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Editorial: ORNL Could Be DOE Leader in Carbon Management

ore and more scientists agree that the world is experiencing a war Editor and writer—Carolyn Krause
ing trend. Scientists who once asked whether global warming is 0CCUlTiNGE NS ST 1o 8=1e [11o) Al ) =) (0] e 14} 212 114 he

are now trying to predict its effects. In tHeS. National Assessment 0 Editorial Board—Lee Riedinger (chair),
Potential Consequences of Climate Variability and Chamdech was officially
released to the public June 12, 2000, the U.S. government made its first thofo
assessment of the potential consequences to our nation of global warming. The,
port mentions steaming northern cities in the summer, eroding coastlines, increas
drought in some regions, changes in rain and snowfall patterns that could affect
availability of fresh water, and bumper crops in the heartland.
Will intensified global warming increase the variability in our weather patterns
and bring about longer droughts, bigger floods, and more violent storms? Will oce
levels rise enough to flood coastal states? Can these climatic impacts be dela
Researchers working in the field of carbon management are developing techno
gies and strategies to slow the growth in atmospheric levels of greenhouse gas
especially carbon dioxide (CJoin the hope of avoiding climate changes. Carbon
management is defined as “the full range of science and technology opportunit
/ (including policy options) to stabilize atmospheric @0ncentrations by decreas
W. FE. Harris ing the carbon-production potential of the energy system and by reducjren@o o .
sions, including the capture and sequestration of atmospheyn@@nodification Editorial office address:
of the carbon biogeochemical cycle.” Building 4500-South, M.S. 6149,
Researchers at Oak Ridge National Laboratory are studying three approaches to retarding the g Oak Ridge, TN 37831-2008
in atmospheric Cmissions from human activities (including burning forests to clear land for agriculSSEIESICIIENCED RTAT ALY
ture). One approach is to develop and implement energy-efficient technologies to decrease the need tQBUERAS R FErZRe 1k E
CO,-emitting fossil fuels. Another plan is to switch from fossil-fuel combustion to lower-carbon and caENEEE IR PEIRSE TR @I
bon-free fuels and technologies for power production. A third proposal is to capture carbon emissions fFOREINEEVIENAE R Tolo {155
energy production facilities and securely store, or sequester, the carbon in plants, geological format www.ornl.gov/ORNLReview/
and the oceans.
In this issue of th®RNL Reviewlike Farrell, director of the Global Environmental Studies Program
at ORNL and leader of ORNL's carbon management program, and other ORNL leaders discuss issueSon=IzEN NN o)1=l NIy Rig ERO 11 Lo
carbon management and the reasons why ORNL is well positioned to play a leading role in carbon man@ge=ii==1e) A\ (= (o= =10l Nl o V=1 16 (=)
ment research. This issue also features highlights on ORNL work in the carbon management field: energze aahial=H\Eile) =\ L={elalalle=1 N [aiie]gaat=1il0))
efficient appliances and cooling systems for buildings that reduce the need to burn coal; new waySHS=lao=HUFTBI= o=\ g1 g =1a 100 L OL0] a1 (= (o)
produce and detect hydrogen for use in fuel cells that make electricity; a design of a highly efficient| pOMWEERIEISH =16 o= 1o}/ HTor=To FESTo dlalei[=) [0 BAV/A
plant that combines a solid-oxide fuel cell with a gas turbine and incorporates ORNL's novel heat-exchangezl
and separation technologies; a new carbon capture and separation technique of great interest to indus

Fred Bertrand, Eli Greenbaum,

Russ Knapp, Reinhold Mann,

Stan Milora, Thomas Zacharia
Designer/lllustrator—Jane Parrott
lllustrator—Gail Sweeden
Photographers—Curtis Boles, J. W. Nave

The Oak Ridge National Laboratory
Reviewis published three times a year
and distributed to employees and others
associated with or interested in ORNL.

energy when harvested; sequestration of carbon in geological formations and in biologically active PORBES E =11 [o1=8 NEITe/y 18 B=1616) =\ (o) WAL
and improvement of degraded lands to make them store more carbon. managed by UT-Battelle, LLC, for the

We are studying methane hydrates in the ocean and Arctic permafrost because they hold a treme Separtment of Energy under contract
natural gas resource that could affect climate change favorably or adversely, depending on how the hydiIESINGT S lol6) oyl

even if all the greenhouse gas controls recommended at the Kyoto conference were implemented.
ORNL is also practicing carbon management in its operation ISSN 0048-1262

Oak Ridge National Laboratory is a
multiprogram, multipurpose laboratory
that conducts research in energy
production and end-use technologies;

wind turbines, and landfill gas.

Because of the range of expertise and experience at ORNL, we bel
we are well positioned to be a leading Department of Energy laborat
carbon management. As one of the four Battelle labs in the DOE sys : . . :
the others are the Brookhaven and Pacific Northwest national laboratories biological and environmental SCIENCE
and the National Renewable Energy Laboratory, we at ORNL are proud to be part of the Battelle-DOE kiSO A EEELIYECES
Carbon Management Network. We hope this issue dRéviewwill provide the world with a window on synthesis, processing, and
an important part of DOE’s research capabilities in carbon management. characterization; and the physical

sciences, including neutron-based
% science and technology.
/ﬁﬁ&&u/ , Associate Director for Energy and Engineering Sciences
;7/ 4W Associate Director for Biological and Environmental Sciences

J.W. Nave
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1ging Carbon:
's Research Roles

began studying how trees take carbon frofar power, hydrogen, and fuels

the atmosphere, incorporate it into their leaves jafiom biomass. As a result, ORNL
wood, and return it as carbon dioxide after thesesearchers have developed insula- 16¢
die. Ever since, studies of the global carbon cycln standards and more efficient re- ¥
have been under way at ORNL. frigerators and heat pumps (for cool-

In 1975, a former ORNL director and nucleaing homes and heating water) and
power enthusiast, Alvin Weinberg, met with a numhave led a program that could bring
ber of government officials. He reiterated the scietarge-scale production of biofuels from
tific concern expressed by Roger Revelle of Hahybrid poplar trees and switchgrass.|
vard University in 1965. Weinberg told them that From 1976 to 1984, Weinberg’s In
the carbon dioxide buildup in the atmosphere asstitute for Energy Analysis (IEA) in Oa
result of increased fossil fuel combustion for poweRidge was the nation’s center for issué
production could lead to climate change. He remindelated to carbon dioxide. Then emerd
ed them that nuclear power plants do not produdeg studies of carbon dioxide and globa
carbon dioxide, a greenhouse gas that traps e cekmete at. ORNL and other labs begat'f'overs offechnology Opportunities to Reduce U.S. Green-
heat from the sun, warming the earth’s surface. Agaceiving increased support from DO ,se Gas EmissioasdCarbon Sequestration Research and
result, the effect of human activities on atmospherand IEA researchers such as Gregg M@Jayelopmenttwo DOE reports that ORNL played a major
carbon dioxide levels began to receive governmelaind and David Reister came to ORNkg|e in writing, editing, and publishing.
attention; a carbon dioxide effects office was estaln 1989 ORNL Director Alvin Trivel-
lished in the Energy Research and DevelopmentAgiece established the Center for Global Envirpridnited States to their 1990 levels by the year 2010.
ministration, the predecessor of the Department afental Studies at the Laboratory. In 1999 the same five labs were asked to extend
Energy. In 1997 a group co-led by Marilyn Brown, their analysis to 2020 and to identify specific pol-

Also in 1975, a program of carbon dioxidedeputy director of the Energy Efficiency and Reicies and programs that could produce the techno-
research was started at the Laboratory, which faewable Energy Program at ORNL, completed lagical advances and market penetration levels
years had focused on the development of nucleaport entitledScenarios of U.S. Carbon Reducneeded to address a range of energy and environ-
reactors as power sources. During the same d®ns which involved contributions from five Der mental challenges facing the nation. This follow-
cade, because of the rising price of imported| gdartment of Energy national laboratories. This resn studyScenarios for a Clean Energy Futuig
and concerns about nuclear reactor safety, ORNilort identified a portfolio of energy-efficient andexpected to be published later this year.
researchers received funding to develop ways tow-carbon technologies that could provide alow- ~ On Earth Day, April 24, 1998, DOE released a
use energy more efficiently and explore alternazost path for reducing carbon emissions in thevo-volume report entitlediechnology Opportuni-

Jeff Christian, director of DOE’s Buildings Technology Center
Marilyn Brown has studied ways User Facility, shows a sample of polystyrene wall insulation Mike Farrell examines a carbon management
to control the greenhouse effect. that cuts energy use in a new Habitat for Humanity home. flow chart on the computer screen.

—_— |

Curtis Boles



Carbon Management

ties to Reduce U.S. Greenhouse Gas E
sions ORNL's David Reichle, Marilyn
Brown, John Sheffield, and Mike Farrej
were the technical co-leaders for the pla
ning and drafting of the DOE report. T|
same year DOE organized a workshop
devise a roadmap for doing research
carbon sequestration, methods for capt
ing and securely storing carbon dioxic
from fossil fuel plants. In December 199
another DOE repor€arbon Sequestration
Research and Developmengs released;
its technical co-leaders included ORN
Reichle, Rod Judkins, and Gary Jacobsf

ORNL Emerging as Leader o

“For 25 years ORNL has been co 2
ducting research that positions us well 19
be a leader among DOE labs in carboM

ike Karnitz (left) and David Stinton chat in the High Températu
aterials Laboratory exhibit area during the Distributed Genera-

be combined with ORNL-developed heat
ted Generatl§h Q) pump chillers that may be marketed as air
Nalion s e e conditioners. If ORNL-developed desiccant
systems are used to pull out the excess
humidity, less air conditioning will be
needed, decreasing energy use 15 to 20%
and reducing carbon emissions. The desic-
cant material that absorbs moisture from the
inside air before it is chilled will give it off
to the outside air when the material is
warmed by waste heat from a microturbine.
The third and newest way to manage
carbon is carbon sequestration. In this pro-
posed approach, carbon will be captured
from the atmosphere and from stack emis-
sions of fossil-fuel combustion facilities.
Some of the carbon may be transformed
into useful products. The rest will be trans-
ferred to aboveground terrestrial ecosys-
fems such as forests, to belowground ter-

T ——

b pad

management,” says Mike Farrell, dII’eCtO{ion Showcase held June 19 and 20, 2000, at ORNL. restrial ecosystems such as underground

of ORNL's Global Environmental
Studies Program and leader of the Laborato

carbon management programs. “We have exploreaid renewable sources such as solar energy,

energy efficiency, clean energy, carbon sources
sinks, the global carbon cycle, biomass, and
mate modeling.

“Because of our historically broad bac
ground in these areas, we were asked to co-
the development of the greenhouse gas emis|

coal seams, and to the ocean.

rytechnologies (nuclear power; hydrogen fuel cells;  DOE has established two carbon sequestra-
tiwh centers, one of which is co-led by ORNL re-
apdwer, and biomass fuels). Both approaches hasearchers. It is the DOE Center for Research on
clieng been studied by ORNL researchers aninhancing Carbon Sequestration in Terrestrial Ec-
other DOE national laboratories. osystems (CSITE), and its co-manager is Gary Ja-

Today, for example, ORNL is studying dis-cobs of ORNL's Environmental Sciences Division
ewitbuted generation—electricity produced on sjtéESD). (For details, see the article in Review
siosing fuel cells and microturbines (which operat®ol. 32, No. 3, 1999, pp. 21-23.) The other is the

reduction and carbon sequestration reports. Doirgn natural gas) and renewable energy systems si@OE Center for Research on Ocean Carbon Se-

this suite of reports allowed us to look at our o

was wind turbines and solar electric cells to meegfuestration (DOCS). ORNL researchers David

skills, other labs’ capabilities, and available techspecific energy needs for factories, hospitals, ar@ole (Chemical and Analytical Sciences Division)

nologies related to carbon management.”
Farrell defines carbon management as “the

range of science and technology opportunities

cluding policy options) to stabilize atmospheric,C!

office and commercial buildings. ORNL researchand Gerry Moline (ESD) participate in one of
fullrs are devising better ways to combine microfuBOE’s geologic sequestration projects.

ivines with fuel cells, which provide waste heatthat  In evaluating ORNL's emerging role as a
Ohelp run the turbines. According to Tony Schaffleader in carbon management research, Farrell

concentrations by decreasing the carbon-productitiauser, manager of ORNL's Energy Efficiency andays, “We found that ORNL's missing pieces in-
potential of the energy system and by reducing C&enewable Energy Program, microturbines coulduded analytical capabilities to determine the

emissions, including the capture and se-

potential of geological and ocean systems

questration of atmospheric C&nd modi- Solomon Labinov prepares to measure air flow in a microturbine g sore pumped-in carbon, to predict how
fication of the carbon biogeochemical cféhRNLs Buildings Technology Center while Jeff Christian 100ks ofy it would be stored, and to assess if the
t

cle” The term “carbon management” ha e vel

been adopted by the business commur
(e.g., electric utilities, coal mining firms
etc.) as preferable to “development of ¢
mate change technologies.”

The carbon- and energy-related r
search being conducted at ORNL todi.
is certainly no carbon copy of the type ¢
research performed here in the past twh
and-a-half decades. “What is new,” saj |
Farrell, “is research on carbon captu
emission reduction technologies, and s
questration.”

One way to manage carbon is to u
energy more efficiently to reduce o
need for a major energy and carbc
source—fossil fuel combustion. Anothe
way is to increase our use of low-carbc
fuels (natural gas and ethanol give ¢
40% as much carbon dioxide as co =
when burned), and carbon-free fuels a: .=

Number Two, 2000

e generator at right.

ometer Labinov is studying is next to the turbine, which d”%uestration methods are safe. We also

A need to determine the best mix of energy-
producing technologies in terms of cost,
energy production, and carbon dioxide
emissions.”

Carbon Management Model

Farrell and his colleagues see the need
for a carbon management model, and they
recently won internal funding to develop
one. “We plan to build a carbon manage-
ment model to evaluate different carbon
management strategies and options,” Far-
rell says. The team of ORNL researchers
who have received funding to build the
model are Tony King of ESD, Kathy Yurac-
ko of the Life Sciences Division (LSD),
Paul Leiby of the Energy Division, Mike
Taylor of the Computational Physics and
Engineering Division (CPED), and Brian

3



Carbon Management

Worley of the Computer Sciences and Mathemagconomical to capture the carbon and convert
ics Division (CSMD). They are conducting theuseful products or dispose of it permanently
research in collaboration with Pacific Northwi
National Laboratory.

life cycle analysis and uncertainty analysis. the meantime, we can switch from high-carbo

“Our model will update and combine exist-lower-carbon or carbon-free fuels and introd
ing global carbon cycle models, energy technoknergy efficiency technologies.
ogy models, and economic models. The model will
be modernized so that it can use different prograrhallenges to Carbon Management
ming languages across platforms and make com-
plex calculations on parallel supercomputers such  One challenge to carbon management is p
as the IBM SP at ORNL.” and animal biomass. Schaffhauser calls plant

“The model will be used to ask ‘what if’ ques-mass “carbon neutral” because, while they give
tions,” Farrell says. “For example, what if it wascarbon dioxide when burned, plants absorbed
decided to introduce hydrogen fuel cell cars in thsequestered the same amount of the greenh
United States to greatly reduce carbon dioxide emigas before they were harvested. “Green plant
sions from the transportation sector, which reprex gift,” Schaffhauser says, “because they pro
sents about one-third of total U.S. carbon emissiong@ with food, fuel, chemicals, building produc
What are the risks and uncertainties with respect&md a way to sequester carbon.” But biomass
building an infrastructure to support these vehiclesBe a large source of carbon dioxide to the at

In building such a model, the developersphere if large tracts of forest are burned bec
are following DOE assumptions, as explaine@f drought and demands to clear the land for a
by Farrell. culture and development.

