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The uniqueness of ORNL

A t the beginning of the year, | returned to Oak Ridge National Laboratory as interim director. For more than 20
years, | had the privilege to serve this institution as deputy for operations, and it is an honor to support ORNL
while the search for a permanent laboratory director continues.

In my first weeks back on campus, | interacted with many staff members — new and old — to learn what has been
happening since | retired in 2021. As | have gone through those conversations with colleagues from across the labora-
tory, | have been reminded of what a special place ORNL is — something Laboratory Director Alvin Weinberg summa-
rized in the first issue of ORNL Review in 1967:

“Is anything really lost if a big laboratory becomes only a collection of weakly interacting little laboratories? To my mind,

the laboratory’s very essence is lost, both in applied research and basic research. In basic research the strength of labo-
ratories like ORNL lies in the interdisciplinary composition of their staffs. Over and over again it has been demonstrated
that the whole can be greater than the sum of its parts, that good people from diverse fields working together can make
major scientific discoveries that are denied geniuses working in isolation.”

The uniqueness of ORNL lies in how our staff comes together to deliver a broad impact
across basic and applied science — translating fundamental discoveries into technologies
and applications that support the nation’s security, energy needs and economic prosperity.
Though the scientific questions have changed, it is what we have done since the days of the
Manhattan Project.

Today, the challenges we address include impacts from climate change and the essential
transition to sources of clean energy. Our 6,000 staff members are producing results only

possible at an institution with ORNLs mix of uniquely powerful facilities, diverse expertise
and mission-driven research. This issue of ORNL Review has multiple examples of these
impressive efforts.

Our scientists used the Spallation Neutron Source to explore ways to combat
rapidly evolving bacteria that does not respond to antibiotics (see “Neutrons show
how promising peptide fights antibiotic-resistance bacteria” page 16).

We have developed innovative techniques using seismology to monitor the
transport of nuclear material (see “Researchers use seismology, radiation
detection to bolster nonproliferation efforts” page 20).

Within grid technology, ORNL researchers used new methods to stay ahead
of wildfires and worked to bring independent microgrids to vulnerable areas
(see "“ORNL sensor research helps fight wildfires” page 22; “ORNL research
to bring more reliable electricity to Puerto Rican microgrids” page 24).

It is also exciting to see the early impact and passion from some of our
newest scientists and engineers (see “The best is yet to come: ORNLs Early
Career Research Program award winners” page 30; “Why Science?” page 34).

Over the coming months, | look forward to continuing to have a front-row seat
to the exceptional work taking place at this special institution. | am glad you
have an opportunity to see a small sample of what is going on at the laboratory
in this issue of ORNL Review.

%Mu.i;é&

Jeff W. Smith
Interim Laboratory Director
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Energy secretary attends
isotope facility event

U.S. Secretary of Energy Jennifer Gran-
holm visited ORNL to attend an October
2022 ground-breaking ceremony for
the U.S. Stable Isotope Production and
Research Center. The facility is slated to
receive $75 million in funding from the
Inflation Reduction Act.

The facility on ORNLs main campus
will produce stable isotopes on a large
scale, meeting the nation’s increasing
demands for isotopes needed in medicine,
industry, science and national security. The
64,000-square-foot facility will dramatically
expand the United States’ isotope enrich-
ment capabilities, reducing dependence on
foreign suppliers.

“The Biden-Harris Administration is
proud to help Oak Ridge open the doors
of this new center, along with the other
projects receiving funding as part of the
President’s agenda — here and across
our national labs. This funding is a down
payment on our clean energy future, and
we are excited to see what America will now
achieve because of it,” Granholm said.

East Tennessee has a rich history of
producing enriched stable isotopes, gener-
ating more than 230 between 1945 and
1998 at the now-decommissioned calu-
tron facility at the Y-12 National Security
Complex. However, those stockpiles are
now being depleted, and the U.S. has no
existing domestic broad-scope enrich-
ment capability.

“The construction of a new isotope
production facility at ORNL is a historic
milestone,” said Thomas Zacharia, who
retired as ORNL director at the end of 2022.
“Providing isotopes that can’'t be made
anywhere else is central to our identity as a
national laboratory, and we are fortunate to
have some of the most talented experts in
the world advancing this capability here at
a time of great international need.”

ORNL has spent the past decade
designing, researching, developing and
prototyping the two types of isotope sepa-
ration equipment that SIPRC will employ.
The center will be capable of simultane-
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Energy Secretary Jennifer Granholm shared the importance of producing stable isotopes on a large
scale, meeting the nation’s increasing demands for isotopes needed in medicine, industry, science and
national security. She led the groundbreaking ceremony of the lab’s new U.S. Stable Isotope Production
and Research Center, or SIPRC. Image credit: Carlos Jones, ORNL

ously enriching multiple stable isotopes
from across the periodic table. It's also
been designed with future expansion in
mind. — Kristi Nelson Bumpus

Racing company licenses
ORNL battery technology

Marc-Antoni Racing has licensed a
collection of patented energy storage
technologies developed at ORNL. The

technologies focus on components that

enable fast-charging, energy-dense
batteries for electric and hybrid vehicles

and grid storage.

The New England-based company is
exploring ways to move the racing industry
away from fossil fuels while maintaining
the dynamic driving experience loved by

motor sports enthusiasts.

Susan Hubbard, ORNL's deputy for science and technology, and Ricardo Marc-Antoni Duncanson,
founder of Marc-Antoni Racing, pose for a photograph during a licensing celebration event on Oct. 17.
Image credit: Carlos Jones, ORNL
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The licensed ORNL patents for battery
components — anode, cathode and electro-
lyte solution — are based on discoveries by
ORNL's Sheng Dai, Xiao-Guang Sun, Parans
Paranthaman, Gabriel Veith and Craig
Bridges. The members of this accomplished
team are Battelle Distinguished Inven-
tors, corporate fellows and distinguished
staff scientists in chemical and materials
science. They have received numerous
accolades, including R&D 100 Awards.

Through new combinations of mate-
rials and design, the team has discov-
ered components that break the barrier
to fast-charging, power-dense lithium-ion
batteries for electric vehicles. Additionally,
the components meet a key DOE goal of
reducing vehicle battery charging time to
under 15 minutes, which gets EV charging
closer to the time needed to refuel a gas-
powered vehicle. Charging time is a major
obstacle to the widespread adoption of EV
technology needed to achieve the nation’s
goal of net-zero carbon emissions by
2050. — Karen Dunlap

ORNLs Humble to direct
Quantum Science Center

Travis Humble has been named director
of the Quantum Science Center headquar-
tered at ORNL. The QSC is a multi-insti-
tutional partnership that spans industry,
academia and government institutions
and is tasked with uncovering the full
potential of quantum materials, sensors
and algorithms.

Humble was named deputy director in
2020, when DOE established this five-year,
$115 million effort as one of five National
Quantum Information Science Research
Centers. Following the departure of former
QSC Director David Dean, Humble began
serving as interim director in January.

“l am excited to be working at the fore-
front of quantum science and technology
with this amazing team of scientists and
engineers,” he said. “The QSC provides
a wonderful opportunity to leverage our
nation’s best and brightest for solving some
of the most interesting scientific prob-
lems of our time.”

Travis Humble

As interim director, Humble oversaw
the QSC’s three primary focus areas:
quantum materials discovery and devel-
opment, quantum algorithms and simula-
tion, and quantum devices and sensors for
discovery science. In his new role, he will
continue collaborating with QSC partner
institutions including ORNL, Los Alamos
National Laboratory, Fermi National Accel-
erator Laboratory, Purdue University,
Microsoft and IBM.

Humble joined ORNL as an intelligence
community postdoctoral research fellow in
2005, then became a staff member in 2007.

He received a bachelor’s degree in chem-
istry from the University of North Carolina,
Wilmington, and a master’s degree and
doctorate in theoretical chemistry from the
University of Oregon.

As QSC director, Humble will prioritize
the development of quantum materials for
quantum computing and quantum sensing,
as well as the application of these tech-
nologies to aid scientific discovery, improve
the nation’s security and energy efficiency
and ensure economic competitiveness.
Other goals include demonstrating the
advantages of early quantum computers
and advancing methods for probing the
fundamental physics of quantum matter. —
Elizabeth Rosenthal

Existing water pipes are
an untapped power source

Millions of miles of pipelines and
conduits across the United States make
up an intricate network of waterways
used for municipal,

industrial purposes.

agricultural and

Ina new report, ORNL researchers have
found potential opportunities in all 50 states
to efficiently utilize existing infrastructure
to harvest this otherwise wasted energy.

:g.:,_

A hydropower turbine is installed into an existing drinking water distribution system in Palmdale,

California. Image credit: Canyon Hydro
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In a first-of-its-kind analysis, ORNL
estimates that conduit hydropower, which
uses water from structures such as water
supply pipelines and irrigation canals, has
the potential to add 1.41 gigawatts of elec-
tricity to the country’s power grid — enough
to power more than a million homes.

“You can think of conduit hydropower
as low-hanging fruit, and what has been
started is a mere drop in the bucket,” said
Shih-Chieh Kao, water power program
manager at ORNL. “For all its benefits, the
biggest barrier is a general lack of aware-
ness of conduit hydropower’s potential.”

The process for municipalities and other
stakeholders to develop conduit hydro-
power would be relatively easy. Without
the need to build new dams, facility opera-
tors could install hydropower generators
at locations with excess hydraulic head —
the height of water needed for hydropower
generation. This could be coordinated with
planned facility upgrades that replace
aging infrastructure with more energy-
efficient systems. Rural communities may
benefit by adding small hydropower gener-
ation to their existing infrastructure for net
metering, making them less dependent on
the external grid.

Because conduit hydropower taps into
existing infrastructure with minimal envi-
ronmental impacts, the permitting process
is streamlined. Through the Hydropower
Regulatory Efficiency Act of 2013 and its
amendments in America’s Water Infra-
structure Act of 2018, the federal regula-
tory approval process can be completed
in 45 days. To date, more than 350
conduit hydropower projects have been
permitted or constructed, with more to
come. — Kim Askey

For more information:
https://bit.ly/3DEp5uu

Earth system coalition to
boost data speed, ease

The Earth System Grid Federation, a
multiagency initiative that gathers and
distributes data for top-tier projections of
the Earth’s climate, is preparing a series
of upgrades that will make using the data

www.ornl.gov/ornlreview

A simulation of the planet from the DOE Energy
Exascale Earth System Model, one of the large-
scale models incorporated in the Earth System
Grid Federation led by DOE’s Oak Ridge, Argonne
and Lawrence Livermore national laboratories.
Image credit: LLNL

easier and faster while improving how the
information is curated.

The federation, led by ORNL in collabo-
ration with Argonne and Lawrence Liver-
more national laboratories, is integral to
some of the most important, impactful and
widely respected projections of the Earth’s
future climate: those made by scientists
working with the Coupled Model Inter-
comparison Projects for the World Climate
Research Programme.

“ESGF data are about the future of
life on Earth,” said Forrest Hoffman, lead

for ESGF and the Computational Earth
Sciences group at ORNL. "By providing
scientists easy access to the full collection
of international models, ESGF enables
them to make the very best guess about
the future trajectory of our climate.”

A key ESGF mission is to support the
data needs of scientists who prepare the
United Nations Intergovernmental Panel
on Climate Change's comprehensive
climate assessments released every six
to seven years. ESGF data underpins IPCC
landmark reports such as the recent Sixth
Assessment Report, ARé, and its working
group findings. The data also informs IPCC
special reports focused on climate vulner-
abilities, adaptation scenarios and mitiga-
tion strategies. — Stephanie Seay

Scientists develop method
for puritfying molten salts

ORNL scientists recently demonstrated
a low-temperature, safe route to purifying
molten chloride salts that minimizes their
ability to corrode metals. This method
could make the salts useful for storing
energy generated from the sun’s heat.

The experiment, detailed in Frontiers
of Chemical Engineering, involved using
thionyl chloride to remove corrosion-
causing impurities from the salts. Without

This diagram demonstrates how a concentrating solar-thermal plant could use molten salts to store
solar energy that could later be used to generate electricity. Image credit: Jaimee Janiga, ORNL
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this purification, the salts corrode pipes
and storage tanks.

The team melted a commercial
carnallite — an abundant mineral being
considered for solar-thermal energy
storage — and put it in contact with inert
gas saturated with thionyl chloride to cause
a reaction. The scientists monitored reac-
tion conditions by measuring salt tempera-
ture and by analyzing the off-gas through
infrared spectroscopy.

“Using high-temperature molten salts
to store energy as heat could be key in
making solar energy a consistent source
of electricity, replacing fossil fuels,” said
ORNLs Joanna McFarlane, who led the
team that performed the experiment. —
Kristi Nelson Bumpus

Moss genome study
identifies two new species

A team from ORNL, Duke University
and other institutions studying Sphagnum
moss have identified two new species in
North America, and they are learning how
evolution may affect the species’ role in
carbon storage.

Researchers looking at moss samples
from far-flung habitats used genome
sequencing and advanced computation to
identify differences within the Sphagnum

A new online tool called VERIFI, developed by ORNL researchers, provides an easy-to-use dashboard for
plant managers to track carbon emissions produced by industrial processes. Image credit: ORNL

magellanicum complex. So far, they have
discovered S. magni and S. diabolicum, which
differ in geographic distribution and may
have evolved in response to climate.

“By understanding their evolution and
genetic diversity, we can start to link some
of the traits of these organisms to their
impact on carbon cycling,” said ORNLs
Bryan Piatkowski.

Sphagnum is the chief engineer of peat-
lands in the Northern Hemisphere, where
one-third of terrestrial carbon is stored.
The moss's response to warmer temper-
atures can inform predictions about how

Scientists used genome sequencing and computational biology to tease out the genetic profile of a new
moss species, Sphagnum magni, typically found in the southeastern United States. Image credit: Blanka
Aguero, Duke University

much carbon will stay locked away in
soils or be released to the atmosphere.
— Stephanie Seay

Online tool helps firms
track carbon emissions

ORNL researchers have developed an
online tool that offers industrial plants an
easier way to track and download infor-
mation about their energy footprint and
carbon emissions.

Visualizing Energy Reporting Infor-
mation and Financial Implications, or
VERIFI, is a tool that uses an open-source
framework with a utility dashboard. It
allows energy coordinators and plant
managers to monitor and improve their
understanding of energy- and water-use
patterns, including the amount of carbon
emitted from industrial processes. Users
can generate automatic reports, too.

“Industries want to know how to
conserve and improve efficiency while
reducing costs but often don’t know how to
begin or lack the time to track it,” ORNL's
Kristina Armstrong said. “VERIFI provides
a user-friendly platform for monitoring
energy efficiency benchmarks and base-
lines and allows for the visualization of
energy and utility bills.”

ORNL is testing VERIFI for the Depart-
ment of Energy’s Better Plants Program.
— Jennifer Burke

Vol. 56, No. 1, 2023



ORNLs Sheng Dai named
DOE Distinguished Fellow

ORNL Corporate Fellow and section
head Sheng Dai has been selected by the
DOE Office of Science as a 2023 Distin-
guished Scientist Fellow. The competitive
award recognizes exceptional scientists
from the national laboratories with strong
records of academic and university collab-
orations. The opportunity provides each
fellow with $1 million over three years
to support activities that develop, sustain
and promote scientific and academic
excellence in Office of Science research.

Sheng Dai

Dai received the award for “pioneering
advances in development of functional
materials for separation science, energy
storage, catalysis and other energy-
related applications and for excellence in
leading team science and mentoring the
next generation of researchers.”

“This award is further evidence of
Sheng’s talent as both a scientist and a
leader,” ORNL Director Thomas Zacharia
said. “"He has long exemplified the quality
and impact we seek for our research at
Oak Ridge, and it is a well-deserved honor
that the Office of Science has selected him
for this fellowship.”

At ORNL, Dai leads the Separations
and Polymer Chemistry section of the
Chemical Sciences Division. He over-
sees diverse team projects on carbon and

www.ornl.gov/ornlreview

composites, chemical separations, nano-
materials chemistry and soft matter. His
research interests include ionic liquids
and porous materials and their applica-
tions for separation sciences and energy
storage as well as catalysis by nano-
materials. He also holds a joint faculty
appointment in the Department of Chem-
istry at the University of Tennessee, Knox-
ville. — Ashley Huff

ORNL report addresses
hydropower sustainability

ORNL has provided hydropower opera-
tors with new data to better prepare for
extreme weather and shifts in seasonal
energydemands caused by climate change.

For the new report, ORNL researchers
used downscaled global climate projec-
tions to simulate future hydrologic condi-
tions at 132 federal hydropower facilities
across the United States. The resulting
projections  will enable hydropower
operators and policymakers to plan for
changing climate conditions and reduced
water availability by shifting their opera-
tional schedules and their use of water
each season as part of an overall miti-
gation strategy.

“The intensification of future extreme
events, including both floods and droughts,
is one of the most critical issues threat-

ening the resilience of U.S. hydropower
systems and infrastructure,” said Shih-
Chieh Kao, water power program manager
at ORNL. “This new normal requires us to

A N ;

think differently about current operational
practices to adapt to a changing climate.”

In addition to extreme events, a growing
conflict in water availability versus energy
demand is a looming challenge for hydro-
power operators. Earlier-than-expected
snowmelt seasons in the western United
States likely will impact water runoff.
This scenario may result in less water for
hydropower generation in the summer
months, just as energy demand grows.
Increased evaporation because of rising
temperatures is also putting a strain on
water needed for flood control, navigation,
municipal water supplies and industrial
and agricultural use.

Better understanding of these changes
is important to future energy planning.
Hydropower provides 35 percent of renew-
able energyand nearly 7 percent of all elec-
tricity produced in the U.S. — Mimi McHale

Commercial partners using
ORNL building models

Two years after ORNL provided a
model of nearly every building in America,
commercial partners are using the tool
for tasks ranging from designing energy-
efficient buildings and cities to linking
energy efficiency to real estate value and
risk. International companies like Google
and SmithGroup are sharing the benefits
by making the resulting data publicly
available. Because the buildings sector
accounts for 40 percent of American energy
consumption, increasing its efficiency is
vital to national decarbonization goals.

ORNL is studying how climate change may impact water availability for hydropower facilities such as the
Shasta Dam and Lake in California. Image credit: U.S. Bureau of Reclamation
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Dozens of companies have requested
data from ORNLs Automatic Building
Energy Modeling software suite, or
AutoBEM, said project leader Joshua New.
He and his team developed AutoBEM using
high-performance computing to process
layers of imaging data with information
about individual buildings, such as their
size, use, construction materials and
heating and cooling technologies.

“The unifying theme is to create a
digital twin of our nation’s buildings,” New
said. “We can simulate market-relevant
ways to reduce energy use and offset with
renewable sources.”

The software has simulated energy use
for 123 million structures, representing 98
percent of U.S. buildings. New's team has
been updating the software in 2022 for
even greater building detail and accuracy.

Google is using AutoBEM to improve
its free Environmental Insights Explorer
tool, which launched in 2018 to help cities
worldwide recognize sources of green-
house gas and reduction opportunities.
Saleem Van Groenou, product manager
for Environmental Insights Explorer, said
Google wants to incorporate more precise
energy efficiency simulations for buildings.

“Oak Ridge has much deeper expertise
in building energy systems and modeling
management and action than we do,” Van

&l S

Groenou said. “We can now help cities
focus more on what changes should be
made, then track the impact of those
changes over time.”

Most users of AutoBEM focus on
existing buildings, but SmithGroup, an
international architecture and engineering
firm, takes the approach of incorporating
efficiency from the first blueprint.

“Our interest in AutoBEM and working
with the lab stems from a dramatic need
to scale the work we’re doing in response
to climate change,” said Stet Sanborn,
who oversees the ORNL collaboration for
SmithGroup. “The number of buildings we
need to touch, and the pace we need to do
it, exceeds what an individual could do in
their lifetime. And we need to do that in the
next five years.” — S. Heather Duncan

ORNL's Rama Vasudevan
named APS Fellow

ORNL research scientist Rama
Vasudevan has been elected a Fellow of
the American Physical Society. The honor
recognizes members who have made
significant contributions to physics and its
application to science and technology.

Vasudevan was cited by the APS Topical
Group on Data Science for “pioneering and

ORNL's software suite AutoBEM is being used in the architecture, city planning, real estate and home

efficiency industries. Users take advantage of the suite's energy modeling of almost all U.S. buildings.

Image credit: ORNL

Rama Vasudevan

visionary development of open-sourced
physics-based machine learning methods
in atomic-scale and mesoscopic imaging,
and their application in physics.”

At ORNL, Vasudevan leads the Data
NanoAnalytics group at the Center for
Nanophase Materials Sciences, which
is a DOE Nanoscale Science Research
Center. His research connects micros-
copy with machine learning and artificial
intelligence to advance materials science.
Vasudevan is part of an emerging effort to
build smart, “self-driving” instruments
and develop new techniques to accelerate
the design and discovery of new materials.
As a materials scientist, he focuses on
oxide, ferroelectric, and memristive mate-
rials with unique functional properties for
computing and electronic applications.

Vasudevan received a doctorate in
materials science from the University of
New South Wales. He first joined ORNL as
a postdoctoral researcher in the Scanning
Probe Microscopy Group and was hired as
ORNL staff in 2016.

He sits on the editorial board of the
IOP journal Machine Learning: Science and
Technology. In 2019 Vasudevan and his
colleagues were awarded a Microscopy
Today Innovation Award by the Microscopy
Society of America. — Ashley Huff
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Frontier study

could uncover new
cures, treatments

by Matt Lakin
lakinmn@ornl.gov

IIlhe world’s fastest supercomputer
could help discover the next great
cure hiding in plain sight.

ORNL researchers used Frontier, the
world’s first exascale computer — capable
of more than a billion billion calculations a
second — to scan hundreds of thousands
of biomedical concepts from millions
of scientific publications in search of
potential connections among symptoms,
diseases, conditions and treatments. The
effort began as part of the fight against
COVID-19 but could become as essential to
basic diagnosis and treatment as Google is
to an online search.

