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Disclaimer

This work was prepared as an account of work sponsored by an agency of the United States
Government. The views and opinions of the workshop attendees, as summarized in this
document, do not necessarily reflect those of the U.S. Government or any agency thereof.
Neither the United States Government nor any agency thereof, nor any of their employees, nor
any of their contractors, subcontractors or their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer,
or otherwise does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof or its contractors or
subcontractors. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof, its contractors or
subcontractors.
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Preface

The U.S. Department of Energy’s (DOE) Office of Energy Efficiency and Renewable Energy
invests in a diverse portfolio of technologies to ensure domestic energy security, continued
economic competitiveness, environmental sustainability, and the availability of cleaner fuels and
power. The mission of the Office of Energy Efficiency and Renewable Energy’s Bioenergy
Technologies Office (BETO) is to develop transformative and revolutionary sustainable
bioenergy technologies for a prosperous nation. BETO develops technologies that convert
domestic biomass and waste resources into fuels, products, and power to enable affordable
energy, economic growth, and innovation in renewable energy and chemicals production. This
report summarizes the results of a BETO-sponsored public virtual workshop held on April 14—
15, 2021.

BETO would like to thank those who participated in the workshop.
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Executive Summary

On April 14 and 15, 2021, BETO hosted the public virtual workshop “Advancing Synergistic
Waste Utilization as Biofuels Feedstocks: Preprocessing, Coproducts, and Sustainability.”
Recognizing the potential of using various components of municipal solid waste (MSW) streams
for biofuels, biochemicals, and bioproducts, this workshop built on previous efforts in the
research area by discussing challenges and opportunities to meet cost, quality, and sustainability
targets for MSW utilization as a feedstock. This workshop invited stakeholders representing
academia, industry, municipalities, and federal agencies involved in waste management, resource
and energy recovery, waste utilization, and sustainability. A series of keynote presentations,
plenary presentations, and stakeholder input sessions provided opportunities for sharing
knowledge and establishing partnerships. This document provides an overview of the content
discussed in the presentations, as well as a summary of the stakeholder input received during the
session discussions. Key areas for consideration are discussed that may inform future research
opportunities.

MSW represents a potential low-cost, abundant feedstock for producing fuels and products. The
heterogeneity of MSW characteristics, including chemical composition and physical and
biological properties, presents a significant challenge for utilization. BETO recognizes that waste
streams are promising resources, but they must meet cost, quality, and sustainability targets for
broad utilization.

This virtual workshop solicited input on a variety of topics: identifying technical challenges and
opportunities associated with developing advanced preprocessing technologies, defining critical
paths toward synergistic use of municipal solid waste streams for both conversion-ready
feedstocks and valuable coproducts, and examining the economic viability and sustainability
impacts of waste stream valorization. The keynote presentation speaker provided an overview of
the current state of recycling; discussed the issues with evolving packaging waste streams,
challenges in material recovery, recycling cost, global plastics waste, and sustainability; and
provided insights in emergent needs of extended producer responsibility and top recycling trends
in the next 10 years. The remaining presentations were arranged in three stakeholder input
sessions: Feedstock Preprocessing, Coproduct Development, and Sustainability and Trade-Off
Analysis. These panelists’ presentations, as well as the diverse stakeholder perspectives,
provided workshop participants with a shared understanding of the state of MSW preprocessing,
coproduct development, and sustainability evaluation. Group discussion further enabled cross-
pollination of ideas.

The preprocessing session addressed preprocessing challenges and opportunities relevant to
biochemical and thermochemical conversion pathways. The workshop participants recognized
that variability in MSW streams poses challenges on downstream conversion. Efficient and
environmentally sound preprocessing technologies such as advanced mechanical/
thermochemical/biological/hybrid fractionation, densification, homogenization, storage, and
decontamination need to be developed to improve the MSW purity, stability, and flowability
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required for downstream conversion and address the environmental concerns. In addition, MSW
preprocessing and conversion systems need to be developed considering the resource and waste
management infrastructure at various scales, from small rural communities to mega-metro
centers. Large-scale deployment needs to understand the relevance and leverage the existing
material recovery facilities, depots, long-haul MSW transportation, and other logistic systems. It
is also important to develop community-scale solutions with the involvement of local
communities in rural areas in the decision-making process and address environmental injustice.

The coproduct development session recognized that the development of valuable coproducts
offers promising opportunity to better utilize all fractions of MSW and improve the economic
viability of biofuel conversion pathways. When developing coproducts, the quality attributes of
MSW streams and the potential market size of the coproduct need to be considered. Future R&D
requires improved efforts in characterizing properties of MSW fractions to identify and develop
quality specifications, developing preprocessing strategies and processes to transform the low-
quality MSW fractions into valuable coproducts, and evaluation of co-coproduct markets and the
process economic and environmental sustainability.

