastern region of the United States also focuses on the
eastern cottonwood, although additional species, such as sycamore, sweetgum, and black locust
remain under consideration.42, 43  Mississippi State University in collaboration with Louisiana 
State University, University of Florida, and private industry have established clone bank 
nurseries, clonal breeding trials, and begun work to use genetic markers to “fingerprint” tested
clones. Field tests have been established in Florida, Missouri, Alabama, and North Carolina.44, 45 
An expanded breeding effort for the Southeast will be initiated in the near future.  Also in the
Southeast, researchers collaborating under a cooperative research and development agreement
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have been investigating the factors that limit productivity of tree growth in the southeastern United
States.  Fifth-year field results from a fertilizer-by-irrigation growth study, containing cottonwood,
sycamore, and sweetgum, indicated that long-term limitations on growth in the southeastern United
States cannot be overcome by simple water and/or fertilizer supplements.  Supplemental water
and/or fertilizer did initially increase growth rates, mirroring those seen in the Pacific Northwest, but
by year three, at the point of crown closure, these supplements did not allow for continued
accelerated growth. Species differences in growth rate were correlated with photosynthesis/
respiration rates, but clonal differences within species were not.  It appears that the largest single
factor contributing to superior growth is genetic selection of clonal materials suited for short-rotation
silviculture (e.g., straight stems, fast growth, disease resistant).

Unlike in other regions of the United States, the primary model woody crop species for the
northeastern region is hybrid willow. This is primarily because of the high productivity of hybrid
willow in the cooler climates of the Northeast. The current BFDP effort in selection and breeding
through the State University of New York (SUNY) College of Environmental Science and Forestry
involves germ plasm collection, breeding and selection, and field trials.46 A genetic selection trial
with hybrid willow clones was established in 1997 in cooperation with USDA/FS in Wisconsin and
Michigan using clones developed mainly in Canada.  The range in yields obtained for willow clones
is shown in Fig. 2.5. A new hybrid willow project was initiated in 1999 to create alternative willow
clones specifically adapted to the Northeast and northern portions of the north-central United
States.

The biotechnological approaches to woody crop selection and breeding are expected to 
continue to increase genetic gains over those achievable using traditional breeding efforts. A
discussion of the molecular techniques available with emphasis on the potential impacts on breeding
progress is given by Dinus and Tuskan.47 A technological breakthrough occurred with the
identification and use of molecular markers in marker-aided selection strategies. In 1995,
documented progress was made in developing a molecular map for hybrid poplar48 and identifying
markers for various traits (e.g., drought tolerance and disease resistance).49 These markers
continue to be used to increase the efficiency of the selection and breeding process. Advances in
biotechnology funded by BFDP between 1987 and 1997 include the establishment of field tests of
(1) tissue culture propagated silver maple,50 (2) somoclonal variants for disease resistance and
herbicide resistance in hybrid poplar,51 and (3) genetic tranformants expressing herbicide
resistance,52 insect resistance, and male sterility.53

Currently, BFDP efforts in genetic improvement through biotechnological approaches are
centered at the University of Washington and Oregon State University. The Poplar Molecular
Genetic Cooperative at the University of Washington focuses on intercrossing five species of
Populus with proven value for bioenergy plantations. Interspecific hybrids from these species
achieve, with fertilizer application, 11–22 Mg/ha/year (5–10 dry tons/acre/year) with average
maximum yields reported at 31 Mg/ha/year (14 dry tons/acre/year; Fig. 2.6).54  Molecular tools,
such as genetic markers and DNA libraries, are being used to unite genetic maps among poplar
pedigrees, determine clonal identity, test for paternity, and estimate gene flow from plantation
forests into native stands. Recently, the gene that confers resistance to an important Populus
disease (leaf rust caused by Melampsora medusa)55 has been isolated. Field trials are currently
being conducted in the Pacific Northwest to verify disease resistance in populations containing the
isolated gene. This region also contains the only BFDP-supported genetic transformation effort. The
Tree Genetic Engineering Research Cooperative at Oregon State University is currently
transforming56 commercially important hybrid poplar clones with sterility genes,57 insect resistance
 genes, and herbicide (e.g., glyphosphate or Roundup®)58 resistance genes.  These transformed 
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Fig. 2.6.  Six-year-old Populus hybrids in the Pacific Northwest.
 Tree height approximately 20 m (65 ft).
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plant materials have been transferred to industrial regional trials. At ORNL, researchers are using
mathematical modeling and molecular genetics assays to understand the genetic mechanisms of
sexual differentiation and wood formation in willow. Using such tools, it may be possible to
determine gender early in breeding schemes and to understand wood formation in trees which in
turn could have a positive impact on biomass production.

2.2.2  Herbaceous Crops

Switchgrass breeding in BFDP includes basic research on the phenology, genetics, and
breeding characteristics combined with multiple breeding approaches designed to improve
switchgrass productivity as rapidly as practical. Switchgrass breeding programs are located at
USDA Agricultural Research Service (ARS), Lincoln, Nebraska; Oklahoma State University
(OSU), Stillwater; and University of Georgia, Athens (UGA). Research on tissue culture
propagation and genetic transformation is ongoing at the University of Tennessee (UT)
(Fig. 2.7). Recent overviews of the switchgrass reproductive characteristics and breeding programs
are provided in Taliaferro et al.59 and McLaughlin et al.60 

Breeding research in BFDP has built upon early work that identified chromosomal and
cytological differences between upland and lowland switchgrass cultivars. Hopkins et al.61 and
Hultquist et al.62, 63  examined many populations of switchgrass and found that nearly all lowland
ecotypes were tetraploid and that upland types were predominately tetraploid and octaploid with
some hexaploid types. The extent to which hybridization can occur between switchgrass plants of
different ploidy or ecotypes has been investigated by researchers at OSU and USDA/ARS. These
studies have documented that self-fertilization in switchgrass is very low, that hybridization potential
between plants of different ploidy levels is very low, and that plants of the same ploidy level can
usually be intercrossed regardless of ecotype.64, 65, 66, 67  The recognition that a reliable, consistent
source of switchgrass tissue was needed has led to the development of nurseries maintained by
USDA/ARS (Fig. 2.8) and at OSU; currently more than 100 combinations of known and wild
accessions of switchgrass at OSU have been characterized for important cytogenetic and
agronomic traits.  

Recurrent restricted phenotypic selection was initially used in breeding for increased
productivity in switchgrass. While genetic gains for improved yield were identified, inadequate seed
set and low correlation between biomass yields of plants during the establishment year with those
attained by more native plants from year to year led to the development of an alternative
approach.60 Currently, genotypic recurrent selection is being used to increase biomass yield in
breeding populations.  This approach focuses on selection based on the performance of the parents’
progeny, and although this type of selection takes more time to complete a breeding cycle, genotypic
recurrent selection appears to be the best indicator of the breeding value of switchgrass. Thus far,
many of the experimental synthetic varieties bred over the past few years at OSU are producing
significantly more biomass than standard varieties (Fig. 2.9).59 Hybrids of parents identified through
genotypic recurrent selection have been found to demonstrate heterosis or “hybrid vigor” for
biomass yields. The first-generation hybrid populations of three switchgrass clones tested at OSU
have been found to outperform the parents 59 and standard varieties (C. Taliaferro, OSU, personal
communication).  Preliminary data for switchgrass hybrids developed in Nebraska indicate that
heterosis is exhibited by progeny of some populations and plants from those populations as well (K.
P. Vogel, USDA/ARS, personal communication). 
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Fig. 2.7.  Location of research activities in the herbaceous crop
selection and breeding. 

 Fig. 2.8.  Switchgrass nursery maintained at USDA/ARS.  Source: K.
Vogel, USDA/ARS.
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New molecular tools are being developed to explore the fundamental biology of switchgrass, to
improve classical breeding, and to set the stage for potential gains through genetic transformation (if
deemed desirable). These tools include development of tissue culture techniques for clonal
reproduction of parent plants, molecular fingerprinting, genetic mapping, and linkage of 
cultures.68, 69, 70, 71, 72, 73, 74  These clonal propagation techniques are being used successfully at UT
to provide tools to assist classical breeding (Fig. 2.10).

Clonal propagation is also a prerequisite to exploring genetic transformation in switchgrass. In
1999, Richards et al.75 successfully transferred a gene that provides tolerance to a herbicide into an
Alamo switchgrass genotype. At ORNL, various types of DNA markers are being used to
investigate genetic identity among and variability within switchgrass genotypes.  To date, the genetic
relationships among ten upland and four lowland switchgrass accessions have been identified,76  as
well as the genetic identities within commercial sources of the lowland ‘Alamo’ (Table 1). These
various tools will be essential if it proves economically and environmentally desirable to tailor crops
for specific end uses. 
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Fig. 2.10.  Production of switchgrass inflorescence
from node culture.  Source: B. Conger, University of Tennessee,
Knoxville.