“We're connecting dots at high speed,”
said Ramakrishnan “Ramki” Kannan, the
study’s lead author and an ORNL compu-
tational scientist. "We want to take these
medical concepts, connect them and show
how they relate to each other.”

The study earned the team a finalist
nomination for the Association of
Computing Machinery Gordon Bell Prize,
which recognizes outstanding achieve-
ments in applying high-performance
computing to challenges in science, engi-
neering and large-scale data analytics.

www.ornl.gov/ornlreview

The project seeks to push the fast-
forward button on drug discovery to
streamline exploration. The inspiration
came in early 2020 during the COVID-19
pandemic, when scientists around the
world focused on searching for poten-
tial treatments.

Kannan and fellow scientist Tom Potok
of ORNLs Computer Science and Math-
ematics Division led a team that developed
the Distributed Accelerating Semiring All-
Pairs Shortest Path algorithm, or DSNAP-
SHOT, a method using Al to pinpoint poten-
tiallinks amid millions of medical concepts
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across decades of scientific publications.
The team aimed the algorithm at a dataset
drawn from more than 800,000 papers on
COVID-19 and associated coronaviruses.

“What do we already know, and where
canitlead us?” Kannan said. “For example,
patients with COVID-19 often have fevers.
Can a drug that treats other kinds of fever
help treat this disease?”

The team used DSNAPSHOT and
another algorithm — the Communica-
tion-Optimized All-Pairs Shortest Path,
or COAST — to plot each concept already
identified by scientists across a graph and
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DSNAPSHOT uses Al to pinpoint potential links amid
millions of medical concepts across decades of scientific

publications. Image credit: Ramki Kannan, ORNL



ORNL computational scientists Tom Potok, left, and Ramki Kannan.

Image credit: Carlos Jones, ORNL

draw virtual paths between the various
points. They sought to expand the digital
dragnet from that dataset to a graph of
concepts pulled from the U.S. National
Library of Medicine’'s PubMed database
and used Summit, Frontier’s predecessor,
to power the search.

“Some of these connections will
be obvious, some will be unworkable,
and some will be promising,” Potok
said. “Can we narrow the results to

what’s promising?”

Even Summit could process only about
a sixth of the graph, which spanned more

N

than 35 million PubMed citations. The
team turned to Frontier, fresh from its
spring 2022 debut as the world’s fastest
supercomputer at 1.1 exaflops, or more
than 1 quintillion calculations per second.

“We knew we needed a next-generation
computer of this caliber to achieve what
we wanted,” Kannan said. “Frontier solved
the problem we couldn’t solve on Summit.”

The team used 9,200 of Frontier's more
than 9,400 nodes to perform an initial
searchacrossagraphdrawnfrom PubMed
and the Scalable Precision Medicine Open
Knowledge Engine, or SPOKE, a compre-

hensive index of medical databases main-
tained by the University of California, San
Francisco. The run took only 11.7 minutes
to search more than 7 million data points
drawn from 18 million publications.

“The next steps require further studies
such as clinical trials to validate,” Kannan
said. “There may be connections we would
never discover otherwise. We want to index
and understand the relationships between
all of these — the diseases, symptoms,
treatments, complications — so during
the next pandemic we can have potential
answers closer at hand.”

Vol. 56, No. 1, 2023
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Accelerating

drug discovery
with Al

by Coury Turczyn
turczyncz@ornl.gov

Ateam of ORNL computational scien-
tists has designed a machine-learning

software stack called TwoFold that predicts
how strongly a given drug molecule will
bind to a pathogen, as well as the 3D struc-
ture of how it will attach to the target. This
vital information can greatly shorten the
trial-and-error process of lab experimen-
tation usually needed to find viable drug
candidates, especially for novel viruses
like COVID-19, the structures of which
are yet unknown.

“Together, these two representations
— binding strength and structure — give
pharmaceutical researchers more infor-
mation to decide whether a molecule is
worth pursuing as a drug candidate. This
will reduce the amount of time, effort, and
money spent on the experimental side,” said
project team leader Jens Glaser, a compu-
tational materials scientist at the National
Center for Computational Sciences.

A finalist for the 2022 Gordon Bell
Special Prize for HPC-Based COVID-19
Research, TwoFold was inspired by the
ORNL team'’s previous efforts early in the
pandemic to identify candidates for new

www.ornl.gov/ornlreview

COVID-19 therapeutics. The virtual screen-
ings conducted on ORNLs Summit super-
computer used Al to help identify molecular
candidates that could more efficiently bind
with the virus's proteins and potentially
disrupt them. But they found that this meth-
odology alone wasn’t informative enough to
effectively narrow the field of drug options.

big factor is a lack of efficient, reliable and
accurate structure prediction for novel,
unseen targets.”

Without a map of a virus’s structure and
its possible protein targets — which is a
very likely shortcoming in the case of a new
disease like COVID-19 — researchers face

In our case, once we have the protein’s amino acid sequence —
which can be easily obtained way before the crystallization that allows
you to determine the target structures — you can already start the
drug development process. By simply inputting the target sequence,
IwoFold gives you a head start — it shortens your time to solution for

proposing possible candidates.

— Postdoctoral research associate Darren Hsu

“It's not sufficient to only predict the
single number that characterizes how
strongly a molecule will bind against its
viral target, because 90 percent of drugs fail
in clinical trials,” Glaser said. “Even with
in vitro experiments, it's realistic to expect
that only 1 percent of compounds are active
against the target.

“So, we asked ourselves, what is
holding us back from routinely producing
good predictions? And we found that the

a slow, hit-or-miss effort to identify drug
candidates. Protein structures are usually
mapped through the process of crystalli-
zation, in which a protein is dissolved in an
aqueous solution until it reaches a super-
saturated state and its molecules align
themselves in a crystalline lattice. The
resulting pattern can then be analyzed to
determine the protein’s 3D structure. This
laborious process may take anywhere from
a month to a year or more. That means any



methodology that requires protein structures to effectively identify
drug candidates will be on hold until the crystallization is completed
and analyzed. Not so with TwoFold.

“In our case, once we have the protein’s amino acid sequence
— which can be easily obtained way before the crystallization that
allows you to determine the target structures — you can already
start the drug development process,” said team member Darren
Hsu, a postdoctoral research associate at the NCCS. “By simply
inputting the target sequence, TwoFold gives you a head start — it
shortens your time to solution for proposing possible candidates.”

The ORNL team achieved this predictive twofer by devising a new
methodology that computes its results in two steps conducted on two

TwoFold team members, from left, Michael Matheson, Darren Hsu,
Feiyi Wang, John Gounley, Hao Lu, Jens Glaser and Aditya Kashi.
Image credit: Genevieve Martin, ORNL

supercomputers, Frontier and Summit, both of which are managed
by ORNL's Oak Ridge Leadership Computing Facility.

First, a neural network — an Al component trained to recognize
patterns in datasets — was trained by the team on Summit with
experimental data for drug-target interactions and receptor-bound
structures. Second, this deep learning model produced a matrix of
millions of equations that was solved on the even more powerful
exascale-class Frontier supercomputer.

With its unprecedented speed and accuracy, TwoFold could help
make supercomputers an integral tool in drug research, thereby
greatly accelerating the discovery process.

For more information: https://bit.ly/3k7Exl4
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tools promote

children's
mental health

by Leo Williams
williamsjl2@ornl.gov

C omputational researchers from
ORNL are working with a Cincin-
nati children’s hospital to better predict
health disor-

and address mental

dersin children.

The five-year collaboration between
the lab and Children’s
Hospital Medical Center will leverage
ORNL's strengths in high-performance
computing, health data analysis and arti-

Cincinnati

The collaboration comes at an impor-
tanttime. The Centers for Disease Control
and Prevention estimates that nearly
6 million children from 3 to 17 years old
suffered from anxiety between 2016 and
2019, while nearly 3 million experienced
depression. The agency says both condi-
tions are on the rise.

According to ORNL computational
scientist Greeshma Agasthya, the project
aims to develop mental health trajecto-
ries for children who visit the hospital,

correlating information ranging from

You've seen growth charts for children. Just like growth charts
can help predict the expected height and weight of a child at different
ages, we aim to build similar charts for pediatric mental health
trajectories that can help predict the occurrence of mental health

disorders in children.

— ORNL computational scientist Greeshma Agasthya

ficial intelligence to improve the hospi-
tal’s approach to predicting and treating
childhood mental illness, focusing first
on anxiety, then on depression and finally
on suicidal thoughts and self-harm.

www.ornl.gov/ornlreview

medical diagnoses to the children’s home
environments with the likelihood that
they will develop mental illnesses.

“You've seen growth charts for chil-
dren,” Agasthya said. “Just like growth

charts can help predict the expected
height and weight of a child at different
ages, we aim to build similar charts for
pediatric mental health trajectories that
can help predict the occurrence of mental
health disorders in children.”

Electronic health records data from
CCHMC covers children and young
adults from birth to age 25. It includes
young people both before and after they
develop mental health disorders, as well
as those who don’t develop any mental
health disorders.

The project kicked off at the end of
2021, with CCHMC delivering a hard
drive of anonymized patient data to the
lab, where it was uploaded to a secure
computer server within ORNLs Knowl-
edge Discovery Infrastructure.



Agasthya noted that ORNL has
created several secure infrastructures
to house and work with sensitive health
data from agencies such as the National
Cancer Institute and the Department of
Veterans Affairs.

The first challenge was to get the
CCHMC data into a format that could be
used in deep learning models. Agasthya
said the researchers are looking at three
types of data. The first, known as tabular
data, consists of information such as
blood pressure, test results and diag-
noses as well as the child’s age, sex, race,
ethnicity and language of preference.

The second source of data comprises
notes taken by doctors, nurses and
other health care providers. To process
this information, researchers employ

natural language processing methods
to automate the search both for specific
keywords and for the contexts in which
they are used.

Finally, the project looks at data on
environmental factors experienced by the
patients, such as family income, educa-
tion levels of the parents, air pollution in
the child’s neighborhood and neighbor-
hood crime rates.

Agasthya noted that ORNL is an ideal
collaborator for this undertaking. Not
only does the lab’s Oak Ridge Leader-
ship Computing Facility house two of
the world’s four most powerful super-
computers — No. 1 Frontier and No. 4
Summit — the lab is also home to world-
leading experts in machine learning,

FOCUS ON COMPUTING

artificial  intelligence and
information science.

quantum

The outcomes from the Cincinnati
project will enable early intervention in
clinics by helping health care providers
identify children who are likely to develop
mental health disorders before they mani-
fest and disrupt patients’ lives.

“We have information for both patients
with and without mental health illness,”
Agasthya said. “Using this information, we
will create computational models to deter-
mine, given a child’s baseline, what is the
probability of the child developing a mental
health disorderin the next six months, one
year, five years, 10 years and so on. We can
also identify the most important factors
that influence a person’s mental health in
the first 25 years of their life.”

Vol. 56, No. 1, 2023
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Physicists confront

the neutron 11fet1me puzzle

n

by Dawn Levy
levyd@ornl.gov

I I Io solve a long-standing puzzle about
how long a neutron can live outside

an atomic nucleus, a team of physicists
entertained a wild but testable theory
positing the existence of a right-handed
version of our left-handed universe.

ORNL's Leah Broussard shows a neutron-
absorbing wall that stops all neutrons but
in theory would allow hypothetical mirror
neutrons to pass through. Image credit:

Genevieve Martin, ORNL

L
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They desngned an experiment at ORNL
to try to detect a_particle that has been
speculated. but not spotted. If. fhound, the

3

theorized . “mirror neutr.on"'.— a dark-

matter twin to the neutron — could gxp‘lain'

a discrepancy between answers from two
types of neutron lifetime experiments and

provide the first observation'of dark matter.

“Dark ‘matter remalns_\ one of the

» most important and’ puzzling questions :

in science — clear evidence we don't

understand “all matter in, nature,” sa'id‘
- ORNL physicist Leah Broussard who_:

led the study Mo

“Neutrons and protons make up an, '_
atom’s nucleus. However, \they also can.-'

exist outside nuclei. Last year, using: the~‘ B
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. Los , Alamos - Neutron “‘Science "Center,
~ physicist Frank Gonzalez, now. at. ORNL
_led the most ‘precise measurement ever

of how long. free' neutrons llve before they

S decay, or turn |nto protons electrons and

antl neutrinos. : i

' The answer — 877.8 seconds, give
or take 0.3 seconds, or:a little under 15
minutes —hinted at a crack in the Stan-

-dard Model of particle physics. That model '

describes the behavior of subatomic parti-
cles such as the three quarks'that make up
aneutron. The flipping of quarks from down
to up initiates neutron decay into protons.

To measure the lifetime of a free
neutron, scientists take two approaches
that should arrive at the same answer.
One traps neutrons in a magnetic bottle
and counts their disappearance. The other
counts protons appearing in a beam as
neutrons decay. It turns out neutrons
appear to live nine seconds longer in a
beam than in a bottle.

The ORNL-led team performed the
first search for neutrons oscillating into
dark-matter mirror neutrons using a
novel disappearance and regeneration
technique at ORNL's Spallation Neutron

" called a
. neutron absorber.

ORNL's Matthew Frost and Leah Broussard used a neutron scattering instrument at the Spallation
Neutron Source to search for a dark-matter twin to the neutron. Image credit: Genevieve Martin, ORNL

-

. Source. A beam of neutrons was gmded '

to SNS's magnetlsm reflectometer which
applled a strong magnetlc field to enhance
oscillations between neutron states. Then

the beam struck a sheet of boron carbide, _
‘because it is a strong ¢

“wall”

~ If aneutron does in fact oscilla_te’back 3
and. forth between regular and mirror

states, the scientists theorized, when the
neutron in its normal state hits the wall
it will interact with atomic nuclei-and get
absorbed into the wall. If it is in its theo-
rized mirror state, however, it is dark
matter that will not interact.

So only mirror neutrons would make it
through the wall to the other side. It would
be as if the neutrons had gone through a
portal to some dark sector — a figurative
concept used in the physics community.

Yet, the press reporting on related
work has had fun taking liberties with the
concept, comparing the theorized mirror
universe Broussard’'s team is exploring
to the “Upside Down” alternate dimen-
sion in the TV series “Stranger Things.”
To be clear, the team’s experiments

.were not exploring a literal portal_.to a

parallel.universe.

.

The conclusion: The team saw no

‘ evidence of mirror neutrons. “One hundred
‘percent of the' neutrons stopped;
“percent passed through the wall,

zerp
" Brous-
sard said. Regardless, the result is still
important to the advancement of knowl-
edge in this field. '

With one pérticu_lar mirror-matter
theory” debunked, the scientists can
turn to others to try to solve the neutron
lifetime puzzle.

“We're going to keep looking for
the reason for the discrepancy,” Brous-
sard said, noting that her team will move
the search to ORNLs High Flux Isotope
Reactor, where ongoing upgrades will
enable more sensitive searches.

If it seems sad that the neutron life-
time puzzle remains unsolved, take solace
from Broussard: “Physics is hard because
we’'ve done too good a job at it. Only the
really hard problems — and lucky discov-
eries — are left.” %

For more information: https://
bit.ly/30juwéé.
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peptide tights
antibiotic-resistant

bacteria

by Olivia Trani
ornlreview@ornl.gov

ince the advent of penicillin more

than 90 years ago, antibiotic drugs
have saved countless lives by preventing
and treating bacterial infections. However,
bacteria are rapidly developing new
ways to resist antibiotics, making some
of modern medicine’'s most powerful
drugs less effective against life-threat-
ening infections.

One potential strategy for combating
antibiotic resistance involves developing
strings of amino acids, called peptides,
that have a penchant for neutralizing
bacterial invaders.

Neutron experiments led by ORNL
scientists have produced new insights
into a promising group of peptides known
as antimicrobial peptides, or AMPs. Given
the ability of AMPs to quickly identify and
take down a wide range of pathogens, they
are considered promising therapeutic
candidates for treating bacterial infec-
tions where antibiotics fall short.

www.ornl.gov/ornlreview

By studying an effective AMP called
aurein 1.2, the team pieced together the
molecular mechanics behind the peptide’s
ability to deal significant damage to bacte-
rial cells, even when used in small quan-
tities. Their findings, published in BBA
Advances, could help pharmaceutical
experts develop drugs that attack anti-
biotic-resistant bacteria more efficiently
and effectively.

“AMPs fight bacterial cells by targeting
their membranes with the help of electro-
static and hydrophobic forces,” explained
Shuo Qian, the ORNL neutron scattering
scientist who led this research.

“The fundamental structure of a
cell membrane is a double layer of lipid
molecules. Many of the lipid molecules
making up the surface of bacterial cell
membranes are negatively charged, so
the bacteria become highly attractive for
positively charged AMPs. Once bound
to an intruding bacterial cell, the hydro-
phobic peptides will often embed them-
selves within the membrane to avoid
exposure to water.”

When
numbers, AMPs bore deep holes within
bacterialmembranes. Thisaction disrupts
the membrane’s structure and leaves the
invading bacterial cells weakened, but the
approach is potentially expensive and may
introduce side effects. Drugs that effec-

present in great enough

tively kill antibiotic-resistant bacteria
without needing a high peptide count
would be both more beneficial and more
cost-effective. This is where the team’s
aurein 1.2 studies provided insights.

Made up of just 13 amino acids, aurein
1.2 is one of the shortest AMPs found in
nature. Synthetically generated versions
of this peptide — first discovered in
Australian tree frogs — have proven to be
potent against various bacteria. However,
the molecular mechanism behind its
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Scientists used neutrons to better understand how an antimicrobial peptide known as aurein 1.2 kills antibiotic-resistant bacteria by attacking their
membranes. As the peptide concentration increases (yellow], aurein 1.2 induces lipid molecule clusters [white] within the membrane, making it thicker, more
rigid and more susceptible to breaking down under stress. Their findings could inform new strategies for treating infections where antibiotics have fallen short.

Image credit: Jill Hemman, ORNL

pathogen-fighting capabilities has largely
remained unknown.

Previous neutron experiments led by
Qian provided some initial clues to the
peptide’s mystery mechanism. These
studies showed that, instead of punc-
turing holes in bacterial membranes as
other AMPs do, aurein 1.2 interferes with
the membranes’ electrostatic balances.
At low concentrations, the positive charge
of the peptide causes lipid molecules to
slow their lateral movement and form
clusters with other similarly charged lipid
molecules within the membrane.

In his latest study, Qian teamed up
with  ORNL neutron scattering scien-
tist Piotr Zolnierczuk to better under-
stand how the peptide-induced lipid

clusters disrupt bacterial membrane
behavior. They utilized two neutron scat-

tering instruments at ORNL's Spallation
Neutron Source.

Using the EQ-SANS instrument to
measure peptide penetration within the
membrane, Qian found that aurein 1.2
remained embedded nearthe membrane’s
surface, even at high concentrations.
Zolnierczuk then performed experiments
on the Neutron Spin Echo Spectrometer to
examine aurein 1.2'simpact on membrane
flexibility and compressibility.

“Membrane fluctuations occur on the
order of tens or hundreds of nanoseconds,
and neutron spin echo spectroscopy is
the only technique capable of measuring
dynamical behaviors at that length
and timescale,” said Zolnierczuk. "By
analyzing neutron spin echo data through
mathematical models, we can then infer
information about a membrane’s mechan-

ical properties, such as how soft or stiff
the membrane becomes.”

The results suggest that, through its
lipid-clustering mechanism, aurein 1.2
peptides can make bacterial membranes
thicker and more rigid.

In this state, the bacterial membrane
cannot recover from stresses as quickly,
its structural integrity is weakened and
it's less able to carry out normal func-
tions. This combination of adverse effects
makes the bacterial cell more likely to
break down under stress.

The data obtained from this research
will help scientists better understand the
intricacies of AMP-based defensesagainst
bacteria and could inform future thera-
peutic strategies for fighting infections in
an increasingly antibiotic-resistant world.

Vol. 56, No. 1, 2023
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Neutrons shed
light on

Naturally occurring methane, or
natural gas, is an abundant and
valuable fuel, used to power vehicles,
heat homes and operate industrial
systems. However, methane, also known
by its chemical formula as CH,, can also
be dangerous and expensive due to the
difficulties of extracting, transporting
and storing it.

Methane gas is also harmful to the
environment when it is released or leaks
into the atmosphere, where it is a potent
greenhouse gas. Fossil fuel production
and use, forest fires, agricultural waste,
landfills and melting permafrost are all
sources of atmospheric methane.

Industry has long sought an econom-
ical and efficient way to convert methane
into methanol, a safer, highly marketable
and versatile feedstock used to make a

www.ornl.gov/ornlreview

variety of consumer and industrial prod-
ucts. Such a conversion process would
not only help reduce methane emis-
sions; it would also provide an economic
incentive to do so.

Scientists at the University of
Manchester in the United Kingdom have
developed a fast and economical method
of convertingmethaneinto liquid methanol
atambienttemperature and pressure. The
method takes place under continuous flow
over a novel, functional metal-organic
framework, or MOF, catalyst using visible
light to drive the conversion.

To helpobserve howthe processworks
and how selective it is, the researchers
used the neutron scattering capabilities
of the VISION instrument at ORNL's Spall-
ation Neutron Source. Using neutron scat-
tering to take “pictures” of the chemical
conversion confirmed the strong interac-
tions between CH, and the mono-iron-
hydroxyl sites in the MOF that weaken the
carbon-hydrogen chemical bonds.

Methanol is a more versatile carbon
source than methane and is a readily
transportable liquid. It can be used to
make thousands of products such as
solvents, antifreeze, plastics, plywood,

pharmaceuticals and agrichemicals.
The conversion of methane into a high-
value fuel such as methanol is also
becoming more attractive as petroleum
reserves dwindle.

A primary challenge of converting
methane — CH, — to methanol — CH3;0H
— has been the difficulty of breaking the
C-H bond in order to insert an oxygen
atom to form the COH bond in methanol.
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University of Manchester scientists have developed a fast and economical method of converting methane,
or natural gas, into liquid methanol, used for many consumer and industrial products, at ambient
temperature and pressure. Image credit: Jill Hemman, ORNL

Conventional methane conversion typi-
cally involves industrial-scale processes
that are energy-intensive, costly and inef-
ficient, and that require high tempera-
tures and pressures.