The sustainability session set up a baseline of social, environmental, and economic sustainability
indicators and associated impacts of MSW supply and preprocessing technologies; discussed
existing data, tools, and capabilities; and, more importantly, identified research gaps and
capabilities and tools needed to monitor environmental impacts. Participants recognized that a
comprehensive set of sustainability indicators, data, tools, and modeling efforts are required to
better understand and quantify the sustainability impacts of utilizing MSW streams.

The information and feedback gathered at this workshop will help DOE address the most critical
barriers to using MSW for biofuels and bioproducts production. DOE’s Bioenergy Technologies
Office would like to thank all the participants for their valuable input.
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Introduction

The Challenge and the Opportunity

Municipal solid waste (MSW) accounts for nearly 40% of the total national biomass waste
resource potential (54.8 million dry tons out of a total 142 million dry tons available at $84 or
less per dry ton), according to the 2016 Billion-Ton Report.! MSW is a meaningful source of
low-cost biomass feedstock that can be potentially utilized for production of bioenergy and
bioproducts; however, it also represents significant environmental liabilities in the forms of
greenhouse gas (GHG) emissions, air and water quality impacts, and odors. MSW streams are
diverse, including mixed commercial and residential garbage such as yard trimmings, paper and
paperboard, plastics, rubber, leather, textiles, and food wastes. The generation of MSW has risen
dramatically in the past 60 years in the United States, per data from the U.S. Environmental
Protection Agency (EPA) (Figure 1).

Generation Tonnages, 1960-2018
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Figure 1. Municipal solid waste generation tonnages from 1960-2018 in the United States

1'U.S. Department of Energy. 2016. 2016 Billion-Ton Report: Advancing Domestic Resources for a Thriving
Bioeconomy. M. H. Langholtz, B. J. Stokes, and L. M. Eaton (Leads), ORNL/TM-2016/160. Oak Ridge National
Laboratory, Oak Ridge, TN.

2 EPA. 2020. “National Overview: Facts and Figures on Materials, Wastes and Recycling.” Last updated November
10, 2020. https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-facts-and-

figures-materials.
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The total generation of MSW in 2018 was 292.4 million tons (U.S. short tons, unless specified),
or 4.9 pounds per person per day.? Of the MSW generated, only roughly 94 million tons were
recycled and composted—equivalent to a 32.1% recycling and composting rate—and only 34.5
million tons, representing 12% of total generated MSW, were combusted with energy recovery.
In fact, 146.2 million tons of MSW, equivalent to 50.0% of total generated MSW, were
landfilled in 2018, posing significant disposal and environmental challenges such as reduced
land use capacity, increased tipping fees, increased GHG emissions, air and groundwater
pollution and odor, and uncertainty of long-term landfill stability.

The nonrecycled portion of MSW that was landfilled contains large amounts of biodegradable
components, as illustrated in Figure 2. These 2018 EPA data show that of all MSW landfilled,
there were 35.3 million tons of food waste, 27.0 million tons of plastics, 17.2 million tons of
paper and paperboard, 12.2 million tons of wood, 11.3 million tons of textiles, 10.5 million tons
of yard trimmings, and 5.0 million tons of rubber and leather. All of these organic components
represent potential sources of valuable materials for valorization.

Total MSW Landfill by Material, 2018

146.2 million tons
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Figure 2. Distribution of material compositions in the landfilled MSW in 2018 in the United States

Source: 2016 Billion-Ton Report

Utilization of nonrecycled waste materials provides one promising pathway to shift the value of
MSW from disposal and environmental challenges to a potential resource, both by developing
technological advancements that enhance waste management and recycling systems and creating
an economically viable and high-quality feedstock to produce bioenergy and bioproducts.
Efficiently valorizing MSW is of interest to municipalities, academia, and industry. Increasing

3 EPA. 2020. “Advancing Sustainable Materials Management: 2018 Fact Sheet — Assessing Trends in Materials
Generation and Management in the United States.”
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waste utilization also aligns with the EPA’s four-tiered waste management hierarchy and
supports the goal of waste management to reduce the amount of disposable waste and preserve
valuable limited landfill space.* Although using MSW has advantages in that there is extensive
collection, transportation, and handling infrastructure in place—i.e., material recovery facilities
(MRFs)—such infrastructure deals primarily with the waste volume and weight. The
heterogeneity and variability in MSW streams are not being addressed in MRFs and remain
significant technical barriers for using MSW as a bioenergy and bioproducts feedstock. R&D in
waste recycling, preprocessing, and conversion is warranted to enable moving difficult
components of the MSW streams to more preferred methods in the waste management hierarchy,
from treatment and disposal to energy recovery and recycling. The U.S. Department of Energy
(DOE) has been devoting efforts in MSW R&D areas, hosted several workshops, and published
reports to outline strategies for improving economic viability of waste utilization.>®”-* Although
R&D has started to characterize MSW across scales, develop rapid/real-time analysis techniques,
and develop fractionation technologies to better separate MSW streams into distinct components,
there are still gaps in MSW utilization for economic and sustainable technology development:

e Variability in MSW streams and influential MSW material attributes pose challenges for
various conversion pathways (biochemical conversion vs. thermochemical conversion) and
coproduct development.

e MSW decontamination, preprocessing, and formatting are required, and are specific to each
conversion pathway.

