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EXECUTIVE SUMMARY

S

ince the Biomass Feedstock National
User Facility (BFNUF) was established
over a decade ago, the bioenergy
industry has faced many unanticipated
risks and unforeseeable shifts. The
U.S. Department of Energy (DOE) has
recognized these risks and in response
organized several workshops to address
the change in understanding of the
scientific challenges related to bioenergy.
The upgraded 2020 BFNUF, outlined in
this document, is necessary to address
the challenges noted in those workshops,
to expand the types of raw materials that
can be processed including the waste
streams that are necessary to realize
the 2030 BETO MYP Goal, to deepen

consistent progress in achieving its
original objectives of developing a
lower cost biofuel feedstock, reaching
commodity scale and achieving
compatibility with large-scale solids
handling infrastructure. To achieve BETO
and DOE’s Office of Energy Efficiency and
Renewable Energy (EERE) objectives for
the next 10 years, an updated BFNUF will
provide the ability to address enduring,
core scientific knowledge gaps related to:
• material flowability
• impacts of material variability
•	material attributes for increased
consistency

The upgraded Biomass Feedstock National User Facility will primarily provide
value to a dynamic bioenergy sector and as an added benefit, will also
leverage the updated tools and equipment to accelerate the realization of the
circular economy, wherein reuse, recycle and remanufacture of fundamental
materials creates value to a sustainable and resilient US energy economy.
the involvement of federal and private
industry collaborations, and to ultimately
to reduce the risk of scale-up failure as
the bioeconomy is commercialized by
the private sector. The vision for the
2020 BFNUF upgrade is to build a center
that transforms waste from biomass,
municipals, green manufacturing, and
other carbon streams into feedstocks that
enable the circular economy.
The current BFNUF was conceived
with a focus on developing a uniform
format approach, wherein scale
could be achieved via blending and
homogenization. The BFNUF has made

By coupling science-based approaches
with analytical tools and specialized
equipment, researchers and industry
collaborators will lean on the upgraded
BFNUF to understand feedstock materials
properties and associated preprocessing
deconstruction and separation. Plans
for the BFNUF upgrade are consciously
building in process improvements and
efficiencies to ensure minimal enduring
operational cost to encourage strong
industry engagement. The upgraded
BFNUF will be organized into five
functional Centers:
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1.	Feedstock Preprocessing – adding
capability to more finely control existing
Process Development Unit (PDU)
operations
2.	Feedstock Characterization – adding
capability to track material attributes
and facilitate in-situ monitoring
3.	Mechanical Deconstruction –
new capability to apply multiple
mechanisms of force and address
material flowability
4.	Materials Conditioning – new capability
to control the impact of material
variability
5.	Interfacial Properties – new capability to
refine material attributes for increased
consistency
The upgraded BFNUF will primarily
provide value to a dynamic bioenergy
sector and, as an added benefit, will
also leverage the updated tools and
equipment to accelerate the realization
of the circular economy, wherein
reuse, recycle, and remanufacture of
fundamental materials create value for
a sustainable and resilient U.S. energy
economy. The five Centers in aggregate
will establish the materials preprocessing
conditions needed to transform
diverse low-carbon intense resources
into conversion-ready feedstocks to
achieve the BETO mission of producing
domestically sourced and affordable
renewable fuels, products, and power.
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PURPOSE OF THIS DOCUMENT

T

he purpose of this document is to
define the need for an upgraded
BFNUF capability. The main
body of this document establishes a
common understanding of the “why”
for all stakeholders in the upgrade,
while each of the appendices outlines in
more detail the “what” and “how” of the
upgrade. This need has been and will
continue to be defined in partnership
with industry, universities, and other
national laboratories. The upgraded
facility will address BETO’s research
needs and ambitions for the next
decade. Leveraging years of experience,
this document lays the foundation for an
executable marketing plan, informed by
market economics and driven by early
engagement with subject matter experts
from federal institutions and private
industry. At the end of this document are
the next steps that outline the necessary
tasks to develop a mature design and
operations plan, including physical,
functional, and safety requirements,
along with validation and verification.
The upgraded facility will be an asset
for EERE, BETO, and national labs across
the DOE complex to address the known
technical barriers for feedstocks for
bioenergy production and to enable the
research necessary to realize the national
ambition for a sustainable and resilient
circular economy.

The Five Centers
The five Centers in aggregate will address the materials
preprocessing conditions needed to transform diverse
low-carbon intensity resources into conversion-ready
feedstocks to achieve the Department of Energy (DOE)
Office of Energy Efficiency and Renewable Energy (EERE)
Bioenergy Technologies Office (BETO) mission of producing
domestically sourced and affordable feedstock materials,
renewable fuels, products, and power.
Interfacial
Feedstock
Materials
Mechanical
Properties Characterization Conditioning Deconstruction

Feedstock
Processing
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TRANSITIONING FROM 2010 TO 2020

T

he user facility was assembled
following the 2009 uniformformat design report series, which
acknowledged the need and provided
supportive designs for an evolutionary
progression from conventional supply
systems to an advanced, uniform-format,
bulk supply system that transitioned
incrementally as bioenergy industries
launched and matured (Hess et al.,
2009a and b). This was to help reach 60
billion gallons of fuel per year by 2030,

The “Uniform-Format” Vision
feedstock supply system was
designed to meet the Billion Ton
goal and was based on the following
assumptions:
•	A highly efficient, large capacity,
dependable feedstock supply
system already existed with
the nation’s commodity-scale
grain handling and storage
infrastructure

Lessons learned from industry and in operating the original BFNUF and
adjacent work supporting wider EERE and DOE missions has formed
the basis for the proffered solutions in this upgrade proposal. The first
feedstock preprocessing system and characterization laboratory built
at INL could only address some of these challenges to a somewhat
limited degree.
as outlined in the Energy Independence
and Security Act of 2007, which
mandated that 15 billion gal/year of
fuel were to come from grains and the
remaining 45 billion gal/year were to
come from lignocellulosic biomass.

•	No existing supply system design for
lignocellulosic biomass was capable
of handling large quantities at the
same or greater efficiencies and
reliability than the existing grain
handling infrastructure

The report, U.S. Billion-Ton Update:
Biomass Supply for a Bioenergy and
Bioproducts Industry (U.S. DOE, 2011),
also expanded on an earlier study.
Researchers around the world and at INL
began to work towards this goal.

•	Development of harvesting and
preprocessing systems that reformat
lignocellulosic biomass resources
into a uniform-format product that
could be stored and handled in an
expanded grain (i.e., bulk solids)
commodity infrastructure.
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The uniform-format design was achieved
by (1) increasing mass bulk density from
9 to 14 lb/ft3 (Kenney, et al. 2011), (2)
increasing capacity for a fixed kWh grinder
input from 17 to 22 dry matter (DM)
ton/hr, and (3) increasing harvest and
collection efficiencies from a collective
38 to 50% recovery (Hess, et al. 2009).
Designs were created for both herbaceous
(Hess, et al., 2009) and woody (Searcy and
Hess, 2010) feedstocks.
However, as the biorefining industry
struggled over the course of 2014–2015,
it was apparent that these solutions
were inadequate. DOE held a workshop
to identify challenges faced by the
biorefining industry. As identified in the
2016 Biorefinery Optimization Workshop
Report, biorenewable fuels production
faltered because of unanticipated risks
associated with material attributes
and flowability. These risks include the
following:
•	lack of consistent quality in the
feedstock as a result of inherent
variability and post-harvest instability
•	lack of defined feedstock
specifications
•	lack of equipment performance data
relevant to the feedstocks used and
the feedstock as-delivered condition.
This workshop, along with lessons
learned in operating the original BFNUF
and adjacent work supporting wider
EERE and DOE missions, has formed
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the basis for the proffered solutions
in this upgrade proposal. The first
feedstock preprocessing system and
characterization laboratory built at
INL could only address some of these
challenges to a somewhat limited degree.
Material flowability could be controlled
to a degree through nominal particle size;
source variability could be mitigated to
an extent using unique storage reactors,
and equipment performance was
monitored with various devices. While
the uniform-format need still exists, it
does not address any of the identified
operational issues, which are associated
with actual material attributes. The
uniform product from preprocessing still
has all of the undesirable attributes of
the feed material, just evenly distributed.
Preprocessing needs to be able to provide
products with uniform quality attributes
that go beyond just average particle size.
In 2018, BETO and INL partnered
with eight other national labs to form
the Feedstock Conversion Interface
Consortia (FCIC), bringing together high
levels of multidisciplinary expertise
and capabilities to quantify and
fundamentally understand how biomass
variability propagates from the field
through the conversion process and how
feedstock material attributes impact
various unit operations and, thus, the
overall system performance.
FCIC adopted a Quality-by-Design (QbD)
approach as a mechanism for generating
specifications for corn stover and loblolly
pine. The vision for the BFNUF is to
expand upon what the FCIC started
for a limited set of unit operations and
feedstocks, applying that to a much

As identified in the 2016 Biorefinery Optimization Workshop Report,
biorenewable fuels production faltered because of unanticipated risks
associated with material attributes and flowability. These risks include
•	lack of consistent quality in the feedstock as a result of inherent
variability and post-harvest instability
•	lack of defined feedstock specifications
•	lack of equipment performance data relevant to the feedstocks used
and the feedstock as-delivered condition.
broader set of feedstocks and enhancing
the scope of “unit operations” to address
the wide distributions in physically and
chemically unique biomass feedstocks
through fractionation. Fractionated
feedstocks will then be blended and
homogenized, creating an on-spec
feedstock for conversion. This synergy
is shown in the annual Multi-Year Plan
(MYP) Goals for Feedstock Technologies
at BETO, progressing to achieve
$71/ton feedstocks with 90% operational
effectiveness by 2030, as compared to
current modeled costs of $90.25/ton and
66% operational effectiveness, which
were in INL’s existing 2020 Feedstock
State of Technology Report.
The QbD Feedstock Supply System
enabled by this National User Facility
upgrade is a revolutionary approach that
delivers a predictable, narrow quality
distribution necessary to maximize the
efficiency of downstream conversion
processes. This narrow and well-defined
quality distribution captures the highest
potential value of each individual
biomass component.