“To greatly simplify the conversion
process, when methane gas is exposed
to the MOF material, activated oxygen

molecules and energy from a light source
promote the activation of the C-H bond

in methane to form methanol,” said
Sihai Yang, a professor of chemistry at
Manchester. “The process is 100 percent
selective, meaning there is no undesir-
able byproduct.”

The researchers demonstrated that
the solid catalyst can be isolated, washed,
dried and reused for at least 10 cycles, or
approximately 200 hours of reaction time,
without any loss of performance.

“This process has been termed the
‘holy grail of catalysis.” Instead of burning
off methane as a waste product, it may
now be possible to convert the gas directly
to methanol, a high-value chemical that
can be used to produce biofuels, solvents,
pesticides and fuel additives for vehicles,”
said Martin Schroder, vice president and
dean of faculty of science and engineering
at Manchester. “This new MOF material

may also be capable of facilitating other
types of chemical reactions by serving
as a chemical test tube in which we can
combine different substances to see
how they react.”

By eliminating the need for high
temperatures or pressures and using the
energy from light to drive the photo-oxida-
tion process, the new conversion method
could substantially lower equipment and
operating costs. The higher speed of the
process and its ability to convert methane
to methanol with no undesirable byprod-
ucts will facilitate the development of
in-line processing that minimizes costs.

Vol. 56, No. 1, 2023
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Researchers
use seismology,

radiation detection to bolster
nonproliferation etforts

by Alexandra DeMarco
ornlreview@ornl.gov

An ORNL team has tackled the chal-
lenge of detecting nuclear materials
in vehicles by combining radiation detec-
tion with seismology, typically used to
study earthquakes.

Putting these two detection methods
together, they were able to not only detect
radioactive materials in passing vehicles
but also determine what direction those
traveling. This unique
combination of data could provide authori-

vehicles were

ties with a crucial tool for enhancing
nuclear safety.

This project grew out of a previous
experiment at ORNL's High Flux Isotope
Reactor. In that project, Monica Maceira,
seismology portfolio manager in the
National Security Sciences Directorate,
noticed that vehicles generated enough
energy at certain points around the facility
to produce seismic signals — for instance,
when encountering a large metal plate.

www.ornl.gov/ornlreview

This observation planted an idea: What
if seismology could be used to detect all
vehicles driving around a facility, regard-
less of contact with an obstacle? So,
Maceira and her team set out to prove
that seismic sensing could be used for
nonproliferation efforts that account for
vehicle movement.

ground noise recorded by your sensor, and
it's nothing compared to an earthquake.”

Such small seismic signals could
become lost among the heterogenous
noise of a facility like HFIR. Despite this
hurdle, the seismology team success-
fully monitored vehicle movement and
verified results with GPS sensors and
video surveillance.

The different nuclides emit photons with different energies, and
so they deposit in different portions of your spectrum. You have more
counts in some parts of the spectrum than in other parts of the
spectrum, and based on that you can fingerprint the nuclide.

— Nuclear Science and Advanced Technology Section Head Dan Archer

For 11 days, including a two-day
targeted experiment, researchers
deployed 24 three-component seismic
sensors along roads around HFIR. Sensors
detected vibrations from vehicles’ engines
and the force of tires hitting the road.

“Those signals are very small,”
Maceira said. “They are part of the back-

“You still can see the vehicles
throughout the HFIR facility where you
don't have a metal plate or a speed
bump or anything like that in the
road,” Maceira said.

Polarization indicated vehicle direc-
tion; about every 0.5 seconds, the three-
component  sensors  mathematically
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Monica Maceira. Image credit: Carlos Jones, ORNL

rotated. The angular change between each
rotation indicated the direction a detected
vehicle was traveling, explained Omar
Marcillo, an ORNL geophysicist who works
alongside Maceira.

“That is a huge advantage,” Marcillo
said. “The level of resolution is not great,
but it gives you enough information to hint
the direction of movement.”

On its own, the ability to detect and
monitor a traveling vehicle is a valuable
asset for high-security situations — so
Maceira’s efforts were only strengthened
by a collaboration with Dan Archer, section
head for Nuclear Science and Advanced
Technology in the Physics Division.

Traditionally,  radiation  detection
systems travel while searching for radio-
active material, but in Archer’s team’s

system, the radiation detectors remain
stationary to monitor moving vehicles.

“If your source is moving and your
detector’'s moving, there’s a low probability
of overlap,” Archer said.

Six two-sensor radiation systems
around HFIR detected moving vehicles,
charted their trajectories and detected
radioactive materials — including nuclides
such as actinium-225, a rare cancer-
fighting isotope that ORNL produces
— among cargo.

As vehicles pass by, sensors record
gamma photon-by-photon,
allowing researchers to identify both the

radiation

radioactive material and the speed and
distance of the vehicle. The captured
photon energy histogram is then used to
denote the specific radioactive nuclide.

“The different nuclides emit photons
with different energies, and so they deposit
in different portions of your spectrum,”
Archer said. “You have more counts in
some parts of the spectrum than in other
parts of the spectrum, and based on that
you can fingerprint the nuclide.”

The data accumulated
during this experiment was so large —
researchers dedicated a full petabyte of
storage to the project — that the team
plans to analyze the data for additional,
unnoticed patterns.

volume

“It's a data-rich set,” Maceira said. “It
would be great for us to keep looking [for
more information].”

Researchers are planning additional
experiments to further characterize the
detection method’s potential.

Vol. 56, No. 1, 2023
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ORNL sensor research

helps tight wildfires

by S. Heather Duncan
duncansh@ornl.gov

As climate change leads to larger
and more frequent wildfires, ORNL
researchers are using sensors, drones and
machine learning to prevent fires caused

by electrical arcing and to remotely sense
the direction of spreading fires.

The need is urgent. Last fire season,
DOE targeted two wildfire projects at ORNL
headed by Peter Fuhr, who leads the lab’s
Grid Communications and Security Group.

“The work ORNL is doing with sensor
technology on drones that can go beyond
line of sight is unique and very critical,
because it allows us to be several steps

22 %www.ornl.gov/ornlreview

ahead of issues that can put the grid at
risk, making it unreliable and less resil-
ient,” said Stewart Cedres, a senior
DOE technical lead and strategist. Last
summer, the White House cited research
being conducted by Fuhr’s team in a list of
ways the Biden Administration is tackling
the wildfire threat.

Preventing wildfires

Sensors placed near power lines or in
power electronics equipment can register
variations in power flow that lead to super-
heated sparks. ORNL senior researcher
Ali Ekti is developing an algorithm for
rapidly recognizing and classifying these
electrical arcing events, which occur when

electricity jumps through the air between
two conductors.

His algorithm separates traces of
arcing, represented by spikes in voltage or
current that are visible in wave form signa-
tures provided by utilities and universities.
Next steps will involve training a software
program to recognize these patterns and
pinpoint where the arcing is happening.
The technology could instantly alert a util-
ity's command center so staff could check
the location — if it's accessible.

This is where drones come in: Arcing
often happens in rugged areas that are
tough to reach. ORNLs experience with
operating drones beyond visual line
of sight allows for transmission line
inspection over a much larger distance.
The Federal Aviation Administration
recently cleared Fuhr’s team to fly drones
throughout the U.S., and up to 1,500 feet
with special permission.

Drone-mounted audio sensors face
a challenge distinguishing the crack-
ling noise of arcing from the buzz of the
drone propeller. Ekti has resolved this
issue with an approach that uses math to
extract the audio signature of arcing from
background noise.

Directing fire suppression

Fuhr’s team incorporated their drone-
mounted sensing method into another
demonstration in October for the U.S.
Forest Service, the primary agency for
fighting wildfires. In Montana, ORNL

ORNL researchers are exploring ways to use
drones to check remote parts of the electric grid
for dangerous electrical arcing that could start
wildfires. Image credit: ORNL
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ORNL researchers have demonstrated that thermal imaging sensors mounted on drones can sense the presence of fire under tree cover and indicate its
size, even when there is little to no smoke. In this image, heat and smoke under tree cover (left] are revealed in remotely sensed thermal images (right).

Image credit: ORNL

researchers showed how they can use
drones to thermally detect tiny sparks
that start new fires, which might other-
wise be difficult to sense in the presence
of a large blaze.

This could be a game-changer, said
Marva Willey, a member of the team that

develops tools and technology for the
Forest Service. “Heat-detecting sensors
have so many applications that can
increase our situational awareness and
knowledge of where heat and fire are,” she
said. “It's all about knowing what’s going
on before you put people out there.”

Drones could also be used to locate
hot spots remaining in a burned-over area
— a task that has long been performed by
hand. And drones are currently the only
technology that can sense heat under a
canopy of trees, where smoke isn’t visible.

Fuhr's team has performed initial
investigations of other ways to use drone-
mounted sensors to prevent fire risks
from the electrical grid. For example,
when a 2021 wildfire caused by downed
power lines burned through Wears Valley,
situated near Great Smoky Mountains
National Park in Tennessee, Fuhr and
his team used drones to monitor heat
in transmission lines and transformers.
This could help identify where equipment
should be replaced.

“New Mexico was on fire earlier this
year, and when you see the devastation
that happened with the Camp Fire [in
California] and the resulting bankruptcy
of the utility — if our activities can reduce
those kinds of outcomes, it's good for
everyone,” Fuhr said.

ORNL researchers demonstrating drone-
mounted imaging sensors can recognize the
presence of small fires even near a larger one, as
shown by bright dots surrounding a larger dot at
bottom left. Image credit: ORNL

Vol. 56, No. 1, 2023



Il FOCUS ON GRID

ORNL research to bring

more reliable electricity to

Puerto R

by S. Heather Duncan

duncansh@ornl.gov

W hen Hurricane Maria battered
Puerto Rico in 2017, it killed resi-
dents, destroyed homes and knocked out
power for months. This past September,
Hurricane Fiona left most of the island in
the dark again, underscoring the weak-

nesses remaining in the island’s electric
grid five years later.

To provide more reliable service to
underserved communities, scientists
from ORNL are developing a technology
that will build resilience into independent
microgrids powered by renewable energy.
The technology will manage groups of
small microgrids as a cluster, enhancing
their reliability even when damaged.

ORNL engineers Ben Ollis and
Max Ferrari lead a team developing a
microgrid orchestrator that will deploy
as a test case in the Puerto Rican town of

Solar panels are installed on commercial buildings to create independent microgrids in Adjuntas, Puerto
Rico. ORNL researchers are developing technology that connects the microgrids to make them more
resilient. Image credit: Fabio Andrade, University of Puerto Rico, Mayaguez

ican microgrids

Adjuntas. A community microgrid project
is already being developed in this moun-
tain town through a partnership between
local nonprofit Casa Pueblo and the
Honnold Foundation.

Honnold, which funds solar projects to
reduce global energy poverty, is investing
$1.7 million to build two microgrids, said
Honnold project coordinator Cynthia Arel-
lano. They will generate electricity with
solar arrays linked to batteries, keeping
the power on when the broader utility
network fails.

Interconnected grid

This is where ORNL steps in, creating
a tool to connect and manage a cluster of
microgrids so they work together.

“l don’t know of a microgrid controller
anywhere that can communicate and
coordinate with another controller,” Ollis
said. “We're designing an architecture for
multimicrogrid controls, so any number of
microgrids can operate independently but
share information to an orchestrator that
will predict when switching, routing and
connecting should happen.”

That isn't just a matter of conve-
nience. “A lot of people died after [Hurri-
cane Marial, and many of the deaths
were related to power failures,” said
Arturo Massol-Deyd, executive director
of Casa Pueblo, a project partner that
promotes fair and sustainable develop-
ment around Adjuntas. “Energy security
being interrupted is about quality of life,



The mountain town of Adjuntas, Puerto Rico, lost power for four months after Hurricane Maria. The microgrids, funded by the Honnold Foundation through local
partner Casa Pueblo and slated for connection via ORNL-developed novel technology, will make critical electrical service more reliable. Image credit: Isabela

Zowistowska, Honnold Foundation

and there were long-term consequences
in the community.”

For the project, solar panels were
installed on the roofs of 13 businesses, and
soon they will be linked to each other and
to batteries through microgrids. Business
owners agree to provide critical services
like medicine, refrigeration and cell phone
charging to residents during long power
outages. In return, the businesses will
save money on electricity and can avoid

the use of expensive diesel generators
during natural disasters. Microgrid profits
will fund future expansion as well as solar
arrays for the most vulnerable residents.

Fabio Andrade, a visiting scientist at
ORNL and professor at the University of
Puerto Rico, Mayaguez, is collaborating
on the Adjuntas project. His students
model strategies, tools and algorithms
for sharing solar power among microgrid
users. Data from this and other UPRM
research projects is incorporated into

Solar panels funded by the Honnold Foundation are installed in Adjuntas, Puerto Rico. Image credit:

Fabio Andrade, University of Puerto Rico, Mayaguez

ORNLs simulations, which are being
tested live with microgrid hardware at
ORNLs Grid Research Integration and
Deployment Center, or GRID-C.

The technology will be deployed in
Adjuntas next year. It holds broad potential
for incorporating renewable energy into
the electric grid to increase flexibility and
resilience while supporting vital decarbon-
ization efforts.

“The orchestrator includes a frame-
work of algorithms that can be expanded
and deployed to many microgrids at any
site,” Ollis said. “They could provide
more reliable electricity to many rural
communities at the grid edge. | want to
see a future where we have hundreds of
microgrids working together to protect
critical infrastructure.”

ORNLs work on the Adjuntas project is
funded through DOE’s Solar Energy Tech-
nologies Office. Much of the microgrid
orchestrator design, configuration and
testing is being carried out in the network
microgrid test bed called COMMANDER,
for Coordination of Multi-Microgrids and
Networked Distributed Energy Resources,
which is part of the GRID-C facility funded
largely by the DOE’s Office of Electricity.

Vol. 56, No. 1, 2023
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Predicting climate change

in vulnerable neighborhoods

by Stephanie Seay
seaysg@ornl.gov

A new capability to assess urban
neighborhoods vulnerable to climate
change could help ensure that mitigation

and resilience programs reach the people
who most need them.

Ensuring that vulnerable populations
benefit from climate change mitigation
measures is a key aspect of environ-
mental justice. The method developed at
ORNL takes into account infrastructure
and population down to the block and
building levels in historically disadvan-
taged neighborhoods.

Project lead Nagendra Singh said
climate modeling in the past has mostly
focused on “where factors like a one-
degree temperature increase will happen,
or where there’s going to be more heat
waves in our climate models. But we
have not stressed the fine details of those
impacts — how climate events will dispro-
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portionately impact different communi-
ties. Applying this geodemographic data
to the model outputs is a good approach
to generating the information needed by
decision-makers.”

“We have to think about where the
people are,” said team member Christa
Brelsford. “Most of the world’s population
lives in cities. In order to analyze climate
risk, we have to think about impacts and
vulnerability — and there’s a lot of vulner-
ability in an urban environment.”

Team member Joe Tuccillo described
how the team used microdata from the
U.S. census to create a synthetic popula-
tion, approximating the individual makeup
of urban communities to assess the
vulnerability of individual neighborhoods
to climate events and their ability to adapt.

The team gleaned demographic infor-
mation such as income level, age, gender,
ethnicity and housing from the census
databases. Team members then generated
building characteristics data to determine

whether a structure was an office, store,
apartment building or other type of struc-
ture by applying machine learning tech-
niques to satellite imagery. The combined
data generated a high-resolution analysis
of differential impacts across socioeco-
nomic groups down to the household level.

The work is detailed in an ORNL
report, “An Environmental Justice Lens for
Measuring Neighborhood Scale Vulnera-
bility,” which is available at bit.ly/3TFeCUC.

Getting down to the individual house-
hold level is important, said team member
Taylor Hauser. If there's an environmental
risk, is it because people are living in the
same at-risk physical structure such as
an apartment building, or is it because
the people living in that structure have
different  socioeconomic  characteris-
tics? Such an analysis can help scientists
understand the similar or differing risk
to individuals who may occupy the same
neighborhood but have different demo-
graphics, he explained.
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Social Vulnerability Profiles in Atlanta, GA
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ORNL scientists developed and tested

the platform using data from the Atlanta
metropolitan area to characterize neigh-
borhoods and then evaluated the potential
impacts from urban heat islands across
different demographically defined groups.

The methodology builds on ORNLs
long-standing expertise in measuring
populations and environmental change,
including the lab’s Climate Change
Science Institute and human dynamics
modeling tools developed as part of its

national security science research.

“A better understanding of where
people are and the infrastructure and envi-
ronment around them can help us provide
better science-based answers as to how
specific neighborhoods might be affected
by new projects,” Singh said.

Environmental and energy justice is
a key aspect of the federal government’s
strategy for infrastructure development
and policy implementation, he noted.
However, there are no robust tools for
measuring the socioeconomic conse-
quences of future climate events and new
infrastructure. The ability to incorporate

ORNL scientists created a geodemographic cluster for the Atlanta metro area that
identifies risk factors for increased impact from climate change. Image credit: ORNL

individual information into neighbor-
hood profiles will help to provide targeted
support for resource allocation and policy
interventions, he said.

One of the roles of the DOE national
labs is “making sure that the most vulner-
able among us are equally, fairly and accu-
rately represented in science, and we don't
get to that when we only look at urban
aggregates. We have to look at neighbor-
hood-scale differences in order to do that
well,” Brelsford said.

For more information:
https://bit.ly/3fMsTjT

Vol. 56, No. 1, 2023

Minority, Limited English, Edu < HS



Il FOCUS ON BOTANY

Listening in on soil
conversations with

rhizosphere-on-a-chip

by Stephanie Seay
seaysg@ornl.gov

T o better understand the belowground
environment that determines plant
health and soil carbon storage, scientists
have created a miniaturized version of
the ecosystem to eavesdrop on important
interactions among microbes, chemicals
and plant roots.

The rhizosphere-on-a-chip research
platform builds on ORNLs history of

28 %www.ornl.gov/ornlreview

constructing  lab-on-a-chip  devices,
in which tiny channels and cham-
bers are etched on a microscope slide
so that fluids can be introduced and
studied for biochemical separations
research and testing.

In this case, scientists are mimicking
soil on the chip, sprouting poplar trees in
the fluid and studying the environment
around their roots, known as the rhizo-
sphere. Scientists observe how microbes
are interacting with chemicals within the

artificial soil to influence plant health
and gain a better understanding of the
processes governing carbon storage.

The rhizosphere is one of the most
complex systems in the world, in which
plant roots take up water and nutrients,
create a unique physical and biogeo-
chemical environment for microbes
and emit atmospheric carbon into the
soil. There may be hundreds of different
bacteria that grow near plant roots or
are influenced by the rhizosphere. ORNL
scientists are particularly interested in
how microbes such as bacteria and fungi
interact with plant roots to help plants
grow faster and survive threats like
drought, wildfire, disease and pests.

“It's very difficult to see inside soil to
observe those processes, as the parti-
cles are very dark,” said ORNL analytical
chemist Jack Cahill.

Rhizosphere-on-a-chip allows scien-
tists to create model systems and then
use techniques including mass spec-
trometry to identify chemicals and their
distribution around plant roots. That

ORNL scientists have created a rhizosphere-
on-a-chip research platform, a miniaturized
environment that enables them to study the
ecosystem around poplar tree roots for insights
into plant health and soil carbon sequestration.
Image credit: Carlos Jones, ORNL
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knowledge informs analysis of chem-
ical interactions in the ecosystem, such
as chemical signals sent out by plants
to attract or repel microbes. Using the
chip system also conserves samples by
removing only a tiny amount of the liquid
from the platform and allowing plants to
continue growing.

“Using mass spectrometry, we're
able to eavesdrop on the conversation
between these living systems of plants,
fungi and microbes to figure out how and
why they do the crazy things they do,” said
ORNL distinguished staff scientist Scott
Retterer. He co-developed the platform
using the nanofabrication facilities within
the Center for Nanophase Materials
Sciences at ORNL.

“l describe it as a fancy fishbowl,”
Retterer said. “Except our fishbowl is
the size of a microscope slide, and the
tools we use to shape that environment
are the same kinds of tools Intel uses
to make microchips. We throw a dinner
party in the fishbowl for bacteria, plants
and fungi. We set the table with food and
watch how that influences the party.”

ORNL scientists using the platform
have found, for instance, high concen-
trations of amino acids very close to
plant roots — a phenomenon that had
previously gone unseen. While those
compounds were once thought to move
and dilute across the soil structure, that
is not the case, Cahill said.

“The fluid dynamics in these chip
systems are confined, so it lets us see
concentrations of molecules that you
wouldn't necessarily anticipate without
being able to directly measure it using the
chip platform,” he added.

For ORNL's bioenergy research, the
impact is “a better understanding of
how plants, microbes and their chem-
ical states relate to each other. If we can
predict and control this, we can use that
knowledge to develop plants thatare envi-
ronmentally resistant, that grow faster,
are cheaper to produce and are therefore
more suited for economical production of
sustainable biofuels,” Cahill said.

ORNL analytical chemist Jack Cahill positions a rhizosphere-on-a-chip slide for imaging by mass
spectrometry at ORNL. Image credit: Carlos Jones, ORNL

A poplar tree grows from a microfluidic channel as part of the rhizosphere-on-a-chip platform developed
at ORNL. Image credit: Carlos Jones, ORNL
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Ihe best Is yet
0 come

ORNLSs Early Career Research
Program award winners

by Jim Pearce
pearcejw@ornl.gov

S ince 2010, DOE’s Office of Science has helped to expand and
invigorate the nation’s scientific workforce by supporting 785
young scientists at universities and national laboratories through
its Early Career Research Program.

This year, three ORNL scientists were among the 83 selected
to receive ECRP awards. Each will be awarded $500,000 annually
for the next five years to cover their salary and research expenses.
Awardees were selected based on peer review by outside
scientific experts.