Physiological research in support of breeding efforts has included studies of the physiology of
gas exchange in switchgrass leaves. Results to date indicate that while differences in single-leaf
physiological attributes, such as photosynthesis and transpiration, are related to growth potential, the
way in which they are integrated at the whole-plant level in switchgrass is complex.77 78 79 Their
influence on whole-plant growth is most likely controlled strongly by the seasonal dynamics and
plant-to-plant variations in plant and stand-level canopy architecture and allocation patterns that
control the distribution of resources between shoots and roots.60 Thus, those attributes have not
provided useful indicators of whole-plant growth potential to date.

BFDP recognizes that alternative species could have high potential for bioenergy and biobased
products. A greater diversity of species would also use a wider range of the land base and would
reduce the risks associated with large-scale production of a single crop type. While switchgrass is
the first herbaceous species chosen for development as an energy crop, alternative species may (1)
be ideal for locations unsuitable to switchgrass (e.g., southern Texas), (2) provide alternatives to
producers, (3) obtain higher yields at some locations, or (4) have chemical characteristics that make
them desirable for energy conversion or biobased products. Yields of bermudagrass (Cynodon
dactylon), bahiagrass (Paspalum notatum), and napiergrass (Pennisetum purpureum) have been
evaluated since 1996/1997 at three locations in Georgia. Dry matter yields of napiergrass (Merkron
variety) have been consistently greater than those of any other species, including Alamo
switchgrass. Winter damage to this species may indicate that its greatest potential lies mainly in the
Coastal Plain region of the southeastern United States (J. Bouton, UGA, personal communication).

The potential of legumes (Desmanthus sp.) and giant reed (Arundo donax) as bioenergy
crops in southern Texas will be investigated by researchers at Texas A&M in the upcoming year.
Several varieties of sericea lespedeza (Lespedeza cuneata) have been established in Alabama,
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and stands are currently being evaluated for yield, composition, and combustion quality (D.
Bransby, AU, personal communication). The effects of cutting height and frequency are also being
investigated. Rotation biomass systems using annual crops, such as forage soybean, sunn 
hemp (Crotalaria juncea), kenaf (Hibiscus cannabinus), ryegrass (Lolium perenne), and
tropical alfalfa (Clitoria ternatea), are being investigated at several locations in Alabama. The
potential of two promising native grasses, eastern gamma grass (Tripsacum dactyloides) and big
bluestem 
(Andropogon gerardii), as bioenergy crops are being investigated by the USDA Natural
Resources Conservation Service in Mississippi and southern Georgia. 

Additional species being evaluated for yield include giant reed and Miscanthus. Two summary
reports that review the potential for bamboo and Miscanthus as bioenergy crops were recently
published. Bamboo, a group of large woody grasses, is commonly used for fiber and food within
Asia and may have potential as a bioenergy or fiber crop for niche markets.80 Miscanthus is a tall
perennial grass that has been evaluated in Europe over the past 5 to10 years as a new bioenergy
crop. The sustained European interest in Miscanthus suggests that this novel energy crop deserves
serious investigation as a possible candidate biofuel crop for the United States alongside
switchgrass.81

Table 1.  Similarity (%) among Alamo seed sources based on Nei’s Unbiased Genetic Distancea using
random amplified polymorphic DNA (RAPD) markers.  

The higher the number, the more closely related. 
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Alamo B 97.04

Alamo C 96.55 99.47

Alamo D 95.37 99.28 99.63

Alamo E 97.77 99.17 99.64 99.40

Alamo G 96.70 98.94 99.37 99.29 99.79

Alamo  H 96.52 98.98 98.89 98.90 99.02 99.46

Alamo S 95.18 96.90 96.76 95.82 95.36 95.45 95.83

Blackwell S 95.28 93.64 94.35 93.28 95.76 94.61 93.82 90.21

Blackwell + 90.26 91.46 89.78 90.76 88.44 87.96 90.23 87.65 86.10

aNei, M.  1978.  Estimation of average heterozygosity and genetic distance from a small number of
individuals.  Genetics 89:583–590. 
Source: L. Gunter, Oak Ridge National Laboratory.
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3.  CROP MANAGEMENT RESEARCH 

Crop management research has been an integral component of BFDP since its inception.
Issues related to selection of planting stock, spacing, rotation length, fertilization, irrigation, and
weed and pest control clearly affect yield and cost.

3.1  WOODY CROPS 

Early recommendations for silviculture practices were developed for a variety of woody
crops and focused on coppice systems.6 Knowledge gained in the late 1980s and early 1990s 5–9,

27, 37 led to redirection toward 6- to 10-year rotations, single-stem management for Populus and
continuation of a 3- to 4-year rotation, coppice harvest for willow. This change was based
primarily on the realization that clonal selection in poplar could result in yield advances so rapidly
that it would be more cost-effective to replant after 6 to 10 years than to coppice.  The same is
not true in coppice willow management where high planting densities result in very high planting
costs. Current recommendations are to establish SRWC plantations at 1200–1400 stems/ha
(490–560 stems/ac) grown under 6- to 10-year rotations.82, 83 Higher density plantings were
investigated and shown to be less desirable for Populus.84, 85  However, for hybrid willow, twin-
row, high-density plantings grown under 2- to 3-year rotations have been successful and produced
15.7 Mg/ha/yr (7 dry tons/acre/year) in research plots.86, 87 In terms of site selection and site
limitations, ‘good’ idle or excess agricultural land is recommended, although prediction of site
quality for SRWC production is still not an exact science.88 

Although many silviculture issues, such as spacing and rotation length for Populus and
willow, have essentially been resolved, management issues, such as rapid increase of preferred
clones, fertilization, irrigation, and disease and insect control, are region- or site-specific and thus
are not resolved for all locations.  These issues are an important component of site-specific
operational studies. 

Fertilization for SRWC grown for 6- to 10-year is currently recommended on an “as-needed”
basis beginning about midrotation (age 3 to 4 years). Coppice willow stands are normally fertilized
in the second year of growth. Nitrogen fertilization at time of planting is not recommended for
either species, because weed growth that competes with seedling growth would be stimulated.
Efforts are under way to develop plant-based fertilizer prescriptions, such as using the level of
nitrogen in leaves to indicate “need.” However, current methods fall short of optimizing fertilizer
use efficiency, presumably because of lack of a full understanding of the constraints caused by
water and nutrient availability and interactions. As mentioned in Section 2, a co-operative study
with International Paper Company on industry land in South Carolina has been investigating
factors affecting growth limitations. This study has involved looking at the impacts of fertilization
and irrigation on tissue-specific physiological parameters, such as photosynthetic rates, respiration,
and leaf N content for sycamore, sweetgum, and several clones of cottonwood. Results are still
being analyzed and modeled. In 2000, a cooperative group including the USDA-FS, ORNL, and
several private companies will initiate a new set of studies at DOE’s Savannah River Site to
investigate the response of cottonwood and loblolly pine to nutrient and water manipulations. In
both cases, the goal is to understand the differing physiological and genetic mechanisms of carbon
gain and allocation in different species and clones and to develop information on how to manage 
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Fig. 3.1.  Average switchgrass yields for 1992–1999 at sites in the Virginia
Polytechnic Institute and State University program. Stands established in 1992 with
exception of Princeton which was established in 1993.  Stands harvested twice per year.
Source: D. Parrish, Virginia Polytechnic Institute and State University.

the sites to optimize growth of the trees. The second study will use information from the first
study to improve study design and refine the questions being asked.
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Drought stress is a major limitation to tree growth, but irrigation is a significant cost factor and
is not environmentally desirable in many areas of the country. Irrigation is not a major emphasis of
BFDP —except to help in understanding nutrient and water interactions. The best solution to
overcoming drought stress in trees planted as dedicated crops for bioenergy is believed to be
selection for trees with superior genetic characteristics. Therefore, research has been conducted
for several years on hybrid poplar clones in commercial plantations in the Northwest and Southeast
in order to understand the mechanisms underlying genetic differences in drought resistance.
Superior clones have been identified, and this information has been provided to industrial breeders.