This QbD-facilitated approach to isolate
chemically and physically unique biomass
fractions is comparable to how the oil
and gas industry utilizes midstream
operations to fractionate and isolate
the unique components in raw oil and
gas. By leveraging this approach, valueadded bioproducts can be generated
early in the supply chain in a costeffective manner while providing biomass
fractions that can scale effectively. This
multiple product approach is necessary to
reduce the risks and barriers associated
with commercialization and dynamic
economic realities. The QbD approach
requires that the upgrade described
in this proposal will enable the
production of feedstocks that meet
the consistent quality targets required
by existing and emerging conversion
platforms and other end users as
shown in Figure 1.

4
INL/EXT-20-60298

BIOMASS FEEDSTOCK NATIONAL USER FACILITY
Project Framework for Facility Upgrade

2010 BFNUF

Herbaceous residues

Transportation fuels

Woody residues

Chemical/products

Storage and Mechanical
Preprocessing

Plastics

Transportation fuels

Grinding and Pelleting

Biopower
Herbaceous residues

2020 BFNUF

Chemical products

Municipal solid wastes
Metals

Animal feed
Woody residues

Fertilizer
Post-harvest Management,
Advanced Fractionation, and
Preprocessing Intensification

Gaseous resources

Grinding
Pelleting
Shredding
Wet resources

Air Classification
Screening
Roller Press
Screw Extruder

Materials

Washing
Hydropulping
Dewatering
Pellets

Figure 1: Uniform-format biomass supply systems (the figure above) and the original BFNUF focused on delivering commodity-scale biomass but was
limited on choice of raw material. Future BFNUF feedstock production facilities (the figure below) will be required to process many more materials to the
quality specifications needed for a greater variety of end products to enable the circular economy.
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MOTIVATION

B

ETO works with many partners
to develop commercially viable
biofuels, bioproducts, and
biopower. BETO’s mission comprises
part of EERE’s mission to strengthen U.S.
competitiveness in a rapidly changing
global energy economy. To keep
BETO and EERE at the forefront of the
feedstock processing research that is
needed to address this rapid change,
INL is proposing to upgrade the existing
BFNUF. Specifically, this upgrade is
motivated by a need to meet specific
research challenges already identified by
BETO through workshops and industry
engagement. This upgrade will also
broaden the vision of how feedstock
science and processing can accelerate the
transition to a circular economy, bolster
innovation, and improve technology
transition to industry. The motivation for
this upgrade has three parts:
1.	Build the science-based
preprocessing approaches
needed to realize BETO 2030
goals, including the abililty to costeffectively transform carbon sources
into sustainable, energy-dense, and
conversion-ready feedstocks that
meet critical material attributes at a
delivered cost of $71/dry ton at 90%
operational efficiency. Expanding
ongoing research to municipal
solid waste (MSW) is critical to
achieving these goals. Feedstock
costs contribute to 30% of the total
costs of a cellulosic-based biorefinery
(Davis, et al., 2018). Currently, critical

feedstock attributes are poorly
understood, and material that is
rejected due to insufficient quality
adds to the total cost and impedes the
target cost of $3.00/gallon gasoline
equivalent (GGE) for biofuels. To
achieve cost-effective feedstocks
and lower the $/GGE, the challenges
identified in critical DOE workshops
like the “Biorefinery Optimization
Workshop,” the “Plastics for a Circular
Economy Workshop,” and the “Waste
to Conversion-Ready Feedstocks
Workshop” need to be addressed.
2.	Build the capability for mechanistic
understanding of material deconstruction to enable revolutionary
developments in preprocessing
science. By coupling science-based
approaches with analytical tools and
unique equipment, researchers and
industry collaborators can lean on
the upgraded BFNUF to understand
feedstock materials properties and
associated preprocessing and deconstruction. The 2020 BFNUF will
leverage INL’s multi-million dollar suite
of microscopy tools across the INL
campus. The impact of this investment
will enhance the understanding of
how tissue state impacts preprocessing performance.

3.	Facilitate technology innovation
and market transition to reduce
risk of scale-up failure by creating
infrastructure better suited to support
small business partners and startups,
innovating at a smaller scale, to more
rapidly prototype and integrate
new technologies into the market.
Transitioning new technologies to the
market will not only directly generate
new jobs but also stimulate those jobs
in the bioeconomy that play a key
role in realizing the vision of a circular
economy. This transfer of knowledge
will use a QbD approach to make sure
that the proposed solution addresses
the challenge.
The objective of this project is to provide
facility upgrades to the BFNUF so that
biomass, and other variable quality and
cost-advantaged resources like MSW,
can be transformed into feedstocks that
meet the specifications requested by
any conversion process. Ultimately, this
upgrade will enable the energy-efficient
conversion of these resources into lowcarbon fuels, chemicals, and products
to strengthen the U.S. competitiveness
in a rapidly changing global energy
economy. To improve feedstock quality,
which will enable refineries to achieve
nameplate capacity and jumpstart the
circular economy, this upgrade will build
five Centers: Feedstock Preprocessing,
Mechanical Deconstruction, Materials
Conditioning, Feedstock Characterization
and Interfacial Properties, as outlined in
the appendices.
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The 2020 BFNUF Supports Refineries of the Future
Historically, generating profits in low
margin industries like food and fuel, as
well as making high-value products like
medicine, has required the advancement
of separations processes. The food
industry has generated significant
profit by separating cereal grains down
to components that make up only a
small percent of the total mass (e.g.,
wheat germ as a high-value protein
source). Since the advent of plastics,
the petroleum industry has made similar
profits from the fuel as they have from
the other chemicals found in oil, despite
the fact that those chemicals make up
less than 10% of the crude oil feedstock.

to generate value-added co-products has
the opportunity to provide more financial
benefit than solely pursuing biofuels.
Examples of value-added products
include nanocellulose fibers that can
be incorporated into high strength
composites, polyhydroxyalkanoate (PHA),
polylactic acid (PLA), plastics, and biobased products like rubber.
To pursue these avenues for product
innovation, private industry and
federal entities are pushing forward with
objectives to realize a circular economy in
the near future, motivated by realities
such as these:

This history of innovation in fractionation and separations to generate
profit, in both the existing biofuels industry and beyond, makes
it apparent that refineries of the future will need to innovate their
material preprocessing and separations procedures.

This history of innovation in separations
to generate profit makes it apparent
that refineries for both the existing
biofuels industry and beyond will need
to innovate their material preprocessing,
fractionation and separations processes.
Much of the profit generated by firstgeneration ethanol plants is from selling
distiller dried grains and solubles as
animal feed, and the profit from ethanol
fuel is secondary. Feedstock processing

•	35.4 million tons of plastic waste
generated annually at a lower
heating value of 14,000 Btu/lb
(Themelis et al., 2011) equates to
approximately one quad or 1015 Btus
of available energy (EPA, 2019). With
tipping fees at $50/ton and 75% of
plastics being landfilled, society is
currently paying $1.3 billion to bury
plastic waste (EPA, 2019).
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•	End-of-life wind blades present a
huge materials disposal challenge.
Beginning in 2022, Europe alone is
expected to reach 50,000 tons per
year of waste turbine blades (Beauson
and Brøndsted, 2016).
Similar realities in the biofuel industry
have motivated the Bioeconomy
Initiative to capture the circular economy
opportunity by pursuing sustainable,
annual production of a billion tons of
biomass by 2040, equating to about
50 billion gallons of biofuels annually
(25% of total transportation use) and
representing a $150 billion industry
(Biomass Research and Development
Board, 2018).
Future refineries in a circular economy
will process a more heterogeneous mix
of materials, even if society gets better at
self-sorting their garbage into different
bins. Over the last few years, the BFNUF
has utilized MSW for a variety of projects,
including cleaning plastics and paper to
meet conversion standards, torrefying
and densifying mixed biomass and MSW
for biopower, and sensing and sorting
technologies for waste cleanup. This
work illustrates how the BFNUF is well
positioned to transition to using the
different waste materials needed for
making valuable products in a rapidly
changing global, low-carbon economy.
Knowledge gained at INL through
processing corn stover, wood chips,
and some MSW over the last ten years
will be valuable as the U.S. necessarily