“These ORNL researchers exemplify the groundbreaking work
done by DOE to advance clean energy technologies and scien-
tific discovery,” said Susan Hubbard, ORNL deputy for science
and technology. “Supporting these scientists as they begin their
careers will have a lasting impact on ORNLs and the nation’s
research efforts in critical fields.”

ORNL's ECRP award recipients are:

e Trey Gebhart, a research and development staff member
in the Fusion Energy Division, who was selected by DOE’s
Fusion Energy Sciences Program for his proposal “Solutions
for a More Efficient and Economical Fusion Fuel Cycle.”

www.ornl.gov/ornlreview

¢ Elizabeth Herndon, a senior R&D staff member in the Envi-
ronmental Sciences Division, who was selected by DOE’s
Biological and Environmental Research program for her
proposal “Biogeochemical Controls on Phosphorus Cycling
in Urban-Influenced Coastal Ecosystems.”

e Guannan Zhang, a computational mathematician in the
Computer Science and Mathematics Division, who was
selected by DOE’s Advanced Scientific Computing Research
Program for his proposal “Advanced Uncertainty Quantifi-
cation Methods for Scientific Inverse Problems.”

“Supporting America’s scientists and researchers early in their
careers will ensure the U.S. remains at the forefront of scientific
discovery and develops the solutions to our most pressing chal-
lenges,” said U.S. Secretary of Energy Jennifer M. Granholm. “The
funding announced today will allow the recipients the freedom to
find the answers to some of the most complex questions as they
establish themselves as experts in their fields.”

Read the profiles that follow to learn more about the ORNL
researchers who won DOE ECRP awards this year and the research
their awards will help fund.

Profiles of ECRP award winners from previous years, including
information about how the program bolstered their research and
careers, can be found at https://bit.ly/3Dyemb5i.
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III Gebhart traces his interest in fusion energy back to
his experiences as an undergraduate engineering student
at Virginia Tech.

“When | was an undergrad, my senior design project was to
build a Farnsworth fusor, a benchtop-scale device for generating
nuclear fusion reactions,” he said. “That sort of opened my eyes to
fusion and the possibility that it holds for generating clean energy
to curb our pending climate crisis.”

His latest foray into fusion energy is his research proposal

“Solutions for a More Efficient and Economical Fusion Fuel Cycle,”
which received an ECRP award from DOE's Office of Science. His
studies will be focused on improving the handling of tritium, a rare
isotope of hydrogen that is needed, along with deuterium, to fuel
fusion reactors.

“Tritium is very expensive,” Gebhart said, “about $30,000 per
gram, and that price is only going to go up. So, in order for a fusion
power plant to truly be economical, the tritium inventory of the
plants must be kept as low as possible.”

He noted that the groundbreaking ITER fusion device currently
under construction in France is designed to send tritium-

containing exhaust through an extensive, external recovery and
separation process before feeding recovered tritium back into the
device’s fuel system. Future fusion power plants will not need to
isotopically separate their fuel stream as long as the isotope ratios
can be monitored in real time.

“My research is focused on developing a direct, internal recy-
cling loop that will separate both tritium and deuterium from
fusion exhaust and send it immediately back into the fueling
system,” Gebhart said. “If we can largely bypass the tritium plant
in future power plants, we can minimize power plants’ size and
increase their economic viability and overall safety.”

Gebhart plans to reach that goal by developing a series of cryo-
genic pumps that can handle these separations.

“The exhaust from fusion devices has a handful of impurities
that are pretty well known,” he said. “We have the background
needed to develop pumps that can separate impurities from the
fuel to make the fusion fuel cycle more efficient.”

“We could just design these pumps and determine whether
they would be efficient enough to reduce the overall tritium inven-
tory of the plant,” Gebhart said, “but the real deliverable isn’t just
knowing whether or not this approach is viable; it's developing
the tools and hardware that makes it possible at reactor-rele-
vant conditions.”

Vol. 56, No. 1, 2023
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E lizabeth Herndon has already worked in a variety of environ-
ments, focusing her research on how soil minerals affect
the storage or release of organic matter and nutrients in various
ecosystems. That pattern holds true for her Early Career Award-
winning proposal “Biogeochemical Controls on Phosphorus
Cycling in Urban-Influenced Coastal Ecosystems.” This study will
investigate how the nutrient phosphorous is cycled in ecosystems
on the Gulf Coast of Louisiana.

“I've worked in stream systems, I've worked in temperate
forests and |'ve worked in the Arctic tundra,” Herndon said,
“but coastal systems are completely new to me. Fortunately, the
science doesn’t really change depending on the environment.”

Louisiana’s Gulf Coast has experienced significant land loss
as a result of urban flood prevention measures. These measures
often include channelizing rivers — thereby disconnecting them
from their floodplains — and diverting fresh water away from
urban areas and toward less-developed coastal areas. These redi-
rections change sediment supply to deltas, altering their suscep-
tibly to flooding but changing the amount of nutrients, like phos-
phorus, flowing to coastal ecosystems.

Phosphorus is an important nutrient for all ecosystems.
Sometimes too much can limit plant growth or microbial activity or

www.ornl.gov/ornlreview

Promoting
healthy

river deltas

cause “nutrient pollution” — think algae blooms that can produce
toxins that are harmful to humans and animals.

“How bioavailable phosphorous is to plants and microorgan-
isms depends a lot on how it's interacting with minerals in the
soil,” Herndon said, “so my study is looking at the interactions
between phosphorus and soil minerals. Some of the factors that
can affect whether phosphorus is bound to minerals include
how much oxygen is available in the soil or the salinity of the
water in the soil.”

Her studies will compare those interactions in two different
coastal delta ecosystems — one that is growing and one
that is shrinking.

“The growing delta is increasing in elevation relative to sea
level, because it's receiving fresh water that also contains a lot of
sediment,” Herndon said. “But the rivers have been diverted away
from the shrinking delta, so it's no longer receiving sediment, and
it's starting to sink below sea level. This means that the delta is
getting flooded with seawater. When that happens, it increases the
salinity and decreases the oxygen that’s available. This disrupts
the interactions between nutrients and soil minerals.”

Herndon’s research will examine how being flooded with
seawater affects interactions among phosphorus, iron and
manganese in coastal river deltas to improve predictions of the
future carbon storage and ecological health of these areas.



Quantifying
uncertainty

IN INverse
problems

Guannan Zhang

‘ N ? hen | was an undergraduate, my major was mathematics,”
Guannan Zhang said, “but when | went to graduate school, |

gotinto programming and other aspects of computing, so it was very
natural for me to pursue a Ph.D. in computational mathematics.”

His ECRP proposal, “Advanced Uncertainty Quantification
Methods for Scientific Inverse Problems,” continues in a similar
vein, focusing on developing better ways to determine the reliability
of scientific inverse problems — the process of looking at the effects
of an occurrence and calculating its causes through a process called
inverse sampling.

“A scientific inverse problem uses measurements that are
obtained from experiments to infer unobservable quantities that we
are interested in,” Zhang said. “For example, when scientists at the
laboratory’s Spallation Neutron Source conduct a neutron scattering
experiment on a sample of material, they often try to determine its
unobservable structure by analyzing the observable neutron scat-
tering patterns that are produced when a beam of neutrons passes
through the sample. That’s a scientific inverse problem.”

Inverse sampling can have an advantage over measurements
taken in experiments that are subject to data noise and uncer-
tainty; however, the sampling technique also presents the chal-
lenge of data uncertainty. Zhang's research will address this and

EARLY CAREER SCIENTISTS |

other inverse sampling-related challenges by building deep neural
networks, a kind of artificial intelligence. The networks will learn
to conduct inverse sampling more efficiently and accurately while
solving inverse sampling problems in a range of disciplines.

“There are a lot of methods that can give you an answer to
inverse problems,” Zhang said, “but because you don’t have enough
prior knowledge to verify whether or not this answer is right, the
biggest question is, should you trust this answer or not? The main
idea of my proposal is to develop methods that will enable us to
quantify the confidence you can have in the answer to an inverse
problem. When the scientists use my method to solve an inverse
problem, they will not only get an answer, but they will also get the
confidence level of that answer. This will help them make more
reasonable and informed decisions.”

Zhang noted that his five-year project will concentrate on funda-
mental research aimed at improving uncertainty quantification.
Scalable implementation will be follow-on work.

“In five years, we will be able to develop deep neural networks.
After that, we hope to accelerate their performance on bigger
computers,” Zhang said. “We need to use Al to determine the best
way to go from the observable to the unobservable. If we didn't
use Al, we would have to try all the possible solutions, which is not
computationally affordable. Even with the biggest supercomputer,
you couldn’t really do this by brute force. You have to search for the
most likely solutions in a smart way. That's where Al can help.”

Vol. 56, No. 1, 2023
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Elizabeth Piersall

What are you working on at ORNL?

My research focuses on examining
approaches to using signal processing
and data science tools to combine
noisy data from collaborative sensor
systems measuring ambient parame-
ters. We hope to be able to better inter-
pret and predict measured parameters
— for example, to use measured inci-
dent sunlight to predict power genera-
tion from solar panels.

What would you like to do in
your career?

What | have enjoyed most so far, and
believe | will continue to enjoy, is
finding ways to contribute what I've
learned to address existing needs,
whether applying data science to tech-
nical challenges in energy or through
science outreach and mentorship of
future scientists.

Why did you choose a career
in science?

| have always enjoyed the process
of learning how things work. Part
of the appeal of data science to me
was that it can be applied to many
fields and problems, giving me the
opportunity to continue learning new
things and contributing what | know to
new challenges.

Zachary Tener

What are you working on at ORNL?

| work in the Advanced Processing
Laboratory, researching the effects of
thermomagnetic processing on mate-
rials. | utilize convection or induction
heating inside a static magnetic field,
up to 9 Tesla and 2,000°C. My primary
project involves miniaturizing this tech-
nology to create an in situ sample envi-
ronment for neutron beamlines.

What would you like to do in
your career?

| am inspired to utilize magnetism to
solve a breadth of issues in manufac-
turing and environmental, energy and
critical materials sciences. | want to
develop new technology and solutions
to address challenges in these fields
towards sustainable science. | am also
passionate about promoting scientific
interest in students.

Why did you choose a career
in science?

| was given encouragement by a
mentor early in life, along with a child-
hood fascination of NASA and astro-
nauts. Though this never passed, my
attraction to magnetism at the inter-
face of chemistry, physics and mate-
rials science developed during my
undergraduate studies and continues
to my present research.

www.ornl.gov/ornlreview

Sara Sultan

What are you working on at ORNL?

| am working on thermal energy
storage integrated with heat pumps. |
work on designing control strategies to
reduce peak energy and carbon emis-
sions associated with air conditioning
in residential buildings.

What would you like to do in
your career?

| am interested in pursuing a career
in climate change policy. | want to
communicate with a wider audience
and use my knowledge and experience
to influence technology.

Why did you choose a career
in science?

| loved physical sciences. | was curious
to learn about the working phenomena
behind simple equipment we use
in daily life. | was most interested
in optics, climate studies and fluid
dynamics. | studied physics during
my undergrad and then chose energy
studies for research.



Rinkle Juneja

What are you working on at ORNL?

My research focuses on advancing a
comprehensive view of heat transport
properties of materials for energy
applications such as thermoelectrics,
barrier coatings, cooling electronics
and spintronics. Besides being rele-
vant to ORNLs mission of energy solu-
tions, our work would be useful for
the broader community focused on
designing energy-efficient devices.

What would you like to do in
your career?

| want to build a cutting-edge research
team in the area of heat manage-
ment to bring transformative changes
and clean, innovative solutions in
global energy resources. Along with
my research work, | am very enthu-
siastic about mentoring and sharing
my knowledge with the next genera-
tion of scientists.

Why did you choose a career
in science?

Being curious about everything around
me made me choose science. Learning
at least one new thing every day is the
beauty of science for me. The potential
to make direct impact on the commu-
nity and the opportunity to address
challenging problems in a team spirit
keep me excited as a researcher.

Xun Li

What are you working on at ORNL?

My research at ORNL focuses on
vibrational and transport properties
of quasiparticles in quantum mate-
rials for energy-related applications.
| calculate phonons and their inter-
actions among themselves and with
spins from first principles, which are
crucial to understanding emergent
phenomena in quantum materials.

What would you like to do in
your career?

| want to be a computational materials
scientist focusing on materials prop-
erties such as thermal and magnetic
properties. | hope to provide funda-
mental understanding of the physics
and apply them to practical applica-
tions for various materials.

Why did you choose a career
in science?

| have always been fascinated by how
things work. | believe that science
and technology are primarily produc-
tive forces, and fundamental under-
standing leads to applications. | chose
energy engineering in college, as
energy is the future, and then got inter-
ested in thermal science to study how
materials transfer heat.

Lynnicia Massenburg

What are you working on at ORNL?

| am researching the protein struc-
ture of a plant cellulose synthase, a
membrane protein that makes cellu-
lose used in biofuel production. | use
small-angle X-ray and neutron scat-
tering techniques complemented with
cryo-electron microscopy to describe
cellulose synthase oligomerization
and provide rational insights in biofuel
crop improvement.

What would you like to do in
your career?

| am fascinated by the pursuit of
membrane protein structural biology
research in the bioenergy field. |
seek to mentor future scientists in
structural biology and give technical
consulting in membrane protein puri-
fication and structural biology to other
groups as well to open the field for
more discovery.

Why did you choose a career
in science?

| was interested in pursuing an art
degree in college until | realized that
there is art in science. | appreciate
the creativity and serendipity in the
scientific process. A research experi-
ment is the canvas, and my pipette is
the paint brush.
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Libby Johnson:
On the
frontier for

by Sumner Brown Gibbs
gibbsss@ornl.gov

ORNL physicist Libby Johnson demonstrates a new control panel at
ORNL's Bulk Shielding Facility in 1957. Among the first females to
operate a nuclear reactor, Johnson blazed trails for women. Image
credit: ORNL

O RNL physicist Libby Johnson, one of the world’s first nuclear
reactor operators, standardized the field of criticality safety
with peers from ORNL and Los Alamos National Laboratory.

Johnson worked for more than a decade as a senior experi-
menter in the lab’s Critical Experiments Facility. As evidence of
the facility’'s successes developing criticality standards, there
hasn’t been a criticality accident — that is, an accident involving a
sustained nuclear chain reaction — on U.S. soil since 1978.

“The experiments that you and your colleagues conducted
over these years were crucial to the whole business of nuclear
energy,” former ORNL Director Alvin Weinberg told facility director
Dixon Callihan, Johnson’s colleague and mentor, in 1996 during a
historic group interview.

“All of us owe you a great debt for your having pioneered in this
ever-so-important enterprise and shown the way.”

The Oak Ridge Critical Experiments Facility was established in
1950. This isolated facility, now slated for demolition, is nestled in
the hills between ORNL and the neighboring Y-12 National Security
Complex. The facility had been constructed for uranium storage
and was remodeled to support studies underpinning safety stan-
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dards. Years later, Callihan would recall his unsuccessful efforts
to get a women’s restroom included in the remodeling plans —
a request that was later granted. His advocacy for this amenity
contrasted sharply with the overall scientific environment of that
time, which was organized by and optimized for men.

“Johnson trod the silent path of women’s history in the nuclear
industry,” said Nuclear Regulatory Commission historian Thomas
Wellock. The NRC appointed Johnson tothe Atomic Safety Licensing
Board in 1975 as its first full-time female technical expert.

Johnson was a graduate student in physics at Vanderbilt
University in 1944, when at age 23 she was recruited to work on
the Manhattan Project at Columbia University. She came to Oak
Ridge in 1948 to work as a research assistant at the K-25 uranium
enrichment plant in Oak Ridge. From 1950 to 1961, she worked as
a supervisor and senior reactor operator at ORNL's Bulk Shielding
Facility, where she oversaw fuel loadings and reactor maintenance,
trained reactor operators and coordinated experimental programs.
She also taught students from ORNLs pioneering Oak Ridge
School of Reactor Technology how to assemble reactor fuel safely.
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In 1954, Johnson became a charter member of the Amer-
ican Nuclear Society, where she served in numerous leadership
roles, chairing the society’s Nuclear Criticality Safety Division,
speaking at national standards meetings, forming standards
subcommittees, contributing immeasurably to standards writing
groups as both member and secretary and mentoring incoming
professionals.

Johnson also helped found ORNL's ANS chapter. The society
made her a fellow in 1982, recognized her with an achievement
award in 1985 for her work in nuclear criticality safety and post-
humously awarded her with its Standards Service Award in 2013.
Upon her appointment in 1975 to the Atomic Safety Licensing
Board, Johnson contributed to open hearings that included legal
and technical experts to answer questions from the public and
discuss concerns before construction licenses were issued. When
Johnson retired in 1994 as the longest-serving female in the
board’s history, she remained its sole female technical expert.

Johnson also helped open doors for women in nuclear science
— including for her granddaughter, Autumn Higgins, who joined
the Nuclear Navy in 1995, a year before Johnson's death. In
2022, Higgins earned her senior reactor operator license for the
Tennessee Valley Authority’s Sequoyah Nuclear Plant.

“If 1 could talk to her today, | would want her to know her
struggle meant something for me and other women,” Higgins
said. “Not only her scientific contributions, but also her personal
contributions. They meant something.”




% RESEARCH INSIGHTS

& o2y
W e
| |

Research Insights .
=y oS

38 %www.ornl.gov/ornlrewew



v« | Toward a Carbon Neutral Future, Part II: Technologies for a
‘\, A more carbon-friendly future

ORNL Review is pleased to present the fourth issue of Research Insights,
_ | a collection of research articles from our scientific and technical staff.

N | Research Insights was created to showcase the world-leading work being
performed at ORNL, with each issue addressing an overarching theme.

This issue highlights recent advances by ORNL staff to support the United
States’ ambitious and achievable goal to reduce net greenhouse gas

(GHG) emissions by 2030. Achieving the nation’s 2030 GHG goals will
place the United States firmly on a path to reach net zero by 2050.

In recent years, ORNL has developed a substantial fundamental and
applied research program as part of our Transformational Decarbon-
ization Initiative. An integral part of this effort is ORNL's drive toward
improvements in carbon dioxide management in the nation'’s infrastructure
through development of intelligent tools and processes. Along this theme,
articles in this issue of Research Insights address technologies to create

a more resilient electric power grid; tools for monitoring grid interconnec-
tions, developing smart traffic routing regimes, and helping consumers
make informed fuel economy choices; analysis of high-temperature

alloy selection for future hydrogen-based energy applications-tools for
improving solid-state battery design-and discussions of opportunities and
challenges associated with floating nuclear power plants and novel tech-
nologies in advanced fission and fusion power production.

The articles presented in this issue of Research Insights represent a small
fraction of the ORNL research portfolio dedicated to support the nation’s
net-zero emission goals. We hope that you enjoy the sampling of the
exceptional work being performed by the ORNL research community.
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Toward A Resilient All Power Electronics Grid
Y. Xue, F. Wang
Electrification and Energy Infrastructures Division

xuey@ornl.gov, wangf@ornl.gov

INTRODUCTION

According to the US Environmental Protection Agency [1],
the electricity sector contributes 25% of total US greenhouse
gas emissions. The electric power grid is evolving, with renew-
able power and clean energy sought after as the “holy grail” of
decarbonization and climate change. Reforming and stabilizing
the future of a decarbonized power grid, power electronics tech-
nologies play indisputable roles in capturing and converting the
intermittent and highly fluctuating power associated with renew-
able energy—direct current in many cases—into the regulated
alternating current used by residential, commercial, and indus-
trial customers and the electrified transportation sector.

An All Power Electronics Grid (APEG), as illustrated in Figure
1, is an electric power grid in which all the generating resources
and loads are connected to the electric power network via power
electronics. Power electronics encompass the technologies or
devices (i.e., converters or inverters) that use electronics or semi-
conductors to control power flow and convert electricity from one
form to another. Such a scenario represents the future of power
systems, with revolutionary changes on the horizon for both
grid architecture and grid dynamics. Using power electronics
improves energy efficiency and power controllability [2]. On top
of these, additional benefits [2,3] of adopting an APEG include
acute fault tolerance, simplified grid operation, and inherent grid
resilience leveraging grid architectures that incorporate design-
for-resilience principles, fast and robust inverter controls, and
dynamical multiphysics decoupling. Nevertheless, planning and
operating an APEG presents unexpected complexity and uncer-
tainty requiring novel technical advancements.

DC Transmission or

Power Electronics Decoupling
Figure 1. APEG architectural vision. (Credit: Y. Xue, ORNL])

Oak Ridge National Laboratory’s (ORNL's) APEG research
project, which is sponsored by the US Department of Energy
(DOE) Office of Electricity, Advanced Grid Modeling Program,
Resilient APEG Modeling and Operation, explores new modeling
capabilities and analysis methods that could help utilities predict
new grid instability issues potentially introduced by power elec-
tronics and develops grid-friendly power electronics control
design to handle increasing complexity. The project’s short-term
objectives are to establish modeling methodologies and opera-
tional principles for APEG systems and develop best practices for
grid architecture design for resilience, which will be both instruc-
tive and constructive as the US power grid improves resilience
and evolves to an APEG. The project’s long-term goals are to
eliminate technical barriers for 100% renewable integrations and
establish power electronics as viable grid resilience tools.

BACKGROUND

Today's US power grid evolved from Nikola Tesla’s work in
the late 19th and early 20th centuries. While emerging technolo-
gies have surged and the world’s socioeconomic structure has
changed dramatically since Tesla's time, the vertical and central-
ized power grid structure has not changed significantly. With
global climate change, extreme natural events, and increasing
electricity consumption and consumer expectations, resilience
becomes a major risk management measure for power grids,
as attention to national critical infrastructure, building a better
power grid [4] that is more resilient to the impacts of climate
change, and increasing access to atfordable and reliable clean
energy all become vital.