¢ Sustainability impacts of MSW stream utilization require data, tools, and modeling efforts
for thorough evaluation.

Workshop Objectives

MSW requires advanced preprocessing technologies to produce homogeneous feedstock streams
for conversion into biofuels and bioproducts. Advanced physical, chemical, and biological
preprocessing to reduce variability and remove harmful contaminants from MSW and other

4 EPA. 2022. “Waste Management Hierarchy and Homeland Security Incidents.” Last updated April 10, 2022.
https://www.epa.gov/homeland-security-waste/waste-management-hierarchy-and-homeland-security-incidents.
5 U.S. Department of Energy Office of Energy Efficiency and Renewable Energy (EERE). 2019. Waste-to-Energy
from Municipal Solid Wastes. Washington, D.C.: EERE. DOE/EE-1796.
https://www.energy.gov/sites/prod/files/2019/08/f66/BETO--Waste-to-Energy-Report-August--2019.pdf.

¢ Bioenergy Technologies Office (BETO). 2020. Plastics for a Circular Economy Workshop: Summary Report.
Washington, D.C.: BETO. DOE/EE-2074. https://www.energy.gov/sites/prod/files/2020/08/f77/beto-amo-mars-
plastics-wksp-rpt-final.pdf.

"BETO. 2017. Biofuels and Bioproducts from Wet and Gaseous Waste Streams: Challenges and Opportunities.
Washington, D.C.: BETO. DOE/EE-1472. https://www.energy.gov/sites/prod/files/2017/09/f36/
biofuels_and_bioproducts_from wet and gaseous waste streams_full_report.pdf.

8 BETO. 2021. Advancing the Bioeconomy: From Waste to Conversion-Ready Feedstocks Workshop Summary
Report. Washington, D.C.: BETO. DOE/EE-2312. https://www.energy.gov/sites/default/files/2021/02/f82/beto-
municipal-solid-waste-report.pdf.
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waste resources are critical steps to meeting key quality and variability specification necessary to
produce conversion-ready feedstocks for conversion into biofuels and high-value coproducts.

For the purposes of the workshop, “MSW” refers to waste that is not considered or used for
recycling, and is discharged from MRFs and disposed in landfills (e.g., nonrecycled paper and
paperboard, plastics, yard trimmings, wood, food wastes, rubber and leather, textiles, and any
relevant containments such as ash inorganic materials that could affect conversion of the MSW
into a fuel and coproduct). Figure 3 provides the schematic flowchart of MSW supply,
preprocessing, and utilization and outlines the focus of this workshop (as illustrated in light blue
boxes) on preprocessing of nonrecycled MSW streams into conversion and coproduct
development, as well as sustainability aspects along the MSW supply and utilization chain.

Preprocessing of

Non-Recycled MSW Conversion-

Ready Quality

Conversion

Generattion of Streams MSW Feedstock Processes
waste Drying, Grindin
L MSW (Drying, g,
materials . Separation Screening, Air
from Collection a_nd (Material Classification,
residential, Transportation R Decontamination
¢ ecovery G
comm(zrmal, Facility) St(_)(age;, s
insti?StionaI Stgblllllzt_atlon, MSW Fractions Co-Product
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Figure 3. MSW supply, preprocessing, and utilization processes and sustainability aspects considered in the
workshop

Specifically, the primary objective of the workshop was to have workshop participants consider
and discuss the state of the art, gaps, challenges, and opportunities in the following areas:

¢ Developing advanced preprocessing technologies:

o What knowledge can we learn and transfer from herbaceous and woody biomass for
converting MSW into biofuels?

o What are existing and new preprocessing technologies to address heterogeneity of
MSW streams?

o C(ritical paths toward synergistic use of municipal solid waste streams for both conversion-
ready feedstocks and valuable coproducts

o What potential coproducts can be derived from MSW streams to maximize feedstock
value?

e Economic and environmental viability and sustainability impacts of waste stream
valorization
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o What are potential environmental impacts and indicators of utilizing various streams
of MSW to produce fuel and products?

Workshop presentations and stakeholder input sessions focused on advanced preprocessing,
coproduct development, and economic and environmental viability and sustainability.

BETO Mission

DOE’s Bioenergy Technologies Office (BETO) establishes partnerships with key public and
private stakeholders to develop technologies for producing cost-competitive advanced biofuels
from renewable biomass resources including cellulosic biomass, algae, and wastes. BETO’s
mission is to develop industrially relevant, transformative, and revolutionary bioenergy
technologies to enable economically and environmentally sustainable, domestically produced
biofuels for a prosperous nation.

The key activities of BETO are aimed at developing a viable, sustainable domestic biomass
industry that produces renewable biofuels, bioproducts, and biopower; enhances U.S. energy
security; provides environmental benefits; and creates nationwide economic opportunities.
Meeting these goals requires significant and rapid advances in the entire biomass-to-bioenergy
supply chain—from the farmer’s field to the consumer.