Weed control is the most important management activity needed to obtain high survival of the
stand (preferably greater than 95%) and to establish the foundation for rapid growth throughout the
rotation. Research by many investigators during the 1980s clearly demonstrated the importance of
beginning site preparation at least one year in advance of planting and of effective weed control in
the first growing season. Operational plantings by BFDP collaborators and by private industry
identified a suite of herbicides and tillage methods that were effective in weed control but often left
considerable bare ground in young plantings. Weed control is less of an issue in coppice willow
plantings since the dense growth quickly shades out the weeds. For poplars and other single-stem
tree production, the recent strategy has been to develop methods of controlling the weeds just
within the tree rows while allowing weeds or planted annuals to occupy the centers of the rows
between the trees. Several BFDP investigators have and continue to collaborate with private
industry in developing new herbicides and combinations of herbicides that facilitate this approach.
The new herbicides Milestone, developed by DuPont, and Scepter, made by American Cyanimid,
show great promise for use in this way.

Insects and disease have the potential to seriously hinder the development of woody species as
energy crops. For example, the most serious insect or disease problem facing SRWC Populus
planting in the United States today is Septoria stem canker (Septoria musvia). Planting resistant
or tolerant clones is the only control measure available to SRWC farm managers. In regions where
this disease is causing economic damage, there are relatively few resistant clones available for
planting. Research at ISU and at the USDA North Central Research Station is focused on
developing new cottonwood clones that are resistant to the cottonwood leaf beetle, Septoria  stem
canker, and Melampsora leaf rust. Developing genetic resistance to pest problems means higher
biomass yield and less pesticide use. In addition to developing resistance though breeding, it is
important to have an understanding of the biological aspects of both the pest and woody crop. For
example, research at Washington State University is investigating the mechanisms of disease
resistance and the impacts of disease on the growth and physiology of Populus. The USDA North
Central Research Station is using tissue-culture-derived clones to characterize disease resistance
and assess the level of genetic variation in Septoria .89, 90, 91  An understanding of the distribution
and genetic variation of pathogens is needed to effectively develop screening systems that can test
poplars for disease resistance. 

3.2 HERBACEOUS CROPS

Crop management research for switchgrass focuses on practices or conditions that constrain
the use of switchgrass for energy. These constraints may be related to planting (i.e., row spacing);
establishment (i.e., successful planting and growth of a plot); use of chemicals for fertilizer; weed
or pest control; soil quality; or harvest regime. Through a network of 18 field sites established in
1992 (Fig. 2.7), we are evaluating the yields of a total of 9 switchgrass cultivars under various
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Fig. 3.2.  Average switchgrass yields for 1993–1999 at five Alabama sites in the Auburn University
program. Stands established in 1992 and harvested twice per year. N-fertilizer applied
annually.  EVS = E.V. Smith Research Center, Milstead; GCS = Gulf Coast Substation, Fairhope; PES =
Piedmont Substation, Camp Hill; SMS = Sand Mountain Substation, Crossville; TVS = Tennessee 
Valley Substation, Belle Mina. Source: D. Bransby, Auburn University

management strategies. The results to-date of the field trails established by VPI and Auburn are
shown in Figs. 3.1 and 3.2. Across all three regional trials, average yields of the best cultivar at
each location were approximately 16 dry Mg/ha (7 dry tons/acre), while maximum yields at any
plot within each of the 3 regions were typically $20 Mg/ha.60

Comparisons of yield performance among cultivars indicate that the most promising cultivars
for bioenergy production are ‘Alamo’ for the deep South,92 ‘Kanlow’ for mid latitudes, and ‘Cave-
in-Rock’ for the central and northern states.60 Management practices that affect yield and stand
longevity are being evaluated at our regional centers located at Texas A&M University, Auburn
University, University of Georgia Athens, and USDA ARS/University of Nebraska and include (1)
establishment practices; (2) frequency of harvesting (1-cut vs 2-cut systems); (3) timing of harvest
and how timing of the second cut affects ash content;93 (4) effects of cutting height on stand
longevity, yield, and composition; and (5) irrigation.
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Establishment issues, such as seed dormancy, seed scale-up, and the use of herbicides and/or
insecticides, are important because of their potential impacts on cost. Stand failures as a result of 
poor seed quality, weed competition, and seedling physiology will have major implications on the
cost of switchgrass biomass. Successful stand establishment practices have been developed for the
Southeast, including methods to break seed dormancy,94, 95 recommendations for fertilizer (N, P,
and K) application, and herbicide regimes.96, 97  A summary of the characteristics and uses of
herbicides in the production of herbaceous perennial species grown for bioenergy is given in Buhler
et al.98 Although a great deal of progress on establishment has been accomplished, research efforts
are continuing to optimize establishment in all regions. Research at VPI has shown some advantage
to using insecticides at planting (D. Parrish, personal communication), whereas at AU and Texas
A&M insecticides applied during planting did not improve the yield (D. Bransby and W.
Ocumpaugh, personal communications). Research has been conducted by the USDA/ARS to
determine the effectiveness of new herbicides in aiding switchgrass establishment at several sites
in eastern Nebraska. Pre-emergent applications of atrazine appear to improve establishment and a
new herbicide “Plateau” was labeled in 1996 for use on non-crop land for establishing native
warm-season grasses. It is hoped that it will be labeled for switchgrass establishment and available
for use on all grasslands soon (K. Vogel, USDA/ARS, personal communication).

Planting methods that are being investigated include planting switchgrass into the stubble
remaining from a winter annual and comparisons of different types of planters. At AU, planting into
winter annual stubble had little effect on switchgrass yields in the establishment year compared
with conventionally prepared seed beds (D. Bransby, AU, personal communication). The type of
planter used for switchgrass establishment may improve establishment and yield. In the first year of
harvest, switchgrass yields were higher from plots planted with cone and Brillion planters compared
with a ‘Flex-71' conventional 4-row planter and a precision pneumatic planter (D. Bransby, AU,
personal communication).

The consequences of spacing during planting have been investigated by AU and Texas A&M.
At AU, wide row spacing provided equal or better yields than solid stands (David Bransby, AU,
personal communication) whereas in Texas, Alamo did not respond to differences in row spacing
(W. Ocumpaugh, Texas A&M University, personal communication). The difference in responses is
likely due to soil moisture.

Significant progress has been made on understanding the best harvest regime for specific
regions. The two basic harvests regimes investigated are a single cut in the last third of the growing
season versus a 2-cut system with the first cut typically at the date of formation of seed heads,
around July. Yield data from three years of field trials emphasize the regional specificity of
optimum cutting practices. Highest yields have typically occurred with the 2-cut system at VPI
(Fig. 3.3) and AU study sites, 60 while in Texas, where drought has been a frequent problem, the 1-
cut system has been superior.99 

The effect of fertilizer (nitrogen and phosphorus) on switchgrass yield and the associated costs
of fertilizer, both economical and ecological, are important considerations in developing herbaceous
crops for bioenergy. The standard practice for fertilizer is to apply #50 kg/ha (44 lbs/ac) of N
during the first year after switchgrass emergence, followed by 80–100 kg/ha/yr (70–90 lb/ac/yr)
thereafter.100 Current research has included these and much higher rates in the search for an
optimum balance between costs and yield. To date, positive yield responses have been found up to
and including 224 kg N/ha/year (200 lb/ac/yr), however, we suspect that long-term yield stability
and economics will be favored by lower annual or even longer interval applications of N,
particularly where a single annual harvest is used.60 At the Texas, Virginia, Tennessee, Kentucky,
North Carolina, and West Virginia research sites, Alamo switchgrass yields have not been
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Fig. 3.3.  Average switchgrass yield in 1- and 2-cut systems at Knoxville, Tennessee, site.  Stands

established in 1992. Source: D. Parrish, Virginia Polytechnic Institute and State University.

improved by the addition of phosphorus (W. Ocumpaugh, Texas A&M University, and D. Parrish,
VPI, personal communications). 