A recent report [5] identified seven social, technical, and
economic forces driving change in future US power systems.
Technical forces include development of grid-edge technologies
such as distributed generation, storage, and microgrids and grid
stability challenges due to high-penetration renewables, distrib-
uted energy resources (DERs), and/or inverter-based resources
(IBRs). There exist emerging trends and systemic issues [6]
associated with today’s and future grid changes. For example,
so-called power electronics converter—driven stability [7,8] was
introduced by the Institute of Electrical and Electronics Engi-
neers and the International Council on Large Electric Systems
and included in the definition and classification of power system
stability. The findings in [5] point out major needs for the future
electric power system, including (1) new tools and different grid
architectures for large-scale grid simulations to better under-
stand how the system is evolving; (2) new power electronics and
control technologies to ensure clean, sustainable, reliable, and
resilient electricity services; and (3) innovations to enable deploy-

This manuscript has been authored by UT-Battelle LLC under contract DE-AC05-000R22725 with the US Department of Energy (DOE). The US government retains and
the publisher, by accepting the article for publication, acknowledges that the US government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish
or reproduce the published form of this manuscript, or allow others to do so, for US government purposes. DOE will provide public access to these results of federally
sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan).
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ment of tens of millions of IBRs/DERs and operation of these
"intelligent” nodes or control points at tens to hundreds times
faster than today’s grid controls.

Power electronics, the key to enabling many future grid archi-
tectures, is tied to many of these change drivers and needs and,
hence, can be viewed as the main ingredient in many state-of-
the-art power grid visions. However, the potential future system
instability mechanism is quite different from today’s synchronous
machine-predominant power grid, which is still not clearly under-
stood and has not been thoroughly investigated by the research
community. Existing power system modeling and simulation tools
also fall short, due to either being too simple and not capturing
power electronics dynamics or being too detailed and compu-
tationally challenging for large-scale systems. As a result, the
present techniques become the bottleneck preventing us from
efficiently quantifying the risks of system instabilities and reso-
nances under high-penetration power electronics, not to mention
systemwide stability analysis and grid stabilization control, which
may require approaches different from conventional practices.

These gaps and needs have motivated the APEG work. The
future power grid will be characterized by more decentralized
architecture with increased control complexity, fast electromag-
netic transient dynamics adopting small-footprint power elec-
tronics devices, and more resilient operation to meet increasing
public expectations. We seek to address needs with forward
thinking that leads to solutions allowing us to adapt to evolving
grid changes with technological breakthroughs that deliver
maximized benefits from the future power grid.

RESEARCH PROBLEMS AND METHODOLOGY

The APEG project focuses on grid resilience and grid stability
and develops proactive and design-oriented modeling, analyt-
ical, and control approaches to address the challenges of plan-
ning and operating high-penetration power electronics grids.
Some of the research problems we are tackling include:

* How can we design a grid with inherently resil-

ient architecture?

* How are fast grid dynamics modeled to capture harmonic
oscillations and to judge system instability?

* How is a large-scale, multitimescale power electronics grid
simulated in a computationally efficient way?

* Can robust stability become a performance metric for
power electronics devices?

* What system functions should power electronics
devices provide?

* Can future power grids be operated and controlled in a
distributed manner?

In this project, fundamental R&D pillars are systematically
laid out. Both short-term incremental solutions and long-term
breakthroughs or radical concepts are pursued to steadily “push
the technology envelope” on three tasks: Resilient Architecture;
Modeling, Analysis, and Simulation; and Operation and Control.

RESULTS

Major outcomes under the three R&D tasks are summarized
in this section.

Resilient Architecture: Establishing power electronics as grid
resiliency tools. Resilience is a property of any ecological system
that measures the persistence and ability to absorb change and
disturbance and still maintain the same relationships between
populations or state variables, as first defined in [9]. While the
framework of power system resilience and its quantitative metrics
to measure both power transmission and distribution levels are
still evolving, various short-term operational approaches have
been adopted by utilities. Nevertheless, developing an intrinsi-
cally resilient grid requires a multidimensional and long-term
vision coupled with technological advances. While existing
resilience approaches focus more on resource optimization and
system recovery strategies, the APEG work envisions long-term
grid resilience integrating grid hardware strength, operation
performance, and architectural- and control-enabled grid elas-
ticity. New architectural- and control-enabled grid resilience is
substantiated by five design-for-resilience principles [3] utilizing
the joints, buffers, decouplers, and decentralized controls, based
upon which specific technical approaches [2] are derived.

Modeling, Analysis, and Simulation: Solutions to model and
analyze harmonic stability. The power grid, already complex,
becomes even more complicated [10] with nonlinear and fast
dynamics, renewable uncertainties, granular structures, and
ultralarge-scale interconnections. Analyzing and simulating
a large-scale APEG with existing simplified phasor or detailed
switching modeling methods and commercial tools creates either
approximation or computation bottlenecks. A computationally
efficient and physically meaningful modeling and analysis frame-
work is needed to simulate and capture the potential resonance
or instability phenomena at the frequency range of hundreds to
kilohertz levels; this is the so-called "harmonic stability” distin-
guished from the ~60 Hz or below level, known as “subsynchro-
nous oscillations,” observed in traditional power grids. To fill this
technical gap, the APEG project developed frequency-domain
multifrequency averaging approaches using harmonic state-
space [11,12] and dynamic phasor [13,14] models based on linear
time-periodic theory. In addition, a design-oriented harmonic
resonance identification and location method [15] was developed
that utilizes an impedance-based stability criterion and network
decomposition theory and is applied to a 140-bus, 48-inverter,
7-area large-scale APEG system. Figure 2 shows analysis results
for an example APEG system.

Figure 2. Large-scale harmonic stability analysis and identification
results for an example 140-bus, 48-inverter, 7-area APEG system.
(Credit: Y. Xue, ORNL; F. Wang, ORNL/UTK; L. Qiao, UTK; L. Kong, UTK]
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Operation and Control: Distributed power system stabilizer.
With high penetrations of relatively small-scale renewables
and energy storage, power system operation and control can
be expected to undergo a paradigm shift—from centralized to
decentralized, from dispatched to autonomous, from top-down
structured to bottom-up fractal, and from fully planned to more
adaptive and self-optimizing. One project goal involves devel-
oping decentralized APEG control philosophy and strategies
and advancing state-of-the-art power electronics control tech-
nologies for grid integrations. This has been achieved by grid-
friendly power electronics control designs that handle increasing
uncertainty and complexity, leapfrogged smart inverters with
integrated system functions [3], and distributed power system
stabilization [16] at each power electronics converter node.

As mentioned above, stability is a major challenge for the
future power grid. This task emphasizes stability enhancement
solutions. For the first time, stability is defined as an inverter
performance metric and a type of grid service that can be
offered to damp system oscillations. This requires passivity-
based control design. A system is said to be passive if it can
only dissipate, without generating, the energy stored initially
(e.g., aresistor). The electrical subsystem is typically passive, but
external disturbances can lead to instability. Therefore, injecting
additional damping capabilities via a virtual resistor into controls
can make the subsystem strictly passive, and thus it can obtain
global stability. Several linear and nonlinear passivity-based
control methods [17,18] were developed for power electronics
converters and tested in an example 6-inverter 2-area APEG
system. Figure 3 shows the new energy pumping and damping
control, and the hardware testing results under two different
uncertainty scenarios.

Energy Pumping Inverter Power (Top: Line impedance change
and Damping Confrol due to fault, Bottom: Load power change)
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Figure 3. Novel control and validation in the hardware test bed for an
example APEG system. (Credit: Y. Xue, ORNL; F. Wang, ORNL/UTK; L.
Kong, UTK; L. Qiao, UTK)

The new inverter control provides advanced functions of
distributed power system stabilization and grid forming in
addition to basic power conversion and regulation. Ultimately,
the whole system is guaranteed to be stable regardless of the
number of power electronics and other components, if they are
all designed to be passive.
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CONCLUSIONS

Decarbonization and resilience are transforming power grids
from traditional “machine age” systems into power electronics—
based “silicon age” systems. Like any new technology, unfore-
seen uncertainties and systemic issues can be expected to occur.
The APEG work initiates research that models and analyzes these
concomitant changes and innovates the design and operation of
the modernized power grid. Our initial results have been veri-
fied in small-scale APEG test systems. Future work will involve
demonstration of a large-scale APEG system and field implemen-
tation of the novel grid controls and stabilization.

IMPACT

This work provides timely support to the Biden-Harris Admin-
istration’s goal of achieving 100% carbon pollution-free electricity
by 2035 and, more importantly, addresses national needs [5] for
future US electric power systems based on better grid architec-
tures, large-scale grid simulations, and grid control technolo-
gies and strategies to meet new stability challenges and enable
significant deployment of DERs and IBRs.

The APEG project has provided the technical foundation for
other ongoing projects and initiatives, has developed new R&D
capabilities for ORNL and DOE to establish technical leader-
ship among professional societies and the scientific community,
explores new distributed grid stabilization methods, and pushes
the envelope on science and technology that will help solve future
grid problems.

COLLABORATE WITH ME
Sonny Xue, 865-241-1916, xuey@ornl.gov
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GridEye: A Situational Awareness Tool for Facilitating the Decarbonization of the US Power Grid

with a High Penetration of Renewable Energy
L. Zhan, Y. Liu, T. King
Electrification and Energy Infrastructures Division

zhanl@ornl.gov

INTRODUCTION

Electricity generation in the United States is undergoing a
significant change: carbon-free renewable energy-based sources
such as wind and solar are replacing fossil energy-based power
plants. The success of this transition is critical to achieving the goal
of a carbon-free US power grid by 2035. However, because of the
volatility of renewable resources and the challenges inherent in
replacing large mechanical generators by lightweight power elec-
tronics devices, the transition to decarbonized energy production
will require versatile solutions. To ensure a reliable power supply
to the US economy during decarbonization, we need a situational
awareness tool that will provide real-time monitoring and analytics
for the power grid.

BACKGROUND

Developed by a team of researchers at Oak Ridge National
Laboratory (ORNL) and the University of Tennessee-Knoxville
(UTK), GridEye won an R&D 100 Award in 2022 and is the first
nationwide GPS-synchronized power grid monitoring system to
provide US power grid situational awareness capabilities to aid

Figure 1. GridEye sensor. [Credit: ORNL, UTK]

decarbonization. The GridEye system consists of hundreds of
quickly deployable GPS-synchronized GridEye sensors (Figure
1), communication, and data centers located at ORNL and UTK.
Approximately 300 GridEye sensors are operating in real time to
monitor five North American power grid interconnections (Figure
2), while more than 70 GridEye sensors are monitoring power grids
in other countries worldwide. As a multifunctional instrument,
a GridEye sensor can measure frequency, voltage phase angle,
voltage magnitude, power quality, and instantaneous power grid
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Figure 2. GridEye deployment in North America. Red dots represent
GridEye sensor locations. (Credit: ORNL, UTK])

waveforms, providing unprecedented visibility of North American
and worldwide power grids since it was first introduced in 2004.
GridEye has many advanced situational awareness applications
that are operating online for power grid monitoring and analysis.
GridEye provides real-time alerts to industry consortium members,
utilities, the US Department of Energy, the North American Elec-
tric Reliability Corporation (NERC), the Federal Energy Regula-
tory Commission, and others. Based on analysis results drawn
from GridEye data in the Eastern Interconnection oscillation event
on January 11, 2019 (Figure 3), NERC has published the Eastern
Interconnection Oscillation Disturbance report, which provides key
findings and recommendations to the industry for proactive mitiga-
tion of potential future oscillation events [1].
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Figure 3. GridEye monitoring output for the Eastern Interconnection event
on Jan. 11, 2019. (Credit: ORNL, UTK)

GRIDEYE APPLICATIONS

Real-time visualization. Real-time visualization of wide-area
power grid measurement data is one of GridEye's most impor-
tant applications. Power grid operators need real-time grid
measurements for power systems situational awareness. Some
utilities have their own real-time visualization system, but they
access only the utilities” own data, and utilities have very limited
access to data outside their own system. In contrast, with the
easy deployment of its sensors, GridEye provides full coverage

www.ornl.gov/ornlreview

of the North American power grid, thus providing system opera-
tors with a complete picture of the power grid. Figures 4 and 5
show samples of a real-time power grid frequency map and a
phase angle contour map of the North American power grid,
respectively, as generated by GridEye.

Figure 5. GridEye real-time angle gradient map. (Credit: ORNL, UTK)

Inertia estimation and alert. One of the most complicated
challenges presented by a high-renewable power grid is the
low inertia problem introduced by renewable resources. The
inertia in power grids mainly refers to the energy stored in large
generators, and it can help stabilize the power grid by providing
stored energy during system dynamics. Utilities are concerned
about the problem because it could cause frequency instability,
potentially forcing power plants to go offline and resulting in
blackouts. GridEye provides event measurements—driven and
ambient measurements—driven machine learning—based inertia
estimation solutions. Verified by NERC data, GridEye provides
accurate inertia monitoring with 98% accuracy. Figure 6 shows
the inertia estimated by using GridEye sensor data and the
measured inertia. The mean absolute percentage error is ~1%
for both heavy and light load seasons.
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Figure 6. Performance of the machine learning-based inertia estimation
using ambient frequency measurements. (Credit: ORNL, UTK)



Real-time oscillation detection and location. One of the major
threats to a high-renewable power grid is low-frequency (<1 Hz)
oscillations. Low-frequency oscillation could cause instability of
the power grid, resulting in power outages. As the proportion of
electricity provided by renewable resources increases, oscilla-
tions can occur more frequently. Using both event and ambient
data, GridEye can help utilities detect, locate, and assess poten-
tial risks of oscillations. Figure 7 shows three oscillations detected
by GridEye in the US power grid, on January 11, 2019 (left), April 7,
2020 (middle), and April 28, 2020 (right). Working with Tennessee
Valley Authority, ORNL has used GridEye to successfully detect
and locate several additional oscillations in recent years.

Figure 7. Forced oscillations detected by the GridEye system. (Left to
right) Oscillations occurred on January 11, 2019, April 7, 2020, and April
28, 2020. (Credit: ORNL, UTK)

Islanding detection. Renewables are expanding in distribu-
tion systems as microgrids—Ilocal electrical grids with defined
electrical boundaries acting as a single controllable entity—
gain market share. Microgrids can operate in grid-connected
mode or island mode, which is disconnected from the power grid.
Islanding detection of microgrids will become more important
for system operators, with increasing penetration of renewables
in distribution systems. GridEye can detect the disconnection of
a microgrid from the power grid (i.e., islanding detection) and
can distinguish the islanding events from other events, such as
generation trip events. Figure 8 shows two examples of islanding
detection of microgrids in the Eastern Interconnection (left) and
Western Electricity Coordinating Council (right) power grids, two
major electric power grids in North America.
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Figure 8. Islanding detection of microgrids by GridEye.
(Credit: ORNL, UTK)

Event location. Event location involves estimating the
geographic location of a disturbance when a contingency
occurs in the power grid, which can help system operators to
quickly take appropriate measures. Given that wave propaga-
tion speeds are very unevenly distributed in high-renewable
power grids, GridEye's event location application incorporates
feature selection and machine learning to address the chal-
lenge. In all, 3,000 real historical events in the past 15 years were
tested, and GridEye accurately located 70% of events. Figure 9
shows an example of our machine learning-based location esti-
mation method; the figure shows that the estimated disturbance

location is very close to the true event location, while the tradi-
tional method based on time delay of arrival has much higher
estimation error.
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Figure 9. Output showing GridEye’s machine learning-based event loca-
tion application. Redrawn from You et al. [2]. (Credit: ORNL, UTK)
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Power system dynamic model validation. Power grids consist
of a huge number of components, so modeling the power grid
accurately is not trivial work; it is becoming only more chal-
lenging with the increasing penetration of renewables on distri-
bution systems. Using nationwide GridEye measurement data,
the power system dynamic model can be fine-tuned to match the
dynamic response of a real power system. Figure 10 shows the
dynamic response of untuned and tuned models against a real
grid measurement. It can be seen that GridEye data can greatly
improve the accuracy of a power system dynamic model.
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Figure 10. Power system dynamic model tuning and validation. Redrawn
from Kou et al. [3]. (Credit: ORNL)

Measurement-adaptive oscillation damping control with
GridDamper. In addition to real-time oscillation detection and
location, GridEye can also efficiently mitigate and damp oscil-
lation. GridDamper, a field deployment-ready technology devel-
oped based on GridEye that won an R&D 100 Award in 2021, can
mitigate three major categories of oscillations—natural, forced,
and subsynchronous—that will become increasingly important to
address as more renewables are integrated into the bulk system.
Most existing oscillation damping methods use fixed dynamic
models with predetermined control parameters, resulting in
poor damping performance due to constantly changing power
systems. To address the problem, GridDamper actively updates
its parameters to adapt to changes in the power grid, allowing
for mitigation of power grid oscillations. GridDamper has been
applied to several power grids around the world to validate its
performance. Figure 11 shows that the grid frequency in South
Italy (Palermo) was successfully stabilized by GridDamper. The
top plot shows the frequency without GridDamper, the middle
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plot shows the frequency with GridDamper, and the bottom plot
shows the output of the damping controller.

Buat frequency in South Naly Pabermo)

Figure 11. Outputs showing GridDamper's oscillation damping capabili-
ties. (Credit: ORNL, UTK)

LATEST ADVANCEMENTS IN GRIDEYE SENSORS

The GridEye sensor is the key component of the GridEye
system, as it provides real-time, high-accuracy grid measure-
ments. The team has been continually enhancing its measure-
ment capabilities by addressing the more urgent measure-
ment problems in the power grids. Table 1 compares the
measurement features of our sensor with a transmission phasor
measurement unit (T-PMU) and a distribution phasor measure-
ment unit (D-PMU). Advancements to the GridEye sensor are
discussed below.

Table 1. Measurement features of ORNL sensor vs. T-PMU and D-PMU.

ORNL Sensor' T-PMU D-PMU
Phasor Measurements O o o
Power Quality (PQ) Measurements o
Real-Time GPS Sync POW &
Ultra-high Measurement Rate o
Fault-tolerant o

|_ 1. Not all features in one sensor. The sensor con be configured to have one or some of the features. I

Extended Universal Grid Analyzer (e-UGA). The e-UGA is
a multifunctional measurement instrument that provides tradi-
tional synchrophasor measurement functions to the GridEye
sensor as well as power quality (e.g., harmonics, sag/swell,
signal-to-noise ratio, flickers) and Point on Wave measurement
functions. Together, these capabilities enable comprehensive
monitoring of renewables in a wide range of frequency and time
domains. Figure 12 shows the GridEye e-UGA.

Figure 12. Extended UGA. (Credit: ORNL, UTK]

www.ornl.gov/ornlreview

Ultrahigh-speed grid measurements. Most existing synchro-
phasor measurement devices take a maximum of 60 measure-
ments per second, resulting in limited system dynamics capture
capability. This limitation deters measurement of fast-changing
renewable resources, as higher-rate measurements provide
better dynamic measurement performance. The team devel-
oped a computationally efficient and accurate measurement
algorithm that reduces computation time for grid measure-
ments by two orders of magnitude, thus significantly improving
measurement resolution. Figure 13 shows that, for a 30 Hz oscil-
lation, the ultrahigh-speed GridEye sensor effectively detects the
oscillation while the classic low-rate measurement device (e.g.,
T-PMU) {ails to capture the oscillation.
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Figure 13. High-frequency oscillation captured by ultrahigh-speed
measurement algorithm. (Credit: ORNL)

Fault-tolerant grid measurements. On August 16, 2016, a 700
MW solar photovoltaics (PV) plant in southern California tripped
due to erroneous frequency measurements by solar PV inverters
during power system transient faults. Our team provided a
fundamental solution to the grid measurement uncertainties
during grid faults by developing the fault-tolerant frequency
measurement technologies embedded in the GridEye sensor.
Figure 14 shows the fault-tolerant grid sensor (left panel) and its
measurement performance during a system fault (right panel).
The figure shows that our measurement is stable during the grid
fault while the classic method produces a large error.
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Figure 14. Fault-tolerant grid sensor (left) and measurements
(right). (Credit: ORNL]

Mobile Universal Grid Analyzer (m-UGA). To further reduce
barriers to obtaining power grid measurements, we have devel-
oped m-UGA, which won an R&D 100 Award in 2018. Similar to
our traditional GridEye sensor, m-UGA is a time-synchronized,
multifunctional, wide-area monitoring and analysis device
designed to provide situational awareness capabilities in real
time for the power grid at the distribution level. Many power
grid monitoring functions can be realized on the m-UGA with
novel measurement algorithms. m-UGA can be installed in any
location with regular 120V power outlets (e.g., offices, schools,



personal residences). Figure 15 shows the m-UGA (left panel)
and a snapshot of its measurement output (right panel).

Figure 15. Mobile UGA. (Credit: ORNL, UTK)

CONCLUSIONS

The GridEye system offers wide-ranging capabilities to
support the decarbonization of the US power grid with high-
renewable resources. Some important applications include real-
time visualization, inertia estimation and alert, real-time oscilla-
tion detection and location, islanding detection, event location,
power system dynamic model validation, and measurement-
adaptive oscillation damping control. The latest advancements
to the GridEye sensor design, including an e-UGA, ultrahigh-
speed and fault-tolerant grid measurements, and a mobile grid
analyzer, will further extend GridEye's award-winning capabili-
ties to novel power grid monitoring methodologies.

IMPACT

GridEye is a low-cost, quickly deployable GPS-synchronized
wide-area measurement network for power grids. As a unique
nationwide power grid monitoring system, over the past 15 years,
GridEye and its related applications, GridDamper and m-UGA,
have won three R&D 100 Awards. Since its introduction in 2004,

the GridEye system has provided nationwide situational aware-
ness to system operators, utilities, industry, and academia. With
the hardware and measurement algorithm advancements made
in recent years to GridEye sensors, and by applying machine
learning and big data techonlogies in GridEye applications, the
GridEye system will continue to play a vital role in facilitating the
decarbonization of US power grids.
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From Signal Processing to Signaling Traffic: Using Digital Twins to Improve Traffic and Reduce
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INTRODUCTION

Traffic backups and long commutes are an unfortunate reality
we all deal with these days. Beyond costing us valuable time, traffic
wastes fuel and contributes substantially to our global carbon foot-
print. If we could design a dynamic, adaptive system to actively
coordinate and time lights, choose routes, and even recommend

certain lanes, we could greatly alleviate congested traffic and the
myriad problems that come with it. Unfortunately, developing such
a dynamic system that coordinates traffic across an entire region
is easier said than done! Traffic and transit systems are complex,
and the testing of new light sequences or traffic patterns in real life
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can be cost-prohibitive, dangerous, or both. It is for these reasons
that the use of digital twins is such an exciting prospect.

