Office Technology RD&D Plan

Section 2: Office Technology Research, Development, and
Demonstration Plan

The Bioenergy Technologies Office’s research, development, and demonstration efforts are
organized around four key technical and three key crosscutting program areas (see Figure 2-1).
The first three technical program areas—Terrestrial Feedstock Supply and Logistics R&D,
Advanced Algal Systems R&D, and Conversion R&D—focus on research and development
(R&D). The fourth technical program area—Demonstration and Market Transformation—
focuses on integrated biorefineries and distribution infrastructure and end use. The crosscutting
program areas—Sustainability, Strategic Analysis, and Strategic Communications—focus on
addressing barriers that could impede adoption of bioenergy technologies. Organizing in this
way allows the Office to allocate resources for technology development and pre-commercial
demonstration of technologies across the biomass-to-bioenergy and bioproducts supply chain as
well as addressing crosscutting efforts.
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Figure 2-1: Bioenergy Technologies Office work breakdown structure

Bioenergy Technologies Office Organization

Research and Development

The R&D activities sponsored by the Office are focused on addressing technical challenges and
opportunities, providing engineering solutions, and developing the scientific and engineering
underpinnings of emerging bioenergy and bioproducts industries. Near- to mid-term R&D 1is
focused on developing terrestrial feedstocks supply and logistics technologies from field to
landscape to commodity scales, and moving algal feedstock and conversion technology
development from concept to pre-commercial pilot-scale.
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The goal of RD&D focused on the longer term is to accelerate technology implementation and
develop new or improved technologies by developing deeper knowledge of terrestrial and algal
biomass, feedstock supply systems, biological systems, and conversion processes. This
knowledge can ultimately be used to increase the availability of biomass supplies at lower cost
and higher quality, improve conversion efficiency, and reduce conversion cost while reducing
carbon dioxide equivalent emissions and water use. Office-funded R&D is performed by national
laboratories, industry, and universities.

The Office’s R&D includes three technical program areas:

e Terrestrial Feedstock Supply and Logistics R&D is focused on developing
technologies to provide a reliable, affordable, sustainable' supply of terrestrial biomass to
enable a nascent and growing bioenergy industry. This R&D is focused on two areas—
resource assessment of present and future sustainable terrestrial feedstock supplies, and
feedstock logistics R&D focusing on lowering the cost and improving the efficiency of
supply chain logistics operations (i.e., harvesting, storage, preprocessing, and
transportation) in order to reduce the cost, improve the quality, and increase the volume
of feedstock available for delivery to biorefinery conversion reactor inlets (for details, see
Section 2.1.1).

e Advanced Algal Systems R&D is focused on two areas—algal biomass supply and
logistics. Algal biomass supply includes resource assessment, algal strain improvement,
and development of efficient cultivation systems to increase productivity. Algal logistics
includes reducing costs and improving efficiencies of harvest/dewatering and sustainable
intermediate production and stabilization (for details, see Section 2.1.2).

e Conversion R&D is focused on developing commercially viable technologies to convert
terrestrial and algal feedstocks into liquid fuels, as well as bioproducts and biopower. The
Office’s Conversion R&D program area focuses on the deconstruction of feedstock into
intermediate streams (sugars, intermediate chemical building blocks, bio-oils, and
gaseous mixtures) followed by upgrading of these intermediates into fuels and chemicals
(for details, see Section 2.2).

Demonstration and Market Transformation

The Office’s Demonstration and Market Transformation program area focuses on validating
integrated biorefinery (IBR) applications at increasing engineering scale and on biofuel
distribution infrastructure and end use. The first goal is to develop emerging conversion
technologies beyond bench scale to pre-commercial demonstration scale and reduce the technical
risk at increasing complexities and increasing scales to enable the construction of pioneer biofuel
production plants by industry. The second goal of Demonstration and Market Transformation is
to develop the supporting infrastructure needed to enable a fully developed, operational, and
sustainable biomass-to-bioenergy value chain in the United States.

' The Bioenergy Technologies Office’s approach to sustainability is consistent with Executive Order 13514, which
provides the following definition: To create and maintain conditions, under which humans and nature can exist in
productive harmony, that permit fulfilling the social, economic, and other requirements of present and future
generations. For more on sustainability, see Section 2.4.
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Demonstration and Market Transformation includes two areas:

e IBR activities focus on demonstration of integrated conversion processes at an
engineering scale sufficient to demonstrate and validate commercially acceptable cost,
performance, and environmental targets. IBR activities address problems encountered in
the so-called “Valley of Death” between pilot-scale and pioneer-scale first-of-a-kind
demonstration, as illustrated in Figure 2-2. These efforts are industry-led, cost-shared,
and competitively awarded projects. Intellectual property and geographic and market
factors will determine the feedstock and conversion technology options that industry will
choose to demonstrate and commercialize. Government cost share of biorefinery
development is essential due to the high technical and financial risk of first-of-a-kind
biofuels production at increasing scale. The Office will continue to fund a number of
pilot- and demonstration-scale biofuel production facilities over the next 10 years.

¢ Biofuels Distribution Infrastructure and End Use activities focus on coordinating with
other federal agencies and DOE offices to develop the required biofuels distribution and
end-use infrastructure. These activities include evaluating the performance and material
compatibility, as well as the environmental, health, and safety impacts of advanced
biofuels and biofuel blends. These efforts also include co-development of engines and
fuels to optimize vehicle performance.

Demonstration and Market Transformation is conducted via Office partnerships with industry
and other key stakeholders (for details, see Section 2.3).

Pilot Demonstration Pioneer

Pioneer Plant

Demonstration Plant

GOVERNMENT/
PRIVATE PARTNERSHIP
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TRL = technology readiness level, IPO = initial public offering, VC = venture capital

Figure 2-2: Technology development and scale-up to first-of-a-kind pioneer facility
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Crosscutting Activities

The Office’s crosscutting program areas include Sustainability, Strategic Analysis, and Strategic
Communications. These three program areas work together to support a holistic body of
knowledge and tools related to the economic, environmental, and social dimensions of advanced
bioenergy. These areas also work together to engage with diverse stakeholders and decision-
makers to ensure that these tools and information are accessible and effectively communicated.

¢ Sustainability activities focus on developing the resources, technologies, and systems
needed to support a thriving bioenergy industry that protects natural resources and
advances environmental, economic, and social benefits. The existing and emerging
bioenergy industry—which includes such diverse sectors as agriculture, waste
management, and fuel distribution—will need to invest in systems based on economic
viability and market needs, as well as environmental and social aspects such as resource
availability and public acceptance. To that end, the Office supports analysis, research,
and collaborative partnerships to proactively identify and address issues that affect the
scale-up potential, public acceptance, and long-term viability of advanced bioenergy
systems (see Section 2.4.1).

e Strategic Analysis includes a broad spectrum of crosscutting analyses to support
programmatic decision making, demonstrate progress toward goals, improve
understanding of system behaviors, and direct research activities. Programmatic analysis
helps frame the overall Office goals and priorities and covers issues that impact all
program areas, such as life-cycle assessment (LCA) of carbon dioxide equivalent
emissions from bioenergy and bioproducts. These analyses provide inputs into DOE and
Office of Energy Efficiency and Renewable Energy (EERE) strategic plans—as well as
the President’s Climate Action Plan—and help define the impact of bioenergy on
petroleum utilization in the transportation sector. Systems-level and technology specific
analyses facilitate quantification, explore sensitivities, identify areas where investment
may lead to the greatest impacts, and help to monitor Office accomplishments in each
program area. Continued public-private partnerships with the bioenergy scientific
community and multi-laboratory coordination efforts help ensure that model assumptions
and analysis results from the Office are transparent, transferable, and comparable (see
Section 2.4.2).

e Strategic Communications focuses on identifying and addressing non-technical and
market barriers to bioenergy adoption and utilization in an effort to promote full-scale
market penetration. It fosters awareness and acceptance by engaging a range of
stakeholders in meaningful collaborations, promoting Office strategies, and increasing
consumer acceptance. Strategic communications activities include distributing
information to stakeholders and conveying key Office goals, priorities, activities, and
accomplishments (see Section 2.4.3).
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The Office’s Technology Pathways Framework

The technology pathways framework integrates efforts among the technical program areas and
aligns with major bioenergy industry market segments. Figure 2-3 illustrates how the Office
program areas seek to leverage the broad diversity of potential bioenergy feedstocks while
reducing supply risks through developing a wide range of conversion technologies to produce
and distribute bioenergy and bioproducts.
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Figure 2-3: Office technical program area links to technology pathway framework

The Office uses this technology pathway framework to identify research, development, and
demonstration (RD&D) priorities and balance the activities that are expected to have the greatest
impact on achieving Office goals.
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Emerging Areas

The Office continually evaluates emerging feedstock, conversion, and market transformation
developments to incorporate emerging areas that may contribute to Office goals. For more details
on this approach to evaluating emerging pathways, see Section 2.4.2—Strategic Analysis. The
Office is currently evaluating the potential for using wet waste feedstocks as another way to meet
Office goals.

