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THE SCIENCE OF SCALE-UP:

Accelerating chemical manufacturing
technology development workshop report

Executive Summary

The Science of Scale-Up: Accelerating chemical manufacturing technology
development workshop report outlines key insights and actionable

recommendations for accelerating the scale-up of disruptive chemical REPORT SCOPE
manufacturing technologies. Convened in October 2024, the workshop

brought together approximately fifty experts from academia, industry, national This report synthesizes
laboratories, and government agencies to address the barriers and solutions for key findings from a DOE

maturing technologies from proof-of-concept to commercialization (Figure 1).
The report identifies seven critical themes for enabling faster scale-up. These
themes were explored through general discussions and breakout sessions

sponsored workshop on
accelerating scale-up of

focused on three specific chemical manufacturing technologies—electrochemical, chemical manufacturing
thermochemical, and biological conversion processes. The findings emphasize technologies in the United
the importance of interdisciplinary collaboration, robust funding mechanisms, States.

and shared resources to overcome technical barriers and accelerate technology

deployment.

The report also highlights technology-specific challenges and opportunities,
including the need for advanced materials, scalable manufacturing processes, and
integrated testing environments. For electrochemical manufacturing processes,

TODAY: HIGH COST to understand

behavior of scaled systems
A 1

Focused efforts
Can LOWER the barriers of technology
deployment:

e Materials performance and durability database
e Shared prototyping and demonstration facilities
e Open access software

o Workforce training: technical scale-up skills

e Scale-up knowledge sharing

TIME, MONEY, & INVESTMENT RISK

P OUTCOME: Faster deployment with
INNOVATION IMPACT less resources

Figure 1. Key activities identified in the workshop which could reduce investment barriers (time, money, technical risk)
to technology scale-up.
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durability and material optimization are key priorities, while thermochemical processes require novel reactor
designs and better supply chain integration. Biological conversion processes face hurdles in strain engineering,
reactor design, and process integration. Across all technologies, the workshop emphasized the importance

of leveraging computational tools, standardized protocols, and collaborative networks to address knowledge
gaps and technical barriers. By acting on these insights, stakeholders can reduce the timeline for scaling up
critical chemical manufacturing technologies, ensuring their timely impact on manufacturing competitiveness,
and environmental sustainability.

Key Themes and Opportunities Highlights

Within the seven categorized themes, the workshop provided a range of options for decision makers
to accelerate the scale-up of critical technologies.

THEME 1:
Access to Testing Facilities

* Expand voucher programs to enable startups and academic institutions to utilize national
lab facilities for testing and validation.

* Build dedicated user- and demonstration-facilities for scale-up of specific technology classes.

 Develop in-house technical expertise at scale-up facilities through workforce development
to support startups and researchers.

THEME 2:
Technical Workforce Education and Training

* Develop specialized education and training programs at associate and graduate levels focused
on technical skills, such as design, construction, integration, testing, and operation of disruptive
technologies.

¢ Increase the number of skilled technicians through targeted training programs for equipment
maintenance and troubleshooting.

« Offer re-skilling programs for displaced workers to transition into emerging technology sectors.

THEME 3:
Open Access Process-Modeling Software Development

* Develop accessible / open-source software platforms tailored for process modeling of disruptive
technologies.

 Lower costs for startups and research organizations to access commercial software tools.

* Expand capabilities for integrating large-scale sensor data with process monitoring tools.
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THEME 4:
Infrastructure Integration

* Develop interconnected infrastructure ecosystems to support industry demonstrations.
* Provide access to product quality standards for feedstock inputs and product outputs.

* Enable studies on operational performance under time-variant energy conditions.

THEME 5:
Long-Term Funding

 Extend funding cycles to at least five years for targeted technology categories to ensure continuity.

* Develop staged investment models between Department of Energy (DOE) offices for seamless
project transitions.

* Establish dedicated testing hubs to reduce capital burdens for individual companies.

THEME 6:
Development of Standards and Durability Metrics

* Develop accelerated testing procedures informed by real-world data to predict system durability.

* Establish protocols for durability testing and accelerated aging, involving industry and standards
organizations like the American Society for Testing and Materials (ASTM).

« Create public repositories for materials performance characterization through organizations
like the National Institute of Standards and Technology (NIST).

THEME 7/:
Knowledge and Information Sharing
* Establish consortia or collaborative networks to facilitate knowledge exchange across academia,
industry, and government.

* Develop repositories of anonymized research and business information, including training datasets
and learning curves.

» Encourage technical progress papers and alternative publications focused on practical insights
and process characterization.

The Science of Scale-Up: Accelerating chemical manufacturing technology development



Statement of Need

Deployment of new and disruptive technologies will

be required to address growing needs for chemical
manufacturing with energy and feedstock constraints.

Some of these technologies will need to scale rapidly

while being flexible toward performance requirements, a

full understanding of the technical risk landscape, existing
workforce skills, markets, learning curves, and supply chains.
Game-changing solutions—that can shift cost curves and
disrupt incumbent industries—are in development today, on
laboratory benchtops across the United States and around the
world. Accelerating the development of these technologies
so that they can be scaled and deployed in years rather than
decades is necessary to achieve their intended impact for
people, industries, and the economy. Historically, on average,
it takes around 30 years for a disruptive technology to move
from the proof-of-concept phase to full commercialization
[1]. Given this timeline in comparison to the rapidly changing
global energy landscape and manufacturing competitiveness,
it is clear that we need to re-invent and reimagine our
approach to scale-up and technology development.

The approach to scale-up is the lever that can translate U.S.
lab-scale innovations to industrial applications. However,
cross institutional and sectoral knowledge exchange about
the approach to scale-up is rare; large companies have
institutional approaches that are often proprietary, and small
companies and academic labs are developing approaches

in isolation. This summary report of the Science of Scale-Up
Workshop is intended to share learnings and opportunities
for innovation enabled by cross-sectoral knowledge exchange.