“We can reduce energy intensity through en-  Bjomass and other materials disposed
ergy efficiency improvements between now anéh landfills decay to form landfill gas, which i
2010,” he says. "We can reduce carbon intensitnostly methane. The release of landfill meth
by substituting clean energy sources for coal confy the air boosts greenhouse gas levels. But la
bustion by 2020. gas can be captured and run through gas tur

Because we have abundant supplies of cogh produce electricity, turning trash into treasur
we can once again burn it in large quantities to

produce energy by introducing carbon capture a
sequestration technologies by 2030. Right now Wgho is also director of the Joint Institute for Ener
can enhance carbon sequestration naturally Byd Environment at the University of Tenness|

planting trees and grasses on marginal farmlangss. farms for raising cattle, poultry, and swine
that can be converted to biomass fuel”

nure, which annually emits almost 3 million met
tons of methane, a greenhouse gas. Becaus

United States has about 15% of the world’s man
-

Why Sequester Carbon?

Farrell says that if the Kyoto conference r
ommendations for controlling greenhouse g
emissions are followed, the United States can
tinue major use of fossil fuels only if we can ¢
ture, transport, and dispose of carbon in an
nomical way. “Right now the technologies

plants.” For most Americans, that's too many gre
backs to reduce greenhouse gases.
People will sequester carbon only if a valugks

Animal waste is also a challenge to carbo
rifﬁanagement.According to ORNL's John Sheffi Ido

help feed the world have 1.4 billion tons of wet a;

t tbis apparent that animal waste worldwide is a sig-
byificant contributor to greenhouse gas levels.

tapped, source of energy. Cleverly applied techno-
-logical solutions could allow farmers to sell ma-

- the animal waste feedstock will help farmers off-
set the costs of controlling pollution from farm

tBroblem is thal
CRarvesting thes
hydrates for en
ergy might re-
sultin the releas
of the methane t
affle atmospher
Ifaising the green
Offouse gas level
BAough to change Burning gas from methane
96 climate (see hydrate ice.
 &Ricle on p. 14).
ide “Asa key resource for science and technolo-
Sgy, we hope to support DOE’s mission of fostering
Calsecure and reliable energy system that is environ-
fhentally and economically sustainable,” Farrell says.
UgSur goal is to be DOE’s major resource of carbon
Yanagement science and technology.

“We hope to expand our leadership in energy
(gfﬁciency R&D by increasing our R&D on dis-
tributed energy power, buildings, and transporta-
"fon. We plan to expand our clean power R&D by

fjﬂqcreasing our R&D on fuel cells, gas turbines,
INekiprocating engines, hydrogen production and
' storage, agricultural biomass genetics, and meth-
Bne hydrates. Through CSIiTE we hope to increase
ur ability to estimate the potential for terrestrial
I¥arbon sequestration. We want to invest in funda-
Efental R&D to advance the development of chem-
t‘?cal, biological, and engineering technologies for

U.S. Geological Survey

~capturing and sequestering carbon.”

3'0 David Reichle, who recently retired from
JrgﬁNL as an associate director, is in charge of help-
Mg ORNL leverage its capabilities through part-
nerships with the other Battelle-managed labs—
Brookhaven National Laboratory, Pacific
Northwest National Laboratory, and the National

Renewable Energy Laboratory. These labs and
ORNL have formed a DOE carbon management

network. The network will work with core univer-
sities and industrial firms to form an R&D consor-
tium. By broadening the network’s skill base, its
R&D proposals for funding in the area of carbon
management should be increasingly competitive.

With such a plan, ORNL hopes to capture
a leading role in DOE’sesearch program for
managing carboroemi

Ock Ridge National Laboratory REVIEW



Carbon Management

Building Energy
Use and Carbon
Management

Americans can significantly reduce carbon emissions and the
electricity bills by buying more efficient appliances.

f we build one, they will buy it. That's th “If most U.S. households change over to hi
dream of Jeff Christian, director of the Build-efficiency clothes washers by 2010,” Christian say,

ings Technology Center (BTC) User Facility atU.S. carbon emissions will be reduced by 28 mi
ORNL. BTC has been involved in developing, evallion metric tons of carbon per year.”
uating, and promoting household appliances and In collaboration with Whirlpool, General
heating and air-conditioning equipment that are fdlectric, Frigidaire, Amana, and Maytag throu
more energy efficient than what Americans are usooperative research and development agreem
ing today. If most Americans replace their washin@RNL researchers led by Ed Vineyard have beq
machines, refrigerators, water heaters, and air ¢catesigning the next generation of popular refrig
ditioners with new, highly efficient ones by 2010ator models, to cut their energy use in half. By add
they will save energy and money in the long ruring insulation and using more efficient motors an
Most important, from a carbon management poirtompressors, the ORNL-industry partnership
of view, they will reduce power plant emissions |oflesigned a 20-cubic-foot refrigerator that operatg
carbon to the air by almost 95 million metric ton®n only 0.93 kilowatt hours per day, using 539
per year (MMT/yr). That's the amount of carboriess energy than the maximum allowed by n
emitted annually by nearly 20 million peopleDOE standards.
(5 MMT/yr per person) or by 56 1000-megawatt  “If Americans replaced their aging refriger.
coal-fired power plants. tors with these new, efficient ones by 2010,” Chrig

“Buildings and their appliances use 36% |ofian says, “they would use 58% less energy to ch|
the nation’s energy,” Christian says. “Buildings ar¢heir foods and beverages and reduce carbon did
also responsible for 36% of U.S. emissions of gaide emissions by 48 million metric tons per year,
bon dioxide produced by human activities. We have  In collaboration with Enviromaster Interna-|
an opportunity to cut our energy consumption antibnal, Inc., Tomlinson and his ORNL colleagues
carbon emissions significantly through use of erhave developed a drop-in residential heat p
ergy-efficient technologies.” water heater. This highly reliable device is mor

One way to help clean up our carbon emisenergy efficient than the conventional wate
sions act is to buy and use new water-saving, turheater, which uses resistive heating. The
ble-action clothes washers that incorporate a “howater heater, which will soon be on the marke|
izontal-axis” design rather than the conventionatan be installed by a plumber at a low cost.
vertical agitator. Because this design requires less  “If half of American households replace thei
water and, thus, has less water to heat, it saves et water heaters with heat pump water heater
ergy. In addition, its improved spin cycle cuts dowr2010,” Christian says, “the energy used nationwid
time in the dryer, further reducing energy use. | for home water heating will be reduced by 0.6 qug

In 1997, the Department of Energy andand the amount of carbon emitted will be decreas
Maytag Corporation, the efficient machine’s manby 9 million metric tons per year.”
ufacturer, selected 100 residents of Bern, Kan-  Additional energy savings can be made |b
sas (population: 200), to test the new washer. Bereplacing home air conditioners with a generato
has an unreliable supply of well water when thabsorber heat exchanger (GAX) chiller (develo
weather is dry. by private industry under the guidance of OR

John Tomlinson and his BTC colleagues|imesearchers) and by insulating and sealing leakd
ORNL'’s Energy Division made measurements thdteating and air-conditioning ducts to eliminate
confirmed a reduction in water and energy usergy losses. The total reduction in carbon emi
when the 100 residents switched from old waslsions by 2010 if most households make thed
ers to the new, high-efficiency washers. The ORNEthanges will be 95 MMT/yr.
researchers found that the residents used 56% less It is hoped that Americans will buy into neyvjERCINNIMN(ESCE e MRS V=T Iy SRSV e]elyylSlyl
energy and 38% less water, saving the town of Beemergy-saving and money-saving technologies thsielnlel il QW e[yl S S gle[SIE e R
640,000 gallons annually. will reduce carbon emissions from buildinigmi water heaters, and air conditioners.
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Eli Greenbaum stud-
ies algae being used
to produce hydrogen
from water in an illu-
minated flask.

ORNL research
to produce and

Today's electrolyt-
ically produced hydro-

million British thermal
units (Btu); by compari-
son, natural gas cost
about $3 per million Btu,
and gasoline costs abo
$9 per million Btu. So
the economic barriers t

formidable.
ORNL researchers
are studying biological
ways to produce hydro
gen that might prove to bg
economically competi-
tive someday. The re
search is being funded b
the Hydrogen Researc
Program of the Depart
ment of Energy’s Office
of Energy Efficiency and
Renewable Energy.
Water molecules
can be split into hydro-
ydrogen is a clean-burning, carbon-genand oxygen atoms

Curtis Boles

is commonly stripped from natural gas, but thabteve Blankin-

| - ‘
\J( (1)((
T yd< i 0g
gen costs around $30 pe

hydrogen production are

clne| elne
£ r*"r'_" [
en

ers have come up with new ways
detect an energy-rich gas.

Chlamydomonas reinhardtgan produce hydro-
gen and oxygen from water under certain condi-
2rtions. “It’s the biological version of electrolysis,”
Greenbaum says. “The goal of the research is to
replace conventional electrolysis with a renew-
sable biological process for hydrogen production.”
These algae normally grow new cells by
tphotosynthesis, using carbon dioxide from the
air in the presence of sunlight. But after placing
y the aquatic organisms in a large flask of water
> illuminated by lamps, the ORNL researchers
“trick” the algae by depriving them of carbon di-
oxide and oxygen. As a result, a normally dor-
mant gene becomes activated, leading to the syn-
thesis of the enzyme hydrogenase. The algae use
» this enzyme to produce both hydrogen and oxy-
gen from water. The relative amounts of oxygen
. and hydrogen that evolve in the flask are mea-
y sured by sweeping the gases over hydrogen and
h oxygen sensors, whose electrical conductivity in-
creases with rising gas concentration.
Greenbaum says that several research
projects are exploring ways to optimize the
process. Membrane separation technologies are
being developed that will separate the hydrogen
from the oxygen more efficiently. Because the
algal hydrogenase
eventually shuts
down from expo-
sure to oxygen,
Michael Seibert
and Maria Ghirardi,
researchers at the
National Renewable
Energy Laboratory,

process leaves carbon dioxide, which must| bghip—all in the
disposed of in an environmentally acceptabl€hemcal Technol-
way. The conventional way to produce hydrogengy Division
without generating carbon dioxide is to separategCTD)—
hydrogen from oxygen in water using electrolyhave dis-
sis. Of course, it is quite possible that the soure®vered
of electricity for this separation process is a coathat the
fired power plant, which, itself, produces lots pfyreen
carbon dioxide. alga

R

are working to create




ers at the National Renewable Energy Laboratory, arkingto create

a mutant organism that makes a hydrogen-producing enzyme that is
less sensitive to oxygen. The third challenge is to optimize the ability
of the algae to use light.

Algae naturally survive under a variety of light intensities, rang-
ing from bright sunlight to shade. Because of the algae’s chlorophyll
antenna size, increasing the light intensity beyond natural levels
overwhelm the electron transport processes of the algae rather

ond step is to convert the glucose product and its byproduct, gluc
acid, into hydrogen. The second step has proved easier.

In 1996 Woodward and his colleagues reported an important ad-
vance. They learned how to produce a molecule of hydrogen from a
molecule of glucose using two enzymes (called extremozymes) pro-
duced by microorganisms that grow under extreme temperatures.

In October 1999, CTD researchers Woodward, Mark Orr, Ki
berley Cordray, and Greenbaum reported producing 11.6 hydrogen mol-
ecules for every glucose molecule in the substrate. The researcher
achieved 97% of the maximum stoichiometric yield possible—12 hy-
drogen molecules for each glucose molecule. This is the highest yield
of hydrogen ever obtained from glucose by a biological process.
results are to be published in an upcoming issiNatdire

drogenase, hydrogen is released. This extremozyme produced b
bacteriumPyrococcus furiosus also one of only two such enzyme
known to accept electrons from NADPH to produce hydrogen.

devoted to hydrogen as an energy source, reliable methods for detect
ing hydrogen in the air will be needed.

Robert Lauf of the Metals and Ceramics Division and Barbara
Hoffheins of the Instrumentation and Controls Division have devel-
oped a low-cost, solid-state hydrogen sensor that can be easily mas
produced by conventional manufacturing processes. The patented se
sor, which has been licensed to DCH Technology in Valencia, Califor-
nia, is selective for hydrogen and is relatively insensitive to other co
mon gases. The sensor measures the change in the electrical resistan
of palladium as it absorbs hydrogen. The sensor could be used to|de
tect hydrogen leaking from a hydrogen-fueled car or from hydrogen
filling stations. It could be used at a battery-charging station for elec-
tric buses and cars, to detect a potentially dangerous buildup of hydro-
gen in the air when lead-acid batteries are overcharged and ventilatio
around the charger is inadequate.

Hydrogen is a promising fuel for carbon management, but its long-
term acceptance by both consumers and regulators willemipend on thei
confidence-that it can be generated, stored, and used safely.

Bob Lauf and Barbara Hoffheins show the hydrogen sensor they
developed.
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New Hydrogen-Producing Reaction
Could Lead to Micropower Sources

A new method for the sustained production of hydrogen
has been discovered by researchers in ORNL's Chemical Tech-
nology Division (CTD). The discovery could lead to the devel-
opment of palm-sized fuel cells that cost only a few cents
apiece. The fuel cells could be used to power compact envi-
ronmental sensors for the U.S. military, as well as cell phones,
cameras, and portable audio and video equipment.

Soldiers could easily carry these fuel cells on the battle-
field and recharge them by adding iron powder and vinegar
and then shaking them. These cells could serve as micropower
sources for sensors that can detect the presence of hazard-
ous gases and emissions from nearby chemical and biological
warfare weapons.

In the summer of 1998, CTD's Jonathan Woodward and
researchers John Getty and Mark Orr tried a new way to make
hydrogen from sugar, which involved the deposition of the
metal platinum on a glucose-digesting enzyme. The experi-
ment worked.

“After several different experiments,” Woodward says,
“we then observed that mixing iron powder with water also
produced hydrogen at ambient temperatures, but the pro-
duction was not sustained. Then we discovered that if we
add gluconic acid as well as iron powder to the water,
we obtained sustained hydrogen production under certain
conditions.”

Gluconic acid is an organic acid consisting of carbon, hy-
drogen, and oxygen (C_H,,0.) that is produced from glucose
sugar, an abundant and renewable carbon source. Woodward
noted that the sustained hydrogen-production reaction works
well under three conditions: a temperature of 80°C, neutral
pH, and the absence of oxygen.

Although the mechanism of the reaction is not fully un-
derstood, Woodward says that iron may be serving as the
active catalyst for the production of hydrogen gas from wa-
ter under anaerobic conditions. During the reaction, the metal
iron (Fe) is converted to an iron-oxide compound called mag-
netite (Fe,0,). The magnetite would then be reduced back to
iron in the oxygen-free atmosphere containing gluconic acid.
Thus, the iron catalyst would be regenerated from the mag-
netite, enabling the continuing production of hydrogen.

“We found that after 100 hours of the experiment, we
lost little metal and got more hydrogen than we expected,”
Woodward says. “We generated more hydrogen than the typi-
cal metal displacement reaction where iron is normally con-
sumed. We believe that some of the hydrogen is produced by
the reaction of the iron metal with the organic acid, but more
experiments must be done to prove that.