BIOMASS FEEDSTOCK NATIONAL USER FACILITY
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transitions to a circular, clean energy
economy. This circular economy seeks
to reduce the embodied energy of
products by fully utilizing current
waste streams through recycling and
upcycling strategies. Building on this
knowledge will help industry address
quality problems that arise before
production begins. BETO is already
transitioning towards research that
will enable the transition to a circular
economy as indicated by the “Plastics
for a Circular Economy” and “Waste
to Conversion-Ready Feedstocks”
workshops. Transitioning to an advanced
energy economy by transforming
low-value distributed resources
into conversion-ready feedstocks

Objectives for the Upgrade
The BFNUF upgrade will extend BETO’s
material handling and characterization
capabilities beyond biomass and into
waste materials like MSW, turbine blades,
and other wastes in the emerging
green economy. These new handling
and separations capabilities are critical
to enabling technology for recycling/
upcycling that supports DOE’s Plastics
Innovation Challenge and the circular
economy, building interactions with
innovative small businesses, and
leveraging other multimillion-dollar
user facilities.

will require the actualization of the
BFNUF R&D advancements outlined
in this document. Upgrades to INL’s
BFNUF will build a facility capable of
designing quality feedstocks based on
a fundamental understanding of the
mechanisms of material deconstruction
and processing. As the nation moves
toward a circular economy, research
on how to reduce source variability to
meet conversion specifications for an
expanding array of waste materials is
critically important.
The upgrade will also broaden how the
BFNUF can contribute to the circular
economy by expanding the ongoing
research of MSW to allow BETO to better
Motivation
Build the sciencebased preprocessing
approaches needed to
realize BETO 2030 goals

collaborate with other offices within
EERE like the Advanced Manufacturing
Office (AMO), the Vehicle Technologies
Office (VTO), and the Wind Energy
Technologies Office (WETO). AMO
has institutes focused on Reducing
Embodied-energy And Decreasing
Emissions (REMADE) and obtaining
critical materials (Critical Materials
Institute, CMI) that could benefit from
a more integrated approach involving
the use of real-world feedstocks to test
their new technologies. VTO and WETO
also support industries that will make
a significant amount of waste (in terms
of batteries and wind turbine blades)
that will need to be reused as part of a
circular economy.

BFNUF Upgrade Objective
Build the capabilities to address equipment performance and feedstock
specifications (and critical material attributes) through expanded
characterization of materials and reduced scale mechanical preprocessing
equipment.
Expand the waste streams that can be transformed into feedstocks by including
sorted MSW and emerging green industry wastes like solar panels and highvalue carbon fiber composites.

Build the capability
for mechanistic
understanding of
material deconstruction
to enable revolutionary
developments in
preprocessing science

Couple science-based approaches with analytical tools and unique equipment
so that researchers and industry collaborators can lean on the upgraded BFNUF
to understand feedstock materials properties and associated preprocessing and
deconstruction.

Facilitate technology
innovation and market
transition

Expand the scale of material processing operations to include 10s of kg scale to
facilitate collaboration with small, innovative companies.

Increase the fundamental science capabilities of the BFNUF with new material
characterization techniques and tools by more closely collaborating with
existing facilities at INL and the Center for Advanced Energy Studies (CAES).

Formalize the implementation of the industry engagement strategy, including
the development of an actively managed pipeline of industry engagement
opportunities.

Table 1: Summary of how investments in the BFNUF upgrade address the motivations listed.
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Why Now is the Right Time for the 2020 BFNUF Upgrade
At the time the 2010 BFNUF was
developed, the challenges that would be
associated with handling and converting
lignocellulosic biomass were not known.
Since then, researchers have been
building the fundamental knowledge
needed to address these quality
challenges resulting from the diversity
and variability inherent to biomass. This
knowledge has helped in expanding the
feedstock resources researchers were
working with, and we have learned more
about the role that variability plays within
the system (Kenney, et al., 2014; Searcy, et
al., 2015; Williams, et al., 2017).
What began with a focus on feedstocks
from agricultural and forest management
residues has now expanded to include
algal feedstocks, wet wastes, and
municipal solid wastes (shown in
Figure 1) while also taking into account
the sustainability and profitability of
the feedstock supply system (Muth
and Bryden, 2012; Nair et al., 2018). The
combination of these new feedstock
resources and the enhanced appreciation
of the variability inherent to each of them
is the foundation of the 2020 BFNUF
upgrade.

The 2020 BFNUF upgrade investment
also addresses critical comments received
from BETO Peer Reviewers. The Feedstock
Characterization and Interfacial
Properties Centers directly address
2017 reviewer comments to enhance
the “fundamental understanding of the
limitations of unit operations over a
wide range of biomass conditions (e.g.,
species, moisture ash, etc.)”. Likewise,
2019 peer reviewers mentioned, “(The
BFNUF) seems to be focused on making
incremental improvements to existing
equipment…It is aspirational that
something new and disruptive will
result from this approach.” The reviewers
correctly identified that incremental
improvements in hammer milling
(2010 BFNUF) would only result in
evolutionary changes with little impact
to industry. Expansion of the BFNUF
mechanical manipulation tools within the
Feedstock Preprocessing and Materials
Deconstruction Centers is critical to
making the revolutionary changes that
are necessary to realize the Bioeconomy.
Creation of the Materials Conditioning
and Interfacial Properties Centers is
critical to understanding how tissue-

9
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state manipulations and additional
mechanisms of force can create
feedstocks that support both the existing
and emerging conversion approaches
necessary to realize the Bioeconomy.
Lessons learned from the preprocessing
challenges of the failed Second
Generation Biorefineries are one of the
driving forces behind the 2020 BFNUF
Upgrade. More seriously and more
crucial, solving preprocessing problems
of the emerging Bioeconomy is central
to the 2020 BFNUF Upgrade. Current
commercialization efforts are trending
towards utilization of cost advantaged
feedstocks including wet and municipal
wastes. Inclusion of these feedstocks is
also critical to achieving BETO’s MYP cost
goals. The 2020 BFNUF will create the
infrastructure that solves preprocessing
issues before they arise, provides a
resource for innovation that is available
to emerging companies with promising
technology, and facilitates technology
transfer to industry to reduce the risk of
scale-up failure. This is an appropriate
role for a national laboratory.

BIOMASS FEEDSTOCK NATIONAL USER FACILITY
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2020 BFNUF UPGRADE EXECUTION
How the Upgrade will be Accomplished
The upgrade to the BFNUF will mature
the two existing Feedstock Preprocessing
and Feedstock Characterization Centers
and build three new centers focused
on understanding the fundamental
science of preprocessing, which includes
materials handling, deconstruction,
sorting, conditioning, and formulation.
A key portion of the upgrade will

focus on lessons learned and industry
challenges identified from previous
DOE workshops to ensure the Centers
address industry interests and needs.
These five Centers will leverage each
other’s capabilities to characterize
feedstocks micro-scale properties and
bulk properties as well as build an
understanding of how their attributes

affect processing at the kg and ton
scales. Upgrades to existing facilities
will allow the transformation of waste
streams beyond biomass, such as MSW
and other distributed resources, into
commodity-scale feedstocks that meet
specifications for constantly evolving
conversion and upcycling process
specifications.

However, this process will not always
be this linear. For instance, in some
cases, it may make sense to reduce the
size of materials to increase the surface
area prior to an interfacial conditioning
step and further comminution. The
Mechanical Deconstruction Center will
gain knowledge that may inform the
Feedstock Preprocessing Center, but
these techniques will not be scaled up.
Characterization will be performed as
needed and will focus on the material
attributes of interest.

Each Center will mitigate material
handling and conversion risks identified
by the Second Generation Biorefineries
by enabling finely tuned control over
particle morphological and surface
properties. This will improve flowability
and create narrower quality distributions
in the final products while also limiting
equipment wear. Table 2 gives some
examples of how capital investments
in each of these five new capabilities
addresses risks associated with feedstock
production and materials handling.

Centers
The five functional Centers being
built in this upgrade are the
Feedstock Preprocessing, Feedstock
Characterization, Mechanical
Deconstruction, Materials Conditioning,
and Interfacial Properties. Figure 2
provides an illustrative example of
how the different Centers will interact
and how they integrate with the larger
biorefinery process. Generally speaking,
materials will go through some type of
conditioning in storage prior to milling,
and characterization will take place as
feedstocks move through the process.