Summary of Key Themes

From the Science of Scale-Up Workshop, seven key themes
arose that, if addressed, can unlock more rapid technology
development and deployment:

1. Access to prototyping and demonstration facilities,
including development infrastructure to support
technology learning at the prototype and pilot scales.

2. Workforce education and training, particularly for
technical staff in design, construction, integration,
testing, and operation of disruptive technologies.

3. Development of inexpensive or open-access process
modeling and analytical software to enable deeper
process insights for small organizations on a tight
budget.

4. Infrastructure integration, including accurate
assessments of energy availability, grid capacities, and
analysis of supply chain constraints.

5. Long-term, stable funding dedicated to addressing
key technical scale-up knowledge gaps and risks.

6. Technology testing standards for materials
performance and durability, providing information
and clarity for regulations, risk management, and
tradeoff analyses.

7. Knowledge transfer and information sharing, with an
emphasis on materials and component performance at
scale and over time to provide a design basis for scaled
manufacturing.

Workshop Agenda and Scope

In October 2024, a working group convened to discuss the
barriers and potential solutions to accelerating the scale-up of
chemical manufacturing technologies. The group collectively
discussed these technologies as a whole and formed breakout
sessions to discuss three chemical conversion modalities:
electrochemical, thermochemical systems, and biological.

The goal of the workshop was to surface and share ideas
from diverse sectors on the topic of transforming our
approach to the scale-up of early stage, disruptive chemical
manufacturing technologies. The workshop centered on
identifying the opportunities and the understanding, tools,
and steps that may be required. We gathered perspectives
from about fifty researchers and project managers spanning
academic institutions, small and large companies, national
laboratories, and the DOE. To focus our discussion, we
provided the following definition of scale-up: activities
required to mature technology from proof of concept toward
its ultimate use-case. Our definition of scale-up includes
scaling in size, number, and/or time, and de-risking activities.
We focused our discussion on what can be done at early
stages of technology development, after a proof-of-concept
is demonstrated, to accelerate the technology toward

a minimum viable product (MVP) (Figure 2). While it is
challenging to identify the exact form and function of an
MVP for early-stage disruptive technologies, we surveyed
attendees prior to the workshop on the topic of how to define
the MVP. Respondents largely agreed with the definition

of an MVP as: a list of product specifications that describe
the requirements that a basic version of a technology must
meet to function in the intended application. We sought to
identify cross-cutting opportunities to transform our scale-up
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Idea Generation Proof of Concept Screening

Lab/R&D Work

TRL 1 2 3 4

Proof of Concept,
Lab scale

Pilot/Development Work

Industry

Minimum Viable
Product

009

Figure 2. This report focuses on early-stage activities that can accelerate the scale-up of disruptive chemical manufacturing
technologies toward a minimum viable product (MVP). (a) Technology development pipeline across technology readiness levels
(TRL). (b) The focus of this report is to share learnings and best practices for translating technical research demonstrations toward

an MVP.

approach broadly for emerging manufacturing technologies
and also applied these ideas as we worked through specific
examples of chemical conversion systems to identify and
prioritize research needs.

The workshop included a general discussion of the
opportunities, challenges, and requirements for scaling

up critical technologies. Among the themes presented, a
cornerstone challenge was the limited time to make critical
materials, reactor design, and manufacturing decisions.
Speakers emphasized the multi-decade timeline typical of
moving technologies from lab-scale to commercialization,
including many of the barriers present at the pilot-scale
when integrating a new technology into an existing industrial
ecosystem. The strategies toward accelerating scale-up
revolved around inter-organizational collaboration, advancing
the rate of learning—analytically and in practice—at
increasing scales, and resources required to accelerate scale-
up, including financial investments, trained workers, and new
experimental and computational tools (Figure 3).

After the general presentations, participants discussed
general technology scale-up barriers, potential solutions,
and indicators of success. A compilation and synthesis of
the themes discussed throughout these breakout sessions
are discussed in depth in this report and include access to
experimental testing facilities, deeper understanding of
materials durability and degradation, and pathways to foster
more rapid and robust exchange of information across all
sectors. Specific insights and examples are provided.

August 2025

The workshop also included technology-specific breakout
sessions, namely electrochemical, thermochemical, and
biological conversion technologies. These represent areas
of interest across the United States DOE and are thematic of
scaling industrial technologies.

After the breakout sessions, the workshop reconvened

to provide a debrief of key findings. Among the proposed
solutions, increased cross-disciplinary collaboration and
information sharing, standardized testing and modeling

of technology systems, and increased education and skills
development arose as top enablers of accelerating scale-up.
Some high impact areas include a focus on materials
development, establishing integrated testing facilities, and
ensuring reliable energy availability.

Each of these themes were present throughout both the
general and the technology-specific discussions, the latter

of which were focused on chemical conversion technologies
and broken into subsections of knowledge gaps, technical
barriers, and scientific capabilities that can be used or that
need to be developed to overcome these technical barriers.
For electrochemical conversion systems, understanding
membrane and catalyst performance over time were key
challenges, with availability of technical staff such as stack
engineers as a critical constraint. Thermochemical systems are
often outfitted with sensors, so new modeling and machine
learning tools can unlock new insights and enable more
reliable performance. Biological conversion is challenged by
understanding the scaling behaviors of full systems, including



the reliability and predictability of different engineered bacteria strains. Collectively, these insights
present avenues for concerted effort to accelerate the scale-up of critical chemical manufacturing

technologies.

Software

Hardware

Data/Knowledge

Resources/ Infrastructure

Exists but
is not
Accessible

Commercial material
performance data

“10,000 hour club”
(list of certified
materials with

durability standards)

Material testing tools

DOE resource continuity
for scale-up (funding that
bridges offices)

Needs to be
Accelerated

Computational
tools for knowledge
transfer

Analytical software
integration

Standardized accelerated stress
testing protocols to speed up
durability testing

Data to support con-
struction of learning
curves (CapEx cost of
units per unit pro-
duced)

Workforce training for
facility construction and
operation

Integrated, standardized
infrastructure

Needs to be
Created

Open access process
modeling software

Durability model
and accelerated
age testing

Scale-up facility that houses
manufacturing, testing, and data
integration tools and expertise

Accessibility to testing facilities
to bridge “valley of death”

Workshops/summer
camps for collaboration
and training in scale-up

Reliable electricity
availability

Testing facilities for
components that are seen
in multiple technologies

Geographically distributed
manufacturing

Modeling and
Information Sharing

Funding and Testing
Capabilities

Industry and
Infrastructure

Figure 3: Summary of options to accelerate scale-up, organized by resource category and present availability.