“Hydrogen produced this way could be used as a power
source for fuel cells that power sensors and cameras requir-
ing very low current in the micro- to milliampere range. Larger-
scale applications may also be possible.”
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Fuel Cells: Clean Power
Source for Homes and

Through materials and technology developments, ORNL researchers

ca rS? are finding ways to improve fuel cells for powering buildings and cars.

uel sells if it is cheap, clean, and carbanvelop the technology for fabricating iron aluminidecells have been plagued with problems, but recent
free. That may become a maxim of thiscontainment vessels. developments at ORNL may make this technolo-
millennium and an argument in favor of fuel cells.  “This solid-oxide fuel cell can also provide gy more feasible and affordable.
These devices may be used to produce electricitygh-quality waste heat that can be used to warm The problem with using today’s PEM fuel
in homes and cars using oxygen from air and hyhe home or provide refrigeration and air condieells to power cars is that their bipolar plates (pos-
drogen from natural gas. Their chief waste prodioning,” Armstrong says. “Its only emissions afdtive and negative electrodes), which are made of
uct is harmless water vapor. steam, trace amounts of nitrogen oxides and suachined graphite, are too heavy, too brittle, and

At ORNL, Tim Armstrong of the Metals and fur oxides, and a small amount of carbon dioxidetoo costly for use in automobiles. ORNLs solu-
Ceramics (M&C) Division is leading the effort t For powering many homes at once while elimtion is to make bipolar plates from a carbon-fiber
develop solid-oxide fuel cells and componentiating carbon dioxide emissions, the M&C grougomposite, which is lighter, tougher, and cheaper
using advanced materials. This type of fuel cell isas designed a power plant using a solid-oxide fuélan machined graphite.
flexible in the fuels it can use; for example, it carcell and gas turbine and incorporating ORNL's  Ted Besmann, James Klett, Tim Burchell, and
use natural gas in a process to convert chemiczivel activated-carbon and membrane-separatidahn J. Henry, Jr., all of the M&C Division, have
energy to electrical energy. How is the system madiechnologies and heat-exchange technologies, sut@veloped a method for making composite
and how does it work? as the carbon foam that rapidly transports heat. TRétes that includes chemical vapor infiltration.

Hydrogen from natural gas is passed over anost efficient gas turbines available today produdgasically, carbon fibers are molded to make an
anode (negative electrode) made of nickel arglectricity using 60% of the energy in the fugklectrode, and methane is flowed over the plate at
yttria-stabilized zirconia (YSZ). The hydrogengas. Siemens-Westinghouse has designed a soliéph temperatures to deposit carbon that seals its
atoms break apart into positively charged ionexide fuel cell that is 60% efficient and a hybrigsurface pores. Because a fuel cell is a stack of bi-
and electrons. The electrons travel through an|efuel cell-microturbine plant in which waste heapolar plates with electrolytes between, the porous
ternal circuit to a cathode (positive electrode) madeom the fuel cell is used to drive the microturbineplate surfaces must be sealed to prevent leakage of
of the rare-earth oxide lanthanum strontiunThis combined-cycle power plant is 70% efficienthydrogen and oxygen from one cell to another—a
manganate (LaSrMn@ “Based on the results of our computeshowstopper for fuel cells.

Oxygen from the air or carbon monoxide isnodel, the ORNL design for a similar combined- ~ ORNL researchers have shown that carbon-
collected at the cathode where the gas accepts eleyele power plant is 80% efficient,” Armstrongfiber composite plates not only can be made to
trons to form negatively charged oxygen ions, whickays. “The reason is that we combine our efficieerform as well as graphite plates but also are half
are passed through aYSZ electrolyte separating theat-exchange technologies with membrane tecs heavy, may cost one-fifth as much, are more
anode and cathode. The electrolyte is heated to 600logies for separating hydrogen and carhofPnductive and corrosion resistant, and are easier
to 1000C by an electric heater to start the electranonoxide from natural gas for use in the fyeio manufacture. o
chemical reaction. On arrival at the anode, eacell.” In addition, the power plant allows carb. Thanks to ORNLS progress in this area, the
oxygen ion is discharged by reacting with two hysequestration because ORNLS carbon fiber confidel-cell car may be just around the beomi
drogen ions to form water. The heat from the elegosite molecular sieve technology (see article
trochemical reaction maintains the cell temperaturp, 9) can capture the carbon dioxide leaving t
allowing the electric heater to be turned off. fuel cell as a waste product. This gas can then

Iron aluminide alloys developed in the M&C collected and used for enhanced oil recovery
Division by C. T. Liu, Claudette McKamey, andsequestered in geological formations.

Vinod Sikka are candidates for solid-oxide fuel cell
containment vessels. ORNL Fossil Fuel Energy Cars powered by electricity from
Program Manager Rod Judkins and Sikka workeaydrogen fuel cells are being designe
with Siemens Westinghouse to confirm the effibecause they will eliminate discharges of carb |
cacy of iron aluminide in the fuel cell application.dioxide, nitrogen oxides, and particulate emi
Compared with the stainless steels currently usesibns. Such a “zero emissions” vehicle is a gc
for containment, the iron aluminide alloys areof the Partnership for a New Generation of Vel
stronger and more resistant to the simultaneoates, which involves the automobile industry ar
oxidizing and reducing conditions to which conthe Department of Energy.
tainment vessels are exposed. Thus, iron aluminide A proton exchange membrane (PEM) fuel

. B . . . .. 10mm
containments are expected to be more reliable aisdthe technology of choice in the automobile i.. —
to last much longer. Mike Santella of the M&Cdustry for future electric cars because of its loWORNL’s carbon-composite bipolar plate may be
Division is working with industrial partners to de-temperature operation and rapid startup. PEM fugked for fuel cells in electric cars.

=

J.W. Nave
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Capturing Carbon
the ORNL Way

ORNL has developed
a new technique for
efficiently capturing

carbon dioxide from

waste gas streams from
fossil fuel combustion.
The separation tech-
nique has stirred in-

dustrial interest.

Carbon composities may be the key ‘ e \'4 . v Tim Burchell (left),
to capturing carbon dioxide from . > 5 : . . w Wilson, and Rod
fossil fuel combustion. ORNL researchers > N\ 3 A \ d " 44 Judkins developed a
have developed a promising new technol- . al { ' /© self-cleaning carbon
ogy called carbon fiber composite molecular f\ = L air filter that uses car-

sieves (CFCMS) that can be designed to cag- ; ; bon fiber composite
ture carbon dioxide emitted from coal-firedg ‘ a " \ ‘ molecular sieves.

power plants and gas turbines. The recoveréd
carbon gas could be collected in a vessel for

transport to a carbon sequestration site. It cduld ORNL researchers can make monolitHigpounds are added as odorants so people can smell
then be injected into an underground coal be@FCMS structures in various shapes, such adeaking natural gas and take precautions. The in-
depleted oil reservoir, or the ocean. rectangular slab or a cylinder. “The structure iternational consortium plans to use the ORNL

Tim Burchell, Charlie Weaver, and Bill very porous and very low in density,” Judkingechnology to remove carbon dioxide from the
Chilcoat, all of ORNL's Metals and Ceramigssays. “It's 80% void space.” exhaust stream of a gas turbine to mitigate its
Division, developed CFCMS technology in The secret to adsorbing a specific gas is ®@missions.
collaboration with researchers at the Univerereate a structure with numerous pores of the right  “We are negotiating with a major carbon
sity of Kentucky. The work was grounded |nsize—width and volume—to trap the gas molecompany to license the CFCMS technology,”
ORNLs previous experience of developing careules, which are naturally attracted to the cadudkins says.
bon-bonded, carbon-fiber insulation for thermobon. Burchell, Judkins, and their colleagues used ~ Similar technology was used in Burchell,
electric cells in space probes. chopped-up carbon fibers made from petroleududkins, and Kirk Wilson’s development of a self-

“Our technology has several advantagegitch, bonded them together with phenolic resirgleaning carbon air filter that received an R&D
over conventional granular activated-carbpand then “activated” the structure to create mit00 Award in 1999. When this filter becomes
beds for removing carbon dioxide from gasropores as adsorption sites for gas moleculeddirty, it doesn’'t have to be replaced like filters
streams,” says ORNL Fossil Energy Program  “We activate the structure by flowing in containing loose, granular, activated carbon. In-
Manager Rod Judkins. “It not only adsorbs morsteam, oxygen, or carbon dioxide at 8500 | Stead, it uses an automatic reverse-air-cleaning
carbon but it also takes it up 5 to 10 times fastegasify its carbon and carry much of it off,” Jud-cycle in which an electric current is passed
And 2 to 10 times less energy is required to [rdins says. “We control this process to get a larglirough the filter, releasing the adsorbed contam-
cover the adsorbed carbon dioxide and regen@&mough surface area and pore volume and widithants into a purge air stream that exhausts harm-
ate the filter so it can be used again.” to optimize the capture of carbon dioxide.” ful pollutants outdoors.

Because the CFCMS filter is electrically The ORNL technology has attracted the in- ~ The self-cleaning carbon air filter could be
conductive, carbon can be removed from thterest of many large industrial companies logkdsed to reduce cooking odors in kitchens, filter
saturated sieve by running an electrical cuiing for better ways to remove or recover cargoformaldehyde and other airborne toxic gases from
rent through it at low voltage. “There are severalioxide and other gases from process streantyome and office air, and preserve air quality
possible explanations of how electrical desorpAn international consortium of oil companies ané@board airplanes and submarines. The British
tion works,” Judkins says. “Maybe it's a surfacea fuel cell manufacturer want to use the technoMinistry of Defense and the U.S. Army are test-
heating effect.” In a conventional activated-ogy to remove carbon dioxide from natural gasng the ORNL technology for removing chemi-
carbon bed, the carbon is recovered by a mofmother fuel cell manufacturer is interested |ircal agents from air. It is likely that ORNL's gas
energy-intensive process, such as heating temoving sulfur compounds from natural gas|teapture technology will continue to capture in-
depressurizing the bed. make it a better hydrogen source. Sulfur condustrial and military interesémi
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Boosting Bioenergy and
Carbon Storage in Green

Genetic tools will be used to maximize carbon production in green
plants for energy production and carbon sequestration.

ome ORNL researchers don't want This “designer” plant would also be high

Ssome green plants to be carbon copidignin in the roots. Lignin consists of carbo
of their parents. They hope to genetically manipsontaining phenolics that are amorphous in st
ulate these plants to fix more carbon from the aftire. It resists digestion by enzymes, making it |
by photosynthesis so they grow faster and hoRisceptible to microbial degradation and m
more carbon in their stems, leaves, and roots. TREective at sequestering carbon in the soil.

goal is to grow trees and grasses that can pro- '
duce more fuel and store more carbon in the $offo@St its carbon content, we must understand

These researchers work for DOE’s Bio nHjndamental biological processes that cont

ergy Feedstock Development Program, whic
managed at ORNL. “Our program manages tr
and grass crops in experimental systems to
imize carbon production for energy and car
sequestration,” says Lynn Wright, program
manager. “Our research focuses on developjni
cultivating, and harvesting fast-growing plants fol
energy instead of using fossil fuels. We are try
ing to increase the production of carbon in hy
brid poplar trees and switchgrass abovegroun
to improve energy production. We also want|tc
use these plants to conserve or add carbo
lowground for sequestration.”

In the early days of the program, researche
tried to optimize the aboveground growth of pla
They developed fast-growing varieties and hybrid
that grew rapidly and used inputs like water an
fertilizer efficiently. More recently, genetic mani
ulation has moved to the front burner. In manipu
lating plants such as hybrid poplar trees, plant|g
neticists talk about allocating the carbon betw
the aboveground stems and leaves and |t
belowground roots of the plant. They also tal
about partitioning (dividing) it among three
types of plant cell wall components—cellulose
hemicellulose, and lignin.

What researchers would like to do is creat
a plant that is very high in cellulose above
ground, increasing its energy conversion pot
tial. Cellulose is a polysaccharide containi
chains of 6-carbon sugars. Enzymes can sp
cellulose into individual sugar molecules, whi
can then be converted by microorganisms int
ethanol. When used as a fuel, ethanol is clean
than gasoline. Because the carbon in plan
is taken from the air during photosynthesis
burning ethanol from cellulose contributes very Bjomass in forests and fields takes up carb
little net carbon dioxide to the atmosphere. construction wood, and other produdiustrati

o uskan, an ORNL plant geneticist. “We hope
Hake progress in this area through our wood ch
éfry and genetic studies using an experime

gBopulation of hybrid poplar trees.”

10

“To customize a plant species genetically|to

arbon allocation and partitioning,” says Je )'r:-

Qe

N v
QB

n Tuskan, Stan Wullschleger, Tim Tschaplins-
N-ki, and Lee Gunter, all of ORNL's Environmental
USciences Division (ESD), and Brian Davison of
E%Re Chemical Technology Division are involved
P this study, which is partly funded by the Lab-
oratory Directed Research and Development Pro-
tqLam at ORNL. Collaborating in this study are
rcﬂesearchers from DOE’s National Renewable
nEnergy Laboratory (NREL).

to In this population, explains Tuskan, each
eftiee has the same grandparents but its genetic
ntgharacteristics are unique. “It's like shuffling a
deck of cards for each tree,” he says. “Each tree

t

,,,,,

\y
Q7
‘X

on dioxide. It can be converted to low-carbon fuels,
on by Brett Hopwood.
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will have a different arrangement of diamondsswitchgrass is also ideal for producing ethal

clubs, hearts, and spades. The progeny will haeed sequestering carbon, largely because

characteristics different from those of their grandroots can go 7 m (20 ft) deep. The same gen
parents and each other.” manipulations proposed for tree crops can

nata. If concerns about increasing concentrations
iv§ carbon dioxide in the atmosphere lead to poli-

etiees to promote carbon storage and encourage use
bef renewable energy, there will be even more in-

At the end of August 2000, the experimentahpplied to this perennial grass of North Amereentives to switch from fossil fuels to bioméomt.

planting was a year old. Each tree will be lifted,
roots and all, and ORNL and NREL researchers-—
will measure the trees to determine their energy - 2

by the project’s plant physiologists to identi
specific compounds in the cell wall.
“Using genetic techniques, we will identi

the energy and forest products industry to h Ig:f_, s
them customize crops to get a desired producP" "" "“'5 > -

Janet Cushman of ESD, who co-manages Hybrid poplar trees may be genetically
the DOE bioenergy feedstock program, says that modified to store more carbon in the soil.

Carolyn Krause

Switchgrass, a perennlal grass that grows deep
roots, can be converted to ethanol.

Land Use and Climate Change

Forests and the way we manage them provide significant
opportunities to help control climate. A climate control effort
that includes forests should account for both the release and
absorption of carbon dioxide and reward only those activities
that help slow the buildup of atmospheric carbon dioxide.

These are conclusions of “Land Use and Global Climate
Change: Forests, Land Management, and the Kyoto Proto-
col,” a report prepared for the Pew Center on Global Climate
Change in June 2000. The authors are Bernhard Schlamadinger
of Joanneum Research in Austria and Gregg Marland of ORNL's
Environmental Sciences Division. Schlamadinger recently com-
pleted an 18-month postdoctoral fellowship at ORNL.

The Kyoto Protocol, negotiated in Japan in 1997, sets forth
binding targets for emissions of greenhouse gases from de-
veloped countries. Kyoto Protocol commitments include land
use, land-use change, and forestry, but, according to
Schlamadinger and Marland, lack the effective implementa-
tion details required to realize the potential benefits from land
management. Land management can retard the buildup of
carbon dioxide by (1) slowing the loss of carbon from plants
and soils through reduced rates of deforestation and (2) en-
couraging the return of carbon from the atmosphere to the
terrestrial biosphere by planting trees or improving manage-
ment of forests or agricultural soils.

Number Two, 2000

The Kyoto Protocol provides that planting new forests and
clearing forested land will be accounted for in determining
compliance with national commitments to reduce greenhouse
gas emissions. Schlamadinger and Marland raise the question
whether it is possible under the Kyoto Protocol to protect ex-
isting forests, plant forests where there are not now forests,
and protect or increase the carbon in agricultural soils.

The report notes that the Kyoto Protocol recognizes that
greenhouse gas emissions will be reduced by the use of
sustainably produced biomass products. “Biomass fuels,” states
the report, “can be used in place of fossil fuels, and construc-
tion wood can be used in place of other, often more energy-
intensive, materials such as steel or concrete.”