Parallels Between Municipal Solid Waste and Biomass

BETO has developed tools and technologies for optimizing and reducing the variability of
lignocellulosic biomass. Because of similar challenges with MSW concerning aspects such as
temporal and geological variability, as well as different physical, chemical, and biological
properties required by various conversion pathways, these tools and technologies can be applied
to MSW. For example, chemical preprocessing and thermal preprocessing can improve energy
content and organic contents and reduce moisture and contaminants. Sorting, sensing, and
cleaning up diverse elemental composition such as nitrogen, sulfur, and ash speciation can
improve the conversion readiness and quality of feedstocks. These technologies can address key
feedstock challenges, whether derived from lignocellulosic biomass or MSW. An objective of
this workshop was to understand synergies between technology development for biomass and for
MSW, leverage existing preprocessing technologies and learnings on biomass, and identify gaps
and opportunities for efficient MSW utilization.

Workshop Structure

The purpose of the virtual workshop was to bring together experts and stakeholders to discuss
the current state of the art of MSW management and utilization and to explore the gaps,
challenges, and opportunities in MSW preprocessing, coproduct development, and economic and
environmental sustainability. This workshop builds on previous BETO-sponsored workshops
focusing on wastes, such as “Plastics for a Circular Economy,”® “Biofuels and Bioproducts from

® BETO. 2020. Plastics for a Circular Economy Workshop.
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Wet and Gaseous Waste Streams,” '’

Conversion-Ready Feedstocks.”!!

and “Advancing the Bioeconomy: From Waste to

The workshop had 211 registrants, representing a wide range of stakeholders and experts (Figure
4).

Registered Workshop Participants

N
—

= Academia = Federal Agency
= Industry Municipality
= National Laboratory = Other

Figure 4. Workshop participants by sector

The workshop consisted of keynote presentations reviewing the current state of recycling,
introducing BETO mission and Feedstock Technologies Program areas, as well as panel
presentations discussing the state of the art, challenges, and opportunities in MSW
preprocessing, coproduct development, and sustainability and trade-off analysis at the beginning
of each stakeholder input sessions to inform the facilitated group discussion.

The structure and logistics of the workshop is summarized below:
Wednesday, April 14

e Morning: Introduction and Keynote Presentations

e Afternoon: Stakeholder Input Session #1 — Feedstock Preprocessing
Thursday, April 15

o Stakeholder Input Session #2 — Coproduct Development

e Stakeholder Input Session #3 — Sustainability and Trade-off Analysis

10 BETO. 2017. Biofuels and Bioproducts from Wet and Gaseous Waste Streams.
W BETO. 2021. Advancing the Bioeconomy.
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Each session included:
e Presentations from invited panelists.
e Moderated panel Q&A.

¢ Facilitated group discussion with opportunity for direct input via a web-based collaboration
software X-LEAP.

¢ Discussion summary provided by rapporteur.

These presentations provided valuable framing and knowledge to inform stakeholder input
session discussions focusing on the three critical areas and discussing the state of the art, gaps
and challenges, and opportunities and prioritization of R&D.

Keynote Presentation: JD Lindeberg, Principal and
President, Resource Recycling Systems (RRS)

State of Recycling - Q1 2021

The keynote presentation speaker, Mr. Lindeberg, provided an overview of the current state of
recycling, market pressures, emerging policy changes, and opportunities for new technological
innovations. He discussed the changes of recycling rates and evolving packaging waste stream
from 1990 to 2015. Traditional recyclables (e.g., newspaper, glass containers, steel containers,
aluminum containers) are declining, whereas plastics packaging (e.g., high-density polyethylene
bottles, plastic containers, plastic bags, polyethylene terephthalate bottles and jars, plastic
packaging corrugated cardboard) is increasing. The lightweight nature, large volume, and
heterogenous properties of these materials have posed significant technical and economic
challenges in material recovery. For example, the RRS data showed that the reduction of the
feeding and separation throughput from 35 tons per hour in 2010 to 26 tons per hour in 2018 was
caused by the plastics material property, requiring careful equipment design such as screen
openings, air flow, and conveyor speeds. The material residue cost has tripled due to single-
stream recycling, and almost 22% of material is not recyclable, leading to an increase in
processing costs. The cost of well-run MRFs kept rising for a decade and began to stabilize to
$82—$91 per ton in 2015-2020. The commodity revenue is critical to support processing costs,
although the China policy on banning the import of recycled materials caused a significant drop
in commodity revenue in late 2019 and early 2020. The single-stream recycling service remains
popular, as evidenced by program numbers tripling in 15 years, more than doubling MRF
capacity, and fast-growing new municipal services in the United States.

