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Circular Bioeconomy 
Systems Roadmap:
Embracing Complexity

Executive Summary

This Circular Bioeconomy Systems (CBS) 
roadmap is an envisioned framework 
inspired by the insights and outcomes of 

the Inaugural Bioderived Materials and Chemi-
cals in CBS Conference held on September 3-4, 
2025, in Pigeon Forge, Tennessee. This landmark 
gathering united thought leaders from academic, 
industry, government, and non-profit organiza-
tions to address the pressing challenges and seize 
the transformative opportunities of transitioning 
to a circular bioeconomy. This roadmap serves 
as a strategic guide for researchers, businesses, 
funding agencies, policymakers, and other stake-
holders to catalyze systemic transformation in 
resource utilization. It advocates for moving 
beyond outdated linear models toward regener-
ative circular models that prioritize system resil-
ience, and environmental and social equity. By 
fostering collaborations across sectors and lever-
aging innovative methods and technologies, the 
CBS roadmap paves the way for a future where 
economic growth aligns with environmental 
stewardship and societal well-being.

Circular Bioeconomy Systems Perspective
CBS integrates biosystems (food, forestry and 

agricultural systems), ecosystems, and socio-eco-
nomic systems to ensure the efficient and full use 
of biomass resources. By prioritizing sustainable 
practices, CBS not only minimizes waste but also 
provides ecoservices to preserve natural ecosys-
tems. This approach keeps resources in circu-
lation for as long as possible and valorizes bio-
mass that is currently wasted to create a circular 

bioeconomy that addresses grand challenges and 
meets sustainability development goals.

Conference Objectives
The conference was organized to share cut-

ting-edge research projects that have successfully 
used circularity principles in bioderived materials 
and chemicals, to provide a platform for brain-
storming future innovation and collaborations, 
and to identify sources of financial support for 
CBS. Specifically, the objectives of the conference 
were to:

Challenges Identified
Challenges were explored in order to guide the 

development of use-inspired technologies that 
advance CBS and effectively drive meaningful 
economic progress:

Heterogeneity of biomass coupled with its 
widespread distribution across the landscape 
presents significant challenges, e.g., development 

A landmark conference and roadmap chart a bold pathway from linear 
economies toward a regenerative future where biomass resources are fully 
valorized, innovation is scaled, and economic growth is built on a foundation 
of ecological and social well-being.

•	 Highlight state-of-the-art research targeting 
circularity principles in bioderived materials 
and chemicals;

•	 Identify information gaps and data needs to 
accelerate CBS deployment;

•	 Engage regional industries committed to 
advancing circularity for aligning academic re-
search priorities to meet industry needs; and

•	 Explore innovative strategies and mechanisms 
for identifying funding opportunities to sup-
port CBS initiatives.
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of economically viable collection and distribution 
logistics, and sorting and processing technologies 
for complex biomass mixes.  This hinders the 
development of streamlined and cost-effective 
solutions for biomass use.  

Standardized metrics to measure biode-
gradability, emissions, energy consumption, and 
product lifecycles are essential for consistent 
evaluation and improvement. 

Bridging the gap between academic 
research and industrial feasibility remains 
a persistent challenge, requiring stronger collab-
orations to translate innovation into practical and 
profitable applications. 

Lack of access to reliable data impedes 
system-wide optimization, highlighting the need 
for greater transparency. 

Social behavior around acceptance of sus-
tainable practices requires trust in products of 
circular systems that may be improved with out-
reach efforts. 

Workforce development is needed to build 
a skilled labor force pool capable of implementing 
CBS innovations will require expanded education 
and training programs.

Strategic Priorities
Conference participants developed strategic 

priorities to address existing challenges and drive 
progress for the successful implementation of 
CBS: 

Technology Development plays a pivotal 
role in developing innovations for feedstock 
utilization, scalable bioprocessing, and advanced 
recycling techniques. Advances in artificial intel-
ligence (AI) and its integration with new technol-
ogies present unique opportunities to enhance 
efficiency, economic value and 
adoption. 

Industrial Scale-Up is essen-
tial for the adoption of innovations.  
It requires fostering public-private 
partnerships and establishing 
regional circularity frameworks to 
transition technologies from pilot 
stages to widespread adoption. 

Metrics and Policy Devel-
opment are essential for stan-
dardized evaluation methods and 
implementing acceptable norms to 

ensure progress towards circularity of the entire 
supply chains. Lastly, 

Community Engagement & Workforce 
Training are essential components, requiring 
K-18 education initiatives, vocational training 
and certifications, and industry-led training 
modules designed to build a skilled workforce to 
support CBS.