Accelerating Scale-Up of Chemical
Manufacturing Technologies: Key Enablers

THEME 1:
Access to Testing Facilities

One of the significant barriers identified in the workshop is the limited availability
of accessible and adequately equipped experimental testing facilities that can
accommodate the scale-up needs of emerging technologies. Many researchers

and startups face challenges in accessing facilities that can simulate real-world
conditions necessary for comprehensive testing and validation. These types of
facilities are often expensive, take expertise to develop, build, and run, and may only
be needed for a limited time before a company or organization reaches the next
scale of development. Facility operation is not often within the domain expertise

of typical startups and may not be the best use of scarce financial resources during
the scale-up phase of a rapidly evolving technology. Participants noted that while
small-scale testing is feasible within laboratory settings, scaling up to pilot-scale
demonstrations presents a challenge due to the lack of accessible, generic,
pilot-scale facilities. This is the point for many organizations where infrastructure
costs can be prohibitively expensive and present a major financial risk. This gap

in infrastructure makes it difficult for startups and small companies to test their
technologies at a scale that is closer to commercial viability, where the learnings

can provide critical information about materials selection and capital costs.
Additionally, there is a scarcity of facilities that offer integrated testing environments
where various system components can be tested together, reflecting the complex
interactions they would encounter in actual deployment scenarios.

Despite these barriers, there are significant opportunities to improve access

to experimental testing facilities which could accelerate the development and
scaling of chemical manufacturing technologies. One option is the establishment
of voucher programs, and augmenting existing programs, that allow startups and
academic institutions to utilize national lab facilities as research hubs for testing
and validation. Such programs can lower the financial and logistical barriers to
entry, enabling more organizations to benefit from state-of-the-art equipment and
expertise. In the long run, building user- and demonstration-facilities dedicated

to scale-up of particular technology classes could provide developers and startups
with resources and infrastructure to lower the barriers to producing pilot units.
This could include common access to physical manufacturing, materials fabrication,
component testing tools, common balance-of-plant components, data analytics and
software modeling tools, and trained, in-house scale-up expertise. By leveraging
these opportunities, the pace of technology development and deployment can

be accelerated, particularly for capital intensive systems that require technically
rigorous pilot-scale demonstration.
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“Starting with the barriers, we
looked at the lack of testing
facilities, with accessible testing
facilities as a key to limit the
risk.... For example, understanding
degradation mechanisms or

the lack of field data could be
overcome with more such test
facilities.”

— Workshop Report Out



THEME 2:
Technical Workforce Education and Training

For many of the companies represented, access to skilled workers was a major
barrier to meeting internal demonstration milestones. Two sub-themes arose in the
discussions around workforce: first was a barrier in finding people with very specific
skillsets, some of which are not formally taught in training programs. For example,
electrochemical stack engineers are essential to the production of electrochemical
technologies such as electrolyzers. Most trained stack engineers developed these
skills on the job at an existing company, often within a similar technology category
such as fuel cells; frequently the knowledge behind these skills is not in the public
domain. Many of these technical skills have also been offshored and the knowledge
and knowhow exist overseas, presenting a significant barrier to technology
development in the United States. Related to this, the conversation pointed out a
shortage of skilled technicians and operators who are essential for maintaining and
troubleshooting equipment, which is a critical need for both research and industrial
applications.

The second sub-theme surrounded the gap in expertise across different domains,
which is crucial for the integration of complex systems. Participants noted that
while there are specialists in areas like catalyst development or process engineering,
there is often a lack of individuals who can bridge these disciplines, particularly in
system integration. This gap is exacerbated by geographic separation of expertise,
such as process engineering expertise being concentrated in places like the Gulf
Coast, while product development expertise might be more prevalent in the Bay
Area. These gaps are difficult to address, either requiring geographically disparate
teams to collaborate, relocating staff, or training cross-disciplinary workers who can
communicate across different fields.

To address these workforce barriers, several options were proposed. Education and
training programs, at both associate and graduate levels, were recommended

to provide specialized technical training and more hands-on experience, as were
internships that expose students to real-world applications beyond academic
research. This would help develop a workforce that is not only technically proficient
but also adept at interdisciplinary collaboration. Furthermore, increasing the
number of skilled technicians through targeted training programs was emphasized
as a critical need. These programs could focus on developing expertise in
maintenance and troubleshooting, which are vital for the operational success of
scaling technologies. Training programs could also be made available for re-skilling
the existing workforce, particularly in job sectors that have been displaced by
economic or technology trends. On a long-term, national level, organizing a
comprehensive and flexible training curriculum to adapt to evolving workforce
needs will allow for flexibility within a rapidly changing technology landscape. By
implementing these solutions, the U.S. workforce can be better equipped to meet
the demands of scaling up disruptive chemical manufacturing technologies.
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“In workforce, we find there’s a
gap in specialty skills like power
systems, electrical engineering,
etc. There’s a lot of actual
electrical engineers who are low
voltage specialists, but power
systems where you're dealing
with high voltage, substations,
transformers, that kind of thing,
that’s a nationwide problem,
there’s definitely a shortage there.

”

— Workshop Breakout
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THEME 3:
Process-Specific Software Development

The breakout discussions underscored the potential of software development and
data science tools as potential solutions in advancing technology development,
particularly leveraging inexpensive, open source, or otherwise generally accessible
computational capabilities. One of the primary challenges identified was the
integration of various modeling and simulation tools, which are often developed
in silos using different platforms such as COMSOL® for component modeling

and Aspen® for process modeling. This lack of interoperability can hinder the
efficient use of simulation data across different stages of technology development.
Addressing the system level-barriers between software packages may present an
interesting business opportunity for developing impactful software tools.