Mr. Lindeberg also provided his perspectives on top recycling trends over the next 10 years,
including the regulatory strategies pushing packaging in North America, MRF automation and
advanced sorting techniques in combination with artificial intelligence, increase of recyclables
consumption worldwide, pressure on plastic grows, chemical recycling chimera, reuse coming
back into focus, China fiber needs still dominating the market, and co-location of industrial-scale




Advancing Synergistic Waste Utilization as Biofuels Feedstocks: Preprocessing, Coproducts, and Sustainability

production and recycling facilities. He brought up the circular economy, as shown in Figure 5,
a vision shared across industries, nongovernmental organizations, and governments. The waste
material supply, products and system design, and business model in the concept applies to a
plastic economy. He commented that a plastic economy with a heavy focus on plastics results in
global commitment and pacts, and that these commitments need to be translated into goals and
actions across various stakeholders. Plastics have a long way to go to achieve circularity and are
widely mismanaged, but fortunately regulatory responses and policies are catching up in many
countries. In addition, the emergence of extended producer responsibility and policies and
practice in which producers take responsibility for management of the products and/or packaging
they produce at the end of their useful life become very important, and many states are adopting
such policies. He envisioned that we would start seeing big companies come together to operate
uniformly across the country.
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Figure 5. The circular economy

Source: Ellen MacArthur Foundation

12 Ellen MacArthur Foundation. 2013. Towards the Circular Economy: Economic and business rationale for an
accelerated transition. Cowes, UK: Ellen MacArthur Foundation. https://ellenmacarthurfoundation.org/towards-the-
circular-economy-vol-1-an-economic-and-business-rationale-for-an
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Session #1: Feedstock Preprocessing

Topic Overview

Feedstock preprocessing is the operation that transform raw, field-run lignocellulosic biomass
into stable, standardized-format feedstocks with physical and chemical characteristics that meet
the required quality specs of conversion facilities and that can be moved with existing high-
volume transportation systems. Similar to lignocellulosic biomass such as corn stover and
logging residues, MSW streams also have highly heterogenous characteristics that could pose
significant challenges to downstream conversion, requiring preprocessing to produce conversion-
ready feedstocks and ensure compatibility with conversion and utilization prior to delivery at the
biorefinery.

The objective of the Feedstock Preprocessing session was to collect valuable input from panelists
and stakeholders to identify known MSW fractions’ starting quality attributes and compositions
and what preprocessing technologies and associated performance parameters are needed to
convert them into a feedstock. The preprocessing session had four invited panelists to discuss
MSW quality attributes, lessoned learned from traditional lignocellulosic biomass, and
opportunities for waste stream preprocessing technologies.

During the stakeholder group discussion session, valuable input was taken to understand
feedstock quality targets, gaps, and opportunities in current preprocessing technologies. Building
on information gathered at the fiscal year 2020 workshop, MSW material attributes were
discussed to draw the link to different conversion pathways of interest, including gasification,
fast pyrolysis, and alcohol-to-jet. The focus was on nonrecyclable organic fractions of MSW.
Recyclable materials such as glass, metals, and paper were not included in the discussions.

Panelist 1: Edward J. Wolfrum, National Renewable Energy Laboratory

Lessons Learned in the Feedstock-Conversion Interface Consortium (FCIC)

Dr. Wolfrum is the principal investigator for the FCIC, a multi-lab consortium funded by DOE-
BETO that is developing first-principles-based knowledge and tools to understand and mitigate
the effects of biomass feedstock and process variability on biorefineries.'* Dr. Wolfrum
discussed key learnings from the FCIC on agriculture residues (e.g., corn stover) and pine
logging residues:

e A quality-by-design approach enables the fundamental understanding of feedstock
attributes, input and output streams, and unit operation.

¢ Critical material and quality attributes manifest differently at different scales, can skip unit
operations, and can influence and be influenced by multiple unit operations.

13 For more information about the FCIC, please visit https://www.energy.gov/eere/bioenergy/feedstock-conversion-
interface-consortium.
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e Investment in preprocessing, such as low-cost fractionation of various anatomical fractions
and tissues, can yield dividends in downstream conversion.

¢ First-principles-based modeling tools and molecular dynamics simulation can predict
material attributes and process parameters of preprocessing unit operations for performance
optimization.

e Material wear in preprocessing equipment can be predicted and mitigated by advanced
material characterization and experimentally validated mathematical models.

Figure 6. Molecular dynamics simulation (left) can predict material behavior and process parameters of and
inform strategies for performance optimization of preprocessing unit operations. Corn stover anatomical
fractions (middle and right) require advanced fractionation for downstream conversion.

Source: Dr. Edward Wolfrum and FCIC

The quality-by-design principles, understanding of material attributes, and knowledge and data
generated on preprocessing unit operations and equipment wear within the FCIC can be
leveraged into diverse MSW preprocessing steps to obtain quality feedstocks for downstream
conversion.