Wet Waste to Energy:

Wet municipal, industrial, and agricultural wastes are a potential high-impact resource for the
domestic production of biogas, biofuels, bio-product precursors, heat, and electricity. The Biogas
Opportunities Roadmap® issued jointly by the USDA, EPA, and DOE estimates that the
combination of biogas production from agricultural manure operations, landfills, and waste water
treatment could yield 654 billion cubic feet of biogas per year—equivalent to 2.5 billion GGE on
an energy basis.” While mature technologies exist for biogas production and its clean up and
subsequent use, significant opportunities remain to produce heat for on-site use, hydrogen for
transportation fuels, and higher hydrocarbons for use in biofuels and bioproducts. These
opportunities could unlock greater value for wet wastes, grow the advanced bioeconomy, and
displace greenhouse gas emissions from the use of fossil fuel feedstocks. See Section 2.1 for
specific definitions of wet-waste-to-energy feedstocks.

Wet wastes are underutilized feedstocks that could feed an emerging pathway to advanced
biofuels. They have the potential to make a significant contribution toward achieving the

Office’s near-term and long-term advanced biofuel and bioproduct goals. Understanding the
resource potential and the challenges to development and utilization of wet waste feedstocks is
critical to their incorporation into the Office’s portfolio of advanced biofuel pathways. Recent
workshops have focused on identifying potential entry points for research and development
funding to accelerate the commercialization of wet waste technologies. These workshops, along
with a systematic resource assessment currently being conducted, will inform the development of
a wet waste-to-energy roadmap. Development of this roadmap will include engagement with
industry, NGOs, other federal agencies, and DOE national laboratories.

2 U.S. Department of Agriculture, U.S. Environmental Protection Agency, U.S. Department of Energy (2014),
Biogas Opportunities Roadmap: Voluntary Actions to Reduce Methane Emissions and Increase Energy
Independence, http://www.usda.gov/oce/reports/energy/Biogas_Opportunities Roadmap_8-1-14.pdf.

3 U.S. Department of Agriculture, et al. (2014), Biogas Opportunities Roadmap.
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Office Program Area Discussion

The remainder of Section 2 details plans for each Office program area:

Feedstock Supply and Logistics R&D............Section 2.1
Terrestrial Feedstocks .........ccoveveenn..n Section 2.1.1
Advanced Algal Systems.....................Section 2.1.2

Conversion R&D.........cccoeevviiiiiiieiiieeee e Section 2.2

Demonstration and Market Transformation ....Section 2.3

CTOSSCULTING ..veeeevveeeeiieeerieeciee e e siveeeiree e e e Section 2.4
Sustainability .........ccccecvevieeviennenenn.. .Section 2.4.1
Strategic Analysis .....c..ccccevvverveenenennn. Section 2.4.2
Strategic Communications...................Section 2.4.3

Each program area discussion is organized as follows:

e Brief overview of the program area process concept and how it interfaces with other
program areas of the Office (in the context of the biomass-to-bioenergy supply chain)
Program area strategic goal, as derived from the Office strategic goals

Program area performance goals, as derived from the Office performance goals
Technical and market challenges and barriers

Strategies for overcoming barriers, the basis for program area work breakdown structures
(WBS; tasks and activities with links to barriers)

e Prioritization, milestones, and timelines.
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2.1 Feedstock Supply and Logistics Research and
Development

The strategic goal of Feedstock Supply and Logistics R&D is to develop technologies to provide
a sustainable, secure, reliable, and affordable biomass feedstock supply for the U.S. bioenergy
industry, in partnership with USDA and other key stakeholders.

Terrestrial plant and aquatic algal biomass is essentially solar energy stored as chemical energy
via the biological process of photosynthesis. Biomass is the resource material for producing
biofuels, bioproducts, and biopower, and no biomass conversion process can operate without it.
Scaling up biomass conversion technologies and successfully maintaining them at industrial
scale requires the availability of and access to a reliable supply of affordable, high-quality
feedstock(s). Terrestrial feedstock supply and logistics and algae research and development
(R&D) relate directly to, and strongly influence, all downstream elements of the biomass-to-
bioenergy supply chain, as well as the achievement of overall Office goals and objectives (see
Figure 2-4).

e

Feedstock Supply
and Logistics

Sustainable Production
Efficient Logistics Systems

Distribution

Conversion . Infrastructure

End Use

Algal Feedstocks

Figure 2-4: Feedstock supply and logistics as the starting point for the bioenergy supply chain

The Office distinguishes “biomass” from “feedstock.” For purposes of this document, “biomass”
is defined as the raw, field-run material obtained at the site of production (e.g., field, forest,
pond, or landfill). Examples of biomass include corn stover, forest residues, switchgrass,
miscanthus, energy cane, sweet sorghum, high biomass sorghum, hybrid poplars, shrub willows,
the non-recyclable organic portion of sorted municipal solid waste (MSW), biosolids and
sludges, manure slurries, and whole algae. The term “feedstock™ is used to denote biomass
materials that have undergone one or more preprocessing operations (e.g., drying, grinding,
milling or chopping, size fractionation, de-ashing, blending and formulation, densification,
and/or extraction) to ensure that the physical and chemical quality characteristics are acceptable
for feeding into a biorefinery process that can efficiently convert the feedstock at high yield into
biofuels, biopower, and/or bioproducts.
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Because of the distinct differences between technologies for agricultural cropping systems and
algal production and harvesting and different objectives and challenges, these two areas are
organized separately as shown in Fig. 2-4. Terrestrial Feedstock Supply and Logistics R&D—
which includes lignocellulosic materials, such as agricultural residues, forest resources,
dedicated energy crops’, and select MSW resources—is detailed in Section 2.1.1. Advanced
Algal Systems R&D is described in Section 2.1.2. Wet wastes may emerge as a third feedstock
category.

The Office anticipates that USDA will lead the federal government’s terrestrial feedstock
production R&D, in accordance with the February 3, 2010, White House release of “Growing
America’s Fuel.”” However, the Bioenergy Technologies Office continues to lead the federal
government’s terrestrial feedstock logistics R&D. The Office will coordinate efforts with USDA
and other federal offices, to support development of a robust and sustainable domestic bioenergy
industry.

The Office plays a leading role in the federal government’s algae strain development, as well as
algae feedstock production and logistics systems R&D. Algae production systems include open
ponds, closed photobioreactors, mixotrophic growth, attached growth, and on- and off-shore
macroalgae cultivation.

To stimulate the development and growth of the U.S. bioenergy industry, the Office coordinates
feedstock efforts with other DOE offices and federal agencies, including the following:

e DOE—Advanced Research Projects Agency for Energy (ARPA-E); Office of Science via
the Joint Genome Institute, as well as its three Bioenergy Science Centers and selected
Energy Frontier Science Centers

e USDA—Agricultural and Food Research Institute’s Regional Bioenergy Coordinated
Agricultural Projects; Agricultural Research Service (ARS) and U.S. Forest Service
(USFS) Regional Biomass Research Centers; ARS National Programs #213
(“Biorefining”) and #301 (“Plant Genetic Resources, Genomics and Genetic
Improvement”), and others

e DOE-USDA—Office of Science and National Institute of Food and Agriculture’s joint
annual solicitation on feedstock genomics

e Interagency—Biomass Research and Development Board; Biomass Research and
Development Initiative (both terrestrial and algal)

e National Science Foundation—Directorate for Engineering, partnership on Interagency
Opportunities in Metabolic Engineering

e EPA—Office of Research and Development algae program; Office of Pollution
Prevention and Toxics Biotechnology Program (genetically modified organisms)

e U.S. Department of Defense—Defense Production Act.