Building up biomass on the earth offers several benefits in
addition to slowing the buildup of carbon dioxide in the atmo-
sphere. According to the report, “Increasing carbon in the ter-
restrial biosphere appears to be a low-cost way to help mitigate
the increasing concentration of atmospheric carbon dioxide while
providing ancillary benefits in terms of protecting forests,
biodiversity, water quality, and soil fertility. Many land manage-
ment activities are attractive because they can be pursued now,
without technological innovation. Increasing carbon storage
cannot by itself solve the problem of increasing atmospheric
carbon dioxide, but can help, especially in the short term.”



Plunging into
Carbon

Sequestration
Research

ORNL is conducting studies on sequestering
carbon in geological formations and biologically
active ponds and on improving degraded lands to S

enhance carbon storage. Reclamation in progress is turning this degraded land into a
site that could reduce soil erosion and sequester more carbon.

225 : i

This strip mine site is a source of acid mine drainage (note the
amber color) to the environment.

S{c])metime in 2001, probably at a one- The ORNL results should also help addresponsored by DOE’s Office of Fossil Energy.
ectare site on a depleted oil reservoir ithese questions about the selected site for CtThey are helping to study the effects of injecting
Texas or California, a slug of carbon dioxide (O injection: Is this a suitable or unsuitable site foCO, into depleted oil reservoirs, brine formations,
will be injected some 600 m (2000 ft) into thecarbon sequestration? What are the optimahd coal beds. Participants in this three-year
ground. But itwon’t be pure COt may be tagged depths, temperatures, and pressures for carsidject on geologic sequestration of G@lude
with helium, argon, and other noble-gas tracers isequestration in this reservoir? How much injectawrence Berkeley, Lawrence Livermore, and
troduced into the injected stream at various knawed CQ is dissolved in underground fluid, trappe@®ak Ridge national laboratories, in cooperation
concentrations in a regular pattern, providing & pores, or adsorbed on rock? How much, CQith Chevron, Texaco, Pan Canadian Resources,
“chemical wave” signature. It may also contaircan be stored at this site? Shell CQ Co., BP-Amoco, Statoil, the Alberta
intentionally introduced isotopes of carbon, hydro-  Moline says that the noble-gas tracers shouigksearch Council Consortium, Stanford Univer-
gen, nitrogen, and oxygen whose ratios could sh@dovide useful information because they '§ity, and the Texas Bureau of Economic Geolo-
light on th_e effects of the |nJ§pted Gan the site’s| inert, SO th_ey do not interact with sybsurfgce r (‘d&, One goal of the work is to determine whether
geochemistry and on the ability of the undergrounand fluids in the same way as the isotopic tra €80, injection can result in economic benefits—
formation to trap the CO o ’ do. She will be Io.oklng for an attenuation of h%nhanced oil recovery and production of meth-
_Gerry MollneZ a hydro_Io_g_lst in ORNL's chemical wave 5|gnaturg V\_/h_en she_ sample he from coal beds—as well as sequestration.
Environmental Sciences Division (ESD) whoCO, and noble gases. A diminished signal for, “In these studies. we will be studvi heth-

. i N , ying whe
developed the concept of tagging @@h a | relative to the noble gases will indicate h Wy the injection of CQchanges the formation,”
chemical wave, and David Cole, a geochemist imuch of the injected C(has been “lost” durin Cole savs. “For example. Canteractin with'
ORNL's Chemical and Analytical Sciences Di-transport—that is, sequestered. - ﬁh : Ip"hq | 9 lead
vision, will use noble gas and isotopic tracergin  Cole says that analysis of the isotope tra -”nﬁ' which 1S E"nﬁr%r'ﬁ sa twatﬁr, mayldea.
injected CQto help determine whether and howers should help scientists better understand changes in t de uid ¢ ehmlstry that cou elI)_'I
long the site will securely store, or sequester, tHateractions between the injected 2@d the sitg 1" Increase or decrease the porosity-permeabil-
CO,. The tagged CGill be introduced at injec{ geochemistry. “When a bubble of carbon gas 1§/ characteristics of the saline aquifer, depend-
tion wells and sampled as it migrates througinjected into the formation,” he says, “it may djst"9 0N Its n?lnera! composition.
return wells, a hundred or so meters away. Mcplace the water there. Some of the, @@l be ORNLs role in GEO-SEQ is to evaluate and
line will measure the chemical wave signal in thelissolved in the fluid, and the G®earing fluid| demonstrate monitoring technologies, with a goal
sampled gas using a portable gas chromatograpill interact with the underground rock. Our tragef selecting ones that are safe and that work best
Cole will measure isotope ratios in gas and flligtudies may show whether minerals are precigh Verifying that carbon has been sequestered.
samples using mass spectrometry. tated from the CQbearing fluid to the rock, GEO-SEQ's other tasks are to (1) develop meth-

These measurements should help answahether minerals in the rock are dissolved inthags to sequester G@n enhanced oil recovery,
these questions about injected O@here did it| fluid, and whether the fluid affects the per esites, depleted gas reservoirs, and saline aquifers;
go? How fast does it move? How long will it stay&bility or porosity of the rock in the formation|” (2) enhance and compare computer simulation
Could it leak back into the atmosphere, thergby =~ These ORNL scientists are participating imodels for predicting, assessing, and optimizing
contributing to greenhouse gas levels? the geological sequestration (GEO-SEQ) projegeologic sequestration in brine, oil, gas, and coal-
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bed methane formations; and (3) improve th&We will measure soil organic carbon before and  In a project funded by DOE's Office of Fos-
methodology and information available to assesafter each site is planted. We may plant grass firsil Energy, Tommy Phelps, an ESD microbiolo-
the sequestration capacity of different sites. | because it will remove boron and other toxingist, proposes to build a football-field-sized
Another approach to slowing the buildup offrom the fly ash so they don't adversely affechond 30 m (100 ft) deep next to a coal-fired
greenhouse gases in the atmosphere is to mifiee growth. On the other hand, we may find thgdower plant. The object of his research is to see
mize losses of carbon and nitrogen from djstoxic fly-ash metals will get tied up with organicif carbon captured from the coal plant and in-
turbed lands. ORNL and Pacific Northwest Na£ompounds in the sewage sludge, making t €[8cted into the pond will be successfully seques-
tional Laboratory have joined Ohio Statel€ss of a threat to the trees.” _tered. To sequester carbon in the pond, Phelps

University and Virginia Polytechnic Institute and T carbon tax credits are granted in the Unjityans o introduce the TOR-39 bacteria that he
State University in a two-year project funded o . . dshi
Inorglctrllncentlvte tol e_xe:use stclewa_rths tIR[ OV€lIso receive iron leached from coal fly-ash

improve the natural carbon uptake of lands ands they mustreciaim to comply with state aste.
turbed by mining, highway construction, or po to receive credit for sequestering carbon. iron. converting it to maanetite” Phelos savs

tudving th f soil enh de f “We will also measure nitrogen releases_, ' 9 9 ’ P yS-
studying the use of soil enhancers made WO, he soil to determine whether ammonialin, . N
the wastes of coal-fired power plants and s V‘%’ewage sludge is being converted to nitrous O)tgjnve anywhere in the pond.
done at sites in Kentucky, Ohio, and West study ways to manipulate the soil, perhaps t}g,acteria in water can also make micron-sized
ginia. Tony Palumbo, John McCarthy, Gary @etting it and introducing specific microorga _particles of iron carbonate (siderite) from iron
Mulholland, all of ESD, will study the impac The project's findings as to what works ai dhe test tube. “We believe that these bacteria can
on soil carbon of reclaiming disturbed lands byyhat doesn't in reclaiming land to increase caicombine carbon dioxide from the coal plant with
and poplars) and fertilizing them with coal fly tion firms and other interested industrial compaPhelps says. “The iron carbonate will sink into
ash and sewage waste. nies. This effort is part of the activities of DOE/sthe pond sediments, sequestering the carbon.”
it friendlier for plant growth, we hope that morequestration in Terrestrial Ecosystems (CSiTE)nto interesting approaches to carbon sequestra-
carbon will be built up in the soil,” Palumbo sayswhich is co-managed by Jacobs. tion in the hope of delaying climate chanemi

S

=

d States, landowners will have more of an ecfscovered in 1993 in Virginia. The pond will
DOE’s Office of Fossil Energy to find ways t
is: : ! . .
ederal laws. They will want their reclaimed sit “These bacteria feed on carbon and respire
management practices. For this purpose, they are
-"They also do not need oxygen or light, so they
age treatment facilities. The research is be Bie a greenhouse gas,” Palumbo says. “We Experiments at ESD show that TOR-39
cobs, Jizhong Zhou, Jeff Amthor, and PatriCksms to minimize nitrous oxide emissions” | hydroxide and carbon dioxide introduced into
planting them with grasses and trees (e.g., ping®n storage will be transferred to mine reclamdron in the water to produce iron carbonate,”
“Because adding fly ash to clay soil makesCenter for Research on Enhancing Carbon Se- ORNL researchers are sinking their talents

. Carbon dioxide uptake by forests, biomass plantations,
Dispersed CO, f} and degraded mine lands that are restored

Carbon-based

7 products (e.g., fuels,
power, wood, plastics

Capture and

separation
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bacteria

Coal bed
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formations
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gas reservoirs

Schematic showing
both terrestrial and

geological sequestra-
tion of carbon dioxide
emissions from a coal-
fired plant.Rendering

by LeJean Hardin and
Jamie Payne.

Sm— S —

Deép aquifer

Number Two, 2000 13



ORNL is conducting research on methane hydrates, a huge
source of an energy-rich greenhouse gas.

An enormous natural gas resource lockedmnany times the estimated total of worldwide conproduct of an LDRD project led by Gary Jacobs
in ice lies untapped in ocean sedimentsventional resources of natural gas and oil.) Are tf@nd Tommy Phelps, both of ORNL's Environmen-
and the Arctic permafrost. If this resource could hydrates stable enough to sequester carbon digxi@k Sciences Division (ESD).
be harvested safely and economically by theinjected into them? Which production methods  In the SPS, methane is bubbled into the sea-
United States, we could possibly enjoy long-termcould safely harvest methane from the hydrates?water-containing vessel. The fluid is cooled t6G-4
energy security. Known as methane hydrates, this ~ What are the risks of recovering methane frordnd pressurized between 50 and 100 atmospheres
resource also may have important implications forocean hydrates? Could the release of methane mi&dorm methane hydrates. Methane hydrate sam-
climate change. When released to the air, metharihe sediments unstable enough to cause the collape® @€ produced for analysis by instruments at
is a greenhouse gas that traps 20 times more heaf seafloor foundations for conventional oil and ga umerous ports around t_he vessel, and their for-
than carbon dioxide (another greenhouse gas)irilling rigs? Could the melting, or dissociation, 'matu‘)lg IS captur(?(:hby ?V'defo camera. | h
When burned, methane releases up to 25% lessiethane hydrate ice lead to releases of large vol 4 ;\(/:vzust?) (r)nak: rsr:é?hgngl:: \é?sfees,evggil ag’r? f
carbon dioxide than the combustion of the sameaimes of methane to the atmosphere, raising greep-. y p Y y
mass of coal and does not emit the nitrogen an i Ledictably,” Phelps says. “Our large pressure ves-
| 109 ouse gas levels and exacerbating global warmingg) is 450 more suitable for research on the inter-

sulfur oxides known to damage the environment. To help answer questions about the formas ions between heterogeneous sediments and hy-

Methane hydrates contain methane in|ation and dissociation of methane hydrates in 0ce@fiates during their formation and dissociation. We
highly concentrated form. Hydrates are a type dfsediments, ORNL is operating a new seafloor prgan mimic actual heterogeneous conditions such
ice in which water molecules form cages (clath-cess simulator (SPS), which is the largest, mogt ocean water and sediments mixed with micro-
rates) around properly sized guest molecules. afighly instrumented pressure vessel in the wi r|drganisms' organic matter, carbonate particles,
hydrates form when water and gas (e.g., methfor methane hydrate studies. This 72-liter vessedand, silt, clay, and sulfides. Our data will be used
ane, ethane, and propane) come together at thghich is more than 30 times larger than the typicab test and verify computer models of heteroge-
right temperatures and pressures. vessel used for methane hydrate research, is theous hydrate formation.”

Thanks to the recent passage of the authari-
zation bill, The Methane Hydrate Research and -
Development Act of 199he Department of En-| |
ergy’s Office of Fossil Energy is planning a na- |
tional research and development (R&D) progral
on methane hydrates. ORNL researchers are
ing research in this area using internal funding fro
the Laboratory Directed R&D (LDRD) Progra
and are proposing projects for DOE funding. “ . -

“The driver of DOE’s gas hydrates progral = e,
is the need for a new, abundant source of rela s
tively clean energy, yet concerns about climate
change are being addressed, considering t
methane is a greenhouse gas,” says Lorie Lan
gley, leader of ORNL's Natural Gas Infrastruc
ture, Methane Hydrates, and Carbon Dioxide : o e ] i, T . _ e
Sequestration programs. “Methane can be usets= —= - - : -
as an inexpensive source of hydrogen, a carbonSX KKK XX XS AP XSSO S SES S LS SIS LIS
viding that methods are developed to sequeste XX XK25 XX X ! A ‘
the carbon dioxide that results from hydrogen pro- X< XIS K X R KX KRR KK KKK
duction.” SIS S SIS XK
address are these: How much natural gas actuall:
is presentin the world's methane hydrates? (Esti-—— !
mates range as high as 700,000 trillion cubic feet, -l
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The dissociation of methane hydrates i§ as depressurization, stimulatin
major concern for oil companies, Phelps sayshem with sound waves to me
noting that five oil firms have expressed interesthem gently, or injecting solvents
in conducting research at SPS. “When the teme extract the methane into gz
perature rises or the pressure drops, one cubic faetovery wells.”
of methane hydrate ice can release 160 cubic feet What other research is bein
of gas,” he explains."Forces from methane hydratdone at ORNL on methane h
dissociation have been blamed for a damaging shdtates? In 1999, Bill Doll, an ESC
in a drilling rig’s foundation, causing a loss of $100geophysicist, in collaboratio
million. Oil and gas drilling companies are morewith scientists from Kansas an
interested in protecting their drilling equipmentCanada, used high-resolutio
than harvesting the hydrates as an energy resourseismic reflection methods deve
at least for the next 10 years.” oped for solving environmenta

At the SPS, hydrates could be grown in inproblems to obtain very shar
tact sediment cores filled with particles of conimages of hydrate-bearing zond
trolled size to determine the effects of decompost000 m deep and of an overlyin
ing hydrates on sediment structure. Experimentsermafrost zone. The work wa
at the SPS might also help determine which corconducted in Canada’s MacKe
ditions could lead to a “burp” of methane fromzie Delta, along the Arctic Oceal
ocean hydrates that might enter the atmosphere “We are developing tools ta
and cause climate change. Some evidence suggegsiscisely locate methane hydra
that a catastrophic release of frozen methane frolayers, assess whether the hydrd
the ocean 55 million years ago was responsibie distributed uniformly or in
for an abrupt warming of the earth. As a resulipockets within the sediments, ai
ocean temperatures rose by 7 to 14 degrees owdtimately determine how muc
1000 years, causing the die-off of more than halhethane is there,” Doll says. “O
of some deep-sea species. high-resolution measurement

“Eventually, we could do dynamic produc- have impressed oil exploratio
tion simulations at the SPS,” Phelps says. “We magompanies.”
test ideas for harvesting methane hydrates, such In a collaboration with the Libby West, who is in charge of day-to-day operations of the seafloor process

U.S. Geological Survey simulator, and David Peters prepare the pressure vessel for new methane
This line of geophones on the Arctic snow receives sqUIYGS), David Reister and N.hydrate production experiments. The device, which was designed by Jack
waves produced by a vibrating truck (inset) and reflected bgck; Rag, both of ORNL’s Heck, an engineer at the Oak Ridge Y-12 Plant, is operated at the cold

from boundaries marking a change in the type of SEdimer@Bfnputer Science and Math+oom in the background.
rock or in the material filling rock pores. The pattern of velo(gl;nati s Division. have been

ity differences (see figure on p. 14) provides images of the En is more stable than the normal arrangement of

Curtis Boles

and silt layers and the effects of permafrost (high veloci igyeloping an improved method to determingater molecules.”
in the top 400 m) and the underlying methane hydrate laya?"V Much methane is present in gas hydrates  The scientists’ goal is to predict the stability
on the ocean floor. “Hydrates occupy pores af¢ methane hydrates in the real environment.
rocks,” Reister says.”To determine how mucfyethane hydrates are trapped in pores of sandstone
methane is present in the ocean, we must aC&kdiments that are contaminated with bacteria,
rgtely estimate porosity and hydra.te concentrgigae, sand, and ions from saltwater. “We will
tion in the pores for all ocean sediments.” | eventually simulate the effects of impurities on
They are developing mathematicakhe stability of methane hydrates,” Cummings

models based on rock physics to predict theays. “Our models may show that confinement in
" locations and concentrations of methane ){Jores enhances methane hydrate Stabi"ty_"
. drates in oceans and Arctic permafrost in the  Claudia Rawn of the Metals and Ceramics

1 MacKenzie Delta. They use well log data abpivision, Bryan Chakoumakos of the Solid State

'~ tained by oil and gas drilling companies, whitipivision, and Simon Marshall of ESD are inter-
provide a variety of measurements, includingsted in using neutrons to measure the effects of
density, velocity, and electricagsistivity of | temperature and pressure changes on methane hy-
sediments and the contents of their pores, drate stability. “We measured the expansion of a

“¥% are using sophisticated models of methanenolecules and the strengths of hydrogen bonds in
carbon dioxide, and water to better understarisydrates and normal ice.