Harvest/
Collection

Materials
Conditioning

Mechanical
Deconstruction

Feedstock
Characterization

+

Feedstock
Preprocessing

Pretreatment/
Conversion

Interfacial
Properties

Figure 2: INL provides BETO with capability in the first four steps of material processing and the upgrade will enhance material processing capabilities
through the highlighted five Centers.
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BIOREFINING CHALLENGES ADDRESSED BY BFNUF UPGRADE
(1) Material Flowability (2) Source Variability (3) Poorly Defined Quality Specifications
BFNUF Center
Feedstock
Preprocessing

Upgrade Impacts on Biorefining Challenges
Controlling material mass flow and particle orientation through a wider variety of comminution options will narrow the quality distributions and
reduce fines to hit target feedstock specifications.
Air classification, gravity separation, and other separation technologies will minimize the impact of source variability and improve conversion
consistencies while facilitating the study of mechanical properties of individual components in complex mixtures.
Scale: 0.5-5 tons/hour

Mechanical
Deconstruction

This Center will build a fundamental understanding of particle breakage in comminution processes by studying compression, impact, and shear
individually using different techniques. This knowledge will allow us to control parameters like particle size, distribution, and aspect ratio that
impact flow and equipment performance.
Ash migration from the pith to the rind in degraded corn stover, when combined with a mechanical separation process, like hydro-pulping, could
reduce risks posed by inorganics and enable optimization of milling procedures for each material fraction.
Scale: 1-5 kg/hour

Materials
Conditioning

Biomaterials and labile wastes chemically and physically change when exposed to moisture, microbes, heat, and pressure. This Center mitigates
risks of uncontrolled detrimental changes by understanding how feedstock materials react over time and how environmental and/or processing
conditions can be used to improve downstream performance.
Novel conditioning and formulation capabilities will improve equipment performance and flowability by managing source variability and material
properties like moisture and density.
Conditioning materials with pressure, temperature, and chemicals (e.g., dilute alkali in storage) improves the ability to fractionate materials.
Conditioning and fractionation allow control over fundamental mechanical properties that impact flowability and equipment performance.
Scale: 1-2 kg/hour

Feedstock
Characterization

Improving capabilities to analyze materials will be essential for understanding how each preprocessing step impacts a critical quality attribute of
a material. New capabilities will identify the physical and chemical impacts of storage and preconditioning on feedstocks to improve downstream
comminution, fractionation, and formulation performance.
Scale: 0.5 - 20 mm, 100,000s of particles

Interfacial
Properties

Equipment purchased in this Center will help investigate microstructural properties that affect material flowability and convertibility. The
mechanistic understanding of fracture propagation enabled by this new capability will be used to build novel computational breakage models that
would be useful to both BETO and industry through improved process scale-up.
Analytical tools in this lab will be used to gain a mechanistic understanding of material deconstruction through in- and ex-situ visualizations.
Scale: 10-9m-0.1m (nano to macro), 10s of particles

Table 2: Biorefinery challenges addressed by each laboratory/upgrade.
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Importantly, the feedstock production
capabilities enabled by this upgrade
can be compared to progress made by
the first BFNUF and the conventional
systems that existed before the advent of
Second Generation Biorefineries. Table 3

summarizes the attributes the aggregate
of Centers will provide, as identified by
industry lessons learned and stakeholder
engagement. In short, these new
Centers will give the BFNUF the ability
to transform a much greater diversity

Center Attributes Needed to Produce On-Spec Feedstocks

of waste materials into conversionready feedstocks and co-products while
also researching the fundamental,
mechanical, and physical properties that
enable improved material handling and
separations.

2010 BFNUF

2020 BFNUF

Moisture control of 15-20% or less
Bulk density control, >30 lb/ft3
Biomass supply control at 200 miles
Particle size control in three dimensions
Removes contaminants and zero-value components
Exploits inherent material variability to improve mechanical deconstruction
Evaluates preprocessing impacts on feedstock structure and composition
Controls reactivity to enhance product yield
Enables mechanistic understanding of material deconstruction
Isolates fractions with unique properties or value
Creates narrow, conversion-specified product distributions
Reduces energy consumption through precision and eliminating over-processing
Enables tools to process cost-advantaged feedstocks (e.g., wastes and recyclables)
Table 3: Feedstock quality control and supply changes enabled by the BFNUF and the BFNUF upgrade as compared to conventional supply systems.
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Physical Layout of the Centers
The majority of the new equipment that is
part of this facility upgrade will be located
in the D-wing of INL’s Energy Systems
Laboratory (ESL) high bay along with
the existing BFNUF equipment. Figure
3 illustrates the capability that is being
built in this upgrade with a couple of
caveats. Note that some of the “Materials
Conditioning” equipment is likely to end
up in a different lab on the INL campus
in order to access facility attributes like
drains, which do not exist in the current
facility. The characterization equipment is
not pictured here but is also located in the
ESL building.

Functional Layout of the Centers
The functional layout of the centers
is arranged in such a way that the
larger-scale processes can build upon
a foundational knowledge gained from
the characterization capabilities. For
instance, the Materials Conditioning
Center will only process samples on the
10s of kg scale and can make a greater
variety of samples than the Feedstock
Preprocessing systems, which operate
on the 1,000 kg/hr scale. However, the
Mechanical Deconstruction Center
will process samples on the order
of 10-100s of kgs and will be able to
investigate the impacts of a much
higher number of samples obtained
from the Materials Conditioning Center.
It is intended for these smaller-scale
conditioning and handling tests to
inform the types of samples that could
have success in generating process
improvements in preprocessing. These
improvements are likely to be in either

Figure 3: Illustration of equipment in the INL Energy Systems Laboratory (ESL) high bay as part of
the BFNUF upgrade. White equipment is existing from the first BFNUF, red equipment builds the
“Feedstock Preprocessing” capability, orange equipment builds the “Mechanical Deconstruction”
capability, and green equipment builds the “Materials Conditioning” capability.

materials handling or narrowing the
variability of the produced feedstock.
Underpinning all of these processes will
be the Feedstock Characterization and
Multi-Scale Mechanical and Interfacial
Properties Centers. These Centers will
investigate material properties on the
mm and 10s of µm scales, respectively,

to gain insights as to how changes in
the processes for the other Centers
translates into fundamental changes in
the feedstock(s) being processed. This
breadth of scales will allow the upgraded
BFNUF to interact with a much wider
array of university, small business, and
multinational corporate partners.

Industry-Relevant Scale
Feedstock Preprocessing

0.5-5 tons/hour

Mechanical Deconstruction

1-5 kg/hour

Materials Conditioning

1-2 kg/hour

Feedstock Characterization

0.5 - 20 mm, 100,000s of particles

Interfacial Properties

10-9m-0.1m (nano to macro), 10s of particles

Bench Scale

Figure 4: Knowledge transfer to inform scale-up and move from one center to another.
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Expansion of Feedstocks
The 2010 BFNUF was capable of
handling dry bales of herbaceous
biomass and MSW. Likewise, it could
preprocess other bulk material. The
2020 BFNUF will be able to handle
more types of waste materials,
including low density paper and
packaging material. It will also be able
to preprocess high moisture material
on a small-scale basis—for example
to improve the quality of wet wastes

prior to hydrothermal liquefaction in
collaboration with PNNL.
This expansion is possible because the
upgraded BFNUF will procure all the
fundamental mechanical manipulation
tools that commonly represent the six
simple machines. These include the
wedge (e.g., knife mill), screw (e.g.,
screw press, densifier), wheel and axle
(e.g., roller mill, dewatering press),

inclined plane (e.g., gravity separator,
pneumatic conveyance system), pulley
(e.g., shredder), and lever (e.g., hammer
mill). These simple machines will result in
different deconstruction and separation
results based on the feedstock type.
The BFNUF upgrade will enable INL to
utilize these fundamental preprocessing
methods to expand the understanding of
processing new feedstocks.

BFNUF Upgrade Team
The BFNUF Upgrade Team is comprised
of lab leadership, relationship managers,
and principal investigators at INL. This
diversity of expertise, as well as their
breadth of industry and university
connections, is needed to develop a

facility that can bridge the basic science
at universities to commercially viable
technologies usable by industry. The
Upgrade Team is committed to better
engagement with industry, other DOE
National Laboratories and Universities

as the plans for the upgrade mature.
Involvement from external stakeholders
in requirements development
and equipment acquisition and
commissioning will be critical to the long
term success of the upgrade effort.

Emerson, John Aston, William Smith, and
Amber Hoover. They lead the Feedstock
Preprocessing, Feedstock Characterization,
Mechanical Deconstruction, Materials
Conditioning, and Interfacial Properties
Centers, respectively. This team also

makes informed design and capability
recommendations from their extensive
list of industrial and university contacts
and knowledge to inform the design of
each Center. Some of this engagement is
detailed below.

streams, and produce clean biomass
to meet more stringent conversion
specifications.

the industry characteristics of a large
but fragmented sector, including
small and large companies involved in
bioengineering, production of crops,
manufacturing and distribution of
biofuels and chemicals, and the design,
construction, and manufacturing of
plants.

INL
The team at INL is led by Luke Williams
with strategic contributions from lab
leadership, like Richard Hess and Lynn
Wendt. To help organize the information
that builds each Center, there are five
“Center Leads”: Neal Yancey, Rachel

Industrial Partnerships
Collaborations with industrial partners
that have helped shape the design and
concepts for the BFNUF upgrade include
energy companies that are looking to
pivot away from traditional carbonemitting processes for energy and
chemicals. Their engagement has helped
INL focus research on market-relevant
feedstock supply challenges, generate
value-added co-products from waste

INL will actively seek additional industry
partners of all sizes through a series
of focused discussions, virtual tours,
and small group stakeholder meetings
as outlined in the BFNUF Upgrade
Marketing Plan. Future partners reflect
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DOE National Laboratories
One of INL’s core capacities is mechanical
preprocessing and deconstruction to
enable to the bioenergy feedstock supply
chain. The BFNUF upgrade is synergistic
with other BETO-funded national
laboratories in the following ways:
•	INL collaborates with national
laboratory partners on
thermochemical conversion
platforms, for example, by impacting
macromolecular composition to
influence pyrolysis products (NREL)
and removing inorganics that poison
catalysts in hydrotreating (PNNL).