* Energy crops are produced primarily to be used as feedstocks for biofuel, biopower and/or bioproducts

production—as opposed to an agricultural or forest residue, which is produced as a byproduct of another valuable

commodity, such as grain or lumber.

> White House, Growing America’s Fuel: An Innovation Approach to Achieving the President’s Biofuels Target,
http://www.whitehouse.gov/sites/default/files/rss_viewer/growing_americas_fuels.PDF.
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Wet Waste-to-Energy Feedstocks

The Office is interested in the emerging area of waste to energy and in the potential of five kinds
of wet waste feed streams:

e Commercial, institutional, and residential food wastes, particularly those currently
disposed of in landfills

e Biosolids, organic-rich aqueous streams, and sludges from municipal wastewater
treatment processes

e Manure slurries from concentrated livestock operations

e Organic wastes from industrial operations, including but not limited to food and beverage
manufacturing, biodiesel production and integrated biorefineries as well as potentially
other industries such as pulp and paper, forest products, and pharmaceuticals

e Biogas derived from any of the above feedstock streams, including but not limited to
landfill gas.

Based on preliminary assessments of resource potential these materials may contribute

significantly to bioenergy goals. These potential feedstocks may also prove to be more amenable
to conversion processes than raw lignocellulosic materials.
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2.1.1 Terrestrial Feedstock Supply and Logistics Research and Development

Feedstocks are essential to achieving Office goals. The volume of acceptable quality feedstocks
available and accessible at an affordable price will determine the maximum amount of biofuels
that can be produced. The 2011 U.S. Billion-Ton Update® evaluated a range of biomass supply
scenarios at several price points showing the potential biomass resources that could be developed
by 2030, leading to a sustainable national supply of more than 1 billion tons of biomass per year.

Terrestrial feedstock supply and logistics (FSL) R&D targets three key elements: (1) reducing
the delivered cost of sustainably produced biomass, (2) preserving and improving the quality of
harvested biomass to meet the needs of biorefineries and other biomass users, and (3) expanding
the volume of feedstock materials accessible to the bioenergy industry. FSL R&D focuses on
identifying, developing, demonstrating, and validating efficient and economical systems for
harvest and collection, storage, handling, transportation, and preprocessing’ raw biomass from a
variety of herbaceous and woody crops and waste materials. This will enable the reliable
delivery of high-quality, affordable feedstocks to an expanding biorefinery industry.

Terrestrial FSL R&D includes two main areas: (1) resource assessment—identifying and
quantifying current and future land-based biomass resources and costs associated with their
production and harvest, and (2) feedstock logistics—developing and demonstrating integrated
and efficient purpose-designed supply systems capable of reliably delivering large volumes of
feedstock that meet or exceed the quality specifications required by conversion processes (see
Figure 2-5).

Feedstock Logistics

Conversion

= Deconstruction &
Fractionation

« Synthesis &
Upgrading

» Integrated
Biorefineries

Figure 2-5: Terrestrial feedstock supply and logistics systems diagram

6 U.S. Department of Energy (2011), U.S. Billion-Ton Update: Biomass Supply for a Bioenergy and Bioproducts
Industry.

" Note that some preprocessing research is detailed in the sections describing conversion programs, while other
research is detailed under the feedstock logistics portfolio.
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Sustainability and Strategic Analysis span both resource assessment and logistics activities.
Sustainability activities and principles, including continuous improvement and minimization of
inputs such as water and soil conservation, as well as Strategic Analysis activities, incorporate
both production and logistics data (see Section 2.4).

Supply: Supply includes assessing the potential availability and quality characteristics of a
variety of biomass resources, as well as assessing the production of biomass to demonstrate crop
performance and estimate production costs under a variety of real-world conditions.

Resource Assessment involves estimating current and future domestic biomass resources
by type and their county level geographic distribution at different price points. It also
includes understanding quality attributes (e.g., moisture, ash, and carbon content)
associated with those resources as a function of geography and price, and understanding
the environmental sustainability constraints associated with accessing those biomass
resources over time.

Biomass Production involves all of the operations, associated costs, and sustainability
issues related to site preparation, crop establishment, growth, and maintenance of
terrestrial biomass crops. The Office partners with USDA in these efforts.

Biomass Characterization focuses on understanding the extent and causes of diversity
in biomass and feedstock quality characteristics, and on identifying those characteristics
that can significantly impact conversion process yield, kinetics, and profitability, as well
as logistics operations. Characterization involves analysis of samples of raw biomass,
preprocessed feedstock materials, and conversion process intermediates to measure a
wide range of physical and chemical parameters, and the relationships of those
parameters to conversion process performance. Such characterization helps identify key
feedstock quality variables and quantify their impact on overall biofuel product yield and
cost. This also includes the development and implementation of efficient, reliable, and
affordable wet chemical and calibrated rapid analytical methods to measure biomass
quality characteristics for woody and herbaceous biomass, relevant MSW fractions and
process intermediates. Characterization research includes collaboration with the
Conversion R&D (see Section 2.2) program area.

Feedstock Logistics: Feedstock logistics refers to all of the operations that occur after the
biomass is produced and is standing in a field or forest ready for harvest and before it is
introduced into the conversion process in-feed system (also referred to as the “reactor throat”).

Harvest and Collection involves the cost-effective and sustainable removal of raw
biomass from the field or forest. These operations play a critical role in expanding the
amount of biomass resources accessible to the bioenergy feedstock supply system. The
harvest window for different crops varies with the growth cycle of the crop, and harvest
timing may be constrained by the growing season of a primary crop (e.g., grain), as well
as by weather conditions during the harvest window. Harvest timing and strategy may
affect the resulting herbaceous and woody biomass quality parameters, such as chemical
composition and structural features. Collection format (e.g., bales, loose chop, round
wood, chips, etc.) can impact the efficiency and cost associated with downstream
handling, storage, and transportation.
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Storage includes methods and practices to cost-effectively store and preserve the
quantity and quality of seasonally available herbaceous and woody biomass until required
for processing. Preserving feedstock quality requires managing moisture content,
minimizing degradation and material loss, and preventing undesirable changes in quality
characteristics. This includes inventory management to monitor and maintain biomass
and feedstock quality over longer storage times, while minimizing losses from handling
and microbial degradation; and developing strategies to minimize fire risk from
spontaneous combustion, lightning strikes, and human causes.

Preprocessing operations transform raw, field-run biomass into stable, standardized
format feedstocks with physical and chemical characteristics that meet the required
quality specifications of conversion facilities and that can be moved with existing, high-
volume transportation and handling systems. Preprocessing operations such as drying and
densification, stabilize biomass for longer-term storage and improve durability and
performance in handling, transport, and conversion. Preprocessing operations, such as
blending and formulation, can reduce the physical and chemical variability of raw
biomass for more reliable, predictable, and efficient performance in downstream
conversion.

Preprocessing includes mechanical, thermal, and chemical treatments, any or all of which
could be applied at various points in the logistics chain. The most efficient and cost
effective set of feedstock supply chain operations may vary with circumstances.

Mechanical preprocessing includes the following:

e Size reduction and separation based on particle size or density, and
fractional deconstruction to reduce particle size of the raw biomass to
achieve desired physical and/or chemical characteristics.

e Densification processes, such as pelletization, increase the bulk and
energy density of raw biomass, improve stability during storage and
handling, create flowable feedstocks that are compatible with existing
handling systems, and improve transport efficiency and cost. Although
baling is a densification process, it is considered part of harvest and
collection.

e Formulation and blending involves mixing two or more biomass materials
to produce a feedstock with preferred qualities and cost. It can mitigate the
inherent variability of raw biomass to produce feedstocks with more
consistent physical and chemical characteristics, reduce conversion
performance variability, and/or reduce operating costs associated with
feedstocks. By combining various biomass resources with different
chemical, physical, and cost characteristics, feedstock quality and
performance can be adjusted to required conversion process specifications
and improve overall process economics. Blending and aggregating are
examples of formulation processes. Including lower-quality or small-
volume biomass materials as components of a blend or formulation can
reduce the overall cost or adjust the physical or chemical characteristics of
the blend. This strategy can also expand the volume of biomass available
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to biorefineries to mitigate feedstock supply risk and improve overall
process economics.