Conclusion
The CBS Conference reinvigorated momentum 

among participants by emphasizing the impor-
tance of embracing complexity and multidis-
ciplinary systems thinking and committing to 
transition to a circular bioeconomy. Fostering 
collaboration across sectors, developing cut-
ting-edge technologies and engaging commu-
nities to address strategic priorities will help us 
discover transformative pathways toward sus-
tainable CBS that will benefit society, the econ-
omy, and future generations.
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Introduction

The global economy continues to operate in a 
predominantly linear flow in a “take → make → 
waste” model. Currently, only 6% of all materials 
processed by the economy are recycled while half 
of material and energy inputs leave the economy 
within a year (Circle Economy, 2025; Haas et al., 
2015; Langholtz et al., 2024). In recent years, the 
concept of Circular Bioeconomy Systems (CBS) 
has been increasingly recognized by scholars, 
practitioners, businesses, non-governmental 
organizations, and policymakers as a poten-
tially viable economic alternative to replace the 
dominant use-and-dispose linear economy. CBS 
emphasizes optimally harnessing the potential of 
bioresources by closing the loops of material and 
energy flows, extending the lifecycle of products 
circulating in the economy, and enhancing the 
efficient use of biomass and waste. By doing so, 
CBS offers a pathway to accelerate and facilitate 
the transition to a more resource-positive society 
and reframe the concept of “waste” into a valu-
able resource.

Conference Scope and Purpose

To tackle critical challenges surrounding sus-
tainable resource utilization and engage research-
ers in addressing scientific and technological 
gaps within the CBS framework, we hosted the 
Bioderived Materials and Chemicals in Circular 
Bioeconomy Systems Conference. This pivotal 
event, held on September 3-4, 2025, in Pigeon 
Forge, Tennessee was co-hosted by The Uni-
versity of Tennessee, Virginia Tech, North Car-
olina State University, University of Georgia, 
HudsonAlpha Institute for Biotechnology, and 
agInnovation South. The conference aimed to 
highlight unique perspectives and transformative 
opportunities that CBS concepts offer for fos-
tering sustainable development and advancing 
the rural economy of the Southeastern region. 
By leveraging the region’s abundant, biogenic 
carbon resources, participants explored inno-
vative pathways to enhance resource efficiency 
and sustainability. The conference expanded on 
themes emerging from recent workshops con-
ducted by the American Society of Agricultural 
and Biological Engineers (ASABE, 2024). In 

addition to thought-provoking presentations and 
discussions, the conference provided extensive 
networking opportunities for academic, gov-
ernment, and industry stakeholders. Attendees 
noted that the event reinvigorated enthusiasm for 
advancing CBS initiatives, inspiring them to bring 
renewed energy and ideas back to their respective 
organizations. 

The conference brought together experts 
from various disciplines to exchange insights 
from research and development organizations 
focused on circularity principles to drive future 
innovation. A key theme emphasized optimizing 
the recovery and reuse of renewable carbon to 
extend its lifetime and maximize its value in the 
marketplace. The organizing committee featured 
CBS thought leaders from prominent institutions 
across the Southeast, including Tim Rials and 
Nicole Labbé (University of Tennessee), Brahm 
Verma and Gopinath Munisamy (University 
of Georgia), Haibo Huang (Virginia Tech), Joe 
Sagues (North Carolina State University), Sam 
Jackson (HudsonAlpha), and Gary Thompson 
(agInnovation South). The 84 attendees from 
12 U.S. states and four countries (USA, Canada, 
Chile, and the Netherlands) included senior and 
junior faculty, postdoctoral fellows, and students 
from 25 institutions, professionals from 7 indus-
tries, leaders from 7 non-profits institutions, and 
researchers from 3 national laboratories.

Conference Objectives

The primary objectives of the conference were 
to:

1.	 Highlight cutting-edge research focused on 
circularity principles in bioderived materials 
and chemicals. 

2.	 Identify critical information gaps and data 
needs to accelerate CBS deployment. 

3.	 Strengthen partnerships with regional 
industries committed to advancing circular-
ity while aligning academic research pri-
orities with industry needs through group 
discussions and networking.

4.	 Explore innovative approaches and strat-
egies for securing funding to support CBS 
initiatives.

These objectives were addressed through a vari-
ety of engaging formats, including keynote pre-
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sentations, concurrent research sessions, panel 
discussions, workshop discussions, and poster 
exhibitions. Institutions across the U.S. and the 
world shared active research and development 
on several components of circular materials and 
chemicals.