%1 inclathrates, forcing them into a structure that all of these goals,” says Langlosi
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Adapting to
Climate Change £

ORNL researchers will compare the costs and benefits  asaresult of the drought in July and August 1999,

i i i i i part of the streambed of Bear Creek at Forest Park,
of investing in strategies to adapt to climate change and Maryland, was dry.
investing in ways to avoid it. Sy s

ince 1965 the scientific world has issued  “In the 1980s and 1990s, the emphasis
Sgrim warnings, and now we’re actuallybeen on using increased energy efficiency and fus
experiencing global warming. Evidence of thiswitching to avoid climate change. But now it|is
warming trend appears in reports issued by |ttRecepted that the global average surface tempeg
widely recognized Intergovernmental Panel piure could rise 2% in 100 years even if the co
Climate Change. THe.S. National Assessment pftrols recommended at the Kyoto conference ar
Potential Consequences of Climate Variability anénto place. So, adaptation is likely to be require
Changewhich was released for public review nregardless how successful we are with mitigation

June 12, 2000, discusses the likely impacts of cli- _ Wilbanks, Marilyn Brown, deputy director o : -
mate change in the United States. }Il'his?eportn tak ORNL's Energy Efficiency and Renewab eTTe uEuiuaICw?father in 1998 brought a flood to
that the warming has already had an impact €9y Program, and Russell Lee, director of Helear Lake, California.

Alaska. Because the Arctic permafrost there i§N€"9Y Division’s Center for Energy and Envirop-permanently or replace them with flood-resistant
thawing, roads and airstrips are buckling, req jmental Analysis, are developing an analyticahouses that may be called for by building codes.
ing constant and costly repairs. As the ice m |t§pproach to compare the costs and benefits of d@etter warning systems will be needed,” Brown
ptation versus avoidance. This project is a thresays. “Dikes may have to be built. But building a sea-

Alaskans who hunt ice-dwelling seals for food aré . - .
struggling to adjust to a more Sn certain future, Y&€&" study funded internally by the Laboratory Diwall can be a problem ecologically because some

Adapting to climate change has never been ¢ 8 ctethesearc_h and De\;}elopment IIDroglram. hgyeues |nlanq thrive on the influx of saline water.
for humans. but now that there is a consensus) th. te that reducing greenhouse gas levels to a oid Farmers in the Mldw_est may fa(_:e more a_nd

L . Qﬂ ate change has national and international jnlenger droughts. Adaptation strategies could in-
global warming is occurring, three ORNL resear :% c

. . ) ts, whereas adaptation approaches and theirde improved water resource management and
ersare focusmg_on_e_lda_lptatlon to climate change offs may vary from region to region. planning, such as transporting water to the region
o |ncir eased variability in we_ather patterns. For example, large cities such as Chicago|afeom long distances or drilling deeper wells. Farm-

_ “We are among the first to do a study hafe|y 1o have hotter summers. One adaptatjoers could switch from one crop to a variety of crops,
will compare the costs and benefits of investing iyrateqy might be to ensure that all homes in (thecluding newly developed drought-resistant
methods to adapt to climate change with investingy, have air conditioning to prevent severe, evegrains. Another option would be to shift agricul-
in ways to avoid it,” says Tom Wilbanks. Wllbank_siethal, health risks to the elderly poor. (Some haveral production to areas less prone to drought.
who leads the Global Change and Developingied from stifling heat because they wouldn'topen ~ “The sugar maple industry is already mov-
Country Programs in ORNL's Energy Division, istheir windows for fear of break-ins by burglars.) ing from Maine to Canada,” Wilbanks notes, “and
an ORNL corporate fellow and a contributor to Coastal areas in the southeastern Unitecbmmercial forestry is switching from hardwoods
the national assessment report. States may face more hurricanes and tropict pulpwoods.”

: 3 0 7 R R SR storms such as Hurricane Floyd, “States may put political pressure on Wash-
¢ which caused such devastatingngton to provide funding to their regions for ad-
flooding of hog farms in eastern aptation,” Lee says. “Regions may want to make
North Carolina in 1999. Adapta- investments in anticipation of relatively high-prob-

j tion strategies to reduce the pop-ability changes such as drying and lower-proba-
~ ulation’s vulnerability to the ef{ bility but higher-impact changes such as increases

* fects of future hurricanes mightin the frequency and severity of storms.”
£ include better management Global warming could also have an impact
river systems, protection of muy- on health and health-care facilities. For example,
nicipal water supplies, changes jntropical diseases such as dengue fever might spread
~ building codes to make housesto northern climes. “The U.S. government may
. more flood-resistant, and im- have to strengthen its public health care system to
proved management of animalmake sure physicians know how to treat diseases
wastes (which could be used as ¢hey are not used to seeing,” Wilbanks says.
relatively clean energy source) “A key challenge in our project,” says Lee, “is
: — If the ocean rises and theto develop an analytical approach that assesses the

e ) 2ramd coast of Florida is in danger of be-costs and benefits of such varied adaptation options
Franklin, Virginia, was flooded in 1999 as a result of Hurricaifed perpetually flooded, people and increases our knowledge about how much they
Floyd, which caused 40 deaths. may have to evacuate their hougesan help reduce impacts of climate changer”

=
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The high growth rate of an =
Oak Ridge tree plantation Ig - ar on ree
exposed to carbon dioxide—

enriched air declined

significantly in the FACE
experiment’s second year. ro a e a s

I n 1998, an experimental 10-year-o|dwide in plots receiving the extra GOTrees use| cycling because of high root turnover,” Norby
sweetgum plantation in Oak Ridge Na-more water on sunny days and less on overcastsays. “The fine roots took in more carbon and
tional Laboratory’s Environmental Research Parkainy days,” says Norby. “Because of high @® | then rapidly died, releasing more carbon to the
showed a 35% increase in growth over a nearksijr, they can close their stomata a little on days @il than usual.”

control stand of trees. More wood was produgetiigh water use and get the Cfey need while Because ORNL and Duke scientists are do-
in the test forest's tree trunks and more fine roptetting out less water. Thus, they draw less waténg similar experiments on plantations of equiva-
grew in the soil. The 15-m-tall sweetgum trees ifirom the ground, allowing soil moisture levels tdent size and age in the same climate zone, they
the plantation’s 25-m-diameter plots grew maréde higher. Higher soil moisture could result in mor@ropose to collaborate on a study of nutrient cycling
because they were being exposed to air contaigetivity by microbes that may make more nitroand carbon sequestration in these test forests if
ing 50% more carbon dioxide (Gthan is in | gen available to plants, fertilizing them and proDOE funding is available. They will also try to help
the atmosphere, thanks to free-air G@rich- | moting their growth.” each other understand the variability in the results
ment (FACE) technology. In addition to the tree growth rate differencefrom the Oak Ridge and Duke experimelom!

In 1999, the second year of the FACE experin 1998 and 1999
iment funded by the Department of Energy, somat the FACE fa- 58,
of the data surprised Richard Norby and his ORNKility, ORNL sci- ;»
collaborators Stan Wullschleger, Carla Gunders 3

the FACE facility and a researcher in ORNL'sleaves and litter }' 2
Environmental Sciences Division (ESD). “It could(fallen leaves on -fg’,,
‘sthe forest floor) ;" :

data because of the sudden increase ing@@ | was lower, which

ter just as well in the second year as the first.”| lowground allo- b2y / b % &
In both years, ORNL scientists observed thatation of carbon. %+ : i : e : e sos

the tree leaf pores (stomata), which allow,@® | “We saw an in- standing in a hydraulic lift, Rich Norby collects leaves in the high-carbon sweetgum

enter and water vapor to escape, were not opegn@sase in carbon forest for measurements of leaf mass, nitrogen concentrations, and rates of photosynthesi
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Reshaping the Bottle
& for Fusion Energy

The National Spherical Torus Experiment at Princeton, New Jersey, which
was conceived by an ORNL physicist, may provide data that will help revolutionize the development of
a clean, safe energy source. ORNL fusion researchers are helping the NSTX achieve its scientific mission

he new centerpiece fusion experimeptpvercome the problem that has been prevalentlreat the plasma to very high temperatures (it is
called the National Spherical Torustokamaks: turbulence—and other instabilities—hoped to more than 20 million degrees Celsius).

Experiment (NSTX), at the Princeton Plasmadhat cause energy to leak from the hot plasma|aBwth of these techniques have been areas of major
Physics Laboratory (PPPL) in New Jersey mightndermine fusion reactions unless a very strorgirength for ORNL's Fusion Energy and Instrumen-
provide the answer to the question fusion remagnetic field is applied. tation and Control divisions. In a recent test, Dave
searchers are asking in an age of rising oil prices “In the spherical torus,” Peng says, “the sam8wain and Phil Ryan of ORNL, together with re-
and greenhouse-gas levels: Can practical fusigolasma pressure can be maintained with a muskarchers from PPPL and General Atomics, cou-
energy be developed at reduced cost? lower magnetic field, significantly reducing the sizgpled—for the first time—two of what will eventu-

The new experiment will not break world and cost of the fusion device.” ally be six radiofrequency devices to heat the
records for plasma temperature and the amount of ORNL, Columbia University, and the Uni- plasma in a new way, using a technique similar to
carbon-free fusion energy produced, as did its preersity of Washington joined PPPL in building thehat employed in a kitchen microwave oven. John
decessor at PPPL, the Tokamak Fusion Test Re@¢STX. ORNL made major and key contributions/ilgen and Greg Hanson built and installed a ra-
tor (TFTR). (TFTR produced a world-record 10| 7in plasma design, including the plasma shape (Dedio wave interferometer system, which has already
megawatts of fusion power in 1994.) But the muchis Strickler), plasma edge (Peter Mioduszewskiroduced high-quality measurements of plasma
smaller NSTX aims to provide new data for deteret al.), radiofrequency systems, and engineerirgnsity near these new radiofrequency devices.
mining whether a subsequent, next-generatiotesign of the first wall components (Brad Nelson  Another radiofrequency system from ORNL
spherical torus device could produce three timest al.). Some of these and other ORNL researchevas brought to NSTX by Tim Bigelow to pre-
the power of TFTR at one-third the cost. have since joined the NSTX National Team of reionize the fuel and ensure reliable plasma opera-

NSTX passed its first plasma test in Februargearchers from 15 national laboratories, universiion. Also, ORNL's Rajesh Maingi was selected
1999 and resumed operation in September 199%s, and industries and contributed much to the serve as the deputy run coordinator, beginning
This machine fulfilled an important milestone jnsuccess of the initial experiments. in October 2000.
December 1999, nine months ahead of schedule, NSTX was built for $24 million two month “We hope to achieve high plasma perfor-
by inducing an electric current of one million am-ahead of schedule and within cost. “The equipnance in NSTX,” Peng says. “The scientific
peres in its plasma. The plasma is an extremely hoent already available at PPPL was used effeknowledge we will gain could pave the way for
state of matter consisting of charged heavy hydraively to reduce much of the construction cost caffordable development of economical fusion
gen nuclei and free electrons swirling around at vetpe NSTX facility,” Peng says. “By using muchpower in the future.omi
high velocities. This level of current was a worldsmaller electro-
record for a device of NSTX's design. magnets to confine

In January 2000, a series of experiments| aifie plasma, we hav: Q om |
NSTX validated an idea about how to produce analso reduced powerﬁ'%i B, b ﬂ}m ‘{"m :
control its current. In one test, a current of 130,00@quirements, keep “ s ey
amps was generated in the plasma by injectirigg operating costJ’- 2 ‘!!
current directly into the chamber, thanks to a nedown.” Peng, who is
technique developed in cooperation with the Unithe NSTX program . £
versity of Washington at Seattle. director, co-directs, / f

The spherical torus concept, which was prothe spherical torus’ ’,
posed in 1985 by Martin Peng, an ORNL scientidtacility with PPPL @E 48 ¢4
now on assignment to PPPL, does not have physicist Masa Ono, | &
doughnut shape like TFTR. Instead it is shapethe NSTX project i
like a cored apple, a more compact design. It wakrector.
generally believed in 1985 that a large hole inthe In the next
doughnut was needed to accommodate large magpuple of years, the
nets to confine the plasma and keep it from crashNSTX team will
ing against the vessel wall, where it would lose|itapply powerful ra-
energy. But Peng showed theoretically that onlgdiofrequency ™
small magnets would be needed to confine theaves and neutralORNL researcher Martin Peng (shown here) conceived the National Spherical
spherical torus plasma. The spherical shape mawrticle beams toTorus Experiment now in operation at Princeton Plasma Physics Laboratory.
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t will use almost no power and take up almost no space. But it

store lots of data permanently, even when power is interruy
It's a smart transistor, and the first version was built and demonst
recently at ORNL.

ORNL researchers Rodney McKee and Matt Chisholm and Univ
ty of Tennessee researcher Fred Walker are building an even better
type of a smart transistor by taking advantage of their recent mat
breakthrough in depositing a high-quality, crystalline film of barium tit
ate on germanium. This powerful transistor is “smart” because ba|
titanate’s crystal structure gives it desirable ferroelectric properties,
that in certain regions of the film, positive and negative ions separate
ting up a semi-permanent internal field. As a result, the transistor “ren
bers” information even when the power is turned off.

“Smart transistors could
used in smart cards because t
can cram in more information a
need much less power to get
formation in and out,” McKe
says. “Because one smatrt tran:
tor can retain as much inform
tion as two silicon transistors ai
two power-hungry capacitors,
chip with germanium-barium t
tanate transistors will hold or
million bytes of data compare
with 256,000 bytes for a silicc
chip of the same size. A smart, low-power ¢
could serve as the hard disk drive of a laptop cg
puter and extend the lifetime of laptop batterieq

The researchers built a field-effect transist
(FET) by depositing barium titanate as a dielect
film on a germanium substrate. Three electrog
were also placed on the germanium transistor.