Thermal preprocessing, such as drying and torrefaction, reduces moisture content
and increases the energy density of the material to improve stability during
storage, transport efficiency and cost, and may improve conversion performance.

Chemical preprocessing upgrades biomass quality by reducing ash content, which
can improve conversion process performance. Examples of chemical
preprocessing include leaching or washing, treatment at basic pH, and dilute-acid
treatment. Additional information on chemical preprocessing technologies can be
found in the Conversion R&D section (Section 2.2).

Handling low-density, non-uniform raw biomass in existing high-volume, high-
throughput materials handling systems presents many challenges. Improving handling
characteristics early in the supply chain by processing raw biomass into formats
compatible with existing high-capacity bulk handling and transportation infrastructures,
such as those designed for the grain industry, may reduce delivered feedstock cost.
Feedstock handling also involves minimizing fire risk during conveyance operations,
where friction from the many moving parts can cause sufficient heating to ignite the
flammable biomass.

Transport involves moving raw biomass from the field or forest to the preprocessing site
and delivering preprocessed feedstocks to the throat of the conversion reactor. Biomass
and feedstocks may be transported by truck, train, or barge using existing transportation
infrastructure.

Connecting the Nation’s Diverse Biomass Resource to the Bioenergy Industry

Sustainably supplying the required volumes of quality, affordable feedstock to the emerging
biorefining industry as it grows and matures will be achieved through a transition from logistics
systems that have been designed to meet the needs of conventional agriculture and forestry
systems (conventional logistics systems) to more advanced, purpose-designed, economically
advantaged systems (advanced logistics systems).

Conventional Logistics Systems have been developed for traditional agriculture and forestry
systems and are designed to move biomass short distances for limited-time storage (i.e., less than
one year). Conventional systems do not address the physical and chemical variability of biomass
and are not designed to capture the full volume of diverse, nationally distributed U.S. biomass
resource potential. Conventional systems tend to constrain biorefinery locations to areas where
sufficient supplies of biomass exist within a relatively short distance, which limits the scale-up
potential of a biorefinery and exposes the biorefinery and its investors to risk from potential local
feedstock supply disruptions.
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Advanced Logistics Systems are specifically designed to (1) sustainably harvest and collect the
highest possible quality biomass from the field or forest, and (2) deliver infrastructure-
compatible feedstocks that have predictable physical and chemical characteristics, stability
during storage, and high-capacity bulk material handling characteristics. These infrastructure-
compatible feedstocks can be economically transported over longer distances and can also be
introduced directly into the conversion process with minimal additional processing. Advanced
logistics systems deliver feedstocks with the properties needed for the development of a
commodity-based, specification-driven supply system analogous to U.S. grain and coal
commodity systems. Logistics systems designed for the purpose of bioenergy production will
eliminate inefficiencies and reduce costs relative to conventional harvest and delivery systems.
Affordable, reliable rapid analytical methods will also be developed to measure important
feedstock quality characteristics at appropriate points in the supply chain.

Figure 2-6 shows a high-level depiction of how an advanced logistics system could draw in
presently inaccessible resources via local preprocessing depots that transform biomass into a
stable, bulk, densified, and flowable feedstock. The formatted feedstock is transported into a
network of supply terminals, where material aggregated from a number of depots can be blended
or further preprocessed to meet biorefinery specifications. A variety of feedstock preprocessing
activities can be conducted at the depots for a particular market, thereby allowing multiple
products to be created at the depot for multiple markets other than just biofuel (e.g., animal feed,
biopower). This multiple market capability will help to minimize the financial risk to the depot
operator.
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Figure 2-6: The Advanced Feedstock Supply System (“Depot”) Concept
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2.1.1.1 Terrestrial Feedstock Supply and Logistics Research and Development
Support of Office Strategic Goals

The strategic goal of Terrestrial FSL R&D is to develop technologies to enable a sustainable,
secure, reliable, affordable supply of acceptable-quality terrestrial feedstock for the U.S.
bioenergy industry, in partnership with USDA and other key stakeholders. This goal supports the
long-term (beyond 2040) goal to develop technologies and methods that could sustainably supply
more than 1 billion dry tons of biomass per year.

The Terrestrial FSL R&D program area directly addresses and supports resource assessment,
sustainable crop production, biomass characterization, harvest, collection, storage, preprocessing,
and delivery of feedstock for all potential biomass conversion pathways.

2.1.1.2 Terrestrial Feedstock Supply and Logistics Research and Development
Support of Office Performance Goals

The performance goals for Terrestrial FSL R&D are as follows:

e By 2017, validate efficient, low-cost, and sustainable feedstock supply and logistics
systems that can deliver feedstock to the conversion reactor throat at required conversion
process in-feed specifications, at or below $84 dry ton (2014$) (including grower
payment/stumpage fee® and all logistics costs).

e By 2017, establish geographic, economic, quality, and environmental criteria under
which the biorefining industry could operate at 245 million dry tons per year scale
(excluding biopower).”

e By 2022, develop and validate feedstock supply and logistics systems that can
economically and sustainably supply 285 million dry tons per year (excluding biopower)
at a delivered cost of $84 dry ton (2014$) to support a biorefining industry utilizing a
diversity of biomass resources.

Terrestrial FSL R&D has several milestones charting the path to 2017 and 2022. These
milestones are grouped into two categories: (1) supply and (2) logistics.

¥ Grower payments are those made to feedstock producers over and above the costs incurred for harvest, collection,
storage, preprocessing, and transport. For crop residues, the grower payment covers the environmental value of the
residue removed (e.g., nutrients and organic matter), as well as profit. For woody residues, these payments cover the
value of the residue. For dedicated energy crops, grower payments cover pre-harvest machine costs, variable inputs
such as fertilizers and seed, and amortized establishment costs for perennial crops, which do not typically reach
mature yields until the third growing season. The payments must also reflect what profit the land could produce if
planted with other crops. Other factors also affecting grower payments include profits to growers for investment
returns and risk taking, alternative financial arrangements (e.g., cooperatives), fixed pricing mechanisms, shared-
equity arrangements between growers and processors, and other competitive uses. Note that the grower payment
listed is the maximum amount required to acquire the specified volume of biomass (i.e., there are biomass resources
available for a lower cost; however, none of the resources required would cost more). For a more extensive list of
feedstocks and their associated grower payment, see the Bioenergy Knowledge Discovery Framework at
www.bioenergykdf.net.

? Table A-1 in Appendix A.
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Supply

e By 2016, produce an updated, fully integrated assessment of potentially available
feedstock supplies under previously established environmental and quality criteria.

e By 2017, establish available resource volumes for non-woody MSW and algal feedstocks
at $84/dry ton delivered cost (20148$; including grower payment/stumpage fee and
logistics cost). (Note that woody MSW is currently incorporated into resource
assessments.)

e By 2017, determine the impact of competing uses, policy and market demands (e.g.,
biopower, pellet exports) on feedstock supply and price projections.

e By 2018, establish nationwide sub-county-level environmental impact criteria and
logistics strategies for all potential energy crops, including agricultural and forestry
residues, annual and perennial herbaceous energy crops, and short rotation woody energy
Crops.

e By 2019, validate a framework for biomass quality grading systems for at least one
woody and one herbaceous biomass supply-shed associated with an existing or planned
demonstration-scale (or larger) biorefinery.

e By 2020, determine the impact of advanced blending and formulation concepts on
available volumes that meet quality and environmental criteria, while also meeting the
$84/dry ton delivered cost target (2014$; including grower payment/stumpage fee and
logistics cost).