Day one featured two inaugural keynote speak-
ers who set the stage with foundational perspec-
tives on CBS. Guus ter Haar from Circle Economy 
presented on “Tackling the global circularity 
gap” while Orlando Rojas from the University of 
British Columbia discussed “Innovations in Bio-
Based Chemicals and Materials: A Colloidal Sys-
tems Approach.” Their insights sparked thought-
ful discussions among participants. Following the 
keynote addresses, technical sessions included 
presentations by invited leading scientists and 
members of the broader research community 
(for specific presentation topics, see the confer-
ence website). These sessions focused on two key 
topics: Engineering Sources of Sustainable Car-
bon and Design of Circular Product Systems. In 
the afternoon, an industry discussion panel 
brought together experts from 
various organizations, 
including Corey 
Tyree (Trillium 
Renewable 
Chemicals), 
Jorge Gon-
zalez (UL 
Research 
Institutes’ 
Materials 
Discov-
ery Research 
Institute), Scott 
Kuhlman (ReCircled), 
Brewer Logan (Verenovo), 
Larissa Fenn (Rayonier Advanced Mate-
rials, Inc.), and Gerry Heebner (Kraton Chemical, 
LLC). This was followed by breakout working 
groups aimed at identifying current gaps in CBS 
research. The day concluded with a poster session 
showcasing work by graduate students and junior 
researchers. This session provided valuable net-
working opportunities for academic and industry 
professionals to connect and exchange ideas. 

Day two of the conference featured a series of 
technical sessions, each consisting of 20-minute 

presentations that delved into four key top-
ics: Modeling Applications in CBS; Sustainable 
Manufacturing: Industry Challenges and Col-
laborative Solutions; Networking for Innova-
tion: Collaboration Opportunities in CBS; and 
Building the Future: Education & Workforce 
Development. The afternoon began with a panel 
discussion titled Research strategies and part-
nerships, and regional industry commitments for 
accelerating deployment of CBS Programs. This 
panel included Kirsten Allen (Schmidt Sciences), 
Brad Day (University of Tennessee), Stephanie 
Herbstritt (Clean Air Task Force), Gary Thomp-
son (agInnovation South), and Sarah Sullivan 
(Kraton Chemical, LLC). The day concluded with 
report-outs and closing remarks, summarizing 
key takeaways.

Defining Circular Bioeconomy

The group discussion session focused on 
defining circular bioeconomy, emphasizing its 

adaptability across different scenar-
ios, industries, and user 

groups. Circular 
bioeconomy was 

described 
in various 

ways: as 
a system 
that uses 
biomass 
as an 

input 
instead of 

non-renew-
able material 

streams; as the clos-
ing of resource loops spanning 

feedstocks, supply chains and markets; as 
context- and region-specific rather than univer-
sally defined; and even as a mindset or design 
strategy aimed at eliminating waste by design-
ing products to prevent waste from the outset. 
This intentionally flexible approach to defining 
CBS encourages broad participation beyond 
biomass-focused stakeholders and facilitates the 
development of a comprehensive framework for 
CBS.
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High-Level Challenges 

The engaging and insightful discussions 
throughout the conference generated a wealth of 
collective knowledge, highlighting several chal-
lenges that need to be addressed to advance CBS. 

Heterogeneity of Biomass and Wide-
spread Distribution - The diverse and com-
plex nature of different streams of biomass pres-
ents significant challenges. Processing such as 
sorting, separation, deconstruction, fractionation, 
and purification are costly and require substantial 
energy input. Additionally, identifying and col-
lecting low-density biomass, which is widely dis-
tributed across vast landscapes, poses logistical 
and financial challenges. Complete utilization of 
biomass is often impractical or inefficient. There-
fore, product design should account for inevitable 
losses, embed end-of-life solutions to maximize 
carbon retention, and prioritize the return of 
nutrients to soils. 

Standardized Metrics - Developing stan-
dardized methods to assess factors such as bio-
degradability, emissions, energy consumption, 
transportation costs, and product lifetimes is 
essential for the viability of CBS. However, a 
“benchmarking dilemma” arises when comparing 
innovative bioproducts to existing materials that 
often serve different functions. This makes it dif-
ficult to demonstrate the value of novel solutions 
that are not direct “drop-in” replacements for 
conventional materials.

Academic-Industrial Collaboration - 
Academic research frequently emphasizes explor-
ing possibilities and innovations while industry 
tends to prioritize evaluating the practicality and 

rationale behind those advancements. Effective 
implementation strategies, economic feasibil-
ity assessments, and robust risk management 
are essential for successful adoption of new 
technologies. 

Data Transparency and System-Wide 
Information - A significant roadblock lies in 
the lack of reliable, transparent, accessible, and 
non-proprietary data regarding the availability, 
characteristics, and costs of distributed waste 
streams. Additionally, establishing a robust 
system-wide data infrastructure, including clear 
and consistent product labeling, is essential. Such 
measures will enable effective tracking of mate-
rials to ensure their proper reintegration into 
biological or technological cycles. 