•	INL collaborates with PNNL by
improving the quality of waste
feedstock for hydrothermal
liquefaction and defining the most
cost-effective approaches to ensure
consistent feedstock supply and
quality.
•	INL collaborates with NREL on
preprocessing approaches for
contaminated MSW streams to
understand the impact of feedstock
quality in the biochemical (NREL) and
thermochemical (PNNL) conversion
platforms. INL also has R&D scope
to support the isolation and reuse
of carbon fiber (ORNL) at the
Manufacturing Demonstration Facility.

•	INL uses a combination of
experimental data and modeling
capabilities to determine the mass
and energy balances associated with
mechanical processing of waste
materials. To determine the life cycle
impact associated with the processing
operations, INL collaborates with
Argonne National Laboratory (ANL)
to conduct a farmgate/landing to
refinery, life cycle analysis using
the Greenhouse Gases, Regulated
Emissions, and Energy Use in
Transportation (GREET) model.

Universities
Collaborations with university
partners focus on enabling
the fundamental science
needed to move preprocessing
research beyond empirical
correlations. These upgrades
will improve the BFNUF’s ability
to characterize particles on
the micron scale and measure
the influence of interfacial
interactions important in
processing mixed waste streams.

Collaborations with university partners
focus on enabling the fundamental
science needed to move preprocessing
research beyond empirical correlations.
These upgrades will improve the BFNUF’s
ability to characterize particles on the
micron scale and measure the influence
of interfacial interactions important
in processing mixed waste streams.
For instance, interfacial interactions
are important for understanding how
moisture impacts biomass deconstruction
and flowability as well as how plastic
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binds to metal in the multi-layer
packaging that creates challenges in
MSW processing.
The capabilities of the BFNUF were
critical to partnering with universities
for BETO’s FY19 and FY20 Funding
Opportunity Announcements (FOAs),
which resulted in 11 new projects.
Upgrades to BFNUF’s ability to bridge the
gap between fundamental science and
engineering-scale research will sustain
fruitful collaborations.
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MARKETING PLAN

I

nvestment in the BFNUF upgrade
is critical to advancing the state-oftechnology for feedstock supply and
logistics systems to enable industry to
effectively use biomass, MSW, and other
end-of-life materials for the production

of energy-efficient and affordable fuels,
chemicals, and other higher value
products. The Marketing Plan in this
section is a start to more intentional
industry engagement moving forward.
INL recognizes room for improvement

in these endeavors and is committed
to working with BETO and other DOE
National Laboratories to provide a
capability that supports research and
bridges the gap to technology transfer to
industry to facilitate commercialization.

hundreds of small companies in the
energy space, several highly profitable
companies are engaged in the biofuels
and biochemical sectors. With the
unique capabilities of the BFNUF, INL will

work to partner with these companies
through strategic relationships that
leverage the technical knowledge and
unique facilities at INL and partner DOE
Laboratories.

Industry Sectors
Companies involved in energy
innovation are typically interested in
shifting away from traditional fossilbased processes to cleaner fuels and
chemicals. In addition to the many

INL is committed to working with BETO and other DOE National Laboratories to providing a capability that
supports research and bridges the gap to technology transfer to industry to facilitate commercialization.

Fuels
Industries representing both biochemical
and thermochemical approaches
to bioenergy production aim to use
low-quality, low-cost feedstocks to
compete with gasoline prices ≤ $3/
gallon. It is even more challenging to
produce uniform commodity-level
feedstocks from diverse resources,
such as MSW, plastics, and other nonrecyclables. Industry will require systems
for segregating, separating, and sizing
heterogenous wastes into manageable,
convertible feedstocks, especially

when the market demands results in a
reduction of tipping fees that currently
make these feedstocks cost advantaged.
INL will strengthen existing partnerships
with the energy and agribusiness
supermajors through direct business
development outreach to these
companies. With the upgrades, BFNUF
is a unique resource to test and
demonstrate the economic values of
QbD for feedstocks and commodities, at
scales that are of strategic value to these
companies.

In addition to large companies, many
hundreds of small U.S. companies
are investing in new agricultural
technologies, chemistries, and
mechanical processes to convert
biomass, MSW, and plastics into fuels.
INL tracks commercial participants in
the biofuels and biochemical sectors
and will engage these companies to
participate in stakeholder engagements
and virtual tours. These companies are
typically small, often trying to promote a
specific technology with limited financial
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resources for partnerships. Where there
is close alignment with capabilities at
INL, our team will support leveraging
federal resources, including grants
and the upgraded BFNUF, to support

commercializing these technologies. INL
will first try to engage these companies
through the industry engagement
process that includes focused group
conversations and virtual and physical

tours (COVID-19 permitting). When
appropriate, INL will develop companyspecific capture plans to align strategic
interests with the BFNUF capabilities.

Bioproducts
Biomass supply chains that rely on midstream markets as a strategy
to produce biofuel feedstocks present an opportunity for the U.S.
manufacturing industry to (1) lead in the development of renewable
and sustainable products that invigorate economic activity along the
supply chain and (2) support local and regional economic growth.

A primary value of QbD is improving
the commodity value of feedstocks
through careful separation and handling
of valuable components. Research and
technological innovations are enabling
the use of bioproducts in novel ways,
and different anatomical fractions of the
biomass feedstock can be marketed for
their most valuable use. This approach
can potentially provide more consistent
feedstock quality for the conversion
industry, increase the overall value
proposition of the biomass, and improve
the cost and efficiency of producing fuel
by using co-product markets.
Biomass supply chains that rely on
midstream markets as a strategy to
produce biofuel feedstocks present an
opportunity for the U.S. manufacturing

industry to (1) lead in the development
of renewable and sustainable products
that invigorate economic activity along
the supply chain and (2) support local
and regional economic growth. For
example, one of our industry partners
is interested in the byproducts of
fractionation and separation as higher
commodity values, such as oils that
can be used for chemical processes
and beauty products rather than
sending the complete volume of
feedstock for biofuel. Additional corn
stover-based product markets include
feed supplement for livestock, animal
bedding, blasting media made from corn
cobs, insulation boards, and additives in
cosmetics. Woody biomass can result in
essential oils (pine oil), biopower (wood
briquettes, torrefied briquettes), soil
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amendment products (biochar), bark
extracts for skincare and pharmaceutical
products, composite fillers for cement
and concrete.
Byproducts from MSW streams include
glass and metals, which can be
fractionated and sold to other markets.
However, one significant benefit of
separation of MSW is isolation of any
fossil-based plastic, which reduces the
RINs a company can receive. Additionally,
this research will focus on improving the
quality of plastic waste streams through
decontamination so that inhibitors, like
surfactants from a detergent bottle, do
not inhibit enzymatic conversion.
INL will focus the business development
team on outreach and strategic partnerships with these companies to identify
strategic and economic values in the
bioproducts space that can be realized
from separation and characterization
capabilities within the BFNUF.
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Preprocessing Equipment at Scale
BFNUF has multiple points of interface
with manufacturing where dedicated
engineering, design and engineering,
procurement, and construction (EPC)
contractors build renewable energy
plants. The concepts behind QbD require
retooling many facilities to extract as
much value from feedstocks at the

lowest cost while offering value to
stranded capital. These manufacturing
companies generally operate in
vertically integrated industries, such
as EPC of power generation plants,
water and wastewater treatment plants,
and manufacturing facilities. Services
typically include commercial and

industrial contracting and engineering
services, design/build, project
management, and general contracting.

that occurs in feedstock preprocessing,
which touches all aspects of the supply
chain, including feedstock production,
pretreatment, conversion, final upgrading,

and end use. The upgraded BFNUF will
create Centers to enable deeper industry
engagement across the entire supply
chain.

INL will use a business development
approach to identify companies
interested in refining designs that
emerge from BFNUF.

Industry Supply Chain
The industry sectors represented in the
bioenergy supply chain are shown in
Figure 5. INL’s recognized core capability
lies in the mechanical deconstruction

Feedstock
Providers

Feedstock Preprocessing
and Deconstruction

Agribusiness

Feedstock
Conversion

Upgrading
and End Use

Figure
5: Industry sectors represented
in the bioenergy supply chain.
• Warren & Baerg
• Nexsteppe
• Genera
• RJ Reynolds
• Wonderful
• Almond Board of
California

• Red Rock
• ExxonMobil
Vermeer
• Convergen
• Drax
Forest Concepts
• Sierra
• Shell
Fulcrum
• Iogen
• Haldor Topsoe
Trinity Green
• POET
• Cool Planet
Technology
• Dupont
Ciris Energy
An additional
aspect
needs. If industry’s •process
needs are
• Green
Goldthat contributes• Abengoa
• Cogent
• Idaho Forest
Group
to these industrial
interactions
is the • Michigan
notBiotech
well specified, the upgraded BFNUF
Institute (MBI)
• Jenike and Johanssen
small-scale• R&D
nature of the Mechanical
will be able to provide a variety of well• RTI
Lignetics
• GTI
Deconstruction
Materials
characterized feedstocks so that our
• AMPand
Robotics
• Advanced
Conditioning
Centers.BioEnergy
Innovative R&D
industrial partners can better understand

• Antares
• New Holland
Rochester Inc
• Kelderman Balers
• Verd Co.

Industry Engagement Use Cases
INL collaborates with industry
throughout the bioenergy supply
chain. However, the nature of these
interactions can vary widely. Partnerships
with feedstock producers, aggregators,
and suppliers allow us to assess new
feedstocks or new harvest and collection
approaches for quality improvements in
preprocessing.
Other companies, such as those in the
preprocessing R&D space, bring their
newest technologies to the BFNUF for
demonstration and incorporation.