Logistics

e By 2017, validate an average annual sustainable delivered feedstock cost of $84/dry ton
at conversion reactor throat (including grower payment and logistics cost) at a scale of 1
ton per day for at least one biochemical conversion process and one thermochemical
conversion process.

e By 2022, validate one blendstock for thermochemical conversion and one blendstock for
biochemical conversion at a scale of 1 ton per day, while also meeting the $84/dry ton
delivered cost target (20148$; including grower payment/stumpage fee and logistics cost).

2.1.1.3 Terrestrial Feedstock Supply and Logistics Research and Development
Technical Challenges and Barriers

Supply

Ft-A. Terrestrial Feedstock Availability and Cost: Reliable, consistent, and affordable
feedstock supply is needed to reduce financial, technical, and operational risk to biorefineries
and their financial partners. Reaching federally mandated national volumes of biofuels will
require large amounts of sustainably available, quality-controlled biomass to enter the market at
affordable prices. Purpose-designed, advanced logistics systems are required to expand the
amount of biomass that can be cost-effectively delivered to biorefineries, and maximize the
amount of biomass that can cost-effectively enter the system. Also, advanced feedstock supply
systems are needed to address feedstock quality by actively minimizing the amount of soil
contamination (i.e., extrinsic ash content) collected with the biomass.

Credible data and projections on current and future cost, location, environmental sustainability,
quality, and quantity of available biomass are needed to reduce uncertainty for investors and
developers of emerging biorefinery technologies. A better understanding of advances in genetics,
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production technologies, and supply chain strategies are needed to develop more accurate
estimates of future biomass availability, cost, and quality.

Ft-B. Production: While the production systems and performance of traditional row crop
species over multiple decades are well documented, and historical trends for yield increases
permit a well-founded justification for extrapolating future yield increases, this is not true for
less well characterized energy crop species. The range of real world, production-scale yields
across genetics, environments, and agronomic practices and the magnitude of recent
improvements in energy crop yields (e.g., switchgrass, energy cane, sorghum, poplar, willow)
require validation to inform ongoing resource assessment efforts. Reliable production data,
especially for energy crop species, are needed over several growing seasons and across many
environments to make well-substantiated resource projections. The rate of change of yield
increases in these species is also not yet well understood, which further compromises the
reliability of resource projections. Comprehensive data from real world production operations are
also needed not only to measure the environmental effects of energy crop production and
biomass collection systems but also for complete life-cycle analysis of biorefinery systems and
to address sustainability questions such as water and fertilizer inputs, soil carbon sequestration,
greenhouse gas emission reductions, and establishment and harvesting impacts on soil quality
and conservation. Gaps in production and sustainability data for conventional crop residues also
still exist. BETO will leverage its relationships with USDA and USFS and mine the scientific
literature to access the required data.

Ft-C. Terrestrial Feedstock Genetics and Variety Improvement: The productivity and
robustness of terrestrial feedstock crops used for biofuel production could be significantly
increased by developing improved energy crop varieties using traditional breeding and selection,
and modern genetic technologies, such as marker-assisted breeding and transgenics. The
importance of new energy crop varieties with increased yield and higher tolerance to a variety of
biotic and abiotic stresses is critical to realizing mandated biofuel goals. Increased biomass yield
per acre is needed to reduce the footprint of energy crops on the landscape to produce a given
amount of biofuel and also reduce the average delivered cost per ton of feedstock from increased
logistics operations efficiencies. Decreased production risk associated with more stress tolerant
varieties is needed to encourage farmers, biorefineries, and financial institutions to seriously
consider energy crops in the mix of crops they produce.

Feedstock Logistics

Ft-D. Sustainable Harvesting: Current crop harvesting machinery is unable to selectively
harvest preferred components of cellulosic biomass (e.g., stems vs. leaves) while maintaining
acceptable levels of soil carbon and minimizing soil compaction and erosion. Actively managing
biomass variability and contamination of harvested biomass by soil in the field imposes
additional functional requirements on biomass harvesting equipment that typically do not exist in
conventional systems. With few exceptions, current systems cannot routinely meet the capacity,
efficiency, quality or delivered price requirements of large cellulosic biorefineries. The
availability of purpose-designed harvest, collection and transport systems is critical to reducing
logistics costs to a minimum.
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Ft-E. Terrestrial Feedstock Quality, Monitoring and Impact on Conversion Performance:
A better understanding is needed of the physical, chemical, microbiological, and post-harvest
physiological variations in biomass that arise from differences in genetics, relative crop maturity,
agronomic practices and harvest methods employed, soil type, geographical location, and
climatic patterns and events. This variability—some of which is avoidable and some of which is
not—presents significant cost and performance risks for bioenergy systems. Currently,
processing standards and specifications for cellulosic feedstocks are not as well developed as for
mature commodities, and may vary from one conversion process to another. Available data and
information are extremely limited on the physical and chemical quality characteristics of
biomass, particularly in relation to their effect on conversion performance. Methods and
instrumentation also are lacking for quickly, accurately, and economically measuring chemical,
physical, and mechanical properties of biomass.

A better understanding is needed regarding the inherent variability in biomass physical and
chemical quality parameters and cost between different species, within a species, and even
between tissues of the same individual plant. Acceptable ranges of quality parameters for
different conversion processes are poorly understood, and few genetic or preprocessing strategies
have been developed to limit or control variability in biomass quality. Because many quality
factors vary independently, it is not clear what fraction of available biomass materials will
actually be able to meet in-feed specifications for the various conversion processes being
developed and commercialized.

Knowledge about important feedstock quality characteristics and their effect on conversion
process performance could provide the basis for establishing different quality grades of feedstock
materials for the industry.

Ft-F. Biomass Storage Systems: Biomass that is stored with high moisture content or exposed
to moisture during storage is susceptible to spoilage, rotting, spontaneous combustion, and odor
problems under aerobic conditions. The impacts of these post-harvest biological processes must
be controlled to ensure a consistent, high-quality feedstock supply, and managing moisture is
key. Characterization and analysis of different storage methods and strategies are needed to
better define preferred, affordable storage methodologies to preserve the volume and quality of
harvested biomass over time and maintain or enhance its conversion performance.

Ft-G. Biomass Physical State Alteration: The initial sizing and grinding of cellulosic biomass
affects conversion efficiencies and yields of all downstream operations, yet little information
exists on how specific differences in these operations on each type of cellulosic biomass impact
conversion cost and yields. New technologies and equipment are required to economically
process biomass to meet biorefinery specifications, such as particle-size range and distribution.

Ft-H. Biomass Material Handling and Transportation: Raw herbaceous biomass is especially
costly to handle, transport and convey because of its very low bulk density and fibrous nature.
Conventional bale-based handling equipment and facilities cannot cost-effectively deliver and
store high volumes of biomass, even with improved handling techniques. Current handling and
transportation systems designed for moving woodchips (typically around 50% moisture content)
can be inefficient for bioenergy processes due to the costs and challenges of transporting, storing,
and drying high-moisture biomass.
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Ft-1. Overall Integration and Scale-Up: Conventional supply systems used to harvest, collect,
store, preprocess, handle, and transport biomass are not designed for the large-scale needs of a
nationwide system of integrated biorefineries. The system needs to be dynamic and responsive to
shortages and surpluses throughout the system in order to stay in balance and keep biofuel
productivity at expected levels. The infrastructure for feedstock logistics has not been defined for
the potential variety of locations, climates, feedstocks, storage methods, processing alternatives,
etc., that will need to be implemented at a national scale. Integration of one or more aspects of
the feedstock supply system—either alone or in combination with biorefinery operations—
should lead to net gains in efficiency; however, the lack of analysis quantifying the relative
benefits and drawbacks of potential integration options is a barrier to realization of cost savings,
biorefinery efficiency improvement, and reduction of technical and financial risk.

2.1.1.4 Terrestrial Feedstock Supply and Logistics Research and Development
Approach for Overcoming Challenges and Barriers

The Terrestrial FSL R&D approach for overcoming feedstock supply and logistics challenges
and barriers is outlined in the work breakdown structure (WBS) as shown in Figure 2-7 and
summarized in Table 2-1. It is organized around the following key activities: Analysis and
Sustainability, Terrestrial Biomass Production and Characterization, Terrestrial Feedstock
Logistics, Feedstock-Conversion Interface, and Feedstock-Demonstration Interface. Office-
funded terrestrial FSL R&D activities are performed by national laboratories, universities,
industry, consortia, and a variety of state and regional partners.