BACKGROUND

Chattanooga Digital Twin. Digital twins are virtual reproduc-
tions of complex real-world systems. They “offer an effective way to
mitigate risks and improve performance without significant loss of
time or money" [1].

In 2019, the Chattanooga Digital Twin project, or CTwin, sought
to develop a complete transit-level digital twin of the Chattanooga
area that could act as a virtual test bed for smart traffic routing. As
a low-cost yet accurate-to-real-life traffic environment, the CTwin
system allowed researchers to observe virtual traffic patterns and
problems and optimize a region-wide virtual controller system that
could leverage virtual sensors and cameras to dynamically adapt
traffic patterns [2]. A good example of this multimodal sensing-
and-control loop can be seen in Figure 1.
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Figure 1. Visualization of how city-level traffic is modeled and controlled in
the original CTwin system, which models a virtual version of Chattanooga.
(Credit: University of Tennessee-Chattanooga Center for Urban Infor-
matics and Progress)

CTwin2.0 Project. CTwin's successor, CTwin2.0, takes the
optimal techniques learned from the virtual CTwin world and
applies them to the real Chattanooga, scaling the solution across
the entire Chattanooga area. CTWin2.0 brings to life a region-
wide, complex traffic controller that coordinates inputs from many
sensors as feedback to dynamically change traffic patterns on
global and local scales. The idea of adaptive tratfic control systems
(ATCSs) is not entirely new—there have been versions of ATCSs
in use since the 1980s. This is the first controller, however, to both
be designed using digital twin technology and specifically opti-
mize for fuel efficiency and emission reduction [3]. The project is
a collaborative effort of Oak Ridge National Laboratory's (ORNL's)
Computational Sciences and Engineering Division (CSED), Electri-
fication and Energy Infrastructures Division (EEID), and National
Transportation Research Center (NTRC); the National Renewable
Energy Laboratory (NREL); and the Tennessee Department of
Transportation (TDOT). One of the main and most straightforward
avenues for realizing this control loop is through the implementa-
tion of a next-generation smart fleet routing system for highway
freight, helping alleviate traffic congestion on busy highways
and city streets.

www.ornl.gov/ornlreview

Fleet Routing Problem. The Fleet Routing Problem (FRP) boils
down to optimizing the multistop routes of many vehicles in a fleet
to ensure all required stops are made with maximal overall effi-
ciency. FRPhas many parameters, both physical and temporal, that
must be considered in the optimization process. More concretely,
a standard FRP task is planning transport schedules and routes
around peak traffic times and locations while still servicing all of
the required destinations on a set of customer manifests. When
done well, fleet routing can markedly reduce the carbon footprint
of freight traffic across entire regions or even the country.

IMPLEMENTATION

Realizing complex sensor systems. While current FRP systems
optimize routes and schedules based on historical data in a
more static manner, CTwin2.0 aims to go further. Using founda-
tional observations from the CTwin traffic control system in the
virtual world, the project aggregates streaming data from a set
of distributed multimodal sensors operated and maintained by
TDOT. CTwin2.0 utilizes this large set of streaming data to detect
incidents and provide a dynamic, situationally aware FRP solution
that continuously adapts and updates freight trucking routes and
strategies in real time.

Detecting anomalies. CTwin2.0 leverages streaming data
from hundreds of Radio Data System (RDS) sensors. These
sensors produce lane-level information on vehicle counts, occu-
pancy counts, and average speeds of vehicles aggregated over
20-30 seconds. RDS sensors can be used to quickly detect local
anomalies and incidents along TDOT TN SmartWay highways that
require immediate attention within the FRP controller. The sensor
network is shown in Figure 2.

.
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Figure 2. Map view of the Chattanooga I-75 corridor with RDS
sensors utilized by CTwin2.0 shown as green dots. (Credit: A. Berres;
J. Brogan, ORNL])
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Using cameras as sensors. CTwin2.0 also utilizes cameras
from the TDOT TN SmartWay system to supplement the RDS sensor
network. CTwin researchers developed lightweight computer vision
and machine learning algorithms designed to detect, classify, and
track different types of vehicles as they drive by different cameras
along major thoroughfares (Figure 3). The output of this algorithm
provides traffic counts, relative speed estimates, and throughput
metrics that can be utilized as supplemental sensor data for the
CTwin controller. To provide real-time data across many incoming
video streams, these state-of-the-art computer vision algorithms
are deployed using an ORNL-developed computer vision frame-



work called FaRO [4] in NRELs high-performance computing
environment, Eagle.

LN\ >
Figure 3. Visualization of what the CTwin2.0 Traffic Vision System sees in
an image captured by a TN SmartWay camera. Colored squares represent
cars and trucks, while lines represent persistent tracks of each vehicle.
(Credit: J. Brogan, ORNL)

Computer vision algorithms summarize real-time traffic flow
statistics across hundreds of cameras and coordinate with propri-
etary roadway sensors to detect traffic incidents and anomalies
in real time. Commercial partners will be able to use the system
to design daily freight truck routes and update them adaptively
throughout the day based on current traffic events and contexts.
Research is focused on leveraging this multimodal sensor data to
optimize traffic on every level, from traffic light timing to adaptive
route avoidance for freight trucks.

Partnering with regional freight. While suggesting route modi-
fications to freight fleets in the CTwin2.0 virtual traffic world is
relatively easy, reflecting those modifications in the physical world
is much trickier. From a logistics perspective, ORNL and NREL
needed to partner with many collaborating entities to realize a
physical analog of this dynamic rerouting system. The project
focuses on offering integration with industrial and commercial
freight fleet operations to provide this unified routing service to
as many partners as possible. Currently, two regional fleets are
successtully integrated into this work: Chattanooga Public Works
Solid Waste and Recycling, whose vehicles visit every city street
once a week, and Covenant Transport Group, which runs inter-
state freighting operations along long-haul lines.

While these initial collaborations provide a good starting
point to test the CTwin2.0 controller system, a major portion of the
project is focused on building relationships and affiliations with
additional public and private institutions to scale up the program
to realize its full potential. While there is broad interest across the
freighting industry to integrate with CTwin2.0 technology, taking
the leap from interest to integration requires a significant amount
of technical and logistical coordination. While this effort does take
time, we expect to continue expanding CTwin2.0 control system
deployment with additional partners over the next project year. In
this growing phase, the Technology Readiness Level of CTwin2.0
remains at research levels, meaning ORNL and its collaborating
entities will continue to perform maintenance and support for part-
ners integrating with the platform. As the technology matures,
further deployment and scaling likely will be handed off to indus-

trial or private partners via technology transfers or cooperative
research and development agreements.

RESULTS

The CTwin project has shown breakthroughs in incident detec-
tion capabilities, providing early warning of traffic buildups up to 7
min before Waze hazard reports appear and 18 min before official
authorities are notified. An example of this capability can be seen
in Figure 4, in which RDS sensors and traffic cameras fitted with
CTwin2.0 technology show anomalous behavior long before other
methods of reporting. This early warning can provide the CTwin
FRP controller valuable room to find solutions for rerouting traffic,
even before a major traffic jam has formed.
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Figure 4. Average speed readings from RDS and camera sensors providing
early detection of a traffic jam. Y-axis shows speed readings; x-axis shows
time of day. (Credit: A. Berres, ORNL)

Using the CTwin plaftorm to perform fleet routing and dynami-
cally time traffic lights at local levels, a simulated estimate of
energy savings shows up to an 18% reduction in energy use and
carbon emissions at traffic signals when the dynamic CTwin2.0
FRP controller is utilized. When tested operationally on live traffic
signals, a 16% reduction in energy has been realized in real-world
controller deployment (Figure 5).
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Figure 5. Energy use estimates per vehicle before and after deployment
of the CTwin controller, as compared with the 2020 COVID shutdown [5].
(Credit: Wang et al.)

CONCLUSIONS AND IMPACT

Reducing our carbon footprint is one of the highest priorities in
today’s modern world. Meeting that goal will require a disparate
stack of many systems working in tandem, all focused on tackling
different problem areas of carbon production. Systems such as
CTwin2.0 can help achieve that goal and improve traffic, with the
promise of doing so in subtle ways most civilians may not even
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notice. As our cities continue to grow and become increasingly
connected through smart infrastructures, systems like CTwin2.0
will become more instrumental in coordinating the well-oiled
transit apparatuses that keep us moving.

To that end, the CTwin2.0 has seen both successes and obsta-
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ORNL's FuelEconomy.gov delivers consumer savings, reduced
vehicle emissions

‘Save fuel. $ave money.

FuelEconomy.gov, a joint US Department of Energy (DOE) and US Envi-
ronmental Protection Agency website, provides information that helps
consumers make informed fuel economy choices when purchasing a vehicle
or achieve the best fuel economy possible from the cars they own—topping
$1 hillion in savings and reducing transportation sector greenhouse gas
emissions (GHGs). The website includes fuel economy tips and information
on clean vehicle tax credits and advanced vehicle technologies. The Find a
Car tool provides fuel economy, fuel cost, and environmental and safety infor-
mation for vehicle models back to 1984. Other helpful tools include:

* Fuel savings calculator
 Trip cost calculator

* GHG emissions calculator for plug-in hybrid electric vehicles and all-
electric vehicles

Plug-in hybrid electric vehicle cost calculator

* My MPG, which allows consumers to track and share their fuel
economy for conventional and all-electric vehicles

A
fueleconomy.go
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* Web services that provide fuel economy data to other public and
private entities o

Since its launch in 1999, FuelEconomy.gov has hosted more than 500
million users, saved consumers more than $1 billion in fuel costs, and
reduced petroleum use and vehicle-related GHGs.

Image credit: Colby Earles, ORNL

Oak Ridge National Laboratory (ORNL) maintains FuelEconony.gov for DOE and supports the website's collection of fuel-
saving tips through fuel economy-related research activities. ORNL staff have conducted numerous studies and published
peer-reviewed papers on topics such as aggressive driving, speeding, hauling cargo, idling, air conditioner use, and fuel
stability.—Stacy Davis, Buildings and Transportation Science Division, ORNL
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INTRODUCTION

The continuously increasing energy demands in the power
generation and transportation sectors need to be met in the
future while simultaneously addressing CO, reduction targets. A
synergistic integration of diverse technologies such as nuclear,
hydroelectric, geothermal, wind, and solar is envisioned to
accomplish this goal. Hydrogen (“blue” from traditional sources
and “green” from renewables) is increasingly being considered
integral to the future energy landscape [1]. However, the use of
hydrogen as a fuel for power generation or transportation presents
new challenges for selection and development of suitable high-
temperature materials for hydrogen combustion. The materials
of choice, which require high strength and excellent corrosion
resistance at temperatures of interest, are expected to be critical
to the realization of next-generation energy technologies. The
burning of hydrogen is expected to result in higher operating
temperatures and higher than typically observed water vapor
contents in exhaust gases after burning natural gas (i.e., ~5-10
vol.% HyO) [2]. Future dry low-emission (DLE) combustion
systems operating with pure hydrogen could increase the steam
fraction in combustion products to 16 vol.%, while existing wet
low-emission (WLE) technologies utilizing steam dilution or water
injection may result in exhaust steam contents of up to 85 vol%
[3,4]. The impact of hydrogen at precombustion temperatures (i.e.,
500°C-600°C) and higher water vapor contents in the combustion
products on the long-term high-temperature structural strength
and corrosion behavior of existing candidate structural materials
has not been studied extensively enough. Significantly advancing
contemporary scientific knowledge on long-term material
behavior in high-temperature Hy-rich environments is essential to
selecting and developing suitable materials for a future hydrogen-
driven economy.

The Corrosion Science and Technology (CST) Group in the
Materials Science and Technology Division at Oak Ridge National
Laboratory (ORNL) is conducting relevant work to investigate
the impact of burning hydrogen on the corrosion resistance
of candidate structural materials. The ultimate goal is the
development of enhanced tools to assist in materials selection and
development as well as lifetime predictions while simultaneously
advancing our current understanding of underlying material
behaviors. Assessing the potential utility of physics-based
models as tools to evaluate the combined effects of additional
parameters such as alloy composition, temperature, thermal
cycling, gas composition, and flow rates to provide a realistic
picture of material behavior and enable application-specific

material selection while balancing cost, mechanical properties,
and environmental resistance is also a key research area.

BACKGROUND

There is no novelty in burning hydrogen for power generation,
as several commercial gas turbines using conventional diffusion
flame combustion and WLE can already operate with 100% Hy [2].
However, DLE combustion technologies are required to increase
efficiencies and ensure emission-compliant operationwith 100% H,,
as first demonstrated by the New Energy and Industrial Technology
Development Organization, Kawasaki Heavy Industries Ltd., and
Obayashi Corporation [5]. It must be mentioned, however, that
this turbine was employed in a co-generation system, meaning
it most likely would have operated at lower firing temperatures
than typical gas turbines [6]. The exposures to Hy- and O,-rich
environments on opposing surfaces (e.g., gas turbine fuel injector)
or co-existence of H, with water vapor (e.g., solid oxide fuel
cells and electrolyzers) can significantly impact the material’s
mechanical properties and corrosion resistance [7]. A detailed
review discusses the suitability of hydrogen as an alternative
fuel for internal combustion engines (ICEs) in terms of improved
performance [8]. The article highlighted critical drawbacks of
Hy-fueled ICEs, including potentially high-NOx emissions and
issues of engine durability and reliability. Addressing the material
challenges for a Hy-fueled power generation and transportation
industry is an impending task, progress toward which is
exacerbated by the continuing battle to balance mechanical
properties, environmental resistance, and cost.

The main challenges to realizing a hydrogen-based energy
economy continue to be our ability to produce hydrogen in large
volumes and to ensure efficient transport and storage of hydrogen.
Decades of research on the embrittlement of materials under
pressurized hydrogen at room temperature has enabled the safety
and reliability of hydrogen pipelines and storage infrastructure [9],
leading to the development of a Technical Reference on Hydrogen
Compatibility of Materials [10]. The same cannot be said about
hydrogen-material interactions with high-temperature alloys
required in applications for the power generation (e.g., turbines)
and transportation sectors (e.g., ICEs). Compared with various
types of steels [11], there have been fewer studies examining the
impact of hydrogen and hydrogen combustion atmospheres on
the mechanical behavior and environmental resistance of high-
temperature (i.e., >700°C) structural materials, especially Ni-Cr
and Ni-Fe-Cr precipitation-strengthened alloys [6,12,13].

Figures | and 2 summarize results from limited literature
reviews, which can be used to rapidly screen materials. Results
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Figure 1. Reduction of notched tensile strength under high hydrogen
pressures (i.e., 34 MPa-69 MPa] at 24°C for selected Ni-base superalloys.
Data for the figure extracted from Fritzemeier and Chandler, Harris and
VanWanderham, Lee, Chandler, Jewett et al. (Credit: Pillai et al.)
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demonstrate that differences in materials’ microstructural
constituents and hydrogen pressures are responsible for large
variations in reductions of room-temperature notched tensile
strength between studied Ni-base superalloys after exposure to
high-pressure hydrogen (i.e., 34 MPa-69 MPa) at 24°C [14-18].
An additional example of the impact of hydrogen on Ni-base
alloys can be seen in Figure 2, where as little as 5 wppm
hydrogen in the studied alloys led to a significant decrease in
elongation at rupture at 23°C after being exposed for 1,000 h to
hydrogen at 650°C [14]. Although valuable, these studies did not
evaluate hydrogen-induced degradation of high-temperature
environmental resistance (e.g., dissolution of strengthening
precipitates, loss of key alloying constituents such as Cr and Al
needed to maintain protective surface oxide formation), which
is an essential performance characteristic to ensure long-term
durability of high-temperature Ni-Cr and Ni-Fe-Cr materials.

25

1,000 h at 650 °C

I Air

Deformation at rupture at 23 °C (%)

IN718  Hastelloy X Rene 41 U700

Figure 2. Deformation at rupture of Ni-base alloys at 23°C after 1,000 h
in air or hydrogen at 650°C. Data for the figure extracted from Gray [14].
(Credit: Pillai et al.)
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Water vapor in exhaust gas is known to significantly deteriorate
the oxidation resistance of heat-resistant steels (i.e., 600°C-
800°C) [19] and Ni-base alloys (i.e., >800°C) [12] compared to dry
air. Increased water vapor content in the combustion products
of hydrogen-fueled energy applications is expected to further
accelerate the oxidation-induced degradation of these materials
by either hindering the formation or inducing evaporation [20]
and spallation [21] of protective surface oxides such as chromia
and alumina. Interestingly, these thermally grown oxides have
been shown to be effective hydrogen-permeation barriers
to inhibit hydrogen uptake and subsequent embrittlement
[11], emphasizing the strongly coupled interactions between
mechanical properties and environmental resistance.

A successful strategy to reduce material costs of high-
temperature alloys involves balancing Fe:Ni ratios. Alumina-
forming austenitic (AFA) alloys were developed at ORNL [22] to
bridge the gap between low-cost ferritic (i.e., Fe-Cr) and austenitic
(i.e., Fe-Ni-Cr) steels and more expensive Ni-base alloys. AFA
steels provide superior mechanical properties compared with
conventional stainless steels while simultaneously ensuring
oxidation resistance found in more expensive high-temperature
materials. However, the large differences in oxidation rates of
Fe and Ni can result in a narrow temperature regime for peak
performance of these alloys. Furthermore, in most precipitation-
strengthened alloys (e.g., gamma prime phase: y'), the substitution
for Ni must be compensated for by increasing the contents of
y-stabilizing constituents (e.g., Ti) in the alloy to achieve a similar
y' fraction (or similar y' dissolution temperature) [23]. Detailed
understanding of the complex interactions among hydrogen-
bearing species, material constituents, microstructure, time,
temperature, thermal cycling, gas composition, and flow rates is
lacking. It is imperative to understand the properties that govern
desired and undesired reactions with high-temperature hydrogen
to tailor, control, and design materials at multiple lengths and
timescales that will enable the widespread deployment of
carbon-neutral hydrogen technologies.

RESULTS

Impact of higher water vapor in exhaust gas on oxidation
behavior. Microturbine recuperators are essential to increase the
electrical efficiency of co-generation applications (i.e., combined
heat and power), but oxidation of thin metal foils (i.e., 100 um-200
ym) in primary surface recuperators is a major concern [24].
Candidate materials for these applications rely on formation
of external chromia scales for oxidation resistance, but water
vapor-induced volatilization of chromia scales significantly
impacts their lifetimes [20]. The CST Group has evaluated the
oxidation behavior of candidate materials for these applications
under simulated and actual operating conditions for 25 years.
Recent work has developed models to predict material lifetimes
as a function of operating conditions and material composition.
Preliminary studies have shown a significant impact for higher
water vapor contents expected in the exhaust gas of Hy-fired
microturbines. Figure 3 shows the back-scattered electron (BSE)
images of Alloy 120 after laboratory exposure at 700°C in flowing
(i.e., ~1.6 cm/s gas velocity) air + 10 vol.% HyO (Figure 3a) and
in flowing air + 60% H,O for 5,000 h (Figure 3b). In the low water
vapor (10% H,0) environment, Alloy 120 formed a thin protective
external chromia scale. However, under the higher water vapor
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Figure 3. BSE images of Alloy 120 after exposure at 700°C in flowing i.e.,
850 cc/min, ~1.6 cm/s gas velocity) air + 10%H,0 (a) and in flowing air +
60% H,0 for 5,000 h (b). (Credit: R. Pillai, ORNL]

(60% H,0) environment, much thicker oxides were observed on
the Fe-rich Alloy 120 after the same exposure time. These oxides
were determined to be Fe-rich and observed to grow much
faster (i.e., 3-5 orders of magnitude) than chromia scales, which
typically results in accelerated consumption of the underlying
metal and consequent loss in structural integrity.

Oxidation-resistant alloys for higher water vapor contents.
The growth kinetics of alumina scales are ~100 times slower than
chromia scales. Furthermore, alumina scales are known to be
more resistant than chromia scales to evaporation-induced losses
in water vapor—containing environments [25]. At a temperature
of 800°C and under the same environment (i.e.,, 50% H,O, 50%
O,, gas velocity of 4.5 cm/s), Al loss from an alumina scale is
~4 orders of magnitude lower than the Cr loss from a chromia
scale. Hence, materials with the ability to form an external
alumina scale are highly attractive for components operating
in high-temperature water vapor—containing environments.
These alloys have shown superior performance as materials for
recuperator foils compared with materials relying on chromia
scales for oxidation protection, thereby enabling us to increase
the turbine inlet temperature by 100°C in water vapor—containing
environments [26].

Water vapor does, however, have some adverse effects on
the protective nature of alumina scales. Decreased adhesion
of the alumina scales to the materials during thermal cycling
in water vapor has been reported; this can lead to spallation
(i.e., detachment from the alloy surface) of the oxide layer and
renewed exposure of the alloy to the high-temperature oxidizing
environment [21]. The ability of the alloys to form a protective
alumina scale during high-temperature exposures may also be
hindered with increasing water vapor contents [27].

Initial studies conducted on Ni-base alloys at ORNL have
reported similar effects [12]. Figure 4 provides BSE images
showing the oxide scale morphology (left panel) and subsurface
microstructure (right panel) of Ni-base Superalloy X4, after
exposure for 500 h at 800°C (i.e., 100 h cycles) in air + 10%
H,O and air + 60% H,O. The formation of thinner Ni-Cr-rich
oxides on Superalloy X4 in air + 60% H,O compared with large
nodules of mixed oxides in the lower water vapor—containing
atmosphere indicates key differences in the mechanisms of
early-stage oxidation, which clearly impacts subsurface Al-rich
oxide morphologies.