3.3  ENVIRONMENTAL ASSESSMENT AND MONITORING

Environmental research became a separate task of BFDP in 1992 when issues were raised
about whether biomass crop production would be both environmentally sustainable and even
provide environmental benefits. Our objective has been to develop the quantitative data to identify
the environmental benefits and risks associated with biomass crop establishment, management,
harvest and use. These data address soil quality, water quality, and biodiversity issues.  In addition,
we are identifying management practices that can be incorporated to ensure environmentally
sustainable production of both woody and herbaceous crops.  A preliminary summary of BFDP-
funded research on the environmental aspects of bioenergy crop production from 1992 to 1996 is
provided by Tolbert and Wright.101

3.3.1  Water Quality

Issues of water quality that could affect biomass crop production are increasingly becoming a
concern because of the potential for transport of herbicides and nutrients into surface water and
groundwater. The BFDP has been aggressively working to quantify the changes that occur in
surface water and groundwater quality and quantity with conversion of agricultural croplands to
SRWC and/or switchgrass.  Increasingly, the BFDP has been collaborating with the larger biomass
community, including the Northeast Regional Biomass Program, utilities, researchers, and other
groups, to evaluate how energy crops can play a roll in organic nutrient management and be
managed to maximize nutrient use efficiency.  These efforts have included preliminary studies to
identify options to utilize animal and other waste resources for nutrients while reducing the effects
of animal waste on water quality.102, 103 

In the Southeast, small-scale studies have been conducted since 1995 at three locations
(Alabama, western Tennessee, and Mississippi) to evaluate erosion, surface water quality and
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quantity, and subsurface movement of water and nutrients from woody, herbaceous, and
agricultural crops.104 For the biomass crops, the greatest erosion losses occurred in the spring
following establishment. As biomass crops more fully occupied the sites and soil cover increased,
quantities of runoff, sediment, and nutrient losses declined relative to the agricultural crops
(Fig. 3.4).105, 106 107, 108  Nutrient losses were closely linked to fertilizer application and the timing
and intensity of subsequent rainfall. 

 Cooperative studies located in South Carolina with a forest products industry, North Carolina
State University, and  the USDA/FS have also addressed water quality issues associated with
fertigation (a combination of fertilizer and irrigation) and large-scale biomass crop production. A
watershed study [20–40 ha (50–100 ac) and 800 ha (1970 ac) comparisons] is evaluating the
effects of  water level manipulation on water quality and quantity, soil quality, and SRWC
productivity. Nutrient and hydrologic models are being parameterized using the experimental data to
allow us to project to a wider variety of sites with different nutrient and management options.
Fertigation comparisons for hybrid cottonwood, sycamore, and sweetgum were initiated with
industry to identify the potential to maximize productivity.  The higher fertigation resulted in high
nitrate concentrations in the subsurface waters in the first and second years after planting, but in
subsequent years, there has been little nutrient movement in soil water beyond the 1-m depth (D.
Todd, ORNL, personal communication).

In the north-central region,  researchers with the University of Minnesota have compared the
impact of short-rotation hybrid poplar plantations and traditional natural forest on regional
groundwater quality and quantity.109, 110  Soil water samples have shown different temporal
patterns of nitrogen and phosphorous export; however there were no significant differences in
export related to crop type. Direct comparisons of nutrient and herbicide movement during
establishment and early management of hybrid poplar, switchgrass, and wheat have shown that
over the first three years of production no subsurface movement of herbicides applied to the crops
has occurred (Ken Brooks, University of Minnesota, personal communication).

3.3.2  Soil Quality and Carbon Storage

An integral component of environmental studies of both herbaceous and woody crops includes
quantifying the changes that occur in soil quality and soil carbon storage across a range of different
management practices, soil types, and climates. Much of the early research quantifying changes in
soil carbon was conducted on switchgrass plantings in the Southeast. 

Soil carbon sequestration and soil quality under switchgrass plantings is currently being
investigated in field plots located in Virginia, West Virginia, Tennessee, Georgia, Oklahoma, Texas,
Arkansas, and Louisiana. In the near future, research will be initiated by the USDA to evaluate
changes in soil quality and soil carbon levels in the northern Great Plains region.  Early indications
are that some soil improvement may be occurring in areas planted with switchgrass.111, 112   For
example, researchers have found that switchgrass roots will penetrate to 60–90 cm and contribute
to increased soil C (D. Parrish, VPI, personal communication).  In Alabama, improvements in soil
quality have been demonstrated by increased yields of conventional agricultural crops (corn and
soybean) that were planted after switchgrass in a crop rotation (D. Bransby, AU, personal
communication). Similar plantings of cotton following cottonwood trees in Mississippi have also
demonstrated the value of biomass crops for soil quality and subsequent crop yields. BFDP has also
funded studies to quantify the amount and distribution of coarse roots and soil organic carbon
inventories beneath switchgrass and other types of plant cover at four sites in the southeastern
United States. Garten and Wullshleger113, 114  found that there was significantly 
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Fig. 3.4.  Comparisons of sediment losses from biomass crops and agricultural crops show that losses from biomass

crops particularly when grown with a cover crop and from no-till agricultural crop production  were much lower that from sites
maintained weed free.
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more coarse root C under switchgrass and forest cover than under tall fescue, corn, or native
pastures, but that inventories of soil organic carbon under switchgrass were not different from
other plant covers. Using soil organic carbon measurements, they developed a two-compartment
model that predicts C accumulation and turnover in particulate organic matter and mineral-
associated organic matter. At the Knoxville, Tennessee, location, they predict a 12% increase in
soil organic carbon inventory over a 10-year period following switchgrass establishment. In Ohio,
Lal et al. evaluated soil quality and soil carbon of mined lands after reclamation to pasture and
forest.  The reclaimed mine lands that had top soil added had increased soil C storage when
compared with long-term pasture and natural forests.  Even after 25 years, the soil C level
continued to increase in forestland, whereas pastureland accumulation had leveled off (R. Lal, Ohio
State University, personal communication).

Soil carbon sequestration and soil quality under woody and herbaceous crops in comparison
with agricultural crops is being investigated in the north-central and southeastern  United States. At
the Mississippi site, carbon increases were documented primarily in the shallow soil (0–10 cm)
under cottonwood but not under cotton production.115  At the Alabama site, carbon increases under
sweetgum trees with a cover crop, switchgrass, and no-till corn have been documented, whereas
carbon losses occurred with production of sweetgum without a cover crop116 (Fig. 3.5).  At the
Tennessee site, soil carbon has increased under sycamore and no-till corn.115 In the north-central
region, comparisons of soil carbon under hybrid poplar plantings, agricultural crops, and farm
woodlands are inconclusive. Increases in carbon storage were identified on a number of the
plantings, but on others, the changes were negligible.  The researchers believe that the cooler
northern temperatures and the higher existing soil carbon make the changes harder to detect
without significantly increasing the number of samples collected (Jud Isebrands, U.S. Forest
Service, personal communication).  This observation is in contrast to the significant changes in soil
quality and soil carbon that are being seen on the southeastern sites where (1) plow pans that
restrict root and water penetration are widespread; (2) rainfall, erosion, and summer temperatures
are higher; (3) soil organic matter losses have historically been greater; and (4) the potential to
increase organic matter and carbon sequestration in the soil is greater.

Recently, BFDP has begun to investigate, in cooperation with USDA/ARS, the environmental
implications of using agricultural residue, particularly corn stover, for energy production. Corn
stover is a source of soil cover that reduces erosion and a source of organic matter that can
maintain or enhance soil quality.  Questions about harvesting corn stover for energy production
(i.e., conversion to ethanol) center on identifying the effects of removal on erosion, soil structure,
and stability and soil sustainability (i.e., whether significant decreases in soil organic matter and
carbon would occur with stover harvesting). This research will be part of an effort to identify
stover availability and harvest potential while maintaining soil cover, soil
stability, and soil quality.

3.3.3  Biodiversity

The role of energy crops in enhancing biodiversity has been an area of active research since
1992.  Early surveys to determine the use of biomass crops by wildlife were in response to
concerns raised by public and environmental groups.  Surveys initiated in 1992 across a variety of
regions focused primarily on identifying breeding bird use of biomass crops (Fig. 3.6).  In 1992 and
1993, intensive surveys of existing experimental and industrial planting of switchgrass and hybrid
poplars in the United States and Canada were conducted by Audubon researchers.117, 118  In 1994,
that work was expanded to monitor established 4- to 6-year-old plantings of hybrid poplar in 
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Fig. 3.6.  Bird nest in hybrid poplar planting
located near Alexandria, Minnesota.
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the prairie transition area of Minnesota and in 1996 to newly established scale-up plantings of
hybrid poplar in the same area.