Feedstock-
Demonstration
Interface

Feedstock-
Conversion
Interface

Terrestrial
Feedstock
Logistics

=
==
—
el

Terrestrial
Biomass

Analysis and
Sustainability

Resource
Assessment

Production &
Characterization

Harvest and
Collection

Transport and
Handling

Storage

—  Preprocessing

Figure 2-7: Terrestrial feedstock R&D work breakdown structure
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The R&D approach of each WBS activity is described below:
Analysis and Sustainability

Primary areas of work within Analysis and Sustainability include resource assessment, system
cost analyses, and risk assessment. Resource assessment provides critical data for establishing
and measuring progress toward Office goals by forecasting the type and volume of biomass
available over time in each county in the United States, and at what price. Location and yield of
biomass, as well as price, are necessary for estimating total delivered feedstock cost. Resource
assessment includes establishing a national inventory of biomass resource potential and assessing
current and future environmentally sustainable biomass availability under conservative and
optimistic crop yield improvement scenarios over time. County-level terrestrial biomass supply
curves'® were first published in a 2011 resource assessment study.'' These supply curves are
updated on an annual basis to reflect current supply demands, technology improvements, and
evolving market conditions that underlie each reported feedstock. A completely revised and
updated resource assessment study is planned for release in 2016. This information will be
accessible to the public and maintained in the Bioenergy KDF, as discussed in Section 2.4.2.4."

Analysis also includes developing and refining techno-economic assessments (TEAs) of
feedstock supply systems to help set goals and targets, as well as tracking R&D progress through
annual state-of-technology (SOT) assessments of feedstock supply systems across specific
feedstock/conversion technology pathway combinations. Setting TEA targets requires working
closely with researchers who are developing thermochemical and biochemical conversion
processes to ensure that the delivered feedstock meets the conversion process material in-feed
requirements, as well as tracking conversion and environmental performance. These activities
also include risk assessments (strategic, economic, and operational risk) and incorporating those
assessments into TEAs/LCA.

Terrestrial Biomass Production and Characterization

An important focus of feedstock production going forward is to understand the extent and causes
of variability in the quality characteristics of the full range of energy crop species. Based on an
understanding of the causes of variability, approaches can be developed to cost-effectively
manage those characteristics in the field or during preprocessing operations. Sampling and
characterizing a large feedstock supply-shed in a specific geographic area should generate a
representative dataset that includes a cross-section of the crop genetics, current agronomic
practices, soil types, weather patterns, etc. Based on this data, feedstock quality variation can be
correlated with potential causes. This sampling and characterization work will focus first on a
few biorefineries that are actively aggregating corn stover for use in their conversion processes.

' Modeling is based on county-level data provided by the USDA National Agricultural Statistics Service among
other sources, hence outputs are provided at the county level. See De la Torre Ugarte and Ray (2000) for application
of POLYSYS to biomass feedstocks.

"'U.S. Department of Energy (2011), U.S. Billion-Ton Update: Biomass Supply for a Bioenergy and Bioproducts
Industry.

12 Bioenergy Knowledge Discovery Framework, U.S. Department of Energy and Oak Ridge National Laboratory,
http://www.bioenergykdf.net.
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If these initial data collection efforts bring value to the biorefinery and yield useful information,
the approach will be extended to other types of biomass.

Specific ongoing activities include collecting, organizing, and archiving raw biomass samples;
assessing chemical and physical properties (including after preprocessing operations); preparing
feedstock materials for testing of conversion processes; compiling the resulting data into the
Biomass R&D Library; and correlating those data sets to understand causal relationships among
quality characteristics and conversion performance parameters. The Biomass R&D Library,
which is an element of the Biomass Feedstock National User Facility (BFNUF), includes three
elements: (1) physical sample cataloguing and archiving, (2) characterization of physical and
chemical attributes of collected biomass samples, and (3) a database in which all the
characteristics of these samples are stored and made available to the research community and
public. The Biomass R&D Library database includes information on sample origin and
treatments, related publications, and all data related to each raw or preprocessed biomass sample,
enabling all subsequent analyses conducted on that sample to be linked to its source. Library data
enables improved understanding of the impact of feedstock variability on conversion process
performance characteristics and biofuels production cost.

The Office continues to actively engage with USDA, DOE’s Office of Science, and ARPA-E
sponsored terrestrial crop variety improvement, crop genetics, genomics, and genetic engineering
efforts. The Office also monitors the development of best management practices for energy
cropping systems with USDA and with DOE’s Office of Science and ARPA-E to ensure their
production efforts support the attainment of Office and national goals.

Terrestrial Feedstock Logistics

Near-term Feedstock Logistics R&D continues to focus on reducing conventional system costs,
while developing and demonstrating strategies for increasing the volumes of feedstock that can
meet quality and affordability criteria for a variety of biomass conversion processes.

Mid-term R&D work focuses on meeting the cost, quality, and volume requirements associated
with a growing biorefinery industry by developing and demonstrating strategies, technologies
and machinery that address the limitations of conventional feedstock logistics technologies. This
work will involve designing, constructing, demonstrating, and validating purpose-designed,
field-scale equipment that (1) eliminates steps in the conventional process (e.g., single-pass
harvesting eliminates a separate windrowing operation), (2) increases operational efficiencies
and capacity, (3) implements in-field strategies to minimize contamination of harvested biomass
by soil, (4) employs preprocessing strategies capable of upgrading the quality and reducing the
variability of harvested biomass, (5) increases the amount of resources available for bioenergy
production, and ultimately, (6) reduces overall logistics costs. In addition, rapid analytical
methods capable of accurately assessing important quality parameters of biomass at critical
points in the feedstock supply chain will be developed and validated. The need for purpose-
designed equipment to supply the bioenergy industry will stimulate the U.S. farm and forestry
manufacturing sector and create jobs in urban and rural communities across the country.

Longer-term R&D efforts focus on developing advanced preprocessing strategies and
technologies that upgrade raw biomass into high-quality, infrastructure-compatible commodity
feedstocks, while meeting conversion process in-feed specifications and balancing delivered
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feedstock costs against conversion performance characteristics to optimize overall process
economics.

Feedstock-Conversion Interface

Effective communication between terrestrial FSL and conversion process researchers regarding
conversion performance as a function of feedstock quality parameters and preprocessing
operations is critical to developing an economically viable value chain. Feedstock-conversion
interface efforts focus on correlating conversion performance characteristics (e.g., product yield,
process kinetic parameters) with the physical and chemical characteristics of the feedstock and
the preprocessing operating conditions to define ranges of acceptable/desirable conversion
process input specifications to achieve techno-economic targets. This effort, therefore, develops
and produces a variety of preprocessed feedstocks for testing in bench-scale reactors for different
conversion pathways. As required, larger quantities of a specific feedstock that meets conversion
performance specifications can be prepared for scaled-up testing of conversion process
performance.

Feedstock-Demonstration Interface

Feedstock-Demonstration Interface activities extend development of the advanced preprocessing
strategy system outlined above to address feedstock supply and logistics systems at scales to
meet the needs of integrated biorefinery operations. These efforts include the design, operation,
and validation of advanced preprocessing technologies and integrated supply chain components
at pilot and demonstration scale.
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Table 2-1: Terrestrial Feedstock R&D Activity Summary

WBS Description Barrier(s) Addressed
Element
Analysis and Resource assessment with projections of current and future potential domestic biomass Ft-A: Terrestrial Feedstock Availability and Cost
Sustainability resources by type and their geographic distribution at different price points; the quality Ft-B: Production

attributes (e.g., moisture, ash, and carbon content) associated with those resources as a
function of geography and price; and the environmental sustainability constraints associated
with accessing those biomass resources over time.