Panelist 2: Jeff Lacey, Idaho National Laboratory

Development of a Deployable Plastic Sorting and Decontamination System

Dr. Lacey from Idaho National Laboratory presented a project funded by the Defense Advanced
Research Projects Agency (DARPA) ReSource program on plastics sorting and decontamination.
He first introduced the program, which aims to revolutionize how the military procures critical
supplies on the battlefield by engineering self-contained, integrated systems that rapidly produce
large quantities of supplies from feedstock collected on-site. The military applications include an
expeditionary scenario that delivers new supplies out of wastes and a disaster
recovery/stabilization scenario to respond to a natural disaster and manage supply and generated
waste. Recognizing that current waste management strategies are to landfill and/or incinerate—
with significant economic, environmental, and social challenges—Dr. Lacey’s team is
developing novel technologies and building systems to support stabilization/expeditionary
scenarios by sorting waste into compatible bins and decontaminating and purifying waste into
usable feedstocks for upcycling. Near-infrared sensors, in combination with predictive models
and automated sorting, were developed and used to identify different types of plastics and paper
wastes with high accuracy. They also developed a one-pot pretreatment and decontamination

10
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process that uses solvent (dimethyl ether) extraction to remove contaminants, inks, and
plasticizers to obtain clean materials from the wastes.
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Figure 7. Sorting and decontamination system process flow for MSW

Source: Dr. Jeff Lacey

In addition to the ReSource project, Dr. Lacey also briefly talked about their collaborations with
two BETO-funded projects:

1. With AMP Robotics on artificial neural network for MSW characterization by developing
vision-based artificial neural network, X-ray fluorescence, 3D/depth imaging, and Raman
spectrometer that can identify MSW material categories at 95% classification accuracy.

2. With UHV Technologies on advanced sensing for characterization and sorting of
nonrecyclable plastics using sensor fusion with artificial intelligence. The extensive work
demonstrated the importance of sensing technologies for MSW characterization and
preprocessing technologies for separation to obtain clean, sorted fractions/materials.

Panelist 3: Junyong Zhu, U.S. Department of Agriculture (USDA), Forest Products
Laboratory

Fractionation of MSW: What Can We Learn from Plant Biomass Biorefinery?

Dr. Junyong Zhu, a research general engineer from the Forest Products Lab at USDA, shared his
knowledge and experiences with lignocellulose biorefineries that can be leveraged into MSW
utilization. He stated that over 50% of MSW such as yard trimming, paper wastes, and food
wastes are cellulose-rich materials and can be converted into sugars. Assuming most
municipality areas generate 150-750 tons/day lignocellulosic MSW, determining the synergistic
benefit by coprocessing MSW with local plant-biomass sources to address biomass logistics for a
biorefinery should be considered.

MSW utilization has similar challenges as cellulosic biomass in materials. These challenges
include heterogeneity, cellulosic accessibility, fractionation, and pretreatment impacts on
downstream processing and conversion performance. Dr. Zhu used several case studies to
demonstrate (1) the impact of materials drying time and temperature on enzymatic

11
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saccharification; (2) the effect of pelletizing pressure, temperature, and duration time on
enzymatic accessibility and sugar yields; (3) hornification of cellulosic fibers in MSW could
cause pore collapse and make the materials more recalcitrant to enzyme processing; (4) sorting
and separation of cellulosic-rich materials from plastics is the key strategy for efficient MSW
utilization; and (5) steam and physical size reduction may offer the most economical treatment
for MSW bioconversion.
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Figure 8. Quantities of MSW in the United States

Data Source: U.S. Census Bureau

Panelist 4: Perry Toms, Steeper Energy

Hydrofaction: Transforming Organic Waste into Advanced Biofuels and Other Valuable
Resources

Mr. Perry Toms, CEO of Steeper Energy, talked about their proprietary Hydrofaction®
technology that uses high temperature and high pressure to convert bio-organic waste residues to
advanced fuels. This technology is a unique implementation of hydrothermal liquefaction, which
applies supercritical water as a reaction medium for the conversion of biomass and organic
wastes into high-energy-density renewable crude oil. The product from this technology is
targeted at the heavy transport sector. The Hydrofaction Oil not only provides base input for
renewable lubricants and fine chemicals, but also could be upgradable to on-road diesel, marine
diesel, gasoline, and jet fuel. Steeper Energy is developing this technology to produce products
like renewable bio-oil and fertilizers from forestry residues, sewage sludge, and biogenic MSW.

Mr. Toms discussed the evolving and tightening regulatory standards and the need to open
opportunities for disruptive technologies concerning urban waste bio-organics, digestate
disposal/management, nutrients recovery (e.g., N or P), and landfill controls. He also brought up
public concerns on contaminants entering farming systems, air and water, incineration air
emissions, endocrine disruptors from pharmaceuticals, microplastics, and heavy metals.

High contamination in the waste materials (such as protein and sulfur) can lead to specialized
fuel upgrading that raises cost for target end markets, and sorting waste streams to create

12
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homogenous feedstock will help address quality and cost issues. Growing population and waste
resources require new infrastructure. Steeper Energy is commercializing its technology for
lignocellulosic biomass and bio-organic wastes for broad market acceptance of Hydrofaction-
derived advanced biofuels.
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Figure 9. Steeper Energy’s Hydrofaction Oil product and upgrading scenarios

Stakeholder Input Session #1: Feedstock Preprocessing
Group Discussions

Objective

The objective of this stakeholder input discussion was to:

¢ Identify material quality attributes relevant to conversion technologies, including
biochemical processes, gasification, fast pyrolysis, and hydrothermal liquefaction.

o Identify gaps, opportunities, and R&D priorities in preprocessing technologies to improve
MSW quality to meet specifications for individual conversion pathways.