Social Acceptance - Understanding con-
sumer and producer behavior is essential for 
effectively communicating product solutions and 
their benefits. However, research often concen-
trates on technical aspects, neglecting critical 
factors such as motivating individuals, fostering 
trust, community needs, and bridging the gaps 
between academia, industry, and communities. 
Developing social science-based analytical frame-
works that enable us to understand and project 
consumer and producer decisions and values is 
essential to drive research on the development 
and deployment of technical solutions.

Workforce Development - Engaging stu-
dents early and consistently through both formal 
and informal educational initiatives is essential. 
A local skilled labor force capable of processing 
biomass and operating advanced manufactur-
ing facilities is particularly important, as these 

Table 1. Priorities for transitioning to CBS in the Southeastern U.S. with highlighted goals for each priority area.
Priority 1: Developing 
technologies for the CBS 
transition

Priority 2: Enabling indus-
trial scale-up and market 
integration

Priority 3: Developing stan-
dard metrics and policies

Priority 4: Engaging the 
community and building the 
workforce

Advance feedstock utilization

Develop scalable and modular 
bioprocessing

Innovate product design and 
engineering, recycling, and 
upcycling

Integrate data science tools 
(e.g. AI, ML, -omics)

Bridge the technology readi-
ness gap

Drive market acceptance and 
adoption

Align incentives among diverse 
interest groups to maximize 
synergies and minimize 
conflicts

Establish standardized mul-
tidimensional metrics that 
encompass technical, eco-
nomic, environmental, and 
social dimensions of CBS

Establish consensus on policy 
frameworks that support 
socially desirable transitions to 
circularity

Increase workforce awareness 
and engagement

Develop training pathways and 
certifications

Promote experiential and val-
ue-based learning

Involve stakeholders in busi-
ness model design research
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facilities are often situated in rural communities. 
Providing educational opportunities to residents 
in these areas is crucial for fostering the nec-
essary expertise and supporting the growth of 
sustainable industries. 

Addressing these challenges by coupling re-
search pillars through systems thinking

Addressing these challenges will require a 
paradigm shift from research silos to system 
coupling. The conference led to the identification 
of four major interdependent research pillars. 
Advancing these priorities will require coordi-
nated investments, multidisciplinary collabora-
tion, and strong partnerships among industry, 
academia, and policy stakeholders to drive adop-
tion and transition toward CBS solutions. In this 
systems-based circular bioeconomy framework, 
feedback loops are critical:

•	 Technology ↔ Metrics: design for 
circularity requires new metrics;

•	 Scale-up ↔ Community acceptance: 
markets and trust co-evolve;

•	 Workforce ↔ Technology: skills 
shape feasible innovation pathways.

 Priority 1: Developing technologies for the CBS tran-
sition

The transition to sustainable CBS hinges on 
the development of advanced technologies that 
enable efficient separation, processing, and 
conversion of diverse and underutilized biomass 
streams into high-value outputs. These outputs 
support both consumer (“business-to-consumer” 
B2C) and industrial markets (“business-to-busi-
ness” B2B), linking agriculture, forestry, manu-
facturing, and end-use sectors into closed-loop 
supply chains. Strategic investments in technol-
ogy are essential to overcome current limitations 
in biomass utilization and unlock scalable and 
circular pathways for materials, chemicals, and 
energy.

Recent advances span from crop engineering 
to industrial manufacturing. Modern plant bio-
technology enables the design of feedstocks not 
only for yield but also for specific industrial traits, 
such as oilseed crops engineered for unique fatty 
acid profiles or metabolic redesigns that boost oil 
accumulation without expanding cropland. Such 
targeted improvements enhance both the quality 

and quantity of feedstocks available for CBS 
applications.

Feedstock diversification further strengthens 
supply chain resilience. Dedicated fiber and 
energy crops like switchgrass, miscanthus, hybrid 
poplar, soybean, camelina, and pennycress pro-
vide a range of raw materials—fibers, lignin, 
cellulose, and lipids—that can be converted into 
bioplastics, platform chemicals, composites, and 
bioenergy intermediates (Dadi et al., 2025). Com-
panies such as Genera in Tennessee exemplify the 
industrial relevance of these innovations by pro-
ducing compostable packaging from regionally 
grown biomass and marketing process byprod-
ucts across multiple industries.

Despite these advancements, challenges remain. 
The complexity and heterogeneity of feedstocks, 
incomplete biomass utilization, regional dispar-
ities in availability, transportation inefficiencies, 
and limited infrastructure for processing natural 
fibers hinder broader adoption. Addressing these 
gaps requires continued innovation in biorefin-
ing, particularly scalable methods for efficient 
deconstruction and purification of lignocellulosic 
biomass (Baranwal & Merino, 2025; Zhang et al., 
2018).

