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n a clear day at Oak Ridge National Laboratory, one can see in the distance

the Smoky Mountains, a spectacular range cloaked in green forest that

defines Tennessee’s eastern boundary. Since the late 18 century, the moun-
tains have been home to families and individuals who have left an indelible mark
on the culture of a modern society that today has largely passed them by.

If we know where to look, the legacy of our mountain ancestors can be found even in one of
the world’s most modern research laboratories. Visitors to the ORNL campus are often struck by
the site of spectacular science facilities located adjacent to a small white wooden church. Now
closed and maintained as a museum by the Laboratory, the New Bethel Baptist Church stands
sentry by a picturesque graveyard, a reminder of those who lived and worked here generations
before the Manhattan Project.

On the other end of the campus, another legacy of our mountain ancestors can be found
amid the test tubes and laboratories, where scientists at the Department of Energy’s BioEnergy
Science Center are seeking to decode the mysteries of cellulosic ethanol. The irony of their work is
inescapable. For more than 250 years, the people of the mountains around them have perfected
what is essentially the same task—separating the sugars from plants to make alcohol. With little
formal education and working with only the most primitive tools, the “moonshiners” produced a
product that over time became a fundamental component of the Appalachian economy.

Today, equipped with state-of-the-art facilities and supported by some of America’s leading
scientific talent, ORNL’s BioEnergy Science Center in many respects is attacking the same scien-
tific challenges faced by our ancestors in the hills and hollows of the Smoky Mountains. For
ORNL, the stakes are higher. Instead of producing alcohol for limited local consumption, the
Laboratory has been assigned the challenge of helping decipher the evolutionary code for an
entirely new generation of biofuels capable of transforming the American automobile industry.

Three years into this effort, this issue of the ORNL Review examines initial findings that have
exceeded expectations. Researchers believe they are within reach of developing new enzymes
and microbes that can not only breakdown the resistance of plants to sugar extraction, but do
so in a way that produces biofuels at a cost competitive with that of gasoline. Equally important,
they are using crops such as switchgrass and poplar trees that do not require the amounts of
water, fertilizer and farmland that in the past have raised questions about the environmental
sustainability of domestic biofuels as a viable replacement for imported oil. Perhaps most
exciting, the quest to develop cellulosic biofuels also has incorporated potential uses for the
byproducts of the manufacturing process. If these products, which include low-weight and
high-strength carbon fiber, can demonstrate their commercial value, their economic potential
is unlimited.

Meanwhile, these remarkable discoveries are a faint echo of days gone by, the legacy of
a scientific challenge that endures in the hills of East Tennessee.

Billy Stair
Director
Communications and External Relations




Commercializing Graphite Foam Technology

A new technology developed at Oak
Ridge National Laboratory that extends
the life of light-emitting diode lamps has
been licensed to LED North America.

Signed at a ceremony with Lab Director
Thom Mason, the agreement exclusively
licenses a graphite foam technology
developed by James Klett and colleagues of
ORNL's Materials Science and Technology
Division. LED North America will use the
graphite foam to passively cool compo-
nents in LED lamps, which are increas-
ingly in demand for applications such as
street and parking garage lighting. LED
North America specializes in providing
LED lighting products for municipal,
commercial and industrial applications.

Because each 10-degree decrease in
temperature can double the life of the
lighting components, cooling LED lamps is
critical to improving their efficiency. Using
graphite foam to more efficiently dissipate
the heat of LEDs is expected to extend their

-~

L

'.'-"'.‘ i

=

el el
i ]

E &
Y &

)
-

.

=,

o~ e~

I! !

: X
——— e %
\

-

OAK RIDGE NATIONAL LABORATORY REVIEW

lifespans and lower their costs, making the
technology more attractive to a broader
consumer base.

“While this technology will reduce
temperatures and increase the life of
the LED lighting systems, the greatest
long-term benefit will be the cost savings
to municipalities from reduced fixture

replacement and maintenance,” Klett says.

The newly licensed graphite foam
invention offers a number of advantages
over comparable heat sink materials,
such as copper and aluminum. Graphite
foam’s high thermal conductivity, low
weight and easy machinability offer the
material greater design flexibility and
provide a lighter, cheaper and more effi-
cient cooling option.

The foam’s well-ordered graphite
structure is the key to conductivity. The
manufacturing process produces a skeletal
structure full of air pockets, leaving the
foam lightweight and only 25 percent

dense. The network of ligaments in the
foam wicks heat away from its source,
providing an excellent candidate to cool
the LED lamp components.

Championed as an energy saving
lighting source, LEDs are expanding
market share because of their lower
energy consumption, compact size and
longer life expectancy. Improved LED
performance could enable LED North
America to offer longer warranty periods
than current competitors.