FETs, which are used as common switchi
devices in modern electronic equipment, are n
mally made of silicon. When a conventional FH
is turned on, electrons injected from a source el
trode flow as a current through the silicon ba
and are collected at a drain electrode. To turn
transistor off, a gate electrode between the ot
electrodes applies an electrical voltage to a S
con dioxide dielectric film, causing it to “pinc
off” the current by raising resistance in the si
con base. In this way, a transistor can function #@stranslucent silica g

By depositing a barium titanate film on
germanium, ORNL researchers are build-
iIng a “smart” transistor that doesn’t lose
data when the power is turned off.

wakisting the flow of electrical current (and making an “on” or “off” tran-
teistor). Unlike the case with a silicon transistor, the direction of the field on
atteel new transistor stays up or down all the time, so no external power is
needed unless the field must be flipped. All information in the “on” and

ersiff” transistors is retained despite loss of power.

proto-To deposit a barium titanate film on germanium, McKee and Walker

erieded molecular beam epitaxy (MBE), a precisely controlled process for
agrowing thin films under an ultrahigh vacuum. McKee knew that to

riomake a smart transistor, the barium titanate had to be put into the right
sogidation state on germanium. The correct state gives the film the insulat-
, BEf-properties needed to make it work effectively. The only way to get the

ngeper oxidation state is to use the most reactive form of oxygen—ozone.

But the ozone must be made quickly and released at the proper rate.

To solve this problem, Alex Gabbard and Charles Malone, both of
ORNL's Metals and Ceramics Division, developed an ozone-dispensing
device. In this device, a column of
silica gel beads is placed in a small
lab vessel cooled to cryogenic tem-
peratures. An oxygen-ozone mixture
from a standard ozone generator
flows into the vessel and up through
the gel. At the right temperature,
ozone, unlike oxygen, adsorbs onto
the gel surface. After 20 minutes, as
ozone adsorption on the gel reaches
full saturation, the translucent gel
turns deep purple.

To retain the ozone, the gel is
cooled to a constant temperature
of —100C using liquid nitrogen,
which is at —192C. The tempera-
ture of the gel, which affects the rate
at which ozone is collected or ex-
hausted, is controlled by the flow
of nitrogen gas in a jacket surround-
ing the gel. A vacuum chamber
enclosing this jacket and the silica
gel chamber inside it isolates the
jacket and inner column of gel from
the extreme cold of liquid nitrogen.
When the gel is saturated with
ozone, the ozone is released at a
controlled rate to the MBE equip-
elin avessel turns deep purple as ozenent by flowing more nitrogen

an on-and-off switch or as a repository for a bit ofidsorption on the gel reaches full saturation. Ozone is Kgas into the chamber to heat the
information (e.g., an “on” transistor stores a 1 anktased at a controlled rate from this vessel to the MBE equi slightly.

an “off” transistor stores a 0).

ment used to deposit a barium titanate (BgJifdm on a

The winning combination of

Depending on whether the direction of thggermanium (Ge) substrate. Inset: Z-contrast scanning tramsehnologies perfected at ORNL to

field of the barium titanate dielectric film is up ormission microscope
down, it either pulls up or pushes away electricdlire that promotes t
charges in the germanium substrate, facilitating dransistor action.
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image of the BajH&k interface struc- make a smart transistor is attract-
he ferroelectric field effect needed fioy the attention of the electronics
industry. oml
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Nuclear physicists at ORNL have N T f
identified a novel form of radioactivity e W y p e o

predicted byf theory—simult?neous - - -
mmmanenies " Radioactivity
-
Discovered at ORNL

ased on preliminary experiments at  “We still have to answer a key question,” Rykaczewski is looking forward this year to
ORNL's Holifield Radioactive lon| Nazarewicz says. “Were the two protons leavingRIBF's first radioactive ion beams for nuclear

Beam Facility (HRIBF), nuclear physicists hayehe neon-18 nucleus closely coupled together sructure physics research—a proton-rich, nickel-
identified a new form of radioactivity—simulta- form helium-2, or were they emitted almost inde56 beam, as well as neutron-rich beams. These
neous emission of two protons from the decayingendently in a direct three-body breakup into okypeams will help nuclear physicists explore un-
nucleus of an atom. The discovery of the protongen-16 and two protons, sometimes called ‘demoharted territory as these scientists create and dis-
which may have been initially bound together|ircratic’ decay? Even if the protons were emitted aover some of the 3000 neutron-rich and proton-
an ephemeral helium-2 nucleus as they wegehelium-2 nucleus, they would fly apart almostich radioactive nuclides believed to exist when
emitted from a neon-18 nucleus, is significant| linstantly. Our data favor the helium-2 emissior;onditions are right. Recently commissioned
will allow physicists to better understand the strangut a further experiment will be required to definidigital signal processing electronics should help
nuclear force that holds protons and neutrons| ttively distinguish between the two possibilities, researchers reach this gcoml
gether in the nucleus, countering the repulsive Cou-  Two-proton (helium-2) decay was predicted
lomb force that drives protons apart because of théir 1960 by the Russian theorist V. I. Goldanski/ In
like charges. Information about the energy levelthe succeeding 40 years many efforts have been
and other properties of the emitted pair of protonmade to identify this elusive process definitively,
will help scientists determine how protons aréut none have succeeded. These searches have i
bound together in the nucleus and how they intevariably found sequential emission of single pro-
act with each other and with neutrons. tons, through an intermediate state, instead of si-

“The nucleus is sending us a message abautultaneous two-proton emission (either jas 2He emission
how it is put together,” says Jim Beene, director dfelium-2 or “democratically”).
HRIBF, the only two-accelerator facility for pro- “For states of neon-18 up to 6.4 MeV,
ducing radioactive ion beams in the United StateBlazarewicz says, “two protons can be emitted

“This is the first time that two-proton emis-along with oxygen-16 only if they are emitted
sion has been observed,” says Witold Nazarewicgimultaneously. The sequential one-proton emi
deputy director of science at HRIBF, a leading thesion process is not possible, because no appropri >
orist in nuclear structure physics, and a professate intermediate state exists.”
of nuclear physics at the University of Tennessee The identification of two-proton emissions
at Knoxville (UTK). “Experimenters at the Holi- is important, but it will be especially significant if
field facility have already discovered five radionuthe emitted protons come out bound together and Three-body “democratic”
clides that emit single protons through decaythen separate, providing information on how they
Nazarewicz makes calculations to describe thare entangled in their original state inside the neon-
decay of one-proton emitters and is developing8 nucleus.
theory to describe two-proton emitters. At HRIBF five single-proton emitters have

Led by George Gomez del Campo of ORNL'$een discovered by researchers led by ORNL's
Physics Division, a group of ORNL and UTK physKrzysztof Rykaczewski. The proton-rich nuclides
icists discovered two-proton emission from the deare holmium-140'¢®Ho), holmium-14in (***"Ho),
cay of neon-18 nuclei formed in an experiment dhulium-145 {“Tm), lutetium-15@n (***"Lu), and
HRIBF. Fluorine-17 ions in an intense, difficult-lutetium-15In (**Lu).
to-produce HRIBF beam bombarded hydrogen “Of the single-proton emitters, we found that
atoms (protons) in a polypropylene target. For thiaulium-145 has the shortest half-life yet measured
most part, protons were scattered from the bombardr proton radioactivity,” Rykaczewski says. ‘|t
ed target. Once in a billion encounters, a fluorindecays in 3.5 microseconds to form another radio-
ion captured a proton in the target, forming neon-18uclide, erbium-144." Future experiments at the HRIBF could deter-

One particular quantum state of neon-18, with  Nuclear physicists at HRIBF also discoveredmine whether the neon-18 nucleus can decay by
an energy just over 6 million electron volts (MeV)that thulium-146 breaks down into erbium-145forming an oxygen-16 nucleus and helium-2
was found to decay about one time out of 3000 Ky*Er), releasing protons of different energies.| Innucleus that breaks apart instantly into two pro-
emitting two protons simultaneously to form oxy-this case, Rykaczewski says, the observed protdions, or whether the neon-18 undergoes a direct,
gen-16. The remaining 2999 times it decayed| ine structure offers a tool for studying neutronthree-body breakup into oxygen-16 and two pro-
emitting a single proton to form fluorine-17. states in exotic nuclei. tons, sometimes called democratic decay.

e— ¢

Sequential single proton
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F t [ E ] I t [
u ORNL researchers have devised a computer-based method
s e I z u re s to warn an epileptic that a seizure might occur in the next
20 minutes, allowing time to get medical help.
Travis, 19, is eager to drive, swim, andskin of his skull. Instead, Travis might wear dimedistribution functions to detect pre-seizure
climb mountains. His doctor, however, hasized electrodes—one to replace the earring he|capnditions.”

warned him against undertaking these activities, beently wears and the other attached by conductive  SeizAlert is sensitive to many seizure types,
cause they could injure or kill him. Travis is one|ofjlue to his scalp covered by his baseball cap. Tlaecording to Hively. Unlike other such systems, it
almost 3 million epileptics in America. During aelectrodes would relay EEG signals to a pockéias a filter that removes confounding signals such
seizure, his muscles contract violently, and he briefomputer that looks for pattern changes in his braas eye blinks—something physicians have been try-
ly loses bladder control and consciousness, oftevaves and alerts him that a seizure is imminenting to do for nearly a century. The ORNL approach
embarrassing and sometimes hurting himself. His The seizure alerting system—dubbeadbtains seizure forewarning from a single-channel
condition has not responded to drug therapy (whic®eizAlert—detects the change from nonseizurgcalp EEG, rather than relying on subdural EEG
causes many epileptics to be drowsy, uncoordindirain waves to patterns that forecast a seizunesed by other monitoring methods. It has highly
ed, and disoriented), so Travis risks sudden deafeizAlert was developed by Lee Hively and Nedliscriminating dissimilarity measures that detect
from an accident, interrupted breathing, or hea@lapp, Jr., both of ORNL's Engineering Technolsmall differences in a patient's EEG data that are
failure. He avoids social situations and has troublegy Division; Vladimir Protopopescu of the Com-not recognizable by visually scanning typical EEG
holding a job. His medical bills are huge. puter Science and Mathematics Division; and Paoharts. SeizAlert provides a warning if these differ-

ORNL researchers are developing new teclailey, an adjunct staff member in the Energgnces exceed a predetermined threshold.
nology that could someday improve life for epi-Division and a professor at Ohio University. Using  To fine tune the algorithm and establish a
leptics like Travis. Indeed, they have devised BOE funding, the group is working with Nicolet database for reference, the ORNL researchers an-
computer-based method that will warn an epile@Biomedical Inc., in Madison, Wisconsin, to de-alyzed 19 sets of time-serial EEG data, each from
tic that a seizure might occur in the next 20 minvelop a commercial version of the system underadifferent patient who suffered an epileptic sei-
utes or so, giving him time to stop hazardous aceoperative research and development agreementire. “We saw forewarnings of a seizure as much
tivities and get medical help to prevent or reduyce  SeizAlert is a nonlinear technology thatas three hours befottee event, with a typical fore-
the severity of the seizure. converts continuous time-serial data to a distribwarning of 20 to 30 minutes,” Hively says. “Also,

This ORNL work could eventually lead to ation function for the baseline brain-wave activitythe algorithm correctly reported no warnings
portable, noninvasive monitor, allowing Travis‘We then compare nonseizure activity withwhen tested with EEG data that contained no pre-
more freedom. A wearable monitor is greatlypre-seizure and . seizure ac-| seizure or seizure activity.”
preferable to a wall- " tivity,” Hively . ot explains. Once perfected, the SeizAlert technology

powered electro- Swa “We measure g would help epileptics like
encephalo- RN e the dissimilar- Ned Clapp, Jr, Travis have lots more fun

graph (EEG) \ *, \ ity between Viadimir with much less
that records j the base case Protopopescu, fear. omi
brain activity y NG and test case and Lee Hively

from a “subdu- | g developed the

ral” electrode
under the

SeizAlert
method to de-
tect the onset of |
a brain seizure.

Curtis Boles
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Lynne Parker’s
Cooperative Robots

For her pioneering contributions to the new field of cooperative robotics, ORNL'S Lynne
Parker received the prestigious Presidential Early Career Award for Scientists and Engineers.

n 1989, when Lynne E. Parker leftChuck Weishin, then CESAR director. “Becauseay she also received a DOE Office of Science
ORNL's Center for Engineering Sciengel was thinking of returning to CESAR, | was in-Early Career Scientist Award from Secretary of

Advanced Research (CESAR) to pursue a Ph.Berested in finding ways to get two robots to worEnergy Bill Richardson in a ceremony at Wash-
degree in computer science at the Atrtificial Intogether. At that time, people thought that geington’s Forrestal Building.
telligence (Al) Laboratory of the Massachusettting one robot to perform a task was all you could ~ Most operating robots today are stand-alone
Institute of Technology (MIT), she planned tohope for. But it became clear that the advantagiedustrial robots that carry out single tasks such
focus on a new field—cooperative robotics. | of two or more robots working together on a comas cutting, bending, or welding metal for auto-

“CESAR had only one robot but a seconglex task is redundancy and fault tolerance—omnaobiles. But future intelligent machines in fac-
one was under construction,” she says, noting thedin take over for another if it fails.” tories and other environments are likely to in-
she had been offered a job at CESAR after tak- The subject of her Ph.D. thesis was heter@lude cooperative robots.
ing a University of Tennessee course in Al frangeneous multirobot cooperation. Based on her “In cooperative robotics,” Parker says,
MIT research and her work af- “more than one robot performs a task that cannot
ter she returned in 1994 tobe done by one robot alone.” Through use of on-
ORNL's Computer Science andboard software written in C and C++ and attached
Mathematics Division (where sensors and effectors, Parker has “trained” small,
CESAR resides), she wrote themobile robots to work together to manipulate
computer program ALLIANCE, objects. For example, Ada, Alexandra, Edith, and
which enables several robots foGrace, CESAR's four “Nomad technology” ro-
jointly perform a task. The phots named after female pioneers in computer
achievement has made Parker gcience, recently passed a baton over a series of
pioneer in the infant field of cor harriers to reach a goal. The four robots, she says,
operative robotics. can get the job done faster than one robot can.

Because of her ground- “We have demonstrated that robots can
breaking research, this East TeNmoye in formation,” Parker says. This capability
nessee native who graduatedqiq pe useful for mowing a sports field, sweep-
from Powell High School in g 5 gym floor, or scraping an ice rink.
Knox C_ounty and earr_led aB.s. “The ALLIANCE program coordinates the
degree in computer sclence fror_nmovement of robots so they don't interfere with
Tenqessee Technologlcgl .U "each other,” Parker says. “It also allows them to
versity, rece|yed a prestigio Scooperate through communication. They share
award on April 12, 2000, at the, li ti bout their intentions so the other
White House. Parker was one pf > ation abo .
five scientists from DOE's na robots car: adapt as they work to achieve a com-
tional laboratories and among gmon goal. .
university and government re- _ Parker cites several advantages for cooper-
searchers to be honored with 21V robotics. A team of robpts can accomplish
Presidential Early Career Awar more complex tasks than a smglg robot can work-
for Scientists and Engineers.N9 alone. The_ team is more reliable and robust;
Parker, who received her awa df one ropot fails, thg ther robots gan t.ake over
from Neal Lane, the President'sa@nd continue the mission. By working in paral-
science adviser, was recognizede!, the team can complete the task much faster
: SRR “as a shining example to futurethan one robot. Because the individual robots will
! i iy MOSSSSE  generations of researchers—thdiave a simpler design, a team of robots may cost
On April 12, 2000, Lynne Parker received a Presidential EaBigst of the group of scientistsless to construct and maintain than one robot built
Career Award for Scientists and Engineers and a DOE Officétd¢l engineers who will be re-to carry out a complex task.
Science Early Career Scientist Award. The second award was gpensible for America’'s 21st ~ Teams of robots could be used to perform
sented to her by Secretary of Energy Bill Richardson. century greatness.” On the samegomplex tasks in areas too dangerous or other-
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One of Parker’s biggest
challenges is to enable robots
to learn from each other. In
one multirobot learning
project, the Nomad technol-
ogy robots were assigned this
goal: Using all your capabili-
ties, figure out how to move
as a team to keep as many
moving targets under view as
possible. The robots have vi-
sion, compass, infrared, and
two-dimensional (2D) laser
sensors, as well as odometric,
tactile, and sonar sensors.
They have an indoor laser-
based 2D global positioning
system that allows them to
locate themselves and each
other precisely in the room
space. Thanks to a radio eth-
ernet system, they can com-
municate with each other and
with a host computer work-
station.