MSW Quality Attributes

The group discussed and recognized that many of the quality attributes, such as particle size and
distribution, particle shape, moisture, chemical composition, and morphology, are important
across conversion technologies, but each conversion technology will require different optimal
ranges for quality attributes. Most of the preprocessing methods developed for biomass
feedstocks could potentially apply to MSW and its fractions. Some MSW fractions (i.e., high-

13



Advancing Synergistic Waste Utilization as Biofuels Feedstocks: Preprocessing, Coproducts, and Sustainability

carbon-density plastics) are of sufficient value to justify methods such as advanced sensing,
sorting and separation, and mechanical fractionation to get pure streams for valorization.

However, additional attributes and process parameters come into play for very heterogenous
MSW that are different from traditional herbaceous and woody biomass. Unique MSW feedstock
quality attributes associated with conversion pathways identified from the group discussion
include:

e (Contaminants and biohazards in MSW are critical issues for its conversion and utilization.

o Materials highly contaminated by potassium, chlorine, sulfur, and proteins limit the
efficacy of thermochemical conversion.

o There is a lack of understanding on what contaminants may be toxic to enzymes and
microbes in biological conversion processes.

o Concerns of environmental problems caused by biohazardous materials and
microplastics need to be addressed.

e Abrasives, glass fines, and fine metals in the MSW streams can differ significantly from
soil environmental ash components of other traditional lignocellulosic biomass types.

e Bulk density of MSW is low when compared to other types of woody and herbaceous
biomass, which can complicate feeding, storage, handling, and transportation processes and
pose more challenges.

e Size uniformity, structural properties, flowability, feeding, and handling of heterogeneous
MSW streams need to be carefully evaluated.

e Melting and volatilization temperature are different for the various MSW streams; for
example, plastics in MSW may need to be separated from paper wastes and other cellulosic
materials due to difference in response to temperatures, and plastics may get melted and
cause plugging problems depending on the preprocessing technologies and conversion
pathways.

e MSW variability could drastically change yield and quality of biofuels products, and
critical quality attributes need to be explored to understand first principles around each
fraction of MSW.

o Fractions such as plastics that are not biologically convertible need to be separated
and removed for thermochemical conversion.

o High-moisture fractions such as food waste can be easily used in biochemical
conversion and require separation at point source of generation to leave other
suitable fractions for thermochemical conversion.

14
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Gaps and Challenges of MSW Preprocessing Technologies

The group discussed specific conversion technologies applicable to post-sorting MSW utilization
and agreed that all that apply to lignocellulosic biomass also apply to MSW fractions but will
require preprocessing to improve the material quality and meet the conversion specifications.
The discussion also focused on identifying the functions, benefits, and limitations of these
preprocessing technologies for nonrecycled MSW, as well as the opportunities for novel and
improved preprocessing technologies.

Table 2 represents a compiled list of preprocessing technologies and their detailed impacts on
several conversion pathways including biochemical conversion, gasification, pyrolysis, and
hydrothermal liquefaction (HTL) discussed at the stakeholder input session.

15
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Table 2. Impacts of Preprocessing Technologies on Feedstock Quality and Conversion Pathways

Preprocessing Conversion Technologies

Biochemical Conversion Fast Pyrolysis Hydrothermal Liquefaction

Functions and benefits:

Sorting and separating commingled MSW materials by methods including visual inspection, screens, eddy currents, shakers, magnetic

Removing the problematic constituents such as chlorine, potassium, sulfur, proteins, and plastic to improve downstream conversion

Sorting and

i Separating food waste at the point of generation would add logistic complexity but could provide a benefit to HTL and biochemical conversion

Existing sorting and separation technologies lack capacity to produce high-purity material streams to meet downstream conversion

Feedstock specifications need to be explored to understand first principles around each fraction of MSW for optimization of sorting and
separation process for specific conversion technology.

Functions and benefits:

Unit operations include shredder, hammer mill, rotary shear grinder, knife mills, etc.
Milling and shearing of MSW materials to obtain desired particle size and distribution.
Size reduction may reduce moisture content.

Size reduction helps some separation technologies.

Limits:

Mechanical
fractionation and

size reduction
R&D has mainly focused on reduction and fractionation to obtain particle size. The impacts on other physical properties such as particle

morphology, aspect ratio, cut surface structure, etc., needs investigations.

Equipment wear is influenced by MSW properties and needs investigation on wear mechanisms and materials of construction.
Impact of size reduction on properties at micro and molecular level needs investigation.

Size reduction methods need to take into consideration MSW’s unique qualities, high variability, and fibrous nature.