On the laboratory scale, valorization of byprod-
ucts like lignin and used plastics has led to bio-
based materials that rival conventional polymers 
in performance. Lignin-derived polyols are now 
used in insulation foams with competitive ther-
mal properties. Research also continues into 
biofuels from unconventional feedstocks and 
advanced recycling techniques such as mechan-
ical, chemical (e.g., alcoholysis/aminolysis), 
pyrolysis, and hydrothermal liquefaction, that 
can reconstruct new materials from mixed waste 
streams. However, only 32% of MSW were recy-
cled and composted, confusion about recycling 
practices, high costs, and contamination remain 
significant obstacles to effective system-wide 
recycling (US EPA).

Emerging bioconversion technologies that 
leverage systems biology, synthetic biology, and 
genetic engineering are expanding the range of 
products obtainable from biomass and waste 
streams. Modular biorefineries embedded within 
existing infrastructure offer opportunities to max-
imize resource efficiency while supporting local 
economies.
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Innovation in CBS also means rethinking “effi-
ciency.” Rather than relying solely on large-scale 
operations and global supply chains, smaller 
modular systems can be more adaptable to local 
needs and less vulnerable to disruption. This 
distributed approach is important for rural eco-
nomic development while increasing system 
resilience.

Looking ahead, integrating AI, machine learn-
ing, robotics, and genetic engineering will be 
critical for optimizing process control, predictive 
material design, automation of recycling/sort-
ing processes, and extending product lifetimes 
through self-healing or self-assembling materials.

Importantly, CBS involves multiple stake-
holders, including farmers, biorefineries, man-
ufacturers, consumers, and must address not 
only technological but also economic and social 
dimensions. Social acceptance depends on trans-
parent communication about the benefits of cir-
cular products; workforce development requires 
education initiatives at all levels; and policy 
frameworks must support collaboration across 
sectors.

Priority 2: Enabling industrial scale-up and market 
integration	

Transitioning to a robust circular bioecon-
omy is a national imperative that requires more 
than technological breakthroughs; it demands 
an integrated strategy for scaling up innovation 
and ensuring widespread adoption. The journey 

from the laboratory to real-world impact is often 
hindered by critical gaps in funding, infrastruc-
ture, policy, and market acceptance. Addressing 
these barriers is essential for unlocking the full 
potential of CBS to deliver sustainable economic 
growth, environmental stewardship, and societal 
benefits.

One of the most significant challenges in this 
transition is bridging the so-called “valley of 
death” between technology readiness levels 
(TRLs) 4–6. While academic research continues 
to generate promising solutions at the lab scale, 
many technologies stall before reaching industrial 
deployment due to insufficient capital invest-
ment, limited access to demonstration facili-
ties, and a lack of coordinated public–private 
partnerships (Watson et al., 2025). Overcoming 
this bottleneck requires targeted investments in 
pilot-scale validation and demonstration infra-
structure. By de-risking emerging technologies 
through real-world testing and facilitating their 
integration into supply chains, we can accelerate 
commercialization rates, create high-quality jobs, 
and foster regional economic development.

A central component of this strategy involves 
embedding regional cir-
cularity within broader 
national frameworks. 
Localized systems that 
valorize region-specific 
feedstocks offer clear 
advantages: they reduce 
transportation burdens, 
enhance supply chain resil-
ience, and enable commu-
nities to capture greater 
economic value from their 
natural resources (Bringezu 
et al., 2021). These sys-
tems also contribute to 
national priorities such as 
energy security and rural 
revitalization by building 

economic buffers against global disruptions. 
Achieving this vision will require new models for 
cross-sector collaboration, engaging stakeholders 
from agriculture, manufacturing, logistics, and 
policy to ensure that CBS solutions are both scal-
able and adaptable to diverse regional contexts.

Equally important is driving the adoption of 

Grand research questions that will help address technical challenges for 
CBS are:

•	 What fundamental design principles and technological strategies will 
allow bio-based materials to achieve both high performance and inher-
ent recyclability, ensuring their seamless integration into circular supply 
chains supported by innovative fractionation methods and intelligent 
manufacturing systems?

•	 How can CBS strategies be designed to maximize both environmen-
tal sustainability (e.g. carbon retention and nutrient cycling) and social 
acceptance among diverse stakeholder groups, including rural communi-
ties?

•	 What approaches most effectively foster consumer trust and behavioral 
change toward circular products made from waste or non-traditional 
feedstocks, and how do these perceptions influence market adoption at 
regional versus national scales?
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CBS innovations through alignment with market 
needs and societal values. Economic profitability, 
ecological sustainability, and societal acceptance 
are all critical determinants 
of success. On the supply 
side, it is essential that new 
processes and technologies 
are not only technically 
feasible but also economi-
cally attractive for industry 
partners. Early engage-
ment with stakeholders, 
including manufacturers, 
investors, and local gov-
ernments, can help identify 
pathways for cost reduc-
tion, risk mitigation, and 
value creation.