“So far, we've found that
the learned approach is better
than random movement of the
robots, but it's not as effective
as my hand-generated com-
puter solution,” Parker says.
“When | give the robots my
force vector field model,
which specifies that robots are
attracted to targets and re-
pelled by each other, the robots
quickly spread out and get
close to the targets as a team.

. . . . . - This is the fastest solution.”
Lynne Parker prepares to place a baton in the gripper of one robot, which will pass it across the wooden barrier t0 Later this year, Parker

another robot. These are two of ORNL's four “Nomad technology” robots, which are named Ada, Alexandra, Edit}], .
. . . will' write programs for four
and Grace after female pioneers in computer science. The two smaller robots are named after Roman emperor

- i ) . . . smal?er, even more mobile,
Hadrian and Augustus in honor of CESAR—ORNL's Center for Engineering Science Advanced Research. robots, which are named af-

ter Roman emperors, in hon-
wise undesirable for humans. Such tasks could  For a Defense Applied Research and Devegr of CESAR. She will try to “teach” these ro-

include cleaning up hazardous waste sites, erpment Agency (DARPA) project involving bots how to learn by giving them “hints” and
ploring planets, mining in unpopulated areasDRNL and Science Applications Internationalglobal positive reinforcement” as feedback.
participating in search and rescue missions, ar@@orporation (SAIC) in Littleton, Colorada, When asked why she chose computer sci-
decommissioning nuclear power plants, as weRarker is developing software that will coordinatence as a field of study, Parker answered, “| al-
as taking part in such activities as automatetthe movements of DARPAs sensor-equippedways liked math and science. My father, who is a
manufacturing, industrial maintenance, and sutactical mobile robots, which were developed tgivil engineer, suggested that | might like com-
veillance for threats such as biological and chenalo surveillance in urban areas. “Military officialsputer science because it combines both science
ical warfare weapons. want to be able to determine safely whether teand math. Computer science is a relatively new
For Caterpillar Inc., Parker and her cal+orists are staying in a suspect building,” Parkefield that presents new challenges. | like to work
leagues are performing computer simulations afays. “They envision man-portable robots calledn and solve new problems, and the field suits
a cooperative robotics system in which unpackbots that toss over a fence several smallery independent nature.”
manned, automated bulldozers would remavebots, or ‘throwbots’ that resemble bowling balls ~ Parker’s goal is to make robots more auton-
coal from surface mines in remote areas. “Ouwith spikes. Such throwbots might crawl througtomous and independent by giving them the abil-
goal,” Parker says, “is to enable a human in oreewage pipes, surreptitiously enter a building, arity to learn. She knows that she and they have a
vehicle to direct the actions of the unmanned;apture and relay images of people and weagol@g way to go, but she says, “That's what makes
robotic vehicles that remove and collect the coalih the building.” my job fun.” omi
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Mercury Beyond Oak Ridge

ORNL Corporate Fellow Steve Lindberg has led efforts to find new ways to measure surface
emission and deposition of airborne mercury and determine its interactions with forests and
lakes. The results of Oak Ridge studies are influencing global regulations of the toxic metal.

Huckabee was interested because the energy production sector is the
nation’s largest point source of mercury. Coal-burning power plants release
more than 40 tons of mercury a year, about a third of the total entering the
environment. Power plants emit more mercury vapor than either mercury
mines or chlor-alkali plants (which produce chlorine). Lindberg had studied
all three industrial sources of mercury. In 1980 he and ESD’s Jay Story mea-
sured mercury emissions from the Tennessee Valley Authority’s coal-fired
power plant at Cumberland, Tennessee. They found that 99% of the mercury
in the feed coal was discharged to the atmosphere as gases (92%) and part
cles (7%) and that only 1% was captured by pollution control equipment.

On the train Huckabee helped Lindberg outline a proposal to EPRI. EPRI
managers knew well that mercury was the next environmental challenge for
U.S. coal-fired power plants, which were installing expensive scrubbers to re-
duce their sulfur emissions to meet new U.S. Environmental Protection Agen-
cy (EPA) regulations. As the research arm of U.S. electric utilities, EPRI want-
ed to know more about the environmental effects of mercury emissions.

As aresult of
the “train-ride”
proposal, Lind-
berg’s group re-
ceived EPRI fund- .
ing to make new

I n 1989, follow-
ing a conferenc
on mercury in Sweden
Steve Lindberg wa
riding on a train from
Stockholm when he no|
ticed a familiar face. It
was John Huckabe
whom Lindberg had firs
! metin 1974 after h
joined ORNL's Environ-
mental Sciences Divisio
(ESD). Huckabee ha
led an ORNL study o
the ecological effects o
mercury from the
world’s largest mercu
y mine, located in Al-
madén, Spain.
Lindberg worked
with Huckabee and oth
ers in the 1970s on
National Science Foun: field measure-
dation project that mear ments, and the De-

- . sured mercury concen- partment of Energy
Steve Lindberg measures fluxes of stable mercymitions in the North supported method-

isotopes from soils in Canada’s Experimentql_—ork Holston River and ology and instru-
Lakes Area. ment development.

Cherokee Reservoir i

Paul Hanson discovered that plants also emit mercury from their leavedvifens, and Paul
their internal mercury levels exceed background air concentrations.) | Hanson, all of ESD;
On the train Lindberg struck up a conversation with Huckabee, [tHealph Turner, for-
head of the Environment Division at the Electric Power Research Institaterly of ESD; and
(EPRI), about atmospheric mercury. Mercury is a heavy liquid metal, but fhiklen Meyers of
toxic material can float through the air as a gas. Lindberg was one of thetfiret Atmospheric
scientists to suggest that airborne global mercury could be a source of ierbulence and
cury to land and surface water. This hypothesis helped explain why s@ifeision Division
pristine lakes far from industrial sources of mercury are contaminated withthe National
the toxic metal, which can be converted from its elemental form to meth@kteanic and Atmo-
mercury by bacteria. Methylmercury is readily accumulated by fish. Humamheric Adminis- Using an approach developed at ORNL, Jim Owens em-
exposed to excessive amounts of methylmercury from contaminated fishtcation (NOAA) in ploys an automated mercury sampling system to measure
develop neurological and other health problems. Oak Ridge. dissolved gaseous mercury concentrations in alligator-filled
Atthe conference in Sweden, Lindberg had described his computer model During  the ¥vaters n rlorldas lEvergIr_;\desl.l M;argqry vapnozr ISI pur?ebd
for quantifying mercury emissions and deposition, including the two-wa990s, Lindberg fom a water sample and is cotected In quartz giass Wbes

. - that contai tallic gold. When airis d through tub

flow between the earth’s surface (e.g., soils, lakes, and forests) and the aanmmb-his coIIeaguesatZ g?gsgli%;ndeﬂox r%ct)e m erft?r; I\:elxspoﬁa\v:r?algg)r?]gteg w(iet?]
sphere. Lindberg told Huckabee that he hoped to collect data and devgteptly advancede gold. By heating the éold, researchers can precisely mea-
models that would lead to a better understanding of the exchange of merthey understand-syre the amount of mercury vapor released at a level of about

between the atmosphere and forests and lakes. |ng of atmOSpheriC a picogram using atomic fluorescence Spectroscopy_
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mercury in collaboration with internationally more than 1200 became ill from eating bay fislglades to Point Barrow, Alaska. One project involves
known mercury research laboratories, such asthntaminated with methylmercury. Awareness| afneasuring mercury emissions from landfills.
Swedish Environmental Research Institute and thehis disaster was partly responsible for the passage “People dump garbage that contains mer-
German Hydrophysics Institute (where Lindbefgof the Clean Water Act of 1970. cury, such as thermometers, batteries, electrical
spent two sabbaticals in 1994-1996). Many early  Lindberg and Turner were asked to study awitches, fluorescent light bulbs, and yard waste—
tests of his method were performed at East Fo rlﬁercury-contaminated waste storage site atraainly leaves and grass,” Lindberg says. “Bacteria
Poplar Creek (EFPC), where tons of elementasatyile, Virginia, chlor-alkali plant on the Hol- working on this waste form methane, which is of-
mercury were discharged as a result of a lithiymyion River. The plant was permanently closed, a@in used to generate ‘green power. Unfortunately,
separation process at the Oak Ridge Y-12 Plant i \aste site was being considered for a trailgther bacteria also convert the waste mercury into
support of the development of the hydrogen bomh,ar The researchers measured the waste sitdgethyl mercury, a highly toxic organic com-
This “manipulated backyard” research site provediischarges of mercury to the river as a result gound thatis volatile and is released in landfill gas.”
invaluable for method demonstrations, which h funoff, as well as its emissions of mercury vapor The Oak Ridge researchers also have been
since led to almost 20 new research projects in SB the air. measuring emissions of airborne mercury from
on mercury cycling. The results were interesting,

more mercury was released to the air from EF
floodplain soils than to groundwater. After a seri
of hearings and much scientific evaluation invol
ing many ORNL researchers, the most contami=
nated floodplain soil was replaced with clean sqil
“While local officials and scientists were
focusing on mercury problems at the Y-12 Plan
and on the floodplain,” Lindberg says, “my col-
leagues and | were making plans to study mg
cury beyond Oak Ridge.”
Since 1994 the ORNL group has publisheg
more than 50 journal articles on the developme
and application of several new methods for meas
uring airborne mercury. These ORNL-develope(
methods are now being used by a dozen othg
mercury research groups around the world.
The wealth of information obtained by these
researchers has prompted EPA to take action.

December 15, 2000, as a result of a July 11 recC ] )
ommendation by a panel of 10 experts conve ofor @ 1997 EPRI-sponsored intercomparison study of mercury fluxes from natural sources, mercur
by the National Research Council, EPA is e ‘emissions from geologically enriched soils to the air were measured by various approaches near Stea

ected to announce requlations the;t will reaulr boat Springs, Nevada. Ten different groups from around the world compared measurements using te
anl-fire d power plantsgto include some Ievgl X iques originally developed by ORNL and NOAA researchers, such as the micrometeorological moc

e - fied Bowen ratio gradient method illustrated here.
mercury emission control, which could be cost-

lier than sulfur emission controls. Already EPA
has issued guidelines and regulations restricting ~ “We were the first to propose that there isanatural sources, such as vegetation in the Ever-
mercury emissions from municipal incineratorsatmospheric route for mercury to get from the was@ades National Park; surface waters of a forested
and limiting the use of mercury in fluorescent lightto the local environment,” Lindberg says. “Ouake site in south-central Sweden; soils in hydro-
bulbs and batteries, to reduce the amount of wasteeasurements showed that atmospheric emissidhgrmal areas in California and Nevada; soils at
mercury in landfills. from the waste site were equal to the direct runo/alker Branch Watershed on the Oak Ridge
to the river. We also found that the total amount dR€servation; and surfaces in the Arctic regions of
mercury lost from the passive waste storage sifeiP€ria, Alaska, and Canada. Mercury from natu-
was higher than that from some active chlor-alkal2! Sources must also be measured to predict cor-
Lindberg was also one of the first scientistsplants that have emission controls.” rectly the effects of pollution controls.
to suggest that wastes are a source of mercury to  In 1977, Lindberg and Turner published th irA Sticky Gas
the air. In 1975 he and former ESD geochemistesearch on chlor-alkali plant wasteéNature The
Ralph Turner were involved in a study to help pinpaper concluded that waste storage sites could re-
point the sources of mercury to the contaminatechain a source of mercury to the air and the enviro
Holston River. In the 1970s there was considerment for hu_ndreds of years. Th(_e Saltville site hey knew that increasing amounts of mercury
able concern about merpury-contamlnated wagiater remediated at a cost of millions of dollars. vapors were being discharged to the atmosphere
ways because of the disaster at Minamata City, ~ Today Lindberg’s group includes several ESBrom burning fossil fuels, mining, manufacturing,
Japan. From 1953 through 1965, the Chisso Goscientists working on projects throughout Nortfand incinerating waste. They knew that the ele-
poration’s acetaldehyde factory dischargedamerica: Hong Zhang, George Southworth, Weijimental form of mercury is highly volatile, that its
methylmercury and inorganic mercury intp Dong, Lala Chambers, Todd Kuiken, and Mary Annatmospheric residence time is six months to a year,
Minamata Bay. As a result, 52 Japanese died arBbgle are involved in studies from Florida’s Everand that it is barely soluble in water.

Mercury in Waste

In the early 1980s, Lindberg and others be-
an thinking about the cycling of global mercury.
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Lindberg was studying air pollutants and acid ~ “Because RGM is so soluble i
rain at the time for the National Acidic Precipita-water,” Lindberg says, “it can be de
tion Assessment Program (NAPAP), so he becampesited quickly in rain and snow, thu
interested in their role in promoting the depasimaking it a possible source of mercul
tion of airborne mercury on the earth’s surfaceo lakes far from mercury-dischargini
This deposition was evidenced by the increasingdustrial plants. During dry weathel
number of reports of mercury-contaminated fiSiRGM would also be rapidly dry depos ..~
in lakes far from industrial sources of mercury. ited to vegetation where it may b.

“We hypothesized that ozone and other polwashed into soils and nearby stream
lutant oxidants could react with elemental mer-  In 1997 Lindberg and Strattor
cury to form a reactive divalent mercury com+published an article iEnvironmental
pound, which is much more soluble in water an8cience and Technologbout their
more likely to be deposited to the ground and odetection of a sticky RGM compoun
lakes,” Lindberg says. Among the air pollutant®f either mercuric oxide or mercuric
Lindberg studied for NAPAP during this period wereehloride. According to their measuresteve Brooks of NOAA takes a break from mercury measurements
nitrogen oxides (NQ), which are present in auto- ments, 2 to 4% of total gaseous mercat-Point Barrow, Alaska, to enjoy the first sunlight in two months.
mobile and coal plant emissions. He found that NQy in air is the highly water-soluble spe-
emissions when reacted with photo-oxidants resulties of RGM, whereas about 97% is element#ccording to Lindberg, “The evidence suggests
ed in the formation of nitric acid vapor in the atmomercury vapor. They discovered that this small fra¢hat airborne elemental mercury is depleted when
sphere. “We called it a ‘sticky’ gas,” he says, “betion of airborne mercury strongly influences theconditions are right for converting it chemically
cause nitric acid was rapidly deposited from the aiteposition of mercury to the earth’s surface. to RGM, which is then deposited to the Arctic
to vegetation and soil. It ‘stuck’ to everything.” How does RGM get into the air? It is formedsnow.” New analyses by Mary Anna Bogle and
in flue gas when coal or mu- George Southworth of snow collected from Janu-
nicipal waste is burned. How- ary through May 2000 confirm for the first time
ever, Lindberg suspects that|itthat mercury is accumulating in Arctic snow at
can also be formed in air by record levels.
chemical reactions with el
mental mercury vapor. When Mercury Manipulation Study
inert elemental mercury (Mg
| which has no electrical charge,  Lindberg’s group is now focused on a multi-
is oxidized in air, it loses twa million-dollar mercury manipulation study being
electrons, forming RGM planned for the Experimental Lakes Area (ELA)
(Hg™. Lindberg believes that in Northwest Ontario. It is called the Mercury Ex-
in the troposphere Hds oxi- | periment to Assess Atmospheric Loading in Can-
dized by reactive halogens,ada and the U.S. (METAALICUS). DOE is sup-
such as bromine, in the pres-porting the Oak Ridge group in this international
ence of ultraviolet light. collaboration between the United States and Can-