Christian et al.119, 120, 121, 122 found that established hybrid poplar plantings were used more
extensively by birds and small mammals than common row crops but less extensively than natural
mixed forests. More complex patches of vegetation within plantings, resulting from clonal failure or
less frequent mowing, were associated with increases in small mammal and bird abundance and
diversity. In the wintertime, hybrid poplar plantings were used by deer and medium-sized mammals
much like openland habitats; however, medium-sized mammals typically associated with forests
(e.g., snowshoe hares, white-tailed jackrabbits) made little use of poplars. The wide-ranging
mammal species neither avoided nor selected hybrid poplar plantings.123

In other regions, the use of bioenergy crop plantings by birds has been compared with
alternative habitats. In Iowa, Audubon researchers found significant use of switchgrass by several
prairie specialist birds, such as sedge wrens, dickcissels, and eastern meadowlarks. However, not
all species (e.g., bobolinks) in the surrounding landscape used the switchgrass plantings but
preferred nearby prairie-type habitat (J. Beyea, National Audubon Society, personal
communication). In the Southeast, use of forest product industry-managed sweetgum, sycamore,
and pine plantings by breeding birds was compared with naturally regenerating hardwood
forests.124 These areas provided the opportunity to study plantings that spanned the range of ages
and sizes that could occur across a mixed landscape in support of a biomass industry. Bird
community structure and diversity in sweetgum and sycamore plantations were comparable to
similar aged hardwood forests.  Use of the younger plantings was similar to use of early
successional habitat of hardwood forests, both of which would have abundant shrub and weed
cover and open canopies. The diversity and abundance of breeding bird use of the young woody
crop and pine crop plantings was similar. With tree crop maturity, the bird diversity in the pines
dropped to only a few species, while the bird diversity in the woody crops increased and was
similar to that in natural forests.

As is true for changes in soil and water quality, the effects of energy crop production on
wildlife communities depend heavily on how the stands and acreages of biomass crops are
managed both on individual plantings and across entire landscapes.  The potential for benefits and
mechanisms/production methods to minimize risks will depend upon the soil types, locations, and the
types of land covers converted to biomass crop production.  The environmental studies to date
provide some of the site and field data that can be used to help identify the role biomass crops can
play in providing wildlife and soil and water-quality benefits and methods to minimize risks.  These
data will have to be verified by more extensive sampling across a wider range of locations and
within landscape contexts to accurately answer concerns about the environmental sustainability of
dedicated biomass crop production.
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4. OPERATIONAL RESEARCH

Operational R&D is conducted in commercial or in pre-commercial systems established in
partnership with the private sector. It involves the collection of data to understand and model
existing systems and the development of improved systems and equipment with the goal of
reducing the cost of the final commercial product (e.g., electricity, ethanol, chemicals, or other
bioproducts). Objectives of the R&D involve demonstrating and improving the reliability and quality
of biomass feedstocks, improving overall system efficiency, and reducing costs of feedstock
supplies. Supply logistics and crop production operations are addressed as separate (but interactive)
operational research elements within the BFDP. The industry-supported SRWC Operations
Working Group has also evolved into an important vehicle for sharing operational information
between different regions of the country.
 
4.1  CROP PRODUCTION OPERATIONAL RESEARCH

Crop production operational research seeks to promote innovation, cost-reduction, and
sustainable approaches in all aspects of crop production, including nursery or seed production
operations, site preparation, planting, maintenance, production, and harvest. 

BFDP has been engaged in some level of crop production operational research since the mid-
1980s. However, most studies initiated during this time did not last more than 1 to 3 years because
of decreases in program funding, changes in private sector priorities, and difficulty in successful
establishment of those plantations (mostly as a result of drought conditions). Although very few
results were published, the data reside in BFDP files and in annual project reports. 

One of the more successful BFDP-funded “crop operational research” projects from the late
1980s was the establishment of the North Central Hybrid Poplar Regional Planting. In 1987 and
1988, 10-acre plantings of hybrid poplar, each containing 10 different clones, were established
across a 4-state region in the north central United States. The work was cooperatively supported
by the North Central Forestry Research Station (USDA), BFDP, the Electric Power Research
Institute (EPRI) and a private sector partner (Energy Performance Systems, Inc). Approximately
130 acres were successfully established and maintained. The plantings provided information on
clonal performance, establishment, and weed control methods that were utilized for operational
hybrid poplar plantings established in the mid-1990s in Minnesota.125 

In the late 1980s and early 1990s several fiber companies in the Pacific Northwest United
States established thousands of acres of commercial plantings of hybrid poplar for fiber production
(Fig. 4.1). BFDP-funded researchers at the University of Washington and Washington State
University were relied upon heavily by those companies for their expertise and knowledge about
hybrid poplar clonal performance and crop management techniques. No formal collaborations were
established at the time for collecting operational data because of proprietary interests of the
companies. However in more recent years, the companies have been cooperating and sharing
information and are key members and supporters of the SRWC Operational Working Group. 
Collectively, fiber companies have to-date established about 70,000 acres of commercial hybrid
poplar plantations in the Pacific Northwest United States. While most private companies will not
provide specific crop production cost information, they have allowed observation of crop production
and harvesting activities to the extent that those costs can be fairly reliably estimated. 

Operational woody crop plantations were collaboratively established once again in the mid-
1990s in Minnesota by the WesMin Resource Conservation and Development Council
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Fig. 4.1. Commercial poplar planting in the Pacific Northwest.

(RC&D) and the USDA/FS, EPRI, and others with funding from BFDP. Approximately 2000
acres of hybrid poplar were established in 1994 and 1995 in west-central Minnesota near
Alexandria on Conservation Reserve Program (CRP) land. No specific end-use (or consumer) of
the fiber was identified at the time of the planting, nor have any been identified to date. Data are
being collected from this acreage by BFDP researchers and by project cooperators. Detailed
production activities and cost data from the Minnesota hybrid poplar planting managed by
WesMin RC&D have been published. 126,127

A second, 3000-acre planting of hybrid poplar was independently established by University of
Minnesota-Crookston, Agricultural Utilization Research Institute, and Minnesota Power and Light
(MPL) researchers in 1995. This project involves 14 farmers near Oklee, Minnesota, in the
northwest part of the state. The project was supported with state funds and facilitated by the
negotiation of a 31-year contract with MPL for purchase of wood at each 10-year rotation.
Production data are being collected on this project as well.

Other operational data on energy crops are being derived from integrated bioenergy
demonstrations established as a result of actions of the DOE Biomass Power Program. The
BFDP and other project cooperators are gathering operational data from these sites by
establishing cooperative ties with the project managers and participants, by funding local
individuals to assist with data collection, and by providing standardized data collection
methodologies. The three projects are briefly described.

The 4000-acre switchgrass-to-energy demonstration project in south-central Iowa is growing 
switchgrass on CRP land to produce 3000 tons of grass for a co-firing trial in a 780-MW coal-fired
power plant at Ottumwa, Iowa. This work is made possible by special waiver from the USDA to
produce, manage, and harvest switchgrass on CRP land under existing contract. Switchgrass to be
used for the first cofiring tests at this facility do not come from recent plantings. Currently existing
plantings of switchgrass are being enhanced by weed control, re-seeding, and fertilization. Since
the Ottumwa power plant is located a substantial distance from the 4000-acre switchgrass
production area, the logistics of cost-effectively harvesting, handling, storing, and transporting the
material to the facility is a  major issue. Agricultural economists at Iowa State University are
funded by BFDP to assist with collecting and analyzing the total operational cost data.  



4-3

The New York Salix Project is in the process of completing planting of nearly 500 acres of
hybrid willow in western New York to provide partial wood supply to a DOE-funded co-firing
project. The land is privately held farmland (mostly former dairy farmland) and does not include
the use of CRP land. This DOE Biomass Power for Rural Development Project includes a
component for tracking and recording the planting and field preparation costs, as well as a future
component for tracking harvesting, transporting, and processing cost data. Participants in collecting
the data include landowners, State University of New York (SUNY) staff, Cornell University
staff, and FORECON, a timber stand improvement and forest management company that has
been involved in site preparation, planting, and maintainance of most of the willows planted to date.
The data are currently being compiled for BFDP on a field-by-field, operation-by-operation basis.

More than 330 acres of Alamo switchgrass has been planted on private farmland in
Alabama.128 The eventual use of this grass will be for a DOE-funded co-firing test and
demonstration in a coal-fired power plant in Gadsden, Alabama. BFDP is collaborating with
researchers at Auburn University who are documenting costs and evaluating alternative harvest
and handling techniques. The Alabama experience has shown that characteristics of switchgrass
such as a clumped growth pattern and high ash content can lead to rigid, densely packed stems
which cause tire damage and nonproductive down time. This problem can be easily addressed with
appropriate equipment modifications and is an example of the valuable information often learned
only by operational experience. This problem can be easily addressed with appropriate equipment
modifications and is an example of the valuable information often learned only by operational
experience. 