Ft-C: Terrestrial Feedstock Genetics and Variety Improvement

Ft-D: Sustainable Harvesting

Ft-E: Terrestrial Feedstock Quality, Monitoring and Impact on Conversion
Performance

Ft-F: Biomass Storage Systems

Ft-G: Biomass Physical State Alteration;

Ft-H: Biomass Material Handling and Transportation

Ft-I: Overall Integration and Scale-Up

Ct-A: Feedstock Variability

Ct-J: Process Integration

Mm-A: Lack of Understanding of Environmental/Energy Tradeoffs
Im-A: Inadequate Supply Chain Infrastructure

Im-B: High Risk of Large Capital Investments

Im-D: Cost of Production

St-C: Sustainability Data across the Supply Chain

St-E: Best Practices and Systems for Sustainable Bioenergy Production
St-F: Systems Approach to Bioenergy Sustainability

At-A: Transparent, and Reproducible Analyses

At-B: Analytical Tools and Capabilities for System-Level Analysis
At-C : Data Availability across the Supply Chain.

Production and

Identify critical aspects of biomass and feedstock quality (feedstock characterization),

Ft-E: Terrestrial Feedstock Quality, Monitoring and Impact on Conversion

Characterization including physical and chemical, characteristics, which can significantly impact downstream | Performance
operations, including conversion process product yield and kinetics and process economics. Ct-A: Feedstock Variability.
Logistics Identify the factors and their costs within each unit operation following harvest (drying, Ft-A: Terrestrial Feedstock Availability and Cost

milling, densification, blending, etc.) that transforms the collected biomass into an acceptable
feedstock for conversion.

Develop, test, and demonstrate sustainable cellulosic feedstock logistics systems.
Physiochemical characterization of the biomass before and after preprocessing used to assess
the magnitude of the preprocessing benefit.

Ft-B: Production

Ft-E: Terrestrial Feedstock Quality, Monitoring and Impact on Conversion
Performance

Ft-F: Biomass Storage Systems

Ft-G: Biomass Physical State Alteration

Ft-H: Biomass Material Handling and Transportation

Ft-I: Overall Integration and Scale-Up

Ct-A: Feedstock Variability.

Feedstock-Conversion
Interface

Identify key feedstock-based characteristics that affect conversion process yields and
economics in collaboration with conversion research efforts.

Ft-A: Terrestrial Feedstock Availability and Cost

Ft-C: Terrestrial Feedstock Genetics and Variety Improvement
Ft-G: Biomass Physical State Alteration

Ft-1: Overall Integration and Scale-Up

Ct-A: Feedstock Variability

Ct-J: Process Integration.

Feedstock-
Demonstration Interface

Systems-level validation of all key technologies to utilize biomass feedstocks in
biorefineries.

Ft-A: Terrestrial Feedstock Availability and Cost
Ft-1: Overall Integration and Scale-Up

Ct-A: Feedstock Variability

Ct-J: Process Integration

Im-A: Inadequate Supply Chain Infrastructure.
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2.1.1.5 Prioritizing Terrestrial Feedstock Supply and Logistics Research and
Development Barriers

To achieve the Terrestrial FSL R&D goal of developing sustainable technologies that provide a
secure, reliable, and affordable feedstock supply for the U.S. bioenergy industry, the challenges
and barriers identified need to be prioritized and addressed as funding permits. However, the
following issues are considered most critical and will be emphasized within the program area’s
efforts:

e Increase the volume of sustainable, acceptable-quality, cost-effective feedstock available
to biorefineries by developing advanced feedstock supply systems and strategies.

e Incorporate sustainability and feedstock supply risk into the resource assessments.

e Work with the Conversion program area to understand the range of acceptable physical
and chemical in-feed specifications for the various conversion technologies. This
information will help to refine the quality specifications Terrestrial FSL needs to better
focus its R&D goals and objectives.

e Develop high-capacity, high-efficiency, low-cost, pilot- or demonstration-scale feedstock
supply and logistics systems that deliver stable, dense, flowable, consistent-quality,
infrastructure-compatible feedstock.

In the past, Office-funded Terrestrial FSL research focused on modifying conventional terrestrial
feedstock logistics systems that were designed and manufactured for traditional agricultural and
forestry industries. Conventional systems are suitable for high biomass-yielding regions, but not
for medium-to-low-yield areas, or for most dedicated energy crops. More recent efforts have
focused on the development and demonstration of purpose-designed harvest, collection, and
delivery systems. Purpose-designed systems are more efficient because they reduce the number
of machine operations and labor required to accomplish the job, which serves to lower the cost of
logistics operations and expand the economically viable harvest area. Supplying feedstock to a
growing bioenergy industry requires increasing the accessible volumes of affordable
lignocellulosic feedstock, while increasing the emphasis on quality, as well as reducing
Variabilit%and risk. One approach to achieving this is to apply preprocessing techniques, such as
blending.

Quality targets have large impacts on whether or not a particular feedstock is cost effective in the
context of a particular conversion process, as well as how much material is available for
conversion. As an example, the observed variability of one aspect of biomass quality, namely
ash, for Midwestern corn stover is illustrated in Figure 2-8."*

" Kenney et al. (2013), Feedstock Supply System Design and Economics for Conversion of Lignocellulosic Biomass
to Hydrocarbon Fuels: Conversion Pathway: Biological Conversion of Sugars to Hydrocarbons The 2017 Design
Case, INL/EXT-13-30342, http://www.osti.gov/scitech/biblio/1130548.

" For a more in-depth discussion of biomass variability, see K. Kenney, W. Smith, G. Gresham, T. Westover
(2013), “Understanding Biomass Feedstock Variability,” Biofuels 4(1),
http://www.tandfonline.com/doi/abs/10.4155/bfs.12.83#.VQiJzo7F--1.
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Figure 2-8: The variability of percent total ash content in corn stover, wheat straw, and miscanthus

Ash is the inorganic or mineral content of biomass, and it varies considerably among and within
biomass materials. Understanding biomass ash content, variability, and where it originates
requires differentiation of the sources of ash, which include structural ash associated with the
plant cell walls, vascular ash in the plant, and introduced ash resulting from soil contamination.
Ash cannot be converted to a biofuel product and causes operational problems in downstream
conversion processes, including increased equipment wear, quenching of catalysts, increased
corrosivity and instability of pyrolysis oils, slagging and fouling in thermochemical equipment,
and costs associated with ash disposal. Also, the proportion of convertible biomass content
decreases with increasing ash content, effectively increasing the cost per dry ton of

feedstocks. Even though it seems unlikely that any single conversion technology will be truly
“feedstock agnostic,” the known variability of biomass quality suggests a need to emphasize
development of more robust biomass conversion technologies.

By combining analyses using biomass price projections with quality information obtained from
the Biomass R&D Library, gains in the projected volumes available at cost and biorefinery
specifications can be realized by transitioning to a blended feedstock approach. Figure 2-9—
projected supply curves for terrestrial biomass in 2022—shows a step-wise supply curve that
indicates increased cellulosic feedstock supplies in the market with increasing farm gate prices
between $20 and $200 per dry ton, marginal price, and average price' (white line).

'* Data were extracted from the Biomass R&D Library. The data set includes 840 samples, including corn stover,
miscanthus, and wheat straw.

' For the purpose of this figure, farmgate price is defined as the price needed for biomass producers to supply
biomass to the roadside. It includes, when appropriate, the planting, maintenance (e.g., fertilization, weed control,
pest management), harvest, and transport of biomass in the form of bales or chips (or other appropriate forms—e.g.,
billets, bundles) to the farmgate or forest landing. The term “marginal price” is used in biomass supply analysis to
convey the price needed to supply an additional ton of biomass to either the farmgate, forest landing, biomass depot,
or conversion facility. “Average price” is used in biomass supply analysis to convey the average price to acquire a
stream of biomass, from the first to the last ton, over a specific period of time.
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Figure 2-9: Biomass supply projections at marginal farm gate prices between $20 and $200/dry ton in 2022

Feedstock blending allows a biorefinery to collect less of any one feedstock and thus move down
the cost versus supply curve, enabling biorefineries to pay a lower average price. Note that this
does not change the supply versus cost curves for each resource, but it instead describes a system
where purchasers are using a combination of least-cost resources and blending them to reach the
biorefinery’s desired cost and quality specifications.'’