[ Alloy X4 (Ni-6Cr-6A1-10Co-3Re-7Ta-6W-1Ti: wt.%): 800°C, 500 h (5 100h-cycles) |
Epoxy {Ni, Cr)-rich oxides

Ni, Co, C ch . . ?W.
i s : (CrTa,Ti)-
: ; - oxides

Air+60%H,0

Figure 4. BSE images showing oxide scale morphology and subsurface
microstructure of the Ni-based Superalloy X4, after exposure for 500 h
at 800°C (100 h cycles) in (a) air + 10% H,0 and (b) air + 60% H,0 (right).
(Credit: Pillai and Pint)

Efficacy of oxidation-resistant coatings in high water
vapor environments. Inlet temperatures in gas turbines and jet
engines are close to the melting points of Ni-base superalloys
typically used for manufacturing of the components in the hottest
turbine sections. Ceramic thermal barrier coatings (TBCs)
provide additional protection to internally cooled components
and prevent overheating. The TBCs, mostly consisting of yttria-
stabilized zirconia (YSZ), are commonly applied on the structural
components of gas turbines and aircraft engines [28]. A metallic
bond coating (BC) between the TBC and the Ni-base superalloy
provides oxidation resistance for the base material and adherence
of the ceramic coating [29]. The BCs are typically of the MCrAlY
(M = Ni, Co) or nickel aluminide type and enable the formation
of an alumina layer at the BC-TBC interface, which protects the
underlying superalloy from accelerated corrosive attack.

The impact of increased water vapor contents in the exhaust
gas of Hj-fueled turbines on the performance of oxidation-
resistant coatings has been investigated in the literature and
extensively at ORNL [30-32]. The formation of faster-growing
nonprotective mixed oxides (e.g., spinel-type), instead of
alumina, on the BC was reportedly accelerated in the presence
of increasing water vapor contents (i.e., 0 vol.%-50 vol.% H,O)
on different thermally sprayed MCrAlY compositions at 1,125°C.
This temperature corresponds to a high-boundary temperature
felt by the BC in an actively cooled, YSZ-coated turbine blade at
inlet turbine temperature [30]. The significant volume increase
due to the formation of these mixed oxides and the rapid crack
propagation within the brittle spinel in turn could promote
early failure of the ceramic TBC [28]. Pint et al. [31] conducted
studies on the impact of higher water vapor contents (i.e., up to
90 vol.% H,O) on the TBC lifetime deposited on Pt-diffusion BCs
(y+ y-FCC) and Pt-modified aluminide coatings (B-aluminide) at
1,150°C. They concluded that the TBC lifetimes in furnace cycle
testing were not considerably affected for the TBC on Pt-diffusion
BCs by the presence of 10% H,O or 90% H,O. In contrast, the
TBC lifetime on the Pt-modified aluminide coatings was almost
halved in the case of 10% HyO compared with testing in dry O,.
A further increase to 90% H,O did not significantly influence the
lifetime. Thermal cycling in combination with increasing water
vapor contents has been shown to be detrimental to TBC lifetimes
with MCrAlY BCs [33]. Generally, the reported performance of
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oxidation-resistant coatings in high water vapor—containing
environments suggests the continued efficacy of established
oxidation-resistant coatings for Hy-fueled turbines. However,
advancing the mechanistic understanding of the impact of
varying contents of HyO, temperature, and thermal cycling is still
critical for the development of materials and coatings specifically
for Hyp-tired power generation and transportation applications.

CONCLUSIONS

Extensive knowledge about the interaction of hydrogen
with metals exists for temperatures of <600°C, but we lack an
understanding of materials aiming to operate at much higher
temperatures (i.e.,, >800°C). This critical gap further widens
in terms of our mechanistic understanding of the combined
effects of environmental degradation due to hydrogen and
oxidizing species (i.e., oxygen, water vapor). There is a clear
need to further investigate the impact of burning hydrogen
on the oxidation resistance of candidate structural materials.
Key insights are needed to elucidate the role of defects and to
reveal key microstructural (e.g., grain size, orientation) and/or
compositional features to act as hydrogen-permeation barriers
(e.g., thermally grown oxides) and stable hydrogen-trapping sites
(e.g., chemical nature and fraction of precipitates) to enhance
material lifetimes. Future atomistic and nanoscale investigations
of hydrogen-material interactions are essential to enhance our
understanding of hydrogen effects under multiple extremes of
mechanical and thermal loads, corrosion, and radiation.

IMPACT

ORNLs extensive history in understanding and developing
materials for extreme environments provides an excellent
foundation to tackle the major gaps in our current understanding
of the impact of hydrogen and hydrogen-combustion
environments on the mechanical behavior and environmental
resistance of high-temperature structural materials. Recent work
by the CST Group highlights potential material challenges and
proposes mitigating solutions. Ongoing and future work in the
group should aim to deliver valuable scientific information to
academia and industry with the ultimate goal of accelerating the
technical realization of a hydrogen-driven energy infrastructure.
The time is opportune for ORNL to be the foremost authority in
the development of next-generation materials systems and to
enable scientists to overcome a huge barrier in identifying high-
temperature structural materials for hydrogen-fueled power
generation and transportation technologies.
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Making Battery Design Accessible to Everyone
M. Dixit, I. Belharouak
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INTRODUCTION

Lithium ion (Li-ion) batteries are ubiquitous [1]. With appli-
cations ranging from handheld communication devices to land
rovers running on the surface of Mars, Li-ion batteries have revolu-
tionized human society over the past 30 years. As the world races
toward decarbonization, there is an urgent need to sustainably
design and produce batteries that can meet rising demands in
terms of volume and performance. Designing batteries, however,
is a nontrivial task requiring knowledge across multiple domains
of materials science, processing science, and engineering.

Solid-state batteries (SSBs) represent a promising group
of energy storage technologies that has the potential for wide-
spread application in the electrification of the transportation
sector [2]. Due to their mechanical strength, solid-state electro-
lytes can enable lithium metal chemistries by mitigating lithium
dendrite formation. Further, eliminating liquid components in
the battery significantly improves the system's overall safety and
volumetric capacity. Next-generation SSBs will need to leverage
high-voltage cathodes as well as metallic anodes to achieve
required performance metrics.

To achieve technoeconomic feasibility, it is imperative to have
general design guidelines to predict cell-, module-, and pack-
level energy densities based on certain minimum user-defined
parameters for the battery system. For conventional battery tech-
nology, a spreadsheet-based tool called BatPaC offers these
capabilities for integrated battery design, production costs,
and thermal management from the cell level to the pack level
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[3]. Although BatPaC is a robust method for battery design, it is
extremely cumbersome to use and requires significant expertise
to decouple and leverage the tool for a new material system.

No such design tool existed specifically for SSBs. Likewise, no
set guidelines exist for determining system architecture based on
performance metrics, so a generally stochastic/iterative process
has been applied for research and development. Our research
team at Oak Ridge National Laboratory developed the Solid-
State Battery Performance Analyzer and Calculator (SolidPAC),
a user-friendly, spreadsheet- and graphical user interface (GUI)-
based tool that provides specific design rationales for building
high energy density SSBs [4] (Figure 1). The GUI tool offers
improved user friendliness and accessibility compared with
spreadsheet-based models. SolidPAC addresses the lack of SSB-
specific battery design tools necessary to account for differences
in cathode architectures, transition to the lithium metal anode,
stacking modification, and transition to the solid electrolyte.
SolidPAC's user-friendly GUI significantly enhances its accessi-
bility for general users. The toolkit is populated with typical mate-
rial and properties expected to be used for cathode and solid
electrolyte materials.

Both the spreadsheet and GUI versions can function with
user-entered material systems. User inputs are staggered in the
spreadsheet software depending on where they are required,
and they are annotated and appropriately color-coded. The user-
input tabs in the GUI are the only ones that are accessible; the
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SolidPAC

An Interactive Solid-State Battery Design Toolkit
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Figure 1. Schematic diagram showing the information flow for SolidPAC,
a user-friendly, accessible tool to design and develop SSBs. (Credit:
M. Dixit, ORNL)

outputs and calculated metrics cannot be modified by the user.
The GUI software is supplied as an installer file that works as a
stand-alone application when installed. The first version of this
software provides preliminary design criteria for cells, modules,
and battery packs using a range of SSB chemistries. Because
the data concerning SSB performance under different conditions
are limited, the design approach used here is different from those
employed for conventional Li-ion batteries with spreadsheet-
based modeling tools (see Table 1 for comparison).

The current version of SolidPAC integrates development up to
the individual cell level. Future versions will include module and
pack design, performance, and technoeconomic models. We will
also integrate conventional design approaches based on power,
thermal management, and charging as more data become avail-
able for SSBs that have different material chemistries.

Ceenl * Veen
A —— 1
* Emcomponents ( )
B Ceen " Veenn o)

v, e
Z vcomponents
where

Ceell = the capacity of the cell,

Veell = the average cell voltage,

Mcomponents = the mass of the individual components, and
Veomponents = the volume of the individual components.

BACKGROUND

SolidPAC uses the following equations to calculate the gravi-

metric (Eg) and volumetric (E,) energy densities of an SSB cell:

SolidPAC borrows its cell configuration and housing specifi-
cations from BatPaC. A detailed explanation of the cell housing
components can be found in BatPaC's documentation [3]. For
SSBs specifically, SolidPAC implements a different calculation
to determine the cathode and anode masses to account for the
differences in cathode architecutre and use of lithium metal.

The first step in designing a battery with SolidPAC is identi-
tying pack and cell design specifications based on user inputs.
Battery design and chemistry selections are also based on user

www.ornl.gov/ornlreview

inputs, which are identified in the Cell Design Parameters tab of
the included toolkit. Subsequently, the pack parameter calcula-
tions and cell design specifications listed below are used to eval-
uate battery design.

Table 1. Advantages of SolidPAC over BatPaC.

Feature BatPaC | SolidPAC | The SolidPAC Advantage

Specific for SSBs | No Yes Unique. Fills a void in the
SSB design process.

Uses spreadsheets | Yes Yes

Uses GUIs No Yes The unique GUI makes
SolidPAC easy to operate

User-friendly No Yes and accessible to more users.

Open source Yes Yes

Interactive No Yes The SolidPAC GUI
facilitates user interaction.

Pack Parameter Calculations

* Pack energy requirement: This value is based on a
standard energy consumption of a light hybrid electric
vehicle per mile of travel as estimated by the Urban Dyna-
mometer Driving Schedule cycle, which is assumed to
be 250 Wh/mile.

* Number of modules per pack: This is the product of
modules per row and rows of module per pack.

Total cells per system: This is the product of cells per
module and number of modules per pack.

Pack capacity (kWh): If pack capacity is specified as
user input, that value is used. Alternatively, the user
can specify pack energy or vehicle range, which is then
converted to capacity.

Module capacity: This is the product of pack capacity and
number of modules in parallel.

Cell capacity: This is the product of module capacity and
number of cells in parallel.

Design capacity for 10% capacity loss in first cycle:
Design capacity is assumed to be 10% higher than the
identified cell capacity to account for formation losses.

Cell Design Specifications

* Number of bilayer cells: This number is calculated
differently for conventional and bipolar stacked systems.
It represents the number of individual anode-separator—
cathode layers present within a single cell.

Positive electrode capacity: This is the product of the
nominal capacity of the cathode, mass fraction of the
active material in composite cathode, and composite
cathode density.

* Negative electrode capacity: This is the product of
the nominal capacity of the anode and anode density
(assuming a 100% dense anode).

* System energy: This is the product of the cell capacity and
the cell voltage at 50% state of charge (SOC).



* System voltage: This is the product of cell voltage and
number of parallel packs in the system.

* Cell voltage: This value is defined as the open circuit
voltage for 50% SOC of the cathode material.

The component weights, dimensions, and resistances are esti-
mated based on these specifications. Although certain spread-
sheet-based battery design tools exist, they are difficult to read,
interpret, and use on day-to-day basis. SolidPAC's basic opera-
tion procedure for using SolidPAC is as follows:

1. When SolidPAC is run, a GUI window opens (Figure 2).

2. Various tabs are controlled by selecting the tabs at the top
of the window.

3. User inputs are entered in the first two tabs: Materials
Inventory, and Cell Design Parameters.

4. Users work with existing materials or add their own mate-
rials to the list by providing all requested data.

5. Battery specifications are input by the user in the Cell
Design Parameters tab.

6. When all inputs are entered, the user clicks the Calculate
button on the lower right corner of the screen.

7. The Calculate button turns green, and the values for
cell design are tabulated in the Cell Calculations and
Summary of Results tabs.

8. Users can modify inputs to populate the updated design
parameters and click the Calculate button again.
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Figure 2. SolidPAC GUI screenshot. (Credit: M. Dixit, ORNL)

RESULTS

To explore the toolkit's capabilities, a few example datasets
generated from SolidPAC are discussed below. Results of our
investigation are shown in Figure 3. In these cases, Li7P3Sl1
(LPS) solid electrolyte is used as both separator and catholyte.
The cathode active material is chosen to be NMC622, with the
cathode composition of NMC622:LPS:PVDF:C as 80:10:5:5, with
a negative-to-positive electrode capacity ratio (i.e., negative-to-
positive [N/P] ratio) of 1.2. The cathode areal loading used for
calculations was 5 mAh cm~2. The impact of the separator thick-
ness on cell-level gravimetric and volumetric energy density with
this configuration is visualized in Figures 3a and 3b. When the
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Figure 3. SolidPAC results. (a) Energy density as a function of electrolyte
thickness; (b) energy density as a function of N/P ratio; (c) gravimetric
and (d) volumetric energy density for SSBs with differing separator
materials in conventional and bipolar materials. For the calcula-

tions with results shown in (b), LPS solid electrolyte was used as both
separator and catholyte. For all the calculations, the cathode active
material was assumed to be NMC622, with the cathode composition of
NMC622:LPS:PVDF:C as 80:10:5:5, lithium metal anode with an N/P ratio
of 1.2 (unless mentioned otherwise) and electrolyte thickness of 25 pm
(unless mentioned otherwise). The cathode areal loading used for calcu-
lations was 5 mAh cm-2. (Credit: M. Dixit, ORNL)

separator has a 25 um thickness, this configuration yields an
energy density of ~400 Wh kg-! and ~1,550 Wh L-1. This is close
to the proposed energy densities for SSBs. However, most reports
have separator thicknesses in the range of ~100s of um, which
would result in energy densities in the range of 150 Wh kg-1-
250 Wh kg~! and 550 Wh L-1-950 Wh L-1. As a comparison, the
energy density of a conventional LiNiCoAlO,—graphite cell is 250
Wh kg1 and 570 Wh L-1. Thus, it is crucial to keep the separator
thickness below 100 um to achieve meaningful cell-level energy
densities. Another aspect explored in our work was the impact on
the energy density of excess lithium in the cell. At 20% excess, the
cell energy densities were estimated as ~400 Wh kg-! and ~1,550
Wh L-1, as determined above, decreasing to 308 Wh kg-! and
707 Wh L-1 at the N/P ratio of 10, and further decreasing to 97 Wh
kg1 and 105 Wh L-1 at the N/P ratio of 100. At the areal cathode
capacity of 5 mAh cm~2, the excess anode thickness for N/P = 0.2
is roughly 0.5 ym while, at N/P =10, it is 250 um. Although they are
not typically reported in recent studies, the thicknesses of lithium
employed as an anode in SSBs are several 100s of um. Therefore,
keeping a limited amount of excess lithium in the system is a must
for achieving high energy density in SSBs. It should be noted that
previous works highlighted the importance of limiting electrolyte
thickness and lithium excess in SSB research [5,6].

SSBs are a burgeoning technology for next-generation
energy storage. Component design and integration need to be
tailored to achieve the purported advantages in energy density
and power density over conventional Li-ion batteries. Herein, we
showcase SolidPAC, an experimental interactive, GUI-based
toolkit that can be used for SSB design. The overarching goal of
SolidPAC is to enable a battery-on-demand design toolkit, with
the current version providing design metrics up to the cell level
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with associated metrics for energy density. The SolidPAC toolkit
will be extremely usetful for research organizations and industry
engaged in elucidating the potential of SSBs and developing
more practical SSBs than are currently available.

CONCLUSIONS

SSBs have the potential to be significant next-generation
technologies for high energy density and high power density
rechargeable battery applications. It is crucial to identify the
metrics that an emerging battery technology should fulfill to
achieve parity with conventional Li-ion batteries, primarily in
terms of energy density. Limited approaches exist today to
assess and extrapolate the impact of battery designs and cell
component selection on the cell-level energy density of an SSB.
SolidPAC is an interactive experimental toolkit that enables SSB
design for user-specified application requirements. The toolkit is
flexible, enabling the battery community to quantify the effects
on cell energy density and costs of materials chemistry and frac-
tions, electrode thicknesses and loadings, and electron flows
and to use reverse-engineering concepts to correlate cell energy
density output to materials and cell design inputs.

IMPACT

SolidPAC has seen excellent engagement with the SSB design
community since its release in February 2022. The authors have
received positive feedback from the global community, with the
manuscript [4] listed as one of the most downloaded papers for
Cell Reports Physical Sciences. It won an R&D100 Award in 2022
in the software category.
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Taking the Helm: Navigating Net-Zero Futures and Nonproliferation Uncertainty from Floating

Nuclear Power Plants
M. R. Fialkoff, J. J. Karcz
Nuclear Nonproliferation Division

fialkoffmr@ornl.gov

COMPETING SECURITY CHALLENGES: CLIMATE
SECURITY VS. NUCLEAR SECURITY

Critics call them “floating Chernobyls,” while embarking
countries view them as a net-zero energy delivery system.
Regardless of your view, floating nuclear power plants (FNPPs)
are unique and pose nonproliferation challenges because of
their construction and deployment in the maritime domain,
coupled with the novel safety, security, and safeguard issues
they raise. FNPPs have remained a dormant technology since
first being deployed by the United States in the 1960s with the
MH-1A Sturgis (Figure 1). FNPPs have re-emerged as a nuclear
power option to support a net-zero future [1,2] as the world's

energy demand continues to grow. FNPPs offer numerous bene-
fits in the fight against climate change. They can, for example,
be deployed to remote or coastal locations, where power options
are scarce or nonexistent. As countries explore nuclear power
as part of broader decarbonization strategies, FNPPs provide an
alternative to land-based nuclear power plants (NPPs) because
of the limited infrastructure investment involved and the elimi-
nation of the nuclear waste problem, as FNPPs are towed away
with the waste returning to the Supplier State.

While FNPPs look appealing for the aforementioned reasons,
they pose nonproliferation challenges with regard to safety, secu-
rity, and safeguards. FNPPs are not addressed by most interna-
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Figure 1. MH-1A Sturgis, the first FNPP developed by the United States
[1]. Source: US Army Corps of Engineers, Galveston District. (2013).
Sturgis [Color photographl. Public domain. Retrieved from https://www.
dvidshub.net/image/1223917/sturgis.

tional instruments in nuclear and maritime law. As a threshold
issue, classifying an FNPP within existing international frame-
works presents challenges because an FNPP can be categorized
as both a facility and in transport, depending on its use at a given
time and location. Guidance on physical protection and mari-
time security measures for FNPPs in international instruments
is lacking. Additional issues continue to call the deployment of
FNPPs into question. These relate to their deployment and opera-
tion and the obligations of host regulatory bodies, which present
fundamental questions regarding who is responsible for ensuring
the highest standards of safety, security, and safeguards when an
FNPP is deployed outside the jurisdiction of the Supplier State.

Opver the past few years, researchers in the Transportation
Security, Engineering, and Analysis (TSEA) Group within Oak
Ridge National Laboratory’s (ORNLs) Nuclear Nonprolifera-
tion Division have studied the regulatory and technical ques-
tions related to FNPPs. Preliminary research has concluded that
FNPPs sit at the interesection of nuclear and maritime security,
requiring close coordination and collaboration between the
International Atomic Energy Agency (IAEA) and the International
Maritime Organization (IMO). Recent meetings held by the IAEA
highlighted that classifying the FNPP as a vessel, cargo, or plat-
form will require revising international legal instruments. This
issue, however, only scratches the surface. Further investigation
is needed to outline the required maritime security measures
for the FNPP when docked at port. Analysis should include
comparing the Maritime Security Zone (MSZ) with the Emer-
gency Planning Zone and determining the impact of both zones
on commercial operations at ports. Additional analysis is needed
to understand the rights of Transit States as FNPPs transit through
a third country’s jurisdiction.

These questions and more highlight the interplay between
climate change and nuclear security, which raises a fundamental
question: how can countries planning to use FNPPs as part of
their decarbonization strategies ensure the vessels meet the high
standards of nuclear and maritime law? This article presents
research and early results, identifying gaps and offering mitiga-
tion strategies for FNPP deployment.

FNPPs: SUPPORTING NET-ZERO GOALS OR A
NUCLEAR TITANIC?

An FNPP is a nuclear reactor stationed on a barge in the
marine environment, providing power to remote or coastal

environments. The world's only currently operating FNPP, the
Akademik Lomonosov, can be towed to and from multiple destina-
tions. It utilizes two KLT-40S reactors that generate ~70 MWe to the
deployment area [3]. The KLT-40S is a pressurized water reactor
that uses a low-enriched uranium (<20% 235U) core to generate
power. The size and general design allows the reactor to operate
for longer periods of time before refueling. Figure 2 shows the
components of a typical FNPP such as the Akademik Lomonosov.
At minimum, the refueling cycle for KLT-40S reactors is approxi-
mately every 2 years, with the possibility of increasing the length
of time between refueling cycles based on operating and design
parameters [4]. Additionally, the lower uranium enrichment of
the KLT-40S fuel could contribute to enhanced proliferation resis-
tance, according to IAEA guidance [4]. The FNPP’s mobility and
reactor life cycle make it an attractive energy source alternative
for isolated communities or coastal states, as the international
community works toward decarbonization.