Prohibitively high licensing costs were also highlighted as a barrier. Research labs
and large companies can often justify high software package prices, but for startup
companies, these tools are often cost prohibitive, and do not provide the flexibility
and support needed for new technologies. Participants suggested that developing

a unified or open-source platform tailored for disruptive chemical manufacturing
technologies could significantly enhance the efficiency and accuracy of simulations.
Such a platform would allow for more transparent data exchange and integration,
enabling researchers and engineers to model complex systems more effectively and
predict outcomes with greater precision. Additionally, programs and initiatives that
lower the costs for startups and research organizations to use commercial software
tools, and to have these tools integrated in the scale-up activity as the technology
matures, may be mutually beneficial to both the user and the provider of modeling
software.

Moreover, the conversation highlighted the importance of improving analytical
software and data integration capabilities. Current analytical tools often come

with proprietary software that is expensive and difficult to integrate with other

data systems, posing a barrier to innovation. By developing more flexible and open
analytical software, companies could more easily shape and utilize data for machine
learning models and other advanced analytics. This would not only streamline the
process of data analysis but also facilitate identifying patterns and insights that can
drive technology improvements. Expanding the available tools for tighter integration
with databases and process monitoring capabilities would allow for better utilization
of large amounts of data that can be collected from sensors on new prototype

and pilot systems. Additionally, the creation of a centralized database for sharing
modeling results and lessons learned could foster collaboration and accelerate

the pace of innovation. In the long run, developing accessible software for
technologies such as electrochemical devices and improving the integration with
data acquisition tools opens the opportunity to streamline process modeling and
analytics, accelerating learning. By leveraging these software and data science tools,
the technology development process can become more agile, cost-effective, and
capable of addressing the complex challenges associated with scaling up chemical
manufacturing technologies.
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“There’s a lot of analytical data
that is stuck on software that

is proprietary. It is extremely
expensive to get that on a format
that is open, and that you can use
and cross with data from other
software.”

— Workshop Breakout

“For the future, I’'m thinking,

is almost like a Reddit for
software, specifically for energy
technologies. If you were to say,
‘Hey, I'm working on this problem,
has anybody ever worked on this
problem before?’ And other people
responded, ‘Yeah, | solved it with
this thing. Here’s my code’. Or
‘Here’s some open-source code
that you could use’. We need
something where you can have
that kind of exchange of ideas.”

— Workshop Breakout
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THEME 4:
Infrastructure Integration

Technology infrastructure integration presents significant challenges for scaling

up disruptive manufacturing technologies due to the lack of cohesive systems

that connect various technological components and processes for early-stage
demonstrations. Participants in the breakout session noted that research and
development work often assumes idealized integration, with different sectors

and technologies operating independently under ideal conditions rather than

as part of an integrated system. This lack of real-world integration can lead to
inefficiencies and increased costs, as companies may need to develop their

own infrastructure integration solutions rather than leveraging existing systems.
Additionally, the absence of a robust infrastructure and supply chain integration that
connects technology developers with feedstock suppliers, energy providers, and
end-users further complicates the scale-up process. To address these challenges,
participants suggested developing infrastructure ecosystems that support industry
demonstrations. Access to product quality standards, both for feedstock inputs and
product outputs, would benefit new technology developers. By creating a more
interconnected infrastructure, companies can more easily access the resources and
partnerships needed to scale their technologies effectively.

Moreover, many technologies are designed to best operate with stable and reliable
energy supply, which is crucial for the continuous operation of industrial processes.
However, a critical factor in infrastructure integration is the compatibility of new
technologies with time-variant energy supplies, particularly with the expansion
and development of the electricity grid. While the general solutions proposed
during the session include investing in energy storage systems and load balancing
strategies, having tools, both experimental and analytical, to simulate variable
energy availability may help de-risk technologies that would be impacted by
operating with intermittent electricity. Studies on operational performance, such as
idling limits, alongside variable energy supplies may also be beneficial, particularly
as these practices also protect against unexpected power outages. Additionally,
participants emphasized the need for reliable energy to support the long-term
success of disruptive energy and manufacturing technologies. By prioritizing the
robust integration with U.S. energy, chemical manufacturing, and supply chain
infrastructure, stakeholders can create more reliable conditions for scaling up
innovative technologies.
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“The barrier is actually the lack

of the ecosystem. There are a lot
of companies that have great
technologies for electrolyzers, but
they’re using bottled gases. They’re
not connected to the biomass gas
flair, and that’s not connected

to the biomass sorting system,

and that’s not connected to the
biomass collection...”

— Workshop Breakout
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THEME 5:
Long-Term Funding

The workshop discussions highlighted several challenges related to funding
barriers for technology scale-up. One of the primary issues is the inconsistent and
short-term nature of funding cycles, which often do not align with the long-term
research and development timelines required for scaling up complex technologies.
Researchers noted that the typical three-year funding periods are insufficient, as
significant portions of this time are consumed by contract negotiations and initial
setup, leaving a compressed timeframe for research and development activities.
This inefficiency can hinder the ability to achieve meaningful progress and results,
which are crucial for attracting further investment and support. Additionally, the
capital-intensive nature of pilot-scale demonstrations poses a significant financial
burden. This makes it challenging for organizations to secure the necessary
resources to move beyond the laboratory scale in a timely manner, and then to be
able to use those assets for a sufficiently long period to justify the investment. For
companies, this gap, often referred to as the “valley of death,” poses a substantial
risk, and is particularly acute for startups and small companies that lack the financial
resources to bridge this divide independently.