Formulating a designed feedstock through blending and other preprocessing methods allows
low-cost and typically low-quality biomass to be blended with biomass of higher cost and
typically higher quality to achieve the specifications required at the in-feed of a conversion
facility (note that different conversion processes may require different specifications, and the
cost required to meet those specifications will vary). The use of low-cost biomass allows the
supply chain to implement additional preprocessing technologies that actively control feedstock
quality, while also bringing more biomass into the system. This analysis and design approach is
referred to as the “least-cost formulation™ strategy.

D, Muth, I.J. Jacobson, K. Cafferty, and R. Jeffers (2013), Define feedstock baseline scenario and assumptions for
the 380/DT target based on INL design report and feedstock logistics projects, ID#: 1.6.1.2.DL.4, 11.2.4.2.A.DL.2,
Joule, WBS #: 1.6.1.2/11.2.4.2, Completion Date: 3/31/13, INL/EXT-14-31569.

2-28 Last Revised: March 2016



Terrestrial Feedstock Supply and Logistics R&D

Using a least-cost formulation analysis, Tables 2-2 and 2-3 illustrate that modeled feedstock cost
and quality targets can be met for the bio-oil conversion pathway (fast pyrolysis) and
biochemical conversion pathways, respectively.

The fast pyrolysis conversion pathway is currently designed for an ash content of less than 1%
on a dry weight basis.'® In the blending example illustrated in Table 2-2, low-cost, low-quality
logging residues; switchgrass; and wood-based fractions of construction and demolition (C&D)
waste are processed and blended with higher-cost, higher-quality debarked southern pine (i.e.,
loblolly pine) chips to meet conversion specifications. The exact quantity of each feedstock
depends on the cost and characteristics of the individual feedstocks, as well as the target in-feed
requirements. The modeled formulation uses 45% purpose-grown southern pine, 32% logging
residues, 3% switchgrass, and 20% C&D waste as an example of this least-cost formulation
strategy to obtain a blended feedstock that has an average delivered cost of $84/dry ton and
cumulative ash content below 1% on a dry weight basis.

Table 2-2: Example of Modeled Costs and Specifications for Processed Woody Feedstocks and Blends for
Fast Pyrolysis and Subsequent Upgrading to a Hydrocarbon Fuel'

Feedstock Modeled Total Feedstock Formulation Ash Content at
Component Cost* to Reactor Throat Fraction (% dry Reactor Throat® (%
P ($/dry ton) (2014$) weight) dry weight)
Purpose-Grown Pine
(Wood) 105.02 45 0.5
Logging Residues®' 71.26 32 1.0
Switchgrass 70.39 & 4.0
Wood Fraction of C&D 61.35 20 10
Waste
Delivered Formulation 84.44 100 <1.0
Totals

*Includes grower payment and all logistics costs up to the conversion reactor throat.
This example is for illustrative purposes only and is not intended to correspond to the case described in Table 2-4 and Figure 2-10.

'8 Jones et al. (2013), Process Design and Economics for the Conversion of Lignocellulosic Biomass to
Hydrocarbon Fuels: Fast Pyrolysis and Hydrotreating Bio-Oil Pathway, Pacific Northwest National Laboratory,
National Renewable Energy Laboratory, PNNL-23053, NREL/TP-5100-61178,
http://www.pnnl.gov/main/publications/external/technical_reports/PNNL-23053.pdf.

"% Information extracted from Idaho National Laboratory (2014), Feedstock Supply System Design and Analysis,
INL/EXT-14-33227.

%% Note that Tables 2-2 and 2-3 are intended as a demonstration of the blending concept and are not intended to
represent future quality targets. Values for pulpwood, residues, and C&D are from E. indstr m, S. Larsson, D.
Bostr m, and M. Ohman (2010), “Slagging Characteristics During Combustion of Woody Biomass Pellets Made
from a Range of Different Forestry Assortments,” Energy & Fuels 24(6). Switchgrass values are extracted from S.Q.
Turn, C.M. Kinoshita, and D.M. Ishimura (1997), “Removal of inorganic constituents of biomass feedstocks by
mechanical dewatering and leaching,” Biomass and Bioenergy 12(4).

2! For the purposes of this analysis, residue costs do not include harvest and collection, as they are moved to the
landing while attached to the merchantable portion of the tree.
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Modeled costs for forest thinnings and logging residues are estimated using supply chains that
incorporate technologies and strategies that are currently under development, such as an
innovative ash-reduction unit operation, at costs below the $84/dry ton target. While the 45%
fraction of debarked purpose-grown pine in Table 2-2 exceeds the $84/dry ton cost target (at a
modeled cost of nearly $105/dry ton), it provides very low-ash material that helps the feedstock
meet the thermochemical conversion quality specifications. When blended, the formulation
meets both the cost and feedstock quality targets.

An analogous example for herbaceous biomass blending is presented in Table 2-3. Modeled
costs are estimated using supply chains that incorporate technologies and strategies currently
under development (such as advanced preprocessing) at costs below the $84/dry ton target.
When blended, the formulation meets both the cost and current feedstock quality targets for
biochemical conversion. Moving beyond 2017, the blending strategy will allow even more
resources to be made economical and of appropriate quality for bioenergy production, while still
hitting the $84/dry ton cost target.

Table 2-3: Example of Modeled Costs and Specifications for Processed Herbaceous Feedstocks and Blends
for Biochemical Conversion to a Hydrocarbon Fuel®

Feedstock Modeled Total Feedstock Formulation Ash Content at Carbohydrate
Cost* to Reactor Throat A Reactor Throat” (% Content (% dry
Component Fraction (%) . "
($/dry ton) (2014$) dry weight) weight)

Single-Pass Corn
Stover 82.65 35 3.5 64
Multi-Pass Corn Stover 91.41 25 7 57
Switchgrass 84.02 35 4 57
Municipal Solid Waste 65.55 5 10 57
Delivered Formulation 84.47 100 4.9 59
Totals

*Includes grower payment and all logistics costs up to the conversion reactor throat.
Note: This example is for illustrative purposes only and is not intended to correspond to the case described in Table 2-5 and Figure 2-12.

Prior to the transition to advanced systems that incorporate concepts such as blending, terrestrial
FSL research was focused on improving conventional logistics systems. Through 2012,
conventional woody supply system costs were reduced for niche opportunities by improving
existing equipment efficiencies, adopting innovative ways of mitigating moisture content, and
increasing grinder performance. The cost target of $46.37/dry ton (20078, excluding grower
payment) was achieved in 2012,>* supporting Office goals at the time. Similarly, improvements
to conventional herbaceous supply systems for high-yield situations focused on reducing field
losses, improving other existing equipment efficiencies, and increasing grinder performance.

** Information extracted from Idaho National Laboratory (2014), Feedstock Supply System Design and Analysis,
Idaho National Laboratory, INL/EXT-14-33227.

 Note that Tables 2-2 and 2-3 are intended as a demonstration of the blending concept and are not intended to
represent future quality targets.

*E. Searcy, J. Hess, C. Wright, K. Kenney, J. Jacobson (2010), State of Technology Assessment of Costs of
Southern Pine for FY10 Gasification, Idaho National Laboratory, INL/LTD-10-20306.
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Using these and other improvements, the 2012 herbaceous logistics cost target of $35.00/dry ton
was achieved ($2007, excluding grower payment). The year 2013 marked the transition from a
focus on conventional feedstock supply systems to advanced systems and non-ideal feedstock
supply areas. This transition was based on the desire to increase the total volume of material that
can be processed and enable more biorefinery options, to address quality, and to meet the 2017
cost target of $84/dry ton delivered to the throat of the biorefinery, including both grower
payment and logistics cost. Moving beyond 2017, advanced systems will gradually bring in
larger quantities of feedstock from an even broader resource base, as well as incorporate
environmental impact criteria into availability determinations. Feedstock supplied after 2017 will
continue to meet the $84/dry ton cost target and quality requirements of various conversion
processes.

Through 2017, terrestrial FSL supports two separate feedstock designs: an herbaceous feedstock
supply system design that supplies on-spec feedstock to a biochemical conversion process, and a
woody feedstock supply system design that supplies on-spec feedstock to a thermochemical
conversion process (conversion processes are described in 