A 50-MW biomass-fired facility using hybrid poplar may be built in Minnesota by
Beck/Energy Performance Systems, Inc. The power purchase agreement with Northern States
Power has been approved by the state’s Public Utility Commission. Previous to this, DOE funded
feasibility studies and some equipment development related to the proposed project. About 200
acres of hybrid poplar were planted in spring 2000 in support of the project. If the project
overcomes financial and permitting hurdles, a planting rate of 5000 acres/year starting in 2001 is
anticipated. The project could be a source of cost and risk data and provide additional opportunities
for collaborative improvement of supply logistics.

4.2 SUPPLY LOGISTICS OPERATIONAL RESEARCH AND DEVELOPMENT

Supply logistics research focuses on the equipment, systems, and infrastructures required to
economically move biomass from where it is generated to where it is used in a form needed by the
end-user. Operational components include biomass collection or harvest, field handling or
processing, storage, transportation, drying, and on-site handling or processing. The order of
components varies according to the system, and some systems may include other operations, such
as ensiling or chopping. Similar supply logistics issues apply whether feedstocks are energy crops,
agricultural or forest residues, or industrial wastes, though the infrastructure involved and the
equipment used varies considerably. Supply logistics research has only recently been added as a
component of BFDP because it was assumed that the private sector would undertake the research
as bioenergy and bioproducts markets developed. However, these markets have not developed as
quickly nor in ways that were expected. With the initiation of integrated bioenergy demonstrations
and with increasing requests for detailed economic analyses of potential bioenergy systems, the
need for BFDP to engage in supply logistics research has been recognized. Understanding the
existing supply infrastructure and limitations, transaction costs associated with biomass supply
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Fig. 4.2.  Corn stover bales.

chains and facilitating development of new infrastructure and transaction pathways, where needed,
is part of the supply logistics challenge.

Numerous opportunities exist for evaluation of the operations and supply logistics involved in
supplying agricultural, forest, urban, and industrial residues and wastes to bioenergy projects.
Several ethanol projects using urban and agricultural residues are in the financing and construction
stages. A recent DOE solicitation for co-firing projects may create opportunities for assisting with
improvement of urban and forest residue supply logistics and operational-scale data. The BFDP
will be involved in these efforts pending adequate funding.

4.2.1  Collection of Forest Thinnings and Residues 

The harvest of dead, dying, and non-merchantable wood has been proposed as a means of
reducing fire risk, restoring the forest to pre-European settlement conditions, and providing a new
source of income. Long-term economic and environmental sustainability of this practice is
unknown. A recent BFDP project in the western United States worked with local and community
groups to understand the effects of forest thinnings on water yield and the long-term flow of
biomass wood from these forests. Model results indicated that the forest thinnings would have little
observable effects on water quantity or quality downstream of the activities.129, 130, 131

4.2.2  Agricultural Residue Supply Logistics

The BFDP is collaborating with the National Renewable Energy Laboratory (NREL) to model
the supply logistics and costs of collecting, transporting, and processing corn stover for use as an
ethanol feedstock. The results will be linked to the ethanol conversion models developed by NREL
to obtain full supply-chain economics.

The BFDP recently funded production of a detailed report on the supply logistics of farmers
supplying corn stover to user facilities in Iowa. This report could be useful to entrepreneurs in
other areas, and it also identifies potential research needs. The farmers involved have formed a
company to develop a business enterprise focused on collecting and supplying corn stover for a
variety of end-uses (Fig. 4.2).
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4.2.3  Energy Crop Harvest and Handling

At the 330-acre operational switchgrass site in Alabama, a BRANCHOP™ process for
harvesting and handling chopped switchgrass is being evaluated.128 This process is in contrast to
the more traditional method of baling using large square or large round bales. This analysis will
show comparative costs and anticipated reduced handling across the entire process.
BRANCHOP™ has potential application for other areas of the United States and other
herbaceous feedstock types as well. 

Traditional baling is the preferred methodology for harvesting switchgrass at the Iowa project.
However, John Deere, Inc., and Vermeer Corporation are collaborating with farmers on actual in-
the-field testing of new harvesting and baling equipment.

A harvester under development by Energy Performance Systems, Inc., has the potential for
reducing harvest and handling costs for SRWC established in relatively large uniform
plantations.132 Once the prototype is completed (proposed to be cost-shared by BFDP and DOE),
the harvester will be tested on fiber company operational sites and compared with conventional
SRWC harvesting systems. 

Information is being collected by a European collaborator on willow harvesting systems
currently in use in Europe. This information will be used to improve our economic modeling of
willow crop production. 

4.2.4   Energy Crop Storage 

Information on storage costs and effects of storage on feedstock quality and storage longevity
is being compiled by researchers at Prairie Lands Bio-Products, Inc., and ISU. Currently, 3000
tons of switchgrass are being stored in a single building at the Ottumwa Generating Station in
Iowa.

One aspect of the BRANCHOP™ process for handling switchgrass that is being tested is
whether to store large piles of harvested switchgrass outside at field sites or at a conversion
facility. Options being studied include covering the piles, leaving piles uncovered, or putting piles in
underground bunkers.  

Studies conducted by NREL on the effects of storage of switchgrass under a variety of
conditions have shown that large bales from an earlier season’s field harvest tended to degrade
more when exposed to large amounts of rainfall than a second harvest. It was also shown that
there was little or no degradation nor weight loss when bales were stored inside.133 

4.2.5  Transactions Costs

A recent survey of farmers in Alabama regarding their interest in producing switchgrass
provided interesting results. Those expressing the most interest are crop producers rather than
cattle producers—even though cattle production is generally not an economically profitable use of
the land in the region. A similar survey is being planned for Iowa farmers. 

In Iowa, Farmers’ Cooperatives are being established. These farmer-producer-owned
cooperatives may be instrumental in reducing transactions costs, facilitating information exchange
and helping to develop markets and demand for their products. 
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4.2.6  Analysis and Information Exchange

Operational research data are being used to improve and update the crop production
economics model (BIOCOST) that was developed by BFDP staff. That model is being used to
support potential resource cost-supply analyses and integrated systems modeling — as described in
the next section on Integrated Resource Analysis and Assessment.  Some operational experience
and cost data are being published in reports produced by BFDP and by University subcontractors.
The BFDP is continuing to maintain and organize a repository of information on the costs, risks,
and environmental effects of operational conditions for energy crop production. However, the most
important objective of operational crop production and supply logistics research is to assist
development of economically viable bioenergy and bioproducts enterprises. Thus, much of the
information gained through cost-shared BFDP operational efforts may never be officially
documented or published but will be transferred directly to private industrial partners who will
benefit in different ways from this information.
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5.  INTEGRATED RESOURCE ANALYSIS AND ASSESSMENT
RESEARCH

Integrated Resource Analysis and Assessment Research integrates information from, and
provides input to, other BFDP tasks and DOE programs to aid in economic and policy analysis of
biomass systems.  The work involves creation of tools, models, and databases that can be used by
firms, government agencies, and other institutions to conduct analyses pertinent to their needs. 
Economic and policy analysis focuses on regional and national issues; analysis is not conducted for
a particular firm or site, but information is available in the form of databases and user-friendly
models that can be used by individual firms to conduct screening and pre-feasibility analysis. 
Historically, the research has focused on dedicated energy crops; in recent years, analyses of
other biomass feedstocks (i.e., forest residues, mill residues, urban wood wastes, and agricultural
residues) have been included.

The research functions through collaboration with other BFDP personnel, other DOE
laboratories, universities, government agencies, and researchers at other institutions.  The     BFDP
uses consistent, standard methodologies and assumptions, and where feasible, existing models. 
This enhances the credibility of the analyses, facilitates the acceptance and use of the information,
and helps to alleviate the problem of comparing apples and oranges that is frequently encountered
when using information obtained from different sources.  To increase flexibility in the types of
questions that can be addressed, models and databases are developed in a way that facilitates their
linkage in various combinations. 

5.1  DATABASES

Currently, BFDP has developed two biomass resource databases that are available for use by
other researchers, agencies, and firms.  The Oak Ridge Energy Crop County Level Database
(ORECCL) includes general information, at a county level, about current agricultural land uses and
agricultural lands that are suitable for energy crop production.  Also included in the database is
information about three energy crops—switchgrass, hybrid poplar, and willow— including
expected yields and range and estimated production costs.  The database and documentation are
available on the BFDP web site (http://bioenergy.ornl.gov/bfdpmain.html). The database is
periodically updated to reflect new information. 134

The Multi-Feedstock Biomass Resource Database contains estimated price and quantity data
for forest residues, mill residues, urban wood wastes, agricultural residues, and dedicated energy
crops.  Information is currently at a state level and includes quantities available at selected
delivered prices ($20, $30, $40, $50/dt and assuming an average $8–10/dt transport cost).  The
estimates are supported by individual resource models, and the database is currently being refined
to include sub-state information and narrower price intervals.  The database and documentation
are currently available upon request and are being placed on the BFDP web site.  Figure 5.1
summarizes the information in the database. 135

5.2  ECONOMIC MODELS

The task has developed several models that can be used to evaluate different economic and
policy issues relevant to biomass systems.  BIOCOST is an Excel™ -based budget-generator
model used to estimate regional costs of producing switchgrass, hybrid poplar, and willow.136  
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Fig. 5.1.  Potential available biomass quantities in 2000.