To address these funding barriers, the participants suggested several potential
solutions. Extending funding cycles to at least five years for targeted technology
categories could provide researchers with the stability and time needed to focus
on in-depth research and achieve substantial advancements. This longer-term
funding approach would enable more comprehensive planning and execution

of scale-up activities, allowing for more strategic development and increasing
continuity in achieving the project deliverables. Additionally, developing a more
structured funding model that provides staged investments between DOE Offices
could provide continuity for successful research and development programs as they
increase technology readiness and adoption readiness levels. Seamless handoff
of projects, including knowledge and knowhow transfer, between Offices could
augment technology development. Tying back to Theme 1, establishing dedicated
facilities or hubs for testing and scaling technologies could also reduce the capital
burden on individual companies, providing shared resources and infrastructure to
support the transition from laboratory to market. These solutions aim to create a
more supportive infrastructure ecosystem for scaling up technologies, ultimately
accelerating the path to commercialization.

August 2025

“Part of the problem is we’re on
this 3-year funding cycle. By the
time year three comes around
the magic is happening, we
understand, we’re putting out
technical results. And guess what:
time’s up. Do something else. So,
make that funding for 5 years.
Minimum.”

— Workshop Breakout
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THEME 6:

Development of Standardized Testing
Protocols and Performance Metrics

Two tightly intertwined scale-up needs—the development of characterization
protocols for performance and durability—are both crucial for advancing

the commercialization of emerging technologies, particularly in fields where
technologies need to be operating for many years with minimal degradation.
Without standardized testing protocols, it becomes challenging to evaluate the
performance and longevity of different materials and systems, both of which can
impede the scaling and adoption of innovative solutions. Establishing clear metrics
for durability testing is essential to ensure that technologies can withstand real-
world operational conditions over extended periods. This is particularly important really be able to try and figure out
for technologies that will integrate into existing infrastructure, where reliability and what’s going on.”

consistency are paramount. Standardized protocols also facilitate communication
and collaboration across industry, academia, and government sectors by providing
a common language and set of expectations. Moreover, they enable investors and
policymakers to make informed decisions based on consistent and reliable data,
thereby accelerating the path from research to market deployment. Developing
these standardized protocols is a foundational step towards building trust and
confidence in new technologies, ultimately driving their successful implementation
and enhancing their impact.

“There is a need to have more
standardization of testing
protocols, teardown procedures,
how to characterize systems pre-
and post-mortem, and how to do
a full suite of characterization to

— Workshop Breakout

There are significant opportunities to establish robust testing standards and
metrics that can enhance the development and deployment of new technologies.
For technologies that collectively rely on one or more critical components such

as a membrane or a catalyst, one approach is to conduct round-robin testing with
standardized materials across multiple facilities. This method can help identify
commonalities and discrepancies in testing outcomes, paving the way for the
development of universally accepted protocols.

To increase understanding of materials durability and discover material-,
component-, and device-centered failure modes, national laboratories and industry
consortia can facilitate the creation of accelerated testing procedures that are
informed by real-world data. By collaborating with industry partners who have
operational systems, researchers can gain insights into degradation mechanisms
and develop tests that more accurately predict system durability. Establishing
standard protocols for durability testing and accelerated aging—both modeling
and experimentation—while involving experts from industry, academia, national
laboratories, and standards organizations such as the American Society for Testing
and Materials (ASTM), can improve consistency and transparency for the adoption
of new technologies. The workshop discussion also highlighted opportunities for
new research to develop materials, reactors, and operational protocols to support
long-term operation including degradation-resistant materials and systems, and in
situ (i.e., minimal intervention) strategies for self- and active-repair of degradation.

Additionally, fostering a culture of transparency and data sharing within the
scientific community can encourage the reporting of resulting datasets, including
both successful and unsuccessful outcomes. Included within this is an opportunity
to build public repositories or certification standards of materials performance
characterization such as through the National Institute of Standards and Technology
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(NIST). Coincident efforts to streamline the establishment and adaptation of
standards may accelerate innovative technology development rather than stifle
progress while companies are waiting for standards to be published. Efforts toward
public repositories of materials testing data can drive the refinement of testing
standards and ultimately lead to more reliable assessments of material and system
durability.

THEME 7:
Knowledge and Information Sharing

The most repeated theme in the workshop centered on the challenge that ‘we

need to know more’ to move faster. Accelerating scale-up requires exchange and
transparency of research, ideas, data, learning curves, and ‘needs, though this is
inherently constrained by competition and intellectual property; in fast-moving
markets these are assets, but in slow markets (i.e., decades to profitability) siloed
information can hinder both research endeavors and industry deployment. There

is a need to enhance the speed of general knowledge sharing while protecting

the competitive advantage of companies taking on the risks of scaling-up a new
technology. Through the workshop discussions, three particularly salient knowledge
gaps arose: 1. Knowledge of materials performance at scale and over long periods of
time; 2. Knowledge of scaled system performance and capital costs; 3. Knowledge of
scaling approaches and best practices.

Knowledge Gap 1: Materials performance at scale and over long
periods of time

When requesting information about a commercial material, static data sheets are
often provided which give specific but limited descriptions of material properties.
For example, a conductive carbon support for an electrolyzer might have
information about its electrical conductivity and porosity, but will lack many of the
pertinent attributes when incorporated into the system: How will it compress?
How will its conductivity change over time? Will it corrode? While it is unfeasible to
expect a vendor to supply all of the information for every use case of their material,
there are major inefficiencies with independent organizations testing those same
materials for the same or similar purposes. Further, until these materials are tested
at scale and within the new functional context, it is challenging for developers

to make critical design and research investment decisions, in essence, to design

for manufacturing. One of the workshop discussion suggestions was to create a
10,000 Hours Club’ list for materials that have been demonstrated to last more
than 10,000 hours in continuous operation, providing operational context and
conditions. Exchange of knowledge such as this could reduce tedious, duplicated
efforts between organizations, particularly for the cases where materials have been
demonstrated successfully (such as the historic use of Nafion® in fuel cells), or
unsuccessfully.