On the demand side, con-
sumer perceptions play a 
decisive role in determining 
market acceptance. Products derived from waste 
streams or non-traditional feedstocks may face 
skepticism regarding quality or safety. However, 
when consumers recognize added value, such as 
environmental benefits or superior performance, 
they are more likely to support circular prod-
ucts and even pay premium prices. To foster this 
trust, outreach campaigns must communicate 
the tangible benefits of CBS innovations while 
behavioral research will help uncover drivers of 
consumer choice. Prioritizing use-inspired inno-
vations that deliver “drop-in” equivalence with 
conventional materials, in terms of appearance, 
feel, and performance, will further lower barriers 
to adoption by ensuring seamless integration into 
existing markets.

The transformative impact of this approach 
lies in its ability to deliver measurable outcomes 
across multiple dimensions. By advancing more 
technologies past TRL 6 within defined time-
frames, we can demonstrate increased commer-
cialization rates and tangible job creation in key 
regions. The development of scalable models 
for regional circularity will provide blueprints 
for replication nationwide, amplifying impact 
far beyond initial pilot sites. Furthermore, these 
efforts will generate high-impact metrics, such as 
reductions in carbon footprint or improvements 
in rural economic resilience that directly align 

with federal agency missions related to decarbon-
ization, innovation ecosystems, and workforce 
development.

Priority 3: Developing standardized multidimension-
al metrics, a circular supply framework, and guiding 
policies

The successful transition to CBS in the U.S. 
also requires a unified framework for measuring 
progress, aligning incentives, and guiding policy. 
While technical advances will continue to acceler-
ate the shift toward circularity (Fullerton, 2025), 
the absence of standardized metrics and cohesive 
policy remains a critical barrier to widespread 
adoption and impact (Chennak et al., 2024). 

To address this gap, we propose a strategic 
focus on developing empirically grounded, multi-
dimensional frameworks that integrate technical, 
economic, environmental, and social dimensions 
of circular supply chains. These frameworks will 
provide the analytical foundation for identifying 
key transformations across every stage of the 
supply chain as industries move from linear to 
circular models. By systematically mapping costs, 
benefits, and stakeholder interests, these mod-
els will reveal where market failures or rebound 
effects may arise, ensuring that new strategies 
do not inadvertently generate more waste or 
inefficiency.

Central to this effort is the creation of stan-
dardized circularity metrics and indicators. A 
unified system will enable consistent assessment 
and benchmarking of CBS performance at the 

Several grand research questions emerge as priorities for scaling up and 
adopting innovations in circular bioeconomy supply chains:

•	 How can targeted investments in pilot-scale validation, demonstration 
facilities, and public–private partnerships accelerate the transition of 
CBS technologies from laboratory prototypes to economically viable 
industrial-scale applications?

•	 What strategies can effectively integrate regional circularity within 
national frameworks, enabling localized valorization of feedstocks while 
enhancing resilience, economic growth, and security against global dis-
ruptions?

•	 How do consumer perceptions, market preferences, and societal accep-
tance influence the adoption of circular bioeconomy innovations (es-
pecially those utilizing waste as inputs), and what design principles can 
ensure bio-based products achieve “drop-in” equivalence with conven-
tional materials to foster rapid market uptake?
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product, process, and system levels, across sec-
tors and regions. Technical metrics will track 
energy and biomass flows; environmental met-
rics will quantify reductions in ecological impact; 
economic metrics will 
capture value creation and 
cost savings; social metrics 
will evaluate workforce 
development and commu-
nity well-being. Leveraging 
advanced tools such as life 
cycle assessment (LCA), 
techno-economic analysis 
(TEA), data envelopment 
analysis (DEA), and system 
dynamics modeling will 
ensure that these met-
rics are both rigorous and 
actionable.

These frameworks 
and metrics are not only 
essential for monitoring 
progress, but they are also 
powerful tools for guid-
ing innovation investment and informing evi-
dence-based policy. They will allow agencies to 
identify which bio-based innovations deliver the 
greatest societal benefit, where adoption bottle-
necks persist, and how best to design incentives 
that maximize participation from all stakehold-
ers. Critically, they will provide transparent 
benchmarks for industry and consumers alike, 
building trust in CBS products and practices.