•
•
•
•

is done at the smallest scale possible to
increase efficiency and eliminate waste.
Scale-up of promising technologies is
planned through facilitating technology
transfer with preprocessing companies.
Finally, INL collaborates with conversion
and end-use partners by providing
feedstocks tailored to their process

the limits of their process and their future
feedstock quality needs. In these types of
collaborations, industry passes feedstock
handling and conversion data back to
INL to enhance the understanding of the
overall process.
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Industry Motivation to Use BFNUF
The BFNUF is a unique national capability. The focus on high-risk, low TRL research is not often performed by industry and is a
unique opportunity for national laboratories to bridge the technology gap between university partners and industry. Bridging
this gap embodies the proper role of the U.S. government, enabling EERE funding to catalyze commercialization and investment.
The development of commodity-level feedstocks reduces process variability in conversion to produce high-value products and
ultimately de-risk industry’s investment in scaling and financing the next generation of renewable energy biorefineries. Successful
development of robust feedstock logistics systems ensures that the U.S. will maintain leadership in the development of energyefficient, low-carbon fuels and products across the agricultural, industrial, transportation, and power sectors of the economy.
The new and upgraded Centers of the BFNUF will widen the impact that INL can have to revolutionize the bioenergy industry.
No other entity has proven a process for economically profitable biofuels and defining the necessary feedstock specifications
for conversion regardless of whether it is herbaceous and woody biomass, wet wastes, plastics, and other MSW components.
The centrally localized preprocessing capabilities at the BFNUF provide a facility that will allow INL to reach more end users with
increased functionality at lower costs. Moreover, the connection to fundamental science and tools is necessary to understand why
a certain result occurs and not just that it occurs. This addresses a significant data gap that industry cannot fill for themselves and
is an appropriate role for a national laboratory. The upgraded BFNUF capabilities also help smaller companies with more Blue-Sky
ideas to reduce innovation risk and consult with subject matter experts at INL.
The upgraded BFNUF will reduce unexpected costs in the next generation of renewable energy industries. Operational costs in the
first biorefineries were unexpectedly high, with downtime occurring due to fires in preprocessing lines, reactor plugging, and the
need to replace equipment due to abrasion and wear. While first-of-a-kind biorefineries will likely still incur higher operating costs
than their predecessor plant counterparts, the scientific learnings resulting from the upgraded BFNUF will help derisk the industry
and encourage commercialization.

Pipeline of Industry Engagement
INL will accomplish the knowledge
transfer of the materials processing and
manufacturing technology developed
in the upgraded BFNUF to industry
through strategic partnerships, including
User Facility Agreements, Strategic
Partnership Projects (SPPs) supported
fully by industry users, joint work scope
on multi-topic FOAs, and stakeholder
engagement activities. INL generally

pursues partners that (1) emit substantial
carbon-equivalent emissions through
its operations; (2) have corporate
sustainability and carbon reduction goals
that cover its products and processes;
and (3) have substantial R&D programs
to meet sustainability goals. INL will
actively seek additional engagement
with additional partners to highlight
the new tools and functionality in the

BFNUF. While there are many ongoing
conversations with high potential to
mature into strategic partnerships and
cooperative research & development
efforts, INL is committed to organizing
and tracking a pipeline of companies
of all sizes, across the supply chain and
in diverse industries who could benefit
from the upgraded BFNUF.

Metrics of Success for Industry Engagement
INL is positioned to increase the use
of the upgraded BFNUF over the
next three years and beyond. INL will
demonstrate this to BETO by reporting

annually on BFNUF use, number and
value of projects, number of partners by
contract type, and number of returning
customers. A component of our industry
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engagement strategy is self-evaluation
and redirection to align with industry,
if any of these metrics are below
expectation.
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Davis, R.; Grundl, N.; Tao, L.; Biddy, M. J.; Tan, E. C. D.; Beckham, G. T.; Humbird, D.; Thompson, D. N.; Roni, M. S., 2018. Process Design and
Economics for the Conversion of Lignocellulosic Biomass to Hydrocarbon Fuels and Coproducts: 2018 Biochemical Design Case Update: Biochemical
Deconstruction and Conversion of Biomass to Fuels and Products via Integrated Biorefinery Pathways. NREL/TP-5100-7194. National Renewable
Energy Laboratory. Golden, CO.
U.S. Department of Energy, Bioenergy Technologies Office, Biorefinery Optimization Workshop Summary Report, October 5-6, 2016, Chicago, IL,
Washington D.C., 2016.
Environmental Protection Agency, 2019. “Advancing Sustainable Materials Management: 2017 Fact Sheet, Assessing Trends in Material Generation,
Recycling, Composting, Combustion with Energy Recovery and Landfilling in the United States,” Table 1, p. 4 and 16, November 2019.
Themelis, N.J., M.J. Castaldi, J. Bhatti, and L. Arsova; 2011. “Energy and Economic Value of Non-Recycled Plastics and Municipal Solid Wastes That Are
Currently Landfilled in the Fifty States,” p. 19; 2011. Columbia University Earth Engineering Center.
Beauson, Justine; Brøndsted, Povl 2016. Wind Turbine Blades: An End of Life Perspective; Published in: MARE-WINT. New Materials and Reliability in
Offshore Wind Turbine Technology; DOI:10.1007/978-3-319-39095-6_23; p.422; Figure 23.2.
Biomass Research and Development Board. 2018. Bioeconomy Initiative: Implementation Framework; pp. 1-2. https://biomassboard.gov/pdfs/
Bioeconomy_Initiative_Implementation_Framework_FINAL.pdf.
Williams, C. L.; Emerson, R. M.; Tumuluru, J. S.; 2017. Biomass Compositional Analysis for Conversion to Renewable Fuels and Chemicals. In
Biomass Volume Estimation and Valorization for Energy, InTech: 2017.
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ACRONYMS
AMO

Advanced Manufacturing Office

INL

Idaho National Laboratory

ANL

Argonne National Laboratory

MSW

municipal solid waste

BETO

Bioenergy Technologies Office

MYP

Multi-Year Plan

BFNUF

Biomass Feedstock National User Facility

NREL

National Renewable Energy Laboratory

CAES

Center for Advanced Energy Studies

ORNL

Oakridge National Laboratory

CMI

Critical Materials Institute

QbD

Quality-by-Design

DM

Dry matter

PDU

process development unit

DOE

Department of Energy

PHA

polyhydroxyalkonate

EERE

Energy Efficiency and Renewable Energy

PLA

polylactic acid

EPC

engineering, procurement, and construction

PNNL

Pacific Northwest National Laboratory

ESL

Energy Systems Laboratory

R&D

Research and Development

FCIC

Feedstock Conversion Interface Consortia

REMADE

Reducing Embodied-energy And Decreasing Emissions

FOA

Funding Opportunity Announcements

SPP

Strategic Partnership Projects

FY

fiscal year

VTO

Vehicle Technologies Office

GGE

Gallon gasoline equivalent

WETO

Wind Energy Technologies Office

GREET

Greenhouse Gases, Regulated Emissions,
and Energy Use in Transportation

WPTO

Water Power Technologies Office

US

United States
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Feedstock Preprocessing Center
Deconstructs and
fractionates waste
materials at the pilot
scale to produce
conversion-ready
feedstocks that meet
specified quality
attributes.

This equipment will be placed in the high bay in the ESL when it is in use and outside under covered storage when not in
use.
Material Introduction
• Uniformly controls mass flow and material orientation to minimize the generation of fines
• Utilizes an interchangeable head bale processor to handle unique feedstocks
• Mixes and blends feedstocks to achieve specific chemical or physical specifications
• Enables downstream deconstruction, separations, and classification

Bale Deconstruction

Separations

Separations
• Employ mechanical, specific gravity, and air classification to separate feedstock waste by size, density, and other
physical properties
• Facilitate creation of high fidelity fractions to support material-specific size reduction and other downstream
processes
• Achieve contaminant removal early in the process to improve product quality and reduce downstream
preprocessing risks such as equipment wear
Size Reduction
• Uses specific size reduction methods to take advantage of the best deconstruction mechanism (impact, shear, etc.)
for the specific material
• Employ processes that achieve size reduction in three dimensions, rather than one, to achieve the desired particle
size and shape distributions.
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Materials Conditioning Center

Research Challenges

Solutions in the 2020 Investment

The 2010 BFNUF only had control of particle size in one
dimension.

The 2020 BFNUF will be able to utilize combination of new
grinding and separations capabilities to control particle size
in three dimensions.

Material introduction surges and a lack of foreign material
separations disrupted process consistency and created noise
in the processing data.

New configurable bale introduction systems allow the
processing of biomass as well as municipal solid wastes with
a steady flow to reduce process noise. A new density-based
separation system will also be installed to protect downstream equipment.

Controls average particle size, aspect ratio, and distribution widths for heterogeneous materials
• Separations before and after size reduction enable high fidelity fractionation
• Improved material introduction protects downstream equipment from rock, metal, and other debris
• Better size control during comminution reduces fines that cause equipment failure downstream
Creates high fidelity fractions from heterogeneous waste to enable value added co-products
• A greater range of inexpensive mechanical separation capabilities creates higher value feedstock
• Has the ability to meet required specifications for a much wider variety of processing equipment
• Blending and mixing equipment help create homogeneous feedstocks from chemically disparate materials to
meet desired specifications.