The model is a full-economic-cost model and uses methodology consistent with that used by
USDA to estimate the costs of producing traditional agricultural crops which facilitates the
comparison of energy crop production costs with those of traditional agricultural crops.  Full
economic costs include all variable cash costs (i.e., seeds, fuel, fertilizer, chemicals, etc.), all fixed
cash costs (overhead, taxes, insurance, interest payments), and opportunity costs (equipment
depreciation, producer’s own labor, non-land capital costs, and land costs).  The model includes
default values, but users can change nearly all input parameters to tailor the estimates to their
specific situation.  The model is periodically updated and modified to include new information
gained from research and operational studies.  BIOCOST is available upon request. In
collaboration with REAP Canada (Resource Efficient Agricultural Production), a Canadian version
of BIOCOST is also available. BIOCOST-Canada estimates production costs for switchgrass and
willow in eastern Canada and includes a soil carbon sequestration component.137  A modified
version of BIOCOST has been used to estimate the cost of the whole tree harvest system.138

The Oak Ridge Integrated Biomass Assessment System (ORIBAS) is a Geographic
Information System (GIS)-based transportation model.139, 140  The model incorporates a complete
road network for each state, and transportation costs are estimated as a function of the technology
used, time needed, and distance traveled.  Using information about the geographic distribution of
feedstocks within a region, the average cost of the feedstock by location, and the quantity of
feedstock required by a user facility, ORIBAS can be used to estimate the cost of delivering the
needed quantities of feedstock to a user facility.  The model can be used to identify locations with
the least-cost feedstocks and can be used to explore impacts on delivered feedstock costs resulting
from the existence of multiple facilities in a region competing for the same feedstock. 



Fig. 5.2.  Bioenergy crop production (assuming the production production scenario on
Conservation Reserve Program acres), $40/dt, year 2008).
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Currently under development, the Biomass Resource Logistics Model will be used to estimate
the optimum combination of biomass resource collection, transportation, storage, and handling
technologies to minimize feedstock costs to an user facility requiring a given annual feedstock
quantity and considering the distribution density of the feedstock around the facility.  When
completed, it is anticipated that the model will be available on request.
  The Policy Analysis System (POLYSYS) is an agricultural sector model used to estimate the
cost-competitiveness and impacts of biomass crops with traditional agricultural land uses.141  The
POLYSYS model includes all of the major crops, derivatives markets, livestock sector, and food,
feed, industrial, and export demand.  It includes the major cropland categories (i.e., land currently
cropped, idled, in pasture, or in the Conservation Reserve Program).  In a joint project between
DOE and USDA, in collaboration with the University of Tennessee, the POLYSYS model has
been modified to include switchgrass, hybrid poplar, and willows.  The modified model can be used
to evaluate the price needed to make energy crops competitive with traditional agricultural land
uses; evaluate the impacts of energy crop production on traditional crop production quantities,
location, and price, and on net farm income; and examine the impacts of agricultural and energy
policies on the competitiveness of bioenergy crop production.142

5.3 ECONOMIC AND POLICY ANALYSES

The databases and economic models developed are currently being used in several economic
and policy analyses.  In addition, the information generated from these analytical efforts is being
used by other researchers in numerous other studies.

The economic potential for, and the potential impacts of, bioenergy crop production have been
evaluated using the POLYSYS model with inputs from ORECCL and BIOCOST.  The analysis
indicates that at a $40/dt farmgate price, approximately 42 million acres (23.4 from land in current
crops, 12.9 from Conservation Reserve Program, and 5.6 from idled and pasture) equivalent to 188
million dry tons of production, could be produced at a profit greater than existing uses for the land. 
Traditional crop prices are expected to increase 9 to 14 percent over projected prices without
bioenergy crop production, and net farm income increases by $6 billion annually.143, 144  Figure 5.2
shows the location of bioenergy crop production.

Use of the CRP to produce and harvest bioenergy crops is often suggested as an effective
means to introduce biomass crops to the agricultural sector and to supply low-cost feedstocks to
user facilities, because part of the production cost would be covered by the annual CRP rental
payment.  To evaluate this potential, the USDA and DOE jointly developed energy crop
management practices and CRP program options that could be incorporated into the POLYSYS
model.  The analysis indicates substantial potential to use CRP acres to produce biomass energy
crops (i.e., 6.2 million acres at $30/dt and assuming a management practice designed to achieve
high wildlife diversity and 12.9 million acres at $40/dt using a management practice designed to
achieve high biomass productivity).  Results of the analysis were cited by Senator Harkin (D-IA)
in introducing legislation to establish a pilot program to use CRP acres for biomass production. 
The legislation passed and USDA is currently developing protocols to manage the pilot program.

In August 1999, President Clinton signed Executive Order 13134 calling for a threefold
increase in the use of bioenergy and biobased products by 2010.  This goal of tripling the use of
bioenergy was based principally on the information contained in the Multi-Feedstock Biomass
Resource Database.  This analysis as well as results from the POLYSYS model are currently
being used to garner support for the initiative.
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Hybrid poplar has high potential to be used as a new fiber source in addition to being an
energy and bioproducts feedstock.  A joint analysis with the USDA/FS is evaluating the potential
for hybrid poplar to become a fiber source, with processing residues (such as tops, limbs, and bark)
used for energy.  A modified POLYSYS model is being combined with several Forest Service
models, such as NAPAP (paper/pulp) and TAMM/ATLAS (forest inventory and roundwood), to
evaluate the potential for hybrid poplar to become a joint fiber/energy source and to evaluate the
potential impact this might have on the agricultural sector and on forest harvest.  Preliminary
results for paper and pulp use only indicate that over the next fifty years hybrid poplar could
become a significant fiber source (Fig. 5.3).145, 146 

Corn stover, the aboveground non-grain parts of corn, is an existing biomass feedstock that
could be collected and used, among other things, to produce ethanol as a liquid transportation fuel. 
A study is currently analyzing the potential economic impacts that could result from developing a
corn-stover-to-ethanol industry in the ten Midwestern states that produce the greatest quantities of
corn.  The study combines the Multi-Feedstock Biomass Resource Database, ORIBAS,
conversion costs from the National Renewable Energy Laboratory (NREL), and IMPLAN, a
regional input-output model, to estimate the direct, indirect, and induced employment, value-added,
and total economic output resulting from the establishment of the corn stover industry.  Analysis is
conducted for each state and includes one-time impacts associated with the construction of the
ethanol plant, as well as annual impacts associated with plant operation, the agricultural sector, and
the transportation sector.  Fig. 5.4 shows the effect of ethanol facility size on the price of corn
stover for the first 15 least expensive locations in Iowa. 

Utilizing the Multi-Feedstock Biomass Resource Database and ORCED, an ORNL electricity
generation and distribution model, the task is evaluating the potential for co-firing biomass in coal
electricity plants.  Because existing coal plants are fixed as to their geographic 
location, this study will match the availability of biomass feedstocks with coal plant location.  The
study will analyze whether sufficient resources are available within a given radius of existing coal
plants, whether the price is competitive, and if not, what policies might need to be implemented to
improve the potential for co-firing.

In addition to the policy analysis, databases provide biomass resource information for use in
economic and policy studies supported by other groups.  Among these studies are the Ethanol
Evolution Study funded by the U.S. DOE’s Office of Transportation Technologies (DOE-OTT);
the Transition to Alternative Fueled Vehicle Study funded by the DOE Office of Policy (OP); the
National Energy Model System funded by the DOE’s Energy Information Agency (EIA); the
Tellus Institute Evaluation of the Kyoto Protocol funded by the U.S. Environmental Protection
Agency (EPA); the Union of Concerned Scientists Renewable Energy Study; several Biomass
Life Cycle Assessments funded by University of California-Davis, National Renewable Energy
Laboratory, and Argonne National Laboratory; the Forest and Agriculture Sector Optimization
Model funded by the EPA; and the BioEnergy Assessment Model (BEAM) funded by the
International Energy Agency.