The workshop discussions frequently high-
lighted the transformative power of integrated 
policy. For example, a commission in the Euro-
pean Union (EU) reports that adopting circular-
ity as an essential element of business models 
is key to ensuring long-term competitiveness of 
businesses (European Commission, 2018). The 
EU’s Circular Economy Package, introduced in 
2014 and later revised in Closing the Loop - An 
EU plan for the Circular Economy, reflects this 
commitment. Similarly, Japan has prioritized cir-
cularity through decades of policies culminating 
in the Sixth Basic Environmental Plan (Environ-
ment, 2024). In contrast, the U.S. policy land-
scape remains fragmented.

Our approach calls for building a multi-stake-
holder ecosystem by engaging key actors, 

including producers, manufacturers, policymak-
ers, communities, and consumers, to co-design 
regulatory frameworks that balance diverse 
objectives while maximizing synergies. 

Priority 4: Engaging the community and building the 
workforce for a sustainable circular economy

A thriving circular bioeconomy depends not 
only on technological innovation but also on cul-
tivating a diverse, skilled, and engaged workforce 
that reflects the needs and values of the society 
(“The service-based bioeconomy,” 2014). Yet, 
careers in science, mathematics and technology, 
especially those related to CBS, often suffer from 
low visibility and perceptions of being difficult 
or inaccessible (El-Chichakli et al., 2016). This 
situation is compounded by limited real-world 
learning opportunities, insufficient CBS content 
in educational curricula, a lack of standardized 
certifications, and inadequate funding for con-
tent development. As a result, many students and 
workers remain unaware of or unprepared for 
emerging opportunities in the bioeconomy.

To overcome these barriers, it is essential to 
systematically assess unmet bioeconomy work-
force needs and use these insights to design mul-
tilevel workforce training programs that inspire 
early interest (K–18), upskill current profession-
als, and foster lifelong learning. Nationally rec-
ognized, certified training pathways, developed 

By investigating these foundational research questions, we will address 
the need for robust measurement tools, collaborative policy frameworks, 
and safeguards against unintended consequences, each critical for advancing 
a scalable and socially desirable circular bioeconomy:

•	 How can integrated, multidimensional frameworks and standardized 
metrics be developed to assess circularity and performance across 
technical, economic, environmental, and social dimensions at product, 
process, and system levels to enable evidence-based decision-making 
and policy design for CBS?

•	 What strategies and policy mechanisms are most effective in fostering 
consensus and collaboration among diverse stakeholders, including pro-
ducers, manufacturers, policymakers, and consumers, to drive the adop-
tion, profitability, and scalability of circular supply chains in the U.S.?

•	 How can market failures and rebound effects be identified and mitigated 
within circular supply chain transitions, ensuring that circularity leads 
to genuine sustainability outcomes rather than unintended increases in 
waste or inefficiency?
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through public–private 
partnerships, can ensure 
quality and consistency 
while meeting industry 
demands for advanced 
technical skills. Leverag-
ing models such as Man-
ufacturing USA regional 
institutes can accelerate 
program deployment and 
scalability.

Financial incentives are 
critical to stimulate collab-
oration between academia, 
industry, and commu-
nity organizations. These 
partnerships can support 
curriculum co-design for vocational training, 
diploma programs, graduate degrees, mid-career 
certifications, and flexible online courses. Indus-
try involvement is particularly valuable for deliv-
ering short modules on advanced bioprocessing 
technologies and safety standards, ensuring that 
academic training remains aligned with evolving 
workforce needs.

Innovative teaching methods are needed to 
make CBS education engaging and accessible. 
Interactive classes, technical workshops, appren-
ticeships, and hands-on experiences can bridge 
the gap between theory and practice. Outreach 
initiatives that connect CBS efforts to tangible 
community benefits, such as waste reduction, 
green job creation, and local resilience, can foster 
emotional connections and public enthusiasm 
(Hakovirta & Lucia, 2019). Digital platforms 
like YouTube, Instagram, TikTok, and children’s 
books offer powerful tools for amplifying relat-
able stories and embedding CBS concepts into 
everyday life.

Finally, integrating stakeholder knowledge and 
local values into training materials ensures that 
CBS solutions are relevant across diverse com-
munities. By prioritizing inclusivity in education, 
from K–18 learners to mid-career professionals, 
and providing multiple entry points into CBS 
careers, we will build a workforce capable of driv-
ing sustainable innovation at every level.

Funding the goals

Several federal agencies, such as USDA, NSF 
and DOE, along with foundations like Schmidt 
Sciences, offer programs that support research, 
educational and outreach initiatives aimed at 
addressing the challenges outlined in this doc-
ument. Additionally, some existing programs 
could be leveraged to support CBS innovations. 
For example, Land-Grant Universities conduct 
70% of publicly funded U.S. agricultural research, 
and receive $265 million in annual Hatch funds, 
of which 25% ($66 million) support multi-state 
collaborations. Extensive resources including 
demonstration projects, pilot plants, and test 
sites position these Universities to catalyze mul-
tidisciplinary, multi-state use-inspired research 
and innovation. This will facilitate the transition 
from proof-of-concept projects to widespread 
adoption.