The Feedstock Preprocessing Center incorporates knowledge from each of the other centers to
facilitate the processing of new feedstock at scales of over one ton per hour. It is also the
capability that enables collaborations with large industrial partners like DuPont, Drax, and Exxon.

Emerson, R., Yancey, N., Hoover, A., Thompson, V., Dee, M., Hernandez, S., Kinoshita, A., Ray, A. Quantifying the impacts of variable corn stover properties on mechanical preprocessing for
a continuous system. In preparation for submission to Bioresource Technology.
Klinger, J., Carpenter, D. L., Thompson, V. S., Yancey, N., Emerson, R. M., Gaston, K. R., Smith, K., Thorson, M., Wang, H., Santosa, D. M., Kutnyakov, I. 2020. Pilot Plant Reliability Metrics for
Grinding and Fast Pyrolysis of Woody Residues. ACS Sustainable Chemistry & Engineering, 8 (7), 2793-2805.
Sievers, D., Kuhn, E., Thompson, V., Yancey, N., Hoover, A., Resch, M., Wolfrum, E. Throughput, Reliability, and Yields of a Pilot-Scale Conversion Process for Production of Fermentable
Sugars from Lignocellulosic Biomass: A Study on Feedstock Ash and Moisture. 2020. ACS Sustainable Chemistry & Engineering, 8, 2008-2015.
Williams, C. L., Emerson, R. M., Hernandez, S., Klinger, J. L., Fillerup, E. P., Thomas, B. J. 2018. Preprocessing and Hybrid Biochemical/Thermochemical Conversion of Short Rotation Woody
Coppice for Biofuels. Frontiers in Energy Research, 6 (74), 1-7.
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Feedstock Characterization Center
Measures critical
properties needed for
each processing step in
a manner generally
consistent with industrial
quality standards
enabling QbD and
material quality
assessment

The Feedstock Characterization Center
builds on the suite of existing chemical
and physical property analytical
equipment available across the Idaho
National Laboratory Campus.

Chemical and Particle Characterization

Chemical and Particle Characterization
• Thoroughly measure and identify critical material
attributes for processing operations.
• Includes standard suite of bulk property chemical
characterization
• Enhanced capabilities to measure particle attributes
in various size ranges and conditions
• Develops rapid characterization methods of critical
material attributes through spectroscopic methods
Reactivity Screening
• Develops analytical methodologies measure quality
attributes for various biomass conversion pathways
enabling rapid conversion pathway screening
• Biochemical conversion pathway screening sugar
releases
• Thermochemical conversion pathway(s) screening
based on intermediate product yields and quality

Reactivity Screening

Chemical Signature Separation
• Application of rapid critical material attribute
characterization methodologies for on-line
determinations
• Use of spectral sensors and cameras for rapid
characterization coupled with automated sorting
technologies.
Chemical Signature Separation
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Materials Conditioning Center

Research Challenges

Solutions in the 2020 Investment

Standard material attribute characterization available but not
widely applied

Increased effort on wide variety material attribute characterization for criticality assessment and QbD management

Variability is physical properties of biomass materials resulting in of fiber agglomerations, i.e., “bird’s nests” and static
based fines agglomerations.

Enhanced particle property characterization equipment and
methods capable of accounting for particle agglomeration
challenges & variability in sizes & conditions, i.e., high moisture.

Inorganic species, beyond total ash, impact equipment wear
and conversion efficiencies

Implementation of rapid inorganic characterization
techniques driven by XRF spectroscopic approaches to allow
for a transition to in-line characterization capabilities.

Rapid methodologies for various conversion processes and
products necessary to evaluate critical process parameters
and critical attributes

Enhancements to current microwave pyrolysis screening tool
will allow for reactivity screening extrapolated to gasification
screening conditions.

Large range in physical and chemical variability in lower
quality materials (e.g., forest residues and MSW) requires
upfront sorting based on bulk characterization

Automated sorters deployed using chemical signature
detectors to determine material variability for online characterization and separation.

Inorganic Species Chemical Characterization through X-ray Fluorescence
• Provides rapid characterization compared to primary ICP-OES/ICP-MS methods
• Complement existing inorganic spectroscopic equipment (i.e., LIBS)
• Potential for in-line characterization
Enhanced Particle Size Characterization
• Rapid assessment of particle size distributions of wet or dry samples
• Wet sample analysis critical for evaluation of material in native form between
operations
Thermal Reactivity Quality Characterization
• Analysis of thermal decomposition reactions energies and evolved species
• Necessary for identification and evaluation of feedstock quality attributes for
thermochemical conversion pathways
Automated Sorting based on critical material attributes
• Spectral sensors enable advanced characterization and separation of
material based on specified material attributes
• Application of rapid characterization techniques for material attributes
measured through indirect spectroscopic methods.

Provides critical material
attribute and quality
characterization to
Preprocessing, Mechanical
Deconstruction, and
Materials Conditioning
Centers
This center necessarily works
in tandem with other Centers
to provide the means for
quality material evaluation
for a range of industrial
partners including DuPont,
Drax, and Exxon

Emerson, R., Rowland, S., Klinger, J., et al. Impacts of biopolymer structural and chemical attributes on the product distribution of fast pyrolysis and catalytic fast pyrolysis of loblolly pine.
ChemSusChem. In Preparation
Groenewold, G., Hodges, B., Hoover, A., Li, C., Zarzana, C., Ray., A. Signatures of biologically driven hemicellulose modification quantified by analytical pyrolysis coupled with multidimensional gas chromatography mass spectrometry. ACS Sus Chem Eng. 2020, 8, 4, 1989–1997.
Hoover, A., Emerson, R., Williams, C.L., et al. Grading Herbaceous Biomass for Biorefineries: a Case Study Based on Chemical Composition and Biochemical Conversion. BioEnergy
Research 2019, 12 (4), 977-991.
Klinger, J. L.; Westover, T. L.; Emerson, R. M.; Williams, C. L.; Hernandez, S.; Monson, G. D.; Ryan, J. C., Effect of biomass type, heating rate, and sample size on microwave-enhanced fast
pyrolysis product yields and qualities. Applied Energy 2018, 228, 535-545.
Williams, C. L.; Westover, T. L.; Emerson, R. M.; Tumuluru, J. S.; Li, C., Sources of Biomass Feedstock Variability and the Potential Impact on Biofuels Production. BioEnergy Research 2015, 1-14.
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Mechanical Deconstruction Center
Studies how multilayered
materials deconstruct
when exposed to
different forces—impact,
shear, compression—at
bench scales as well as
bench scale densification
innovations.

Deconstruction Mechanisms
• Investigate the four types of
deconstruction—impact,
compression, shear,
attrition—to obtain target
quality attributes of particle
size, aspect ratio, and size
distribution
• Compare primary and
primary/secondary mechanisms
of deconstruction for
deconstruction types
• Identification of critical
material attributes for each
type of mechanistic
deconstruction
Deconstruction in Handling & Densification
• Gather fundamental, mechanistic data of comminution and agglomeration that occurs during handling and
densification of feedstocks
• Investigate the impact of agglomeration during handling and densification operations on material attributes
and flowability in variable water content processes
• Study feedstock size reduction and agglomeration as a function of critical material attributes and critical process
parameters.
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Materials Conditioning Center

Research Challenges

Solutions in the 2020 Investment

Lack of understanding of the nexus between feedstock
properties and the mechanistic break down of particles for
downstream handling, processing, and conversion.

Use ultra-fine milling deconstruction methods to reduce
impacts of tertiary and quaternary mechanisms to elucidate
mechanistic data that can then be correlated back to coarser
milling systems.

Industrial experience has noted that comminution occurs
during extrusion and conveyance via screw feeders. These
mechanisms are neither understood or accounted for.

Gather fundamental, mechanistic data of comminution and
agglomeration that occurs during handling and densification
of feedstocks. Identify critical process parameters and
determine the criticality of various material attributes.

Difficulties in applying first principle data to commercial scale
applications.

To this end, the BFNUF is uniquely positioned to transfer
bench- and pilot-scale findings to industrial application via
industrial collaborations.

The Fundamental Deconstruction Center will study the effects of feedstock properties as they interact with commercially
relevant preprocessing environments and conditions to:
Collect empirical and first principle data describing deconstruction of feedstocks via each of four fundamental
deconstruction mechanisms as a function of material attributes
• Primary and secondary milling effects will be deconvoluted by using multiple milling methods
• Collaborate with the Materials Conditioning Center to evaluate the impacts of tempering and storage on comminution
Identify critical material attributes for each type of mechanistic deconstruction
• These attributes will be tied to specific products through a quality by design approach
Understand the cost benefit analysis of energy consumption, feedstock variance/acceptability, and resulting critical
quality attributes for each comminution mechanism for various end-uses
• This data will be used to inform grinding methods for processing larger quantities of feedstock at the pilot scale.

One of INL’s core capacities is in mechanical preprocessing and deconstruction to enable to the
bioenergy feedstock supply chain. The Mechanical Deconstruction Center is supported by the
preprocessing center operation at a larger scale and by the Feedstock Characterization and
Interfacial Properties providing material properties and fundamental understanding of phenomena
occurring during deconstruction and handling testing. The fundamental results of particle size and
shape distributions as they relate to deconstruction methods generated in this Center will also
inform fundamental modeling efforts at INL.