5.4  FUTURE RESEARCH DIRECTIONS

Integrated resource analysis and assessment research will continue to expand and improve
models that estimate biomass resource supplies, particularly with respect to the less expensive
feedstocks, such as urban wood wastes and mill residues.  Work will expand to include more
biomass demand-side analysis and to integrate the demand and supply analysis in a general
equilibrium framework.  Greater emphasis will be placed on evaluating the biorefinery concept that
allows for simultaneous production of multiple products.  Another area of future research involves 
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Fig. 5.3.  Consumption of wood and fiber raw materials in pulp, paper, and 
paperboard production in the United States, 1900-2050.
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integrating environmental and economic models.  This analysis will include using economic models
to determine changes in land-use patterns and management practices and linking these changes
with environmental models to determine potential environmental impacts at a regional or national
level.  A final area of new research includes risk assessment, such as ways in which energy crop
production can diversify farm income risk and evaluation of market risks associated with price
volatility of biomass resources and competing feedstock and product markets.
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6.  PARTNERSHIP AND OUTREACH ACTIVITIES

The mission of any communication from BFDP is to provide useful, accurate information
products and efficient management services that enable the establishment and maintenance of
effective external and internal communication and public information dissemination. This activity
serves to keep DOE sponsors and diverse stakeholders aware of the accomplishments of the
program and will facilitate the preparation and distribution of information materials by BFDP and
DOE for the general public.

There are many areas of communication from within BFDP. Each of the task managers is
involved in communication activities, and the level of annual staff time commitment can be
significant in any given period. Communication may include, but is not restricted to, farm show
participation, International Energy Agency task participation, contributions to and updating of the
Bioenergy Information Network, and Short Rotation Operations Working Group web sites. In
addition, staff assemble information documents and publications for mailing in response to very
general or very specific requests, publish the Energy Crops Forum newsletter, and assemble
general or specific fact sheets or “Frequently Asked Questions” sheets. Finally, staff are involved
in providing responses and requests that come via email and phone from a wide variety of
customers, compilation of subject-specific information kits to enable quick turnaround to
information requests, and keeping information organized so that these services can be provided
efficiently. Information service activities also involve assisting other BFDP staff in creating slides;
ordering reproduction of slides, viewgraphs, prints, posters, and other media products needed for
professional presentation by BFDP program and task managers; and final preparation and
reproduction of technical reports from all BFDP tasks.

In addition, one or more staff members have contributed consistently to the Biomass Power
for Rural Development Projects with technical monitoring and contribution at numerous meetings
across as many as three to five projects for over 6 years. Contribution of time may include
reviewing proposals and reviewing quarterly and annual project reports, spending many hours on
the phone in one-on-one calls, conference calls, or video-teleconference calls. 

Several staff members have participated actively in a series of meetings with environmental
constituencies across the country to provide input and to identify, define, and document interests
and concerns of internal and external stakeholders relative to bioenergy crops and agricultural
residues, cultivation, and harvesting practices.147 This characterization activity has focused on
environmental and agricultural stakeholders. 

It is important to understand the breadth and volume of BFDP cooperators to truly
comprehend the volume and necessity of communication and education. The following provides a
list of collaborators by U.S. geographical region and includes national and international projects. 

List of Current Projects and Collaborators

South Central and Southeast Region
                     Basic switchgrass genetics and physiology research: 
                          Oak Ridge National Laboratory, University of Tennessee, Texas A&M
                          University, Oklahoma State University 

                     Midsouth switchgrass variety trials and crop management studies: 
                          Auburn University, University of Georgia 
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        South Central switchgrass variety trials and crop management studies: 
                          Texas A&M University, USDA-Agriculture Research Service,
                          USDA-Agriculture Extension, USDA- Plant Materials Centers 

                     South Central switchgrass breeding and selection: 
                          Oklahoma State University 

                     Switchgrass biotechnology: 
                          University of Tennessee, Oak Ridge National Laboratory 

                     Upper Southeast switchgrass variety trials and crop management studies: 
Virginia Tech, University of Tennessee, University of Kentucky, West
Virginia University 

                     Physiology, biochemistry and subsurface nutrient movement in irrigated
                     short-rotation woody crops: 
                          Oak Ridge National Laboratory, Union Camp Corporation, USDA Forest
                          Service 

                     Poplar breeding for the Southeast: 
                          USDA Forest Service, Mississippi State University, Louisiana State
University,
                          University of Florida, Boise Cascade Corp., Champion International Corp.,
                          International Paper Co., International Forest Seed Co., James River
                          Corp., Scott Paper Co., Union Camp Corp., Westvaco Corp. 

                     Nutrient fate and water quality associated with hardwood crop production:
                          Oak Ridge National Laboratory, Union Camp Corp., USDA Forest
                          Service, North Carolina State University
 
                     Effects of energy crops on soil erosion: 
                          Alabama A&M University, Tennessee Valley Authority, Mississippi State
                          University, University of Tennessee 

                     Environmental monitoring: 
                          National Audubon Society, Union Camp Corp., Clark University 

                     Use of pulp mill residues as soil amendments: 
                          National Council for Air & Stream Improvement, Clemson University 

Northeast Region
        Development of hybrid willow production systems: 

                          State University of New York, Niagara Mohawk Power Corp., NY
                          State Electric & Gas Corp., NY State Energy Research & Development
                          Authority, Electric Power Research Institute, Empire State Electric
                          Research Corp., Burlington Electric Dept., USDA Forest Service 
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North Central Region
                   Basic physiology of hybrid poplars in North Central Region: 
       USDA Forest Service, University of Minnesota, Iowa State University  

                     Bird and mammal use of poplar plantations: 
                          USDA Forest Service, University of Minnesota, Natural Resources
                          Research Institute, WesMin Resource Conservation & Development
                          District 

                     Clonal trials of hybrid poplars — field sites in four states: 
                          USDA Forest Service, Iowa State University, University of Minnesota,
                          University of Wisconsin, Michigan State University, Wisconsin Dept. of
                          Natural Resources 

                     Hybrid poplar disease monitoring and studies in North Central Region: 
                          USDA Forest Service, Iowa State University, University of Minnesota,
                          University of Wisconsin, Michigan State University  

                     Wood Energy Scale-Up Project: 
                          WesMin RC&D Council, USDA, USDA Forest Service, University of
                          Minnesota, Minnesota Dept. of Natural Resources, Agricultural Utilization
                          Research Institute 

                     Poplar breeding for North Central Region: 
                          Iowa State University, Iowa Dept. of Natural Resources 

                     Poplar Physiology Modeling: 
                          USDA Forest Service 

                     Switchgrass development for Midwest/Plains: 
                          USDA Agricultural Research Service, Iowa State University
                         Purdue University, University of Nebraska 

                     Switchgrass scale-up, agronomic and economic research: 
                          Iowa State University, Chariton Valley RC&D Council 

                     Nutrient, water, and pesticide cycling in energy crops: 
                          USDA Forest Service, University of Minnesota, Natural Resources
                          Research Institute 

                     Soil characterization under short rotation woody crops: 
                          USDA Forest Service, University of Minnesota-Duluth Natural Resources
                          Research Institute 

                     Watershed level water quality modeling for energy crops: 
                          Purdue University 
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                Pacific Northwest Region
                     Biochemical control of drought resistance in poplars: 

                          Oak Ridge National Laboratory, Boise Cascade Corp. 

                     Poplar molecular genetics cooperative: 
                          University of Washington, James River Corp., Boise Cascade Corp.,
                          Georgia Pacific Corp., Washington State University, Alberta Pacific, U.S.
                          Forest Service Rhinelander, British Columbia Ministry of Forests,
                          MacMillan Bloedel of America, Nippon Paper Co., Weyerhaeuser Co.,
                          Scott Paper Ltd. 

                     Poplar physiology and genetics for Pacific Northwest: 
                          University of Washington, Washington State University 

                     Tree genetic transformation cooperative: 
                          Oregon State University, Weyerhaeuser, Potlatch, Crown Pacific Corp.,
                          Boise Cascade Corp., Willamette Industries, James River, MacMillan
                          Bloedel, Union Camp Corp., Georgia Pacific Corp. 

National and International Projects
                     Modeling of energy crop production and agricultural residues:
                          Oak Ridge National Laboratory, University of Tennessee 

                     Waste and residue assessments: 
                          Oak Ridge National Laboratory, University of Tennessee, Regional
                          Biomass Energy Program, National Renewable Energy Laboratory 

                     IEA Short Rotation Crops Task:
                          Oak Ridge National Laboratory and many of the previously listed
                          organizations
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