Advancing Innovation: Success Stories and 
Featured Projects

University of Georgia
The University of Georgia’s College of Agri-

cultural and Environmental Sciences (CAES) 
launched the Circular Bioeconomy Systems (CBS) 
Initiative in January 2025 to drive Georgia’s shift 
toward a circular bioeconomy. By unifying multi-
disciplinary teams and forging partnerships with 
regional universities, the initiative targets prac-
tical, zero-waste solutions for food security and 
sustainability. The recently opened Grand Farm 

Investing in these strategies through the following grand research ques-
tions will empower communities to participate fully in the circular bioecon-
omy transition:

•	 How can multilevel education and training programs be designed to 
effectively raise awareness of CBS careers and equip learners with both 
foundational knowledge and practical skills required for emerging roles 
in the circular bioeconomy?

•	 What models of public–private partnership most effectively align aca-
demic curricula with industry needs in the circular bioeconomy while 
ensuring long-term program sustainability?

•	 Which outreach strategies best foster community engagement and 
social acceptance of CBS innovation, and how do these strategies influ-
ence workforce participation rates?
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UTIA Bioeconomy Innovation Hub

innovation center in Perry, Georgia, will enable 
rapid prototyping and scaling up of developed cir-
cular technologies, positioning CAES as a leader 

in advanc-
ing resil-
ient and 
sustain-
able bio-
economy 
systems 
for Geor-
gia and 
beyond.

University of Tennessee Knoxville
The University of Tennessee-Oak Ridge 

National Laboratory CBS Convergent Research 
Initiative (CRI) is bringing together multiple dis-
ciplines to grow biobased solutions in local indus-
tries. The CRI was launched in 2024 to advance 
CBS by developing recyclable fuels, materials, 

and chemicals 
from renew-
able carbon 
sources. Lever-
aging expertise 
from both 
institutions, 
the CRI 
serves as 
a testbed 
for Ten-

nessee’s auto manufacturing and agricul-
ture/forestry sectors, with multidisciplinary 
researchers collaborating in shared lab spaces 
to drive innovation and address CBS challenges 
statewide and beyond.

North Carolina State University
North Carolina State University is pioneering 

a campus-wide circularity initiative: reducing, 
reusing, and exchanging resources across the 
Research Triangle. Supported by Novo Nordisk 
and other biotech partners, NC State is mapping 
waste streams, recovering resources, and mod-
eling circular strategies. These efforts lay the 
groundwork for a regional industrial network, 
modeled after Denmark’s Kalundborg Symbiosis, 
positioning NC State as the hub for a scalable, 
collaborative circular economy in North Carolina.

Virginia Tech
Virginia Tech’s Office of Research and Innova-

tion has launched the ‘Ag Biotech and the Cir-
cular Bioeconomy’ initiative, bringing together 
multidisciplinary teams to tackle agricultural and 
food waste through academia-industry collabora-
tion. Key innovations include creating biodegrad-
able bioplastics from food waste and converting 
agricultural biomass into energy storage materi-
als. The initiative also advances workforce devel-
opment by supporting the USDA National Needs 
Fellowship Program, preparing leaders to address 
food loss and waste, and driving sustainable solu-
tions for a resilient circular bioeconomy.

BRIDGES NSF Innovation Engine
The Biobased Rural Innovation for Domes-

tic Growth and Economic Security (BRIDGES) 
Engine initiative, co-led by HudsonAlpha Insti-
tute, UTK, and Auburn University, is an NSF 
Innovation Engine awardee, advancing perennial 
grasses like miscanthus as sustainable, bio-based 
alternatives to petroleum materials for the auto-
motive, construction, and packaging sectors. 
By uniting academia and industry, BRIDGES is 

building a circular bioeconomy 
that strengthens rural com-

munities, creates jobs, 
opens new markets for 
farmers, and boosts 
resilient supply chains 
through domestic feed-
stock production and 
manufacturing.

HudsonAlpha Institute 
for Biotechnology

The HudsonAlpha Institute 
for Biotechnology (HA) uses genomics research 
to improve human and plant health, spur entre-
preneurship and economic development, and 
expand educational outreach to train future 
biotech leaders and build a biotech-literate pub-
lic. Its plant research spans crops from peanuts to 
miscanthus. By unlocking the potential of agri-
cultural cops, HA is helping create new income 
streams for farmers and rural communities while 
supporting a healthier planet through higher pro-
ductivity, less waste, and renewable alternatives 
to petroleum-based materials.

Grand Farm innovation center, Perry, GA
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