Jin, W., Klinger, J., Westover, T., Lu, Y., Dai, S. Flow characterization of compressible biomass particles using multiscale experiments and a hypoplastic model. In preparation for Energy.
Guo, Y., Chen, Q., Xia, Y., et al.. 2020. Discrete element modeling of switchgrass particles under compression and rotational shear. Biomass and Bioenergy 141, 105649.
Tumuluru, J.S., Heikkila, D.J. 2019. Biomass grinding process optimization using response surface methodology and a hybrid genetic algorithm. Bioengineering, 6, 12.
Xia, Y., Chen, F., Klinger, J., Kane, J., Bhattacharjee, T., Seifert, R., Chen, Q. A discrete element model (DEM) and experimental study of chipped loblolly pine particles in an axial shear tester.
In preparation for Powder Technology.
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Materials Conditioning Center
Addresses problems with
material variability
through environmental
storage, moisture
manipulations, and
tempering with
heat/chemicals/pressure.

The new equipment for this Center is
split between the existing Biomass
Characterization Laboratory and the INL
Research Complex (IRC) facilities located
in Idaho Falls.
Environmental Storage
• Takes advantage of long residence time in storage to modify feedstock reactivity
• Operates at environmentally relevant conditions
• Expansion of existing reactors to both liter and bale scales
Moisture Modification
• Novel drying methods lower process energy and generate co-products
• Hydrodynamic separations reduce feedstock variability for wet wastes
Tempering
• New thermal treatment systems improve control of residence time and temperature
• Pressure conditioning alters material surface area for mechanical dewatering
• Chemical conditioning alters inorganics content.

Research Challenges

Solutions in the 2020 Investment

Existing 10kg storage systems can’t handle small samples
(grams) or bales

Knowledge gained from the 2010 investment will be used to
create small scale (liter) storage systems. Room sized storage
systems are being acquired for bale modification.

Drying in the 2010 BFNUF takes significant process energy
and generates the bulk of GHG emissions

Advanced mechanical and chemical drying systems will lower
process energy, generate co-products, and improve conditions.

Material friability, hydrophobicity, and reactivity have
significant variability that reduces process reliability

Thermal, pressure, and chemical based conditioning systems
will be able to alter material properties to improve these
attributes.

Separations of contaminants in and on wet materials is not
addressed in the 2010 BFNUF

Hydrodynamic separations of materials with different densities and solvent based washing of MSW could remove
contaminants like detergents from sorted bottles.
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DME

Materials Conditioning Center

40°C

105°C

Advanced low energy and low GHG emission drying
• Solvent drying avoids pore collapse, selectively removes volatile and
inorganic components
• Mechanical dewatering reduces drying needs, physically disrupts
tissues, and lowers GHG emissions
Pressure based conditioning
• Increases material surface area to increase reactivity and facilitate drying
• Can be used as an initial particle size reduction technique that will
impact flowability
Thermal based conditioning
• Improves material friability to decrease grinding energy and achieve
lower particle sizes
• Narrows material chemical variability and increase carbon content
Hydrodynamic separations
• Can be used to lower the ash content and improve the quality of
wet feedstocks
• Separates wet materials by particle size to improve comminution
operations.

This Center will modify materials prior to comminution in the Mechanical Deconstruction or
Feedstock Preprocessing Centers while changes made to material properties will be analyzed in
the Interfacial Properties Center. Expanding capabilities enables collaborations with companies
that are interested in how their new biodegradable plastics will perform as well as companies that
need to test ways to generate value added products.

Smith, W. A., Wendt, L. M., Bonner, I. J., et al., Effects of storage moisture content on corn stover biomass stability, composition, and conversion efficacy. Frontiers in Bioengineering and
Biotechnology 2020, 8: 716.
Williams, C.L.; Wendt, L. M.; Wilson, A.D., et.al., Solvent based drying of pine chips to save energy and reduce greenhouse gas emissions. ACS Sustainable Chemistry and Engineering, In
Preparation.
Wendt, L. M.; Williams, C.L.; Wilson, A.D., et.al., Value added co-product extraction from waste pine needles using dimethyl ether. Green Chemistry. In Preparation.
Klinger, J.L..; Fillerup, E. P.; et al, Polymer mobility and labile hydrogen interactions resulting in accelerated thermal degradation. Frontiers Special Issue: Torrefaction Pretreatment for
Biomass Upgrading: Fundamentals and Technologies. In Preparation.
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Interfacial Properties Center
Builds fundamental
understanding of
materials and interfaces
on a nano- to macroscale
to enable computational
models and inform
flowability studies.

Internal
Structural features of pellets

Fundamental Biological / Chemical Properties
• Measure properties at solid-solid interfaces with new spectrometers
• Measure properties at liquid-solid interfaces with magnetic resonance and
water potential systems
External
Height maps of pine bark reveal differences in
surface-level complexity

Multiscale Structure
• Interrogates material hierarchical structure from the nanometer to the
millimeter scales
• Provides a mechanistic understanding of material performance and
deconstruction impacts
Multiscale Mechanical Properties
• Apply mechanical forces and visualization (ηm-mm scale)
• Couples fracture mechanisms to material types
• Enables novel computational breakage models.
The Interfacial Properties Center builds the capability to utilize existing
microscopy, tomography, and mechanical testing equipment across the Idaho
National Laboratory Campus.

Macro-scale shear fracture mechanics

Connections and Collaborations
The Interfacial Properties Center provides fundamental understanding of where and how changes occur for other Centers.
This investment in the BFNUF enables the ability to understand material interfaces and drastically enhance collaborative
opportunities with universities. Specifically, this Center leverages microscopy equipment located at the CAES—a multiuniversity partnership at INL, nano-computed tomography in INL’s Energy Innovations Laboratory, and mechanical
characterization equipment in INL’s Biomass Characterization Laboratory.
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Interfacial Properties Center

Research Challenges

Solutions in the 2020 Investment

Biomass and post-consumer waste host diverse microorganism communities responsible for physical and chemical
changes over time.

Sample preparation to quantitate microbial community
parameters.

Moisture profiles and binding across complex micro- and
macro-structures in biomass and post-consumer waste can
impact material deconstruction and flow.

Moisture maps and water potential/availability via capabilities like TD NMR, water potential units, and NMR/MRI.

Microbial degradation of materials is not steady state or
spatially consistent leading to complexity that is difficult to
monitor.

Spatial and temporal chemical variation in-situ in controlled
environments via spectroscopic characterization.

Biomass materials structure, morphology, and surfaces
impact their ability to act as feedstocks.

Microscopes/accessories to assess nano- to meso-scale
structure and better discriminate biomass particles.

Biomass has unique preparation needs to leverage the
INL/CAES multi-million dollar suite of microscopy tools.

Embedding/sectioning capabilities to characterize nano- and
micro-scale morphology/structure.

To understand deconstruction mechanisms, it is necessary to
capture micro-scale and internal deformation and failure.

In-situ mechanical testing coupled with nano- to macro-scale
visualizations of material response to different stress modes.

Analysis of biomass/MSW with complex structures and
viscoelastic and anisotropic properties poses characterization
challenges.

Nano- to macro-scale mechanical and anisotropic material
properties via instruments like dynamic mechanical analysis
and triaxial testers.

Understand phenomena that occur in the Preprocessing and Mechanical
Deconstruction Centers
• Provide knowledge of nano- and micro-structure to understand how different
material types deconstruct
• For example, when material forms corn stover “birds nests” rather than uniform
particles
Mechanistic knowledge of deconstruction mechanisms with Mechanical
Deconstruction Center
• Couple materials testing, including nano- to macro-scale in-situ visualizations of
material response, to different stress modes
Fundamental data to the Materials Conditioning Center
• Enable investigation of microbial communities, moisture mapping, and in-situ
multi-location/real-time chemical analysis in controlled environments.

Corn stover
“bird’s nests”

Ding, L., Li, C., Ray, A., et al. TD-NMR relaxometry for resolution of bound and free water distributions in anatomical fractions of biomass. In preparation for submission to ACS Sustainable
Chemistry & Engineering.
Guo, Y., Chen, Q., Xia, Y., Klinger, J., Thompson, V. A nonlinear elastoplastic bond model for the discrete element modeling of woody biomass particles. In preparation for submission to Powder
Technology.
Li, C., Kerner, P., Williams, C.L., Hoover, A., Ray, A. 2020. Characterization and localization of dynamic cell wall structure and inorganic species variability in harvested and stored corn stover
fractions as functions of biological degradation. ACS Sustainable Chemistry & Engineering. 8 (18), 6924-6934.
Tumuluru, J.S., Fillerup, E., Kane, J., Murray, D. 2020. Advanced imaging techniques to understand the impact of process variables on the particle morphology in a corn stover pellet. Chemical
Engineering Research and Design, 161, 130-145.

INL/EXT-20-60298

20-50481

BIOMASS FEEDSTOCK

NATIONAL USER FACILITY

Project Framework for Facility Upgrade

THE INL IS A U.S. DEPARTMENT OF ENERGY NATIONAL LABORATORY OPERATED BY BATTELLE ENERGY ALLIANCE

INL/EXT-20-60298

20-50481-R24