Knowledge Gap 2: Scaled system performance and capital costs

One participant, an early-stage entrepreneur, noted the challenges of finding
an architecture and engineering firm who was able to build for the needs of a
prototyping facility rather than a commercial production plant, hindering the ability
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of the company to quickly and efficiently set up prototyping experiments. This gap
has a trickle-down effect to the materials level—both companies and research
groups highlighted the gaps in knowledge of system performance at scale, including
the learning curves associated with building large pilot facilities and with producing
larger volumes of product. Similar to the 10,000 Hours Club, having access to lists of
auxiliary components such as mixers, pumps, filters, gas separation units, etc. that
have been demonstrated in like environments could help accelerate the technology
maturation process. Having standardized testing for these components would
provide transparency for businesses looking to scale up technologies. Furthermore,
several participants in the workshop cited the need for learning curves:
understanding the rate of cost reductions when producing more units of, or larger-
scale product. These barriers are intertwined with the infrastructure limitations of
dedicated research and development facilities and highlight the knowledge gaps
both from the perspective of the companies scaling up new technologies, and the
companies in the broader industrial ecosystem who may benefit from expanded
business opportunities.

Knowledge Gap 3: Scaling approaches and best practices

At the highest level, many of the workshop participants noted that scale-up is an
experience-driven endeavor with knowledge residing among those who have either
guided a startup through the scale-up process or have participated in a product
development cycle. Learning approaches and best practices in scale-up from these
entrepreneurs and industry experts was discussed as a critical aspect of accelerating
the development of new technologies and increasing the likelihood of success

for fledgling companies. Of particular note, the playbook for scaling different
technology categories, such as hardware development, software development,
business-to-business, business-to-consumer, etc., differ; the knowledge and
experience gap in bringing these technologies from concept to commercialization is
a limiting factor for accelerating scale-up.

To overcome these barriers, several potential solutions can be implemented to
foster a more collaborative and open environment for knowledge sharing. In the
short term, establishing and encouraging open sharing agreements between
voluntary organizations that aim to present, publish, or otherwise release codes,
research findings, or technical information while removing business-sensitive
(confidential unclassified) information, can help overcome this obstacle. Establishing
consortia or collaborative networks that bring together stakeholders from academia,
industry, and government can facilitate the exchange of information and best
practices. These networks can operate under agreements that protect intellectual
property while promoting transparency and collaboration. Additionally, creating
centralized databases or repositories where data and findings can be shared in a
standardized format would enable easier access and comparison of information.
Encouraging technical progress papers, similar to those in the automotive industry,
and alternative publications that emphasize process and characterization can also
provide a platform for sharing practical insights and experiences that may not be
suitable for traditional academic journals. Furthermore, incentivizing researchers
and companies to share their findings through recognition programs or funding
opportunities can motivate more open communication and contribute to a culture
of collective advancement in technology scale-up.

16
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In the long-term, building repositories of anonymized research and non-proprietary
information including training datasets and learning curves for sector-specific
technologies can accelerate the scale-up of entire classes of technology. Leveraging
consortia or teams of experts for disseminating best practices and enabling inter-
organizational sharing of knowledge and know-how (i.e., from research groups to
technology development teams and back) can increase the effectiveness of both
scientific research and product demonstration activities toward bringing a new
capability more quickly to the market.

Technology-Specific Priorities

Workshop participants also explored scale-up challenges and opportunities through
specific technology examples representative of disruptive technology manufacturing
technologies, each of which focuses on chemical conversion to value-added
products. To focus the discussion, each technology was identified by its MVP, or the
smallest deployable unit that encompasses the essential functionality in its intended
operating environment. The specific metrics for the MVP for each technology shown
here were gathered from a survey of workshop attendees. However, many of the
companies and organizations present are developing technologies that are in line
with the technology category but have different target metrics from those defined
by the MVP in the workshop. Therefore, the following findings are inclusive of the
technology category as a whole, with discussion points that may deviate from the
specific MVP.

Technology 1: CO, Electrolyzer Scale-Up

Carbon dioxide (CO,) electrolysis is an electrochemical technology that converts
CO, and water into small molecule hydrocarbons. The example technology shown in
Figure 4 uses electrocatalysis to convert a concentrated CO, stream to ethylene and
other products and is being developed to operate using an industrial CO, stream

at a petroleum refinery. Energy efficiency and durability were identified as crucial
metrics for scaling up electrochemical technologies. Several key knowledge gaps
were noted in the discussion.

o0 output Gas/liquid

CO, C,H,, CO, H,, separation
Input EtOH, efc.
Gas diffusion
Cathode Liquid
Membrane . distillation
Anode
| 5 cas EtOH
: Gas diffusion : CO.gas purification SoEtath.
:  recycle formic acid
Power Flow field 5 o
input 0G0
C2H4
product

Figure 4: Unit and system designed, and technical specifications for a carbon dioxide electrolyzer system including MVP
metrics determined by the breakout working groups.
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Table 1: Knowledge gaps pertaining to electrolysis systems.

2

3

18

Material scale and
physical property targets:

Physical processes at
industrial scale:

Industrial integration at scale:

Materials, systems, and
process performance

at thousands of hours is
unknown:

For ion exchange membranes and gas diffusion electrode catalysts, there is a
significant knowledge gap between suppliers, manufacturers, and practitioners with
respect to the manufacturing processes, materials characterization, target materials
properties, and testing system performance which inhibits the scale-up of this
technology. A significant barrier identified for CO, electrolysis was the lack of suitable
materials specifically designed for this application, with current materials often being
repurposed from other applications such as fuel cells. Relatedly, the need for better
ion exchange membranes and gas diffusion electrodes was emphasized, as these
components are critical for the efficiency and durability of the electrolyzers.

Cascading physical effects within flow channels and emergent phenomena (physical
effects not observed at small scales but that become dominant at large scales) are
unknown or poorly characterized at increasing scales. This is particularly impacted by
the lack of uniform mass manufacturing of materials and components. Participants
discussed the need for larger format materials and the limitations of current materials,
such as conductive carbon paper. However, producing many of these materials at
different scales requires different manufacturing processes, which limit the options for
bridging those scales. For example, catalyst manufacturing may be able to use physical
vapor deposition at small scales, but may then require spray coating at larger scales,
significantly altering the properties of a critical component of the system.