Ina 1999 paper iNaturg | ada, which is designed to answer this central ques-
Canadian scientist Bill tion: “Are atmospheric emissions of mercury
I g Schroeder observed the disaptargely responsible for the methylmercury contam-
ESD researchers worked with visiting professor Wil Stratton to devgleprance of airborne elementaination of fish in lakes far from industrial
a mist chamber approach to make the first-ever measurements of @@eeury during his gold-trap sources of mercury?” The ELA has hundreds of
tive gaseous mercury in ambient air. A vacuum pump draws air throp@aisurements of atmospheriaemote lakes that can be used safely for environ-
the mist chamber from an inlet at the bottom causing a mist to be sprayg@ury at Alert in the North mental experiments; in fact, it was the site of pio-
::jtohtlhe CP%Tber by aspiration. As Lhe ar p3§ses| thg)ygt;]to the to Territories near the North neering lake acidification studies in the 1980s.

ighly soluble reactive mercury in the air is dissolved in the mist. In &, 1<t ofthe year, the met- “We will use aircraft to spray a different sta-

field laboratory, the mercury is then reduced to elemental mercury .
tin chloride (which adds the two missing electrons). The mercu;\é)l levels averaged 1.5 nano-ble mercury isotope on a forest, a nearby lake, and

stripped from the water droplets by purging with zero gas onto a i ”,]S/ M, but after the pola a nearby wetland,” Lindberg says. “Using induc-.
trap, followed by atomic fluorescence spectroscopic analysis.  Sunrise and before snowmelttively coupled plasma mass spectrometry, a Uni-
elemental mercury levels versity of Toronto lab will analyze the degree to
In 1993 Lindberg proved that airborne merdropped to levels of 0.2 ngfm which mercury in the fish comes from the air, the
cury also consists partly of a “sticky” gas. He and  After reading Schroeder’s paper, Lindberg'sake, and runoff from the forest and wetland,
Wilmer J. Stratton, retired professor of chemistrgroup proposed a companion study at Point Basased on isotopic ratios.”
at Earlham College in Richmond, Indiana, who wasow, Alaska, that involved Steve Brooks and others  The results of the study will be reported at
conducting research at ORNL at the time, were|tHeom the Oak Ridge NOAA laboratory. Since 1998the October 2001 International Conference on
first to measure reactive gaseous mercury (RGNpprtable Tekran-automated, mercury-speciatiomlercury, which will be co-chaired by Lindberg.
in ambient air. To identify and measure RGM, thewnits have been used to measure simultanequdiwill be held in Minamata City, Japan.
developed a method that takes advantage of a “higrear-real-time concentrations of RGM and elemen-  Interestingly, one source of the mercury iso-
flow refluxing mist chamber” previously used intal mercury. Lindberg and Brooks found that whefopes for the study is the stockpile of stable mercury
NASA-sponsored, gas-chemistry studies in thelemental mercury levels fell to 0.5 ng/rtheir | at ORNL. Oak Ridge mercury is being sent beyond
Amazon River valley. measurements of RGM rose from 0 to 0.9 rig/mOak Ridge to help solve a global probleomi

i ’ by
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A Disrupted Organic Film:
Could Memories Be Made

- An ORNL theorist helped Chinese scientists understand on
f Th 7 a molecular scale why a physically altered organic film shows
o IS =  potential for high-density data storage.

For the first time, Chinese scientists have  “Then we got an insight from another ex-tion, the altered organic materials must be made
shown that nanometer-sized dots of inperiment carried out in the Beijing lab,” Sohl-more stable and durable.”

formation can be written on a thin film and erasedherg says. “Occasionally, the Chinese scientists Gao thinks it may be possible to connect

The work suggests that an organic film, alteredould deposit a film at too fast a rate. When thethe conductive dots, sandwich them in glass, and
electrically to create such dots, could hold a milkeharacterized one such film, they found it wagack these nanosized circuits in microchips to
lion times more data than a CD-ROM. Calculaamorphous rather than crystalline like the ggogroduce computers that are 10 times smaller and
tions by Karl Sohlberg, a theoretical chemist|ifiilm. They also observed that the disordered filnfaster. One way or another, because of the grow-
ORNL's Solid State Division, have enhanced thevas as conductive as the crystalline film altereihg ability to control their properties on the na-

understanding of the mechanism behind this digy voltage pulses.” nometer scale, organic films may change the big
covery. The results of the collaborative research,  This correlation suggested that the nanodofsicture for computing technologieesmt

which also involved the University of Chicago,are actually tiny regions of “local

were published in the February 21, 2000, issutisorder” in the otherwise well-* @& & ﬁ“ "\ -

of Physical Review Letters ordered film and that their amoi [ “ é \ ‘
CY y

In August 1997, Hongjun Gao, then with thephous nature makes the film co

scientist. He wanted to both use the division'svas done to véy this prediction and 5‘
state-of-the-art microscopes and tap SSD expenose the case on why altered cry

ite substrate to voltage pulses from a scannirtgin-film data storage device woul -
tbe more marketable if data cou KR

at the molecular level that altered the film's elec- In March 2000, Gao left
ORNL to become a group leader

hypotheses suggested by the experimental resudivice. In such a device, a condL
and the scientific literature,” he says. “That wayive nanodot could represent a “l'g1\ images of an organic film on graphite. (2) An image of the
we hoped to arrive at the correct explanation{” bit and nonconductive regionsjm surface showing crystalline order: (b) an array of nanodots

The researchers ruled out several suggesteduld be “0” bits. formed by positive voltage pulses; (c) an “A” pattern formed
explanations for the conductivity of the altered  “A massively parallel device by voltage pulses; (d) and (e) STM images after erasing marks
film, including the buildup of static electricity must be built to read so muctone at a time using negative voltage pulses; (f) resolution test
and the burning of a hole through the film to thetored information at an acceptablesing voltage pulses (the distance between neighboring dots is
electrically conductive graphite base. speed,” Sohlberg says. “In addi1.7 nanometers).
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ORNL's Powerful
Tools for Scientific

Because of its two new super-

- computers, ORNL is one of the most
Iscover powerful unclassified scientific
computing facilities in the world.

n April 2000, ORNL became home to theSP at ORNL ranks 11th among the world’s top 500essee will
most powerful unclassified computers |irsupercomputers. McQueeney also announced thave more
the nation, making it one of the most powerful unereation of an IBM postdoctoral fellowship in terasdroughts,
classified scientific computing facilities in thecale computing for ORNL. North i?thWOrley W°”|<5 at the Compagq
world. The IBM RS/6000 SP supercomputer was  In addition to its supercomputing capabiliiesCarolina phaserver Colt computer.
expanded, and a new Compaq AlphaServer SC|sgsRNL also offers 360 terabytes of data storage fovill have more hurricanes, and Florida will have
tem was installed. The two supercomputers caRe two large parallel computers, using a versjogreater coastal flooding than in the recent past.
operate at a theoretical speed of 1.5 teraflops, 6 IBM's High-Performance Storage System that ~ Researchers in the computational biosci-
more than a trillion calculations per second. Thati9RNL researchers helped develop. The 184-npeeces are using ORNL supercomputers for bio-
10 times the computational speed of ORNL'S regagle has 372 gigabytes of memory and 9.2 tenformatics. Relying on information from the
cently dismantled Intel Paragon, which was thghytes of local storage, and the 80-node Falcon hasiman Genome Project, they are locating and dis-
fastest supercomputer in the world in early 199560 gigabytes of memory and 5.5 terabytes of|@overing genes in DNA sequences, predicting the
The IBM supercomputer (Eagle), which wag:) storage. structure of proteins encoded by specific genes,
purchased and installed in 1999, originally oper-  computer science will play an increasing rolend estimating gene functions. The DNA sequences
ated at 100 gigaflops and then 400 gigaflops, |eg$ scientific research, Zacharia believes. The déhey will be analyzing computationally include
than half a teraflop. It now can operate at mOIgs|ooment of new algorithms by ORNL computehuman chromosomes 19, 16, and 5. Draft se-
than 1 teraflop. The recently acquired Compagienists will allow the Laboratory’s powerful quences of these chromosomes have already been
Alphaserver supercomputer (Falcon) can opefgigmnters to solve more complex scientific probproduced by DOE’s Joint Genome Institute, of
at half a teraflop; it .W'" soon be upgraded to “fems through simulations of experiments (see thehich ORNL is a part. The new information on
most a teraflop. While the IBM supercomputer igy),qying article). “High-performance computing genes and gene functions could lead to the devel-
dedicated to a range of pomputatlonal SCIENCR heeded to meet DOE objectives,” he says.| “ipment of more effective disease-fighting drugs.
the Compagq mgchme will be used to deve %Ras become a crucial tool for scientific discov ry  ORNL researchers will use supercomput-
bette_lr_hcor(r;%lf\tlitlonal tOFIS for regear;:ht?lrs. in climate prediction, bioinformatics, and materers to simulate collisions between future cars,
de dicatg d on Ju;irzzcazzggn}%lglugyﬁg;é%g :I%Irs research_, as yvell as many ther areas.” _ which _wiII be made_ of advanced lightweight
was Ernie Moniz Depa’lrtmen't of Energy undersec; One_suentlflc challenge_ will be to predi tmgt_erlals and designed t(_) burn fgel more
! hanges in the future global climate as greenhquséiciently and cleanly. The idea behind these

retary, who called ORNL's supercomputers “extr of. . X : ) ) .
dinary tools for extraordinary science.” He not ias levels rise. Computing at ORNL will be usgedalculations is to determine whether these cars

Buddy Bland

that “simulation using teraflop computers will b 0 predict changes in the regional climate i_n heill h_old up during crashes as well as dp_the
tool of scientific discovery. Simulation will play outheast, b_ase_d on rgsults ofglob_al scenarios, freravier steel cars o_f today. These and trillions
important role in the bridging from the molecul Iexample, scientists will try to predict whether inof other numbers will be crunched at ORNL—
level to engineering systems to get the needed effi- the next few decades East Ten one of the world’s most powerful unclas-

ciencies” to solve energy and environmental prob sified computing facilitiesom
lems. In the ceremony’s “virtual ribbon cutting’.
Moniz sheared a digital ribbon with digital scis;
sors by clicking a mouse.

“This marks asignificant milestone
for us,” said Thomas Zacharia, dictor of
ORNL's Computer Science and Mathe-
matics Division. “These computers al-
low us the unique opportunity to pus
forward in our science and technol
ogy agenda at the Laboratory.”

“The machine can work on
many pieces of a problem at ¥ 2l
once,” said David McQueeney, Jirhomas Zacharia, diéctor of ORNL's Cgmputer Science
vice president of IBM Com- | ; , Division, Bill Madia, ORNL director; anddim Roberto,
munication Technology, who , g e
noted that the IBM RS/600@ 7 pated in the Jigfe 20, 2000, dedicadipn of two new supercomputers at OR
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reaking a Record for

Analysis of Atoms

Using a new ORNL-developed algorithm on
one of the world’s fastest supercomputers, re-
searchers can calculate the vibrational modes
among 100,000 atoms in a material. Use of
the algorithm could lead to a better under-
standing of vital plant proteins and the virus
that causes the common cold.

Refrigerator-sized cabinets house the IBM RS/6000 SP supercomputer
on which Chao Yang runs his algorithm.

Curtis Boles

n a typical solid material, atoms don'’t justwere able to calculate the forces between each|pair To obtain vibrational frequencies and modes

stand still. They tend to vibrate near arof polyethylene atoms about 1000 times faster thdoetween atoms in a large system, researchers cal-
equilibrium configuration. Heat the solid and itshad been done before using the traditional NCAulate an array of numbers and zeroes in rows and
atoms vibrate even faster. The atoms will mqgvalgorithm. columns called a matrix. A zero could represent
various distances and directions from each ath- But a more computationally challengingthe force between too widely separated atoms, and
er. How fast atoms vibrate (vibrational frequency)ask is to extract a set of low-frequency vibraa nonzero number represents the magnitude of
and how far and which way they move relative|ttional modes from the force calculation. For théorce between a pair of atoms. Yang’s technique
their neighbors (vibrational mode) are of interes$000-atom polyethylene model, the traditionatloes not require the storage of thousands of ze-
to scientists seeking insights into the structurmethod would require more than 2 gigabytes abes in the matrix as does the traditional algorithm,
and behavior of various materials. memory and trillions of calculations per secondsaving time and data storage space.

Since the 1950s, scientists have used computa- Fortunately, Chao Yang came to ORNL just  In 1999, the new algorithm allowed the IBM
tional methods for normal coordinate analysis (NGAh time to make the ORNL algorithm even bettersupercomputer to calculate the forces among
of systems of atoms. With these methods they havang was hired as the 1999 Alston Household&4,000 atoms of polyethylene, a world’s record.
sought to calculate vibrational frequencies and vibr&ellow in ORNL's Computer Science and MatheCurrently, 100,000 atoms of the same material
tional modes from the known forces between thematics Division (CSMD). Householder directedare being modeled using the new algorithm.
atoms that determine the strength of the chemjiadle mathematical activities of ORNL from 1946 “Our goal,” Yang says, “is to develop a soft-
bonds that bind atoms together in a material. But imtil 1969. ware tool to allow scientists to study more general
recent years NCA has hit a brick wall. While earning his Ph.D. degree in compularge-scale molecular systems. The user can input

Scientists have been unable to model motation and applied mathematics from Ricé&nown or conjectured values for the forces and
than a few thousand atoms at a time. For largemiversity, Yang helped develop ARPACK, a pop-conduct computational experiments. Then, by com-
systems, the computation becomes enormouslyar numerical tool for solving large-scaleparing predicted results with actual experimental
expensive. Moreover, some of the computed freeigenvalue problems. When he came to ORNImeasurements, the model can be fine tuned to make
quencies often turn out to be negative, suggestihg adapted the ARPACK program to perfornit better represent the actual material.”
that a system known to be stable is, in fact, utarge-scale NCA on parallel processors, such as In the past year, Yang and his colleagues have
stable. According to an article that appeared ithe new IBM RS/6000 SP supercomputer at theublished five papers in technical journals concern-
Annual Review of Physical Chemistry1995, | Laboratory, which can now make a trillion cgl-ing the use of the new algorithm. Because of their
“normal coordinate analysis in Cartesian coorgdieulations per second. Yang also included spargaper inChemical Physics Lettera group at the
nate space is, with even the most powerfuhatrix techniques to improve the efficiency ofCalifornia Institute of Technology led by Rudolph
supercomputers, still impossible for proteins largthe calculation. This effort has led to a new “largeMarcus, who won the Nobel Prize for chemistry in
er than roughly 150 residues.” scale, time-averaged NCA” algorithm. 1992, is collaborating with Yang, Romine, Noid and

In 1998 Don Noid and Bobby Sumpter, bath ~ “With the traditional algorithm,” says Chuck Sumpter on studying a vital plant protein that uses
of ORNL's Chemical and Analytical Sciences Di-Romine of CSMD, “it takes days to calculate vidight to produce atmospheric oxygen.
vision (CASD), developed an algorithm thatorational modes in a 6000-atom system with 18,000  Yang will soon apply the new algorithm to
allowed them to model 6000 carbon and hydradegrees of freedom, which relate to the directionsalculate vibrational modes of a rhinovirus, which
gen atoms in polyethylene, the simplest polymén which an atom can move. With the new ORNlLcauses the common cold. This information could
in terms of chemical structure. Thanks to their jntechnique, it takes less than an hour to calculapeovide insights into virus structure that could be
novative computational procedure, the researcheribrational modes in a 6000-atom system.” valuable for development of a CUormt
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Back cover graphics created by Ross Toedte of Computer Science and
Mathematics Division’s Visualization Group using calculations from the
IBM supercomputer at ORNL. (See articles on pp. 28-29.)

Top: The motion of the 7th vibra-
tional mode of a 3000-atom carbon
nanotube. The arrows indicate the
directions in which the atoms are
moving. The magnitude of displace-
ment is distinguished by color (red
is the largest; blue, the smallest).

Bottom: Snapshots of three low-
frequency vibrational modes of the
nanotube.
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