16
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Conversion Technologies

Preprocessing
Technologies

Biochemical Conversion

Gasification Fast Pyrolysis

Hydrothermal Liquefaction

Functions unique to individual
pathway:

Increased surface-to-volume ratio
improves the enzymatic digestibility
and microbial fermentation
performance.

Requires mechanical fractionation
and removal of non-convertible MSW
fraction such as plastics.

Functions unique to individual pathway:

Size reduction of MSW to uniformly sized particles is
required for feeding and thermochemical conversion (heat
and mass transfer, interaction with catalyst).

Melting and volatilization temperature are different for the
MSW components and can cause feeding issues. Further
understanding of these differences needs to be obtained
to develop separation methods.

MSW variability could drastically change quality of bio-oil.
Feedstock specifications need to be explored to
understand first principles around each fraction.

Functions unique to individual pathway:

Optimization of size reduction to obtain
the desired particle size distribution
and particle morphology depends on
fluid flow considerations such as slurry
dewatering, line size, pump type, etc.

Fine particles can fill in the void spaces
between large particles, thus improving
solid loadings and impact handling.
Limited knowledge about softer
deformable solids during HTL process.
Extrusion to produce long fibers may aid

pumpability and require further
investigation.

Thermochemical
fractionation and
preprocessing

Functions and benefits:

Steam treatment and/or chemical
treatment can sterilize the
contaminated materials and swell
cellulosic materials in MSW for better
enzyme and microbial accessibility.

Using high-pressure steam to
fractionate plastics (based on
different melting points) from paper
could help the downstream
conversion.

Limits:
Costly process using chemical at high
temperature.

Solvent recovery is needed to reduce
cost.

Functions and benéefits:

Staged heating to melt and volatilize different MSW
components at different temperature and pressure.

There is a need for further R&D and cost evaluation of
plasma technology in conjunction with thermochemical
conversion process for process and environmental
benefits of MSW utilization.

Functions and benéefits:

Low-temperature hydrothermal
carbonization can homogenize
heterogenous materials, increase
energy density, and convert MSW into
sterilized, value-added biochar.

Multistage thermochemical
preprocessing can target solubilizing a
specific MSW fraction with an
appropriate solvent/temperature and
improve the yields of liquid
intermediates for catalytic upgrading.

Limits:
Catalytic effects of MSW inorganics

species on the HTL process are very
limited and warrant more research.
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Preprocessing Conversion Technologies

Technologies
Biochemical Conversion Gasification Fast Pyrolysis Hydrothermal Liquefaction

Enzymatic or microbial approach could serve as a biological fractionation process to separate the heterogenous MSW streams, as enzymes

BIO-|OgICE-3| and microbes are very selective and will digest what they can and leave the rest for downstream processing—e.g., separating plastics, metals,
fractionation and glass from easily digestible carbohydrates. Plastics could be separated and enriched to use as gasification and pyrolysis feedstocks.

Could reduce mechanical sorting and separation cost.
Functions and benefits: Limits: Functions and benefits:
Remove contaminants. Using washing will require energy-intensive Remove contaminants.
Separate high-moisture food wastes. Sewaterlmg/ drying 'E? reduce feedstock moisture content | separate high-moisture food wastes.
Could fit well with biological or pyrolysis or gasification. _ Could fit with hydrothermal liquefaction
conversion that uses water. Not a cost-feasible method for thermochemical process.

Water or Limits: conversion. Municipal wastewater can be additional

chemical Water usage and energy water source for HTL process.

washing consumption. Limits:
Hard to define the impact of washing HTL of MSW could require significant
on extent of nitrogen, sulfur, and water addition.
alkali a”‘_j alkaline earth metals Hard to define the impact of washing on
removal in feedstock to meet the extent of nitrogen, sulfur, and alkali and
critical quality specifications for alkaline earth metals removal in
conversion. feedstock to meet the critical quality

attribute for conversion.

Functions and benefits:
Remove water and reduce biological, chemical, and mechanical deterioration.
Improve materials stability and reduce storage need.

Dewatering and | Emerging method such as solvent-based drying with easily recoverable chemical like dimethyl ether may have good potential to reduce drying
drying costs and lower process GHG emissions.

Limits:
Impact on the particle characteristics and morphology for downstream conversion performance.
High energy consumption.

Loss of volatile organic compounds and GHG emissions during high-temperature drying.
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Preprocessing Conversion Technologies

Technologies

Biochemical Conversion Gasification Fast Pyrolysis Hydrothermal Liquefaction
High-moisture materials such as food | Requires a pre-drying step to Requires a pre-drying High-moisture materials such as food
waste can be used in biochemical ensure the material water step to ensure the waste can be used in HTL process, and
conversion, and drying is not a strict content is less than 10%. material water content | drying is not a strict requirement.
requirement. is less than 10%.

Functions and benefits:

Unit operations include pellet mill, briquette press, cuber.

Densify materials at elevated pressure and temperature to remove excess water and compress the biomass.

Reduce transportation cost.

Improve feeding and flowability.

Increase bulk density and energy density.

Highly controlled pellet size/density allow the easy design and optimization of the reactor system.

Limits:

Different compres