Although FNPPs sound promising and the technology may
appear relatively simple, the nature of the nuclear and mari-
time domains—and the interface between them—is complex.
Careful consideration must be given to an FNPP's deployment

Figure 2. Components of an FNPP [3]. Source: International Atomic
Energy Agency. General view of an FNPP with two KLT-40 reactors [Color
Graphicl. Retrieved from https://www.iaea.org/publications/10516/
legal-and-institutional-issues-of-transportable-nuclear-power-plants-a-
preliminary-study.

to ensure it does not become the common cliché, a "nuclear
Titanic.” FNPPs require integration between maritime and
nuclear domains, raising questions about existing obligations;
prioritizing one domain over another; and harmonizing practical
elements of maritime and nuclear concerns such as safety, secu-
rity, and policy.

Within nuclear law, the traditional paradigm for nonprolif-
eration is called 3S—Safety, Security, Safeguards—with each
pillar having its own international agreement(s) and underlying
guidance. The Convention on Nuclear Safety (CNS) addresses
nuclear safety, the Convention on the Physical Protection of
Nuclear Material (CPPNM) and its Amendment (ACPPNM)
address nuclear security, and the Treaty on the Non-Proliferation
of Nuclear Weapons addresses nuclear safeguards [5-8]. Under
maritime law, maritime safety and security is largely governed
by the Safety of Life at Sea (SOLAS) Convention and the Interna-
tional Ship and Port Facility Security (ISPS) Code, an Annex to
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SOLAS [9,10]. While these frameworks are sufficient for nuclear
material transport in the maritime domain, we must begin to
ask ourselves whether they are sufficient to meet nonprolifera-
tion uncertainties in view of the maritime requirements needed
for FNPPs. For example, given the overlap, could nuclear safety
and security be sufficiently covered by the ISPS Code and other
relevant IMO instruments? Similarly, in the absence of maritime
frameworks governing nuclear material protection, might the
CPPNMV, the ACPPNVM, and other IAEA instruments be sufficient
to cover potential legal gaps?

Classification of an FNPP as cargo, a vessel, or a platform
will be a major driver in how international frameworks apply and
shape safety, security, and safeguards requirements. Once a
standard classification is defined for the FNPP and internation-
ally accepted, how might this impact domestic regulations and
the decision by a State to use or deploy an FNPP? If a Host State
does not have the regulatory or physical infrastructure to suffi-
ciently protect and operate an FNPP within its jurisdiction, extra-
territorial considerations may create additional complexities with
regard to ensuring the Supplier State complies with international
obligations when deploying an FNPP. These scenarios present
both regulatory and technical questions that ORNLs TSEA
Group is well-positioned to explore, given its interdisciplinary
makeup, which includes lawyers, engineers, and physical protec-
tion specialists.

IDENTIFICATION OF GAPS AND CHALLENGES TO
DEPLOYMENT OF FNPPs

From the perspective of international legal frameworks,
preliminary research and analysis indicates that FNPPs fall
within a gray zone for much of the existing nuclear and maritime
legal instruments. For nuclear safety, the CNS is not applicable
because it applies only to land-based nuclear installations. The
CPPNM and ACPPNM cover the physical protection of FNPPs;
however, the deployment scenarios of an FNPP, either at a port
facility or in various locations in the marine environment, high-
light the need for additional guidance from the IAEA and IMO
on nuclear and maritime security measures. If the FNPP is being
built within the jurisdiction of a nuclear-weapon state (NWS), the
applicability of safeguards and the extent that the FNPP would be
reported under a Comprehensive Safeguards Agreement (CSA)
or a Voluntary Offer Agreement (VOA) have yet to be determined.
For maritime safety and security, existing maritime requirements
specific to the transport of nuclear materials are insufficient with
regard to vessel specifications and cargo handling for an FNPP.

Below, we briefly discuss gaps and challenges for FNPPs as
they apply to the 3S paradigm. The gaps indicate not just legal
and regulatory questions but practical questions regarding guid-
ance on nuclear and maritime safety, security, and safeguards.

Safety. FNPPs are outside the jurisdiction of the CNS because
it applies only to land-based NPPs. A cornerstone of nuclear
safety, the CNS entered into force a few years after the nuclear
accident at Chernobyl, and its articles “represent a commitment
by contracting parties to achieve and maintain a high level of
safety in [the nuclear field]” [11]. Article 2(i) defines a nuclear
installation as:

www.ornl.gov/ornlreview

... any land-based civil nuclear power plant under its jurisdic-
tion including such storage, handling and treatment facilities for
radioactive materials as are on the same site and are directly
related to the operation of the nuclear power plant [5].

Because the FNPP by its nature is a marine-based NPP with
limited connection to the land, the CNS would be inapplicable.
This presents a major gap in how principles of nuclear safety
would apply to an FNPP. Alternatively, the IMO, through the
SOLAS Convention, provides guidance on the safety of nuclear
merchant ships through Chapter VIII of the Convention, though
this would imply an FNPP is a vessel and such guidance would
be applicable [9]. Additionally, an Annex to SOLAS, the Safe
Carriage of Irradiated Nuclear Fuel, Plutonium and High-Level
Radioactive Wastes on Board Ships (INF) Code, provides robust
safety guidelines for construction of vessels transporting nuclear
material [12]. Guidelines address engineered protections for
damage stability, fire protection, and redundant systems to
ensure protection against marine hazards [13].

As the dabove illustrates, the overarching problem with
applying the current maritime safety framework is that there is
no settled taxonomy for whether an FNPP is a vessel or a facility.
So, because the CNS is not applicable, existing maritime law is
insufficent for this emerging energy alternative. If maritime law
could be applied, the FNPP would not need to align with vessel
standards particularly specified in the INF Code and Chapter
VIII of the SOLAS Convention.

Security. In the TSEA Group's research, the FNPP was
analyzed under three scenarios: docked at a port, 8 nautical
miles within a State's territorial waters, and in transit. Initial
results focused on the response to a nuclear security event during
each scenario. The researchers identified appropriate Compe-
tent Authorities and their respective security roles and respon-
sibilities during the deployment of an FNPP. These initial results
generated questions about nuclear security topics that should be
further investigated, including:

* psychological impacts to personnel working on FNPPs and
the link to insider threats;

e different threat vectors and whether the threat in each
scenario presents more risk of a malicious attack; and

* assessment of how sufficient physical protection measures
are based on extraterritorial deployment (e.g., potential
changes in the MSZ at the port or in transit, the role of
tugboats depending on FNPP classification).

Safeguards. At a highlevel, itis currently unclear where FNPPs
fall, if at all, within existing international safeguards frameworks,
as we have not had the opportunity to consider specific needs
related to these reactors transiting and operating while moving
through multiple jurisdictions. The world's only operating FNPP,
the Akademik Lomonosov, has not left Russia’s jurisdiction, and
it is currently unclear whether the FNPP is covered within the
country’s VOA. Additionally, evaluating how FNPPs are covered
by VOAs and CSAs once FNPPs are leased between Host and
Supplier States adds complexities to their deployment. For VOAs,
this scenario raises questions about NWS obligations to disclose
domestic safeguards to the [IAEA. The current state of CSAs
likewise creates further uncertainties about whether FNPPs
are subject to these agreements and how material verification



of the reactors on FNPPs will be conducted [14]. Furthermore,
different leasing and funding models pose questions about who
is fully responsible for safeguarding the material during the life
cycle of an FNPP.

NAVIGATING UNCHARTERED WATERS: WHAT'S THE
FUTURE FOR FNPPs?

FNPPs illustrate the nexus between climate change and
national security and present trade-offs between decarbonization
and nonproliferation. While they hold the promise of limited infra-
structure investment and eliminated nuclear waste compared
with traditional nuclear energy production paradigms, FNPPs
introduce novel legal and practical questions that remain to be
addressed. As more countries explore net-zero strategies that
include FNPP deployments, identifying the nonproliferation risks
associated with such technologies will force the international
community to develop stronger physical protection regimes, thus
guaranteeing these technologies meet the most rigorous interna-
tional nonproliferation standards.

The research conducted in support of this effort highlights the
need for international collaboration. Research on FNPPs spans
national laboratories, industry, government, and international
organizations. Working with the IAEA and IMO to develop the
“rules of the road” for the safe and secure deployment of FNPPs
brings together stakeholders from different countries, organiza-
tions such as the World Nuclear Transport Institute, and experts
from the nuclear and maritime sectors.

The challenges posed by FNPPs require interdisciplinary
thinking that accounts for the benefits FNPPs may provide while
ensuring that their deployment is safe and secure. The reality is
that what looks promising from a climate change policy perspec-
tive poses challenges to nonproliferation. Incorporating this
emerging alternative to land-based NPPs will require careful
balancing of various equities and close cooperation among
global partners to ensure nonproliferation and net-zero futures
are mutually reinforced universally.

IMPACT

The renewed focus on FNPPs and their governance and on
the need to develop guidance to ensure that they meet the highest
standards of nuclear safety, security, and safeguards requires
not just a review of legal instruments but practical implementa-
tion within the 3S paradigm. The TSEA Group's research so far
highlights the interdisciplinary nature of this field, touching on
nuclear law, maritime law, nuclear engineering, transport secu-
rity, and physical protection of nuclear material. ORNL staff are
supporting international efforts to develop guidance for transport
security and safety for the broader class of transportable nuclear
power plants, including FNPPs. By helping to develop guidance
and offering recommendations for FNPP “rules of the road,”
ORNL is contributing to the global conversation on transport
safety and security of this promising technology.

As global discussions continue related to decarbonization and
the role of nuclear energy in achieving net-zero futures, FNPPs
will continue to be part of the conversation. Developing guidance
and ensuring transport security and safety of this technology are
critical tasks for nonproliferation and global security, with experts

within ORNL's TSEA Group manning the helm and having both
the regulatory and technical expertise to lead these discussions.
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INTRODUCTION

Whether or not the recent hot summers result from climate
change, the political, environmental, and scientific message is
clear: COy levels in our atmosphere are growing very rapidly
(beyond historical levels), and the average global temperature
rise since 1970 is monotonically increasing [1]. Figure 1 shows
the steep rise in CO, levels since the Industrial Revolution,
and Figure 2 shows temperature rise between 1880 and 2020.
The use of fossil fuels, which powered the Industrial Revolution
and enabled today's energy-intensive lifestyles, will have to be
phased out if we are to mitigate climate change. Energy sources
that do not produce greenhouse gases will be selected for
development. Present targets, which are likely to further evolve
due to practical realities, point toward the 2050s as a net-zero
state, where non-CO, energy sources will have largely replaced
COy-generating ones. This gives us a window of ~30 years to
establish new power plants, new energy sources, and a series
of new energy paradigms. Nuclear fission, ripe for a resurgence,
and nuclear fusion, ripe for start-up initiatives, can strongly
contribute to this movement.

BACKGROUND

The Advanced (Fission) Reactor Demonstration Program
[2] was recently established by the US Department of Energy
(DOE) to rapidly develop significantly improved power plant
technologies through partnerships with industry. The partner-
ships target advanced reactor demonstrations, risk reduction for
future demonstrations, and innovative and diverse new designs.
The advanced reactors incorporate a wide range of concepts
involving passive safety; advanced fluids (e.g., liquid metals,
molten salts); new fuel configurations; compact designs; and
several other desirable attributes. Initial applications addressed
electricity production but now involve a broader scope including
desalination plants, hydrogen production plants, chemical/phar-
maceutical processing plants, and small (and micro) reactors [3].
The industry-led partnerships rely heavily on the national labo-
ratory complex to provide the infrastructure required to rapidly
prototype these advancements in technology.

The technical basis for fusion energy has been rapidly
progressing, with an international burning plasma demonstra-
tion facility (i.e., ITER) reaching ~75% completion for first plasma
in France. The US fusion community, and subsequently the
Fusion Energy Sciences Advisory Committee, developed the
consensus view that fusion energy must become the focus of the
DOE Fusion Energy Sciences program [4]. The target facility,
called the Fusion Pilot Plant, is expected to produce an in-service
environment prototypical of a fusion power plant (FPP) and a
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Figure 1. Historical CO, levels over nearly 1 million years, highlighting
the stark rise in CO, levels in the last 100 years (far right). Data sources:
Luthi et al., Etheridge et al., Petit et al., National Oceanic and Atmo-
spheric Administration, Scripps CO, Program [7-11]. Retrieved from
https://climate.nasa.gov/vital-signs/carbon-dioxide/.
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Figure 2. Historical temperature difference from the average between
1880 and 2020. Solid black line is the average historical temperature;
gray circles show annual mean temperatures. Since 1970 the rise is more
pronounced. Data source: National Aeronautics and Space Administration
Goddard Institute for Space Studies [12]. Retrieved from https://climate.
nasa.gov/vital-signs/global-temperature/.
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small level of net electric power (i.e., ~10-100 MW,). In 2021,
the National Academy of Sciences, Engineering, and Medicine
issued a report calling for an aggressive move to commercialize
fusion [5]. In parallel, several private entities have emerged
over the past 5 years to pursue a wide range of fusion energy
concepts, raising nearly $4.8 billion for R&D. In March 2022, the
White House announced a bold decadal vision to accelerate
fusion energy development [6], launching an agency-wide DOE
initiative. Although the technical aspects of an FPP are at lower
Technology Readiness Levels than fission power plants, the DOE
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initiative calls for moving more deliberately toward viable solu-
tions for energy production.

To move the country forward on fission and fusion R&D, a half-
decade ago, the US Congress passed the Nuclear Energy Inno-
vation Capabilities Act of 2017 (P.L.115-248). In 2019, Congress
passed the Nuclear Energy Innovation and Modernization Act
(P.L.115-439), by which the US Nuclear Regulatory Commission
(NRCQ) is required to begin developing new regulatory frame-
works to accommodate these new and innovative designs. The
NRC has been developing protocols for assessing advanced
fission reactors that entail new fluids and materials and more
recently hosted a public forum to hear from stakeholders in fusion.
The agency will issue a white paper on licensing approaches.

IMPACT

What is the opportunity for Oak Ridge National Laboratory
(ORNL)? Advanced fission and fusion reactors utilize many
cutting-edge technologies to vastly improve the safety and
performance of power plants, but these require deeper under-
standing and more complex solutions than we currently have
at our disposal.

Research in materials, advanced fluids, material interac-
tions, advanced manufacturing, measurement in nuclear envi-
ronments, and high-fidelity multiphysics simulations is required
to make fission and fusion energy a redlity. Groundbreaking
scientific investigation into these topics will require both existing
and new experimental infrastructure and a cohesive collection
of technical disciplines that exist only at ORNL. Large facili-
ties like the High Flux Isotope Reactor, Manufacturing Demon-
stration Facility (MDF), Spallation Neutron Source, and soon
the Material Plasma Exposure eXperiment (MPEX), as well as
dedicated smaller experiments, can provide the scaffolding for
understanding and advancing the science for a new generation
of nuclear power.

Structural materials that can withstand neutron damage
and nuclear transmutation are critical to obtaining long-term,
reliable reactor component lifetimes. Targeting low-radioac-
tivation materials is central to fusion development. In addition,
sustaining high strength at high temperatures will enable us
to leverage high thermal conversion (to electricity) efficiencies.
The harsh environments present in these reactors modify mate-
rials’ properties relatively quickly (i.e., in a few years), ultimately
resulting in failures if they are not routinely replaced. Under-
standing material evolution in complex service environments,
including temperature, stress, hydrogen, transmutation, and
magnetic fields—and large gradients in these parameters—is
necessary to design FPPs with confidence. The unique experi-
mental and theoretical materials science capability at ORNL,
advanced engineering design and experiments undertaken by
ORNLs Fusion and Fission Energy and Science Directorate,
and the world-leading simulation resources of the Computing
and Computational Sciences Directorate (CCSD), combine to
provide the critical mass required to develop the next-generation
structural materials fundamental to advanced nuclear systems.

Coupled with these materials are advanced fluids such as
liquid metals and molten salts that can operate at higher temper-
atures than water and simultaneously provide tritium breeding,

neutron spectrum control, reactivity control, lower-pressure
operation, and more compact cores for higher power density.
These fluids are challenging, however, in their thermal and flow
behaviors; interactions with solids (e.g., corrosion); neutron and
gamma impacts; and their chemistry, requiring sophisticated
design and control. In fact, for fusion, the magnetic field can
amplify corrosion mass losses by two to three times. Extracting
a wide range of impurities from these fluids and maintaining
their stoichiometry is critical for their optimal performance and
would best include activated corrosion products. Existing flow-
loop experiments can be extended to more prototypical and
comprehensive experiments, targeting detailed flow behaviors,
corrosion/compatibility, and nuclear exposures. Computational
advances have allowed, and will continue to allow, high-fidelity
simulation of these complex fluid responses under heating,
transmutation and gas production, electromagnetic interactions,
complex geometries, chemical reactions, and mass transport.
Pursuing such fluids without significantly better scientific basis
will put these concept proposals at serious risk.

In fusion, plasma-facing materials are exposed to both
neutrons and plasma—charged particles, high-energy neutral
particles, and photon heating as well as erosion—creating an
extreme environment in desperate need of innovative solutions.
High heat flux, plasma-materials interactions, and materials
science must converge to explore and resolve existing chal-
lenges to provide plasma-facing components with long-term
lifetimes and robustness to normal, nonsteady, and off-normal
loading situations. The surface of these materials can quickly
become compromised as they are bombarded by particles and
energy, and even potentially melted in off-normal scenarios.
Developing material solutions coupled to high-performance
cooling approaches is necessary, and again ORNLs existing
and developing expertise can be combined to address this
need. The MPEX program will allow simultaneous plasma and
heat loading, a new helium flow loop has been constructed to
explore optimized thermal performance for cooling, and ORNL's
deep expertise in fluids simulation enables us to be the scientific
leader and innovator for plasma-facing science and technology.

Several special materials are used in fission and fusion reac-
tors to accomplish robust operation; ensure safety; and meet
critical operational sustainability related to tritium breeding,
neutron multiplication, hydrogen confinement, electrical and
thermal insulation, corrosion coatings, neutron shielding,
fission fuel and cladding, moderators, reflectors, and neutron
absorbers. Their behaviors in the appropriate service environ-
ment must be confidently known, or they risk compromising
overall reactor core operation. For fusion, breeding tritium fuel
to sustain the power plant is a critical function, and the tritium
must be recovered and processed before being injected into the
plasma chamber. The breeding materials must contain lithium
and must be stable and reliable while also allowing the tritium
to be released. The harsh reactor environment can significantly
change these breeding materials, causing them to reconfigure,
and can enhance or inhibit the migration of tritium throughout
the reactor core. Neutron shielding is a well-established disci-
pline, but it is challenged in advanced reactor applications by
more compact designs, integration and geometry, and severe
requirements to protect sensitive components beyond the reactor
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core. The coupling of neutronics and material simulation is at
the forefront of predicting these materials’ responses and opti-
mizing materials for their environment (i.e., fluence, temperature,
loading, and maintenance).

Making measurements in nuclear systems is extremely diffi-
cult because most of the materials and their functionality are
severely degraded when exposed, depending on where they
are located relative to the neutron and gamma sources. Both
permanent damage from accumulated radiation and dynamic
radiation effects during direct exposure affect a diagnostic tool's
function. A wide range of measurements is needed, including
magnetic fields; photon radiation energy; gas pressure; various
photon signals; temperatures; and stresses utilizing fibers,
bolometers, pressure gauges, electrical wire, strain-gauges,
and windows. Virtually all of these need dielectrics to function
and/or carry signals. Electronics technology is required to boost
signals, cameras are widely used to monitor and inspect, and
piezo-motors are needed for motion and rotation. All need to
be durable in the harsh neutron and gamma environments of
advanced reactors. Advancing measurement and control for
advanced fission reactors would enhance their operation and
efficiency as well as safety. In fusion, controlling the plasma
and monitoring the core engineering systems will be para-
mount to their reliable operation. Beyond operational monitoring
and control, remote inspection and maintenance are complex,
relying heavily on diagnostics to function properly. Focusing on
radiation-hardening measurement systems and pushing the
envelope to allow diagnostics closer to the energy source is vital
to advancing fission and fusion reactors. Leveraging advanced
manufacturing to embed diagnostics into components may
provide a new paradigm for nuclear systems.

Uncovering the science and turning knowledge into solu-
tions is an area in which ORNL has always excelled. ORNL can
aggressively support industry and public programs pursuing
a climate mitigation strategy that includes fission and fusion
energy. Within ORNL, several organizations engage these
topics, including the Fusion Energy Division (FED), Nuclear
Energy and Fuel Cycle Division (NEFCD), Material Science and
Technology Division (MSTD), CCSD, MDF, and US ITER. In addi-
tion, ORNL can leverage capabilities such as the Molten Salt
Reactor Experiment (MSRE) program to develop novel tech-
nologies and knowledge related to material interaction and salt
chemistry, advanced modeling and simulation to analyze and
model nuclear concepts beyond experimental capabilities, and
advanced sensing and instrumentation to fill gaps in develop-
ment of radiation-tolerant systems within NEFCD. Further, the
Blanket and Fuel Cycle program within FED and the Fusion
Materials Science program within MSTD, and countless stra-
tegic partnerships, firmly position ORNL at the forefront of fission
and fusion science. For example, under the MSRE program,
several extreme high-temperature thermal fluid loops were built
to study material interactions and corrosion, serve as a test bed
for technology demonstrations, explore validation examples for
modeling and simulations, and provide a tool for purification
of thermal materials. A single experiment can support multiple
cross-cutting studies.

www.ornl.gov/ornlreview

Eighty years ago, ORNL answered the call to develop nuclear
weapons that could change the course of World War II. With the
closing of the Manhattan Project, ORNL turned to spearheading
peaceful nuclear power, protecting the environment; enhancing
energy efficiency; and developing special materials, neutron
science, high-performance computing, and many other founda-
tional capabilities when the national need arose. The Earth's
climate is this century’s challenge, and the United States has
begun to search for solutions. How will ORNL respond? If we
believe that fission and fusion energy can tackle the challenge of
clean energy and climate change, it is imperative that we pursue
the most difficult scientific and technological barriers for these
energy sources to mitigate the threat posed by climate change.
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