At a higher level, participants noted the lack of robust supply chains and highlighted
the need for a feedback loop between material developers and system engineers to
ensure that materials are optimized for the specific requirements of CO, electrolysis.
In a research context, there may be a discrepancy between real and perceived supply
chain limits, particularly for small-batch or single-source products. Additionally,
several companies noted that the full technology system is often limited in scale

by a single component, such as an available membrane size determining the entire
electrochemical reactor size.

Durability of catalysts and membranes was a major concern, with discussions on
the need for materials that can withstand long-term operation (1000s to 10,000s of
hours) without significant degradation, or with non-invasive methods for repairing
degraded materials.



From these knowledge gaps emerged several technical barriers. First, quality control
is essential both for input feedstocks and for controlling the requirements of the
output product. For electrolyzers, this is likely to involve upstream and downstream
gas and liquid separation systems; however, without defined property metrics,
anticipating the needs for these quality controls is challenging. Second, durability
issues were prevalent across this technology including catalyst degradation, cell
system clogging, membrane fouling, and other forms of irreversible degradation.
Characterizing and overcoming interdependent degradation mechanisms remains

a pressing challenge for the field. Third, quantifying emergent phenomena, both in
experimental measurement and in computational modeling, remains a challenge,
not only for incorporating all of the relevant physics, but also for knowing where the
physics is relevant in particular models.

In light of these many gaps and barriers, the participants suggested capabilities that
could address these challenges.

1. 0n-board diagnostics and process monitoring: Advancing diagnostic
tools and techniques, such as in situ characterization of temperature, flow
rates, and current distribution, can provide deeper insights into system
performance and operational conditions. This understanding is essential for
optimizing system design and operation, ultimately leading to more robust
and efficient electrolyzer technologies. These measurements can be looped
via process automation and the application of digital twins for on-the-fly
performance prediction and modulation.

2. Advanced characterization, operando experiments: Techniques such
as X-ray neutron radiography and advanced optical imaging provide insights
into internal operating conditions and can be used to determine root failure
mechanisms.

3. Ex situ membrane degradation and aging, and standardized post-
mortem analysis: In particular, characterization of fouling, dissolution, or
other degradation mechanisms for membranes in the presence of heavy
metals (contaminants) and alcohols (by-products), can shed light on how
to engineer, condition, and maintain these materials for extended use.

a. Within this is a need to develop diagnostic tools for understanding
different forms of degradation, and to develop standard process for
full pre- and post-operation characterization.

b. Establishing third-party verification, including standards testing, having
dedicated testing facilities, and forming partnerships via sharing data
and best practices, will help overcome many of the technical barriers
to electrolyzer scale up.

4. Computational modeling that bridges catalyst-scale, flow-scale,
and process-scale: Even with advanced computation, the changes in
the physics from atomistic- to system-scales for electrolyzers are vast and
presents a new opportunity for advancing the scale-up of electrolyzers and
many similar technologies.
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Technology 2: Thermochemical Process Scale-Up

Catalytic methanation of dilute CO, is a thermochemical process for converting
adsorbed CO, in the presence of hydrogen into hydrocarbons, with the target
product of methane (CH,4) (Figure 5). This technology is characteristic of traditional
petrochemical manufacturing, using catalysts and heat, with downstream separation
to isolate target products. However, the key aim here is to produce methane as

a gaseous energy storage material that can be re-oxidized to CO, when needed,
generating electricity. This example technology uses a bi-functional sorbent/catalyst
material to adsorb CO, and facilitate a reaction with hydrogen at 300°C to produce
methane. Several knowledge gaps and technical barriers around this technology
arose from the discussion.

Table 2: Knowledge gaps pertaining to thermochemical carbon conversion systems.

20

Feasibility of novel reactor
designs and process
configurations:

Siting constraints, supply chains,
and integration with feedstocks:

Utility and value of synthetic
natural gas as a product for
energy storage:

Unit modeling with scalable
reaction kinetic information:

Performance at scale and
stability of materials and
components:

This thermochemical technology can be organized in multiple ways, with many
involving novel engineering designs due to the requirements of working with
flexible hydrogen sources. Additionally, product separation for cyclic or pressure
swing configurations are technical barriers that still need to be overcome. Without
a better understanding the design requirements, it is difficult to determine which
configurations should be pursued.

Determining where a thermochemical carbon conversion system would be located
and how it would integrate with upstream feedstocks and downstream products
presents a challenge when the prior configuration and performance metrics are also
yet to be determined. Within supply chains, custom reactors and materials may not
be available at the scale of the minimum viable product.

An overarching question surrounds the practicality of using this form of chemical
energy storage. This technology needs more comprehensive technoeconomic and
life-cycle analysis.

Unit modeling with scalable reaction kinetic information: Participants highlighted the
importance of obtaining scalable kinetic information to guide the scale-up process.
The lack of methods to acquire such data at different scales was noted as a barrier to
effective scale-up.

Long-term durability and stability of materials, particularly catalysts and sorbents,
were identified as critical areas needing further research. The ability to predict
material performance over time and under varying conditions was seen as essential.
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From these knowledge gaps and barriers, the group discussed scientific capabilities

metrics determined by the

1. Artificial intelligence and machine learning tools for reaction .
breakout working groups.

networks including process analysis and materials discovery: This
involves the adoption of advanced computational tools, such as digital twins,
machine learning, and reduced order modeling of large-scale systems,

that can facilitate the design and optimization of processes before physical
implementation. Quality data and metadata for these computational tools
are essential for establishing trustworthy predictions, these coming from
designed experiments or ground-truth analyses. Furthermore, anonymized
data sharing between organizations could enable better training models.
These tools can help predict system behavior, identify potential bottlenecks,
and optimize operational parameters, thereby streamlining the scale-up
process.

2. Computational models and experimental characterization of
materials as they evolve and degrade: Designing processes that can
dynamically respond to available energy supply, such as through load-
following capabilities, can lead to deeper understanding of materials behavior
and degradation over extended periods of time. Many of these capabilities
could be housed within dedicated testing facilities that can accommodate the
characterization and predictive modeling tools for multiple companies.

3. Operando spectroscopy and accelerated aging protocols:
The development of standardized protocols for testing and scaling
thermochemical systems was seen as necessary to ensure consistency and
reliability in results. Operando techniques such as optical spectroscopy can
shed light on the aging behavior of the system over extended periods of time.
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Technology 3: Biological Conversion Scale-Up

Gas fermentation with the combination of carbon dioxide, hydrogen, oxygen, and
liquid nutrients to produce fuels and chemicals is one of many potential pathways
for biological conversion of carbon materials. This particular process works with a
combination of biological strain engineering and gas and liquid product separation
systems. This example uses engineered Ralstonia eutropha in a U-loop reactor to
convert CO, from an industrial process, along with H, and O, from water electrolysis,
for production of diesel-range methyl ketones.

Three main challenges arose in the discussion:

1. Strain engineering: the difficulty in engineering microbial strains to
produce desired products at scale, particularly when these products are not
naturally produced by the organisms.

2.Reactor design: the complexity of designing reactors that can efficiently
handle gas-liquid-solid interactions, maintain optimal conditions for microbial
growth, and ensure high conversion efficiency.

3. Process integration: the need for seamless integration of upstream
and downstream processes, including gas supply reliability and product

separation.

Layered across this, the breakout group identified several knowledge gaps and
technical barriers to scaling up this technology:

Table 3: Knowledge gaps pertaining to biological conversion of carbon materials.
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Understanding the merits
of different bioreactor
configuration for gas
fermentation:

Understanding how biological
organisms will behave at
scale and on surfaces:

Understanding the important
metrics and costs at scale:

Gas fermentation researchers
incentives:

Unknown limits to operation:

Similar to the thermochemical technology, it is unclear what the ideal arrangement of
components should be within the system for a broad range of applications. Coupled
with this is the lack of available facilities for testing increasing scales of commercially
relevant reactor configurations.

It is unclear how the behavior of biological organisms at the laboratory scale will
change at demonstration and pilot scales.

Technoeconomic questions such as the optimization of single pass conversion vs.
downstream separation and recirculation of feedstock materials present a knowledge
gap that may be difficult to address. Additionally, life-cycle analysis questions
regarding economic impacts, regulatory hurdles, and safety concerns are necessary
to address many risks associated with deploying this technology at scale.

Current research is incentivized by grants that focus on the demonstration of
generating of novel products, but not on the practicalities of understanding how
microbes perform under industrially relevant conditions. This creates a growing
knowledge gap between research and product development in this field.

It is unclear how different strains of biocatalysts will perform at scale over time,
or how best to measure and monitor feedstocks for contamination thresholds.
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To address these knowledge gaps and barriers, the breakout group defined several
potential solutions to overcome these hurdles.

1. Developing open-source bioreactor models: The deployment of
predictive computational models and data-driven approaches can enhance
the understanding of reactor dynamics and facilitate the optimization
of process conditions, thereby accelerating the transition from lab-scale
experiments to industrial-scale operations. Furthermore, the development of
open-source bioreactor models and standardized protocols can democratize
access to cutting-edge technologies, fostering a more integrated and
dynamic research ecosystem.

2.Reliability platform to test safety: Addressing safety concerns is a key
opportunity for reducing scale-up risk, and establishing platforms and
testbeds for safety testing could greatly accelerate the review process for
regulatory organizations.

3. Modeling tools for predicting organism/strain behavior: Though still a
challenge, advances in the computational models connecting gene editing
and expression present an opportunity to greatly accelerate the scale-up and
adoption of not only biological conversion systems, but also other biological
strain engineering technologies.

4. Access to facilities that can test gas fermentation: This includes a
combination of flexible facilities and leveraging off-the-shelf components
for modular full-system configurations. This may enable ‘disaggregation” of
component performance, where testing components in isolation may provide
insight in the options for downstream process integration.

5. Workforce training in gas fermentation: Harking back to Theme 2,
this new area of research would benefit from dedicated training and re-
training programs for a new class of workers to engage with scaling up this
technology. These benefits are likely to extend beyond this field as well.

Figure 6: Unit and system designed,
and technical specifications

for a biological carbon dioxide
conversion system including MVP
metrics determined by the breakout
working groups.
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Overall, the successful scale-up of biological conversion technologies requires a
concerted effort to integrate scientific innovation, industrial expertise, and financial
incentives, paving the way for the adoption of innovative materials manufacturing
technologies.

Conclusions

A ripe opportunity exists for enhancing research, development, demonstration,
and deployment activities of innovative technologies through a focus on scale-up
approaches. Insights from experts in academia, industry, national labs, and within
the government through this dedicated scale-up workshop highlight seven key
themes that may dramatically impact the chances of successfully commercializing
critical technologies:

1. Access to testing facilities and development infrastructure at the prototype
and pilot scales.

2. Workforce education and training, particularly technical staff.

3. Data analysis and software development to support critical technologies.
4. Infrastructure integration analyses.

5. Long-term, stable funding.

6. Expansion of industry standards and durability testing.

7. Knowledge transfer and information sharing.

Each of these themes were found throughout technical discussion on three
chemical processing systems: electrolysis, thermochemical conversion, and
biological conversion. This report explores each of these topics in depth, presenting
key insights that, if acted upon, may greatly enhance the speed and success of
scaling up energy and manufacturing technologies. These insights are intended

to provide granularity to encourage specific action by those involved in particular

technology arenas and also present possible avenues for nation-wide acceleration of

technology development. Collectively, this report explores opportunities to enhance
the deployment of new and disruptive technologies that will benefit the public and
bolster U.S. manufacturing competitiveness.
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