LED North America’s relationship
with ORNL was a factor in the decision
by Andrew Wilhelm, one of the compa-
ny'’s founders, to locate the company in
Tech2020, an Oak Ridge high-tech busi-
ness incubator.

“The proximity to ORNL provides us
the opportunity to work closely with the
Laboratory’s researchers to further refine
the integration of the graphite foam mate-
rial into LED lamps,” Wilhelm says.




news &

Storming the
Winter Palace

With the help of funding from the
American Recovery and Reinvestment Act,
ORNL’s 1940s-era Quonset huts are in the
final stages of demolition. Overlooking
the laboratory’s Oak Ridge Science and
Technology Park, the aging structures were
part eyesore and part historic reminder of
ORNL'’s post-war role in the years following
the Manhattan Project. Despite their
historical significance, the buildings were
simply too deteriorated to preserve.

The fact that the structures were
Quonset huts suggests they were never
intended to be permanent structures.
Nonetheless, they were used for a variety
of purposes over the years. In a humorous
comparison to the opulent home of the
Russian Czars in St. Petersburg, the rusting
facilities became known as the “Winter
Palace” when the UT-Battelle contract
transition team used them for offices in the
winter of 1999-2000.

The demolition of the structures will
make available land for expansion of the
adjacent Science & Technology Park, the
first privately developed R&D park within
the campus of a national laboratory. The

park is a key part of the redevelopment
of the Manhattan-era section of the
ORNL campus.

Lab Director Thom Mason says, “We
felt it just didn’t make sense to have one of
ORNL'’s most dilapidated buildings only a

block away from some of the world’s most
modern research facilities.”

ARRA funds were also used for the
recent demolition of the Radioisotope
Development Laboratory, which has been
closed since the 1980s.

Park leads ORNL's Global Security

Brent Park has joined
ORNL'’s Leadership Team as
the new Associate Laboratory
Director for the Global Secu-
rity Directorate. Drawing on
more than a quarter-century
of experience in physics
research and management,
Park is well-positioned to lead
the growth and integration of
the laboratory’s broad port-
folio of security programs.

Park began his career in
1989 at Los Alamos National
Laboratory, where he worked

as a postdoctoral fellow in the
Physics Division and eventu-
ally rose through the ranks
to become deputy director of
the Nuclear Nonproliferation
Division. He later served as
the leader of the Homeland
Security Technologies Division
at the Nevada Test Site and
as director of the Department
of Energy’s Remote Sensing
Laboratory in Las Vegas.

In his new position, Park
directs efforts to provide
technical solutions to prob-

lems of national and global
security. His new directorate
specializes in the detection,
prevention and reversal of the
proliferation of weapons of
mass destruction. The group’s
activities include international
efforts to help secure nuclear
materials, improving safe-
guards and security systems
and providing accounting
systems that track the location
of nuclear materials.
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VIGHTUST HAPPEN

An interdiscipli
unlock the secrets

e —

he scientific challenge is straightforward. If the U.S. hopes  approach to research and development. Associate Laboratory

to realize significant reductions in both the volume of Director for Biological and Environmental Sciences Martin Keller

imported petroleum and the level of carbon emissions, has the daunting task of coordinating the partners and inte-
a portion of the solution will involve a substantial increase in grating a variety of laboratory research functions as diverse as
the use of biofuels by the domestic automobile industry. The land use planning, biomass conversion and the linkage of bio-
willingness of Americans to embrace biofuels, and the subse- based products, such as lignin carbon fiber, to biofuel production.
quent economic transformation in a variety of industrial sectors, Prior to his promotion in February 2010 to associate lab director,
will depend in large measure on whether researchers at Oak Keller served as the director of BESC. The center’s new director is
Ridge National Laboratory can find a way to produce cellulosic Paul Gilna, who has assumed the role of managing the multifac-
ethanol at a cost that is competitive with that of gasoline. eted system of partnerships and collaborative research efforts for

At the midway point of a five-year mission to revolutionize the the Department of Energy. Keller is quick to point out that because

production of biofuels, ORNL's BioEnergy Science Center (BESC) the problems addressed at the center are both interconnected and
has made considerable progress toward overcoming several broad in scope, BESC's research efforts, by definition, must be
fundamental scientific roadblocks. One key to this progress is interdisciplinary. While the center’s research targets are guided by
BESC's unprecedented coalition of industrial, academic and DOE, Keller and Gilna are working to leverage B 's capabilities ‘
government partners that has made possible an interdisciplinary with other bioenergy projects across ORN

4 OAK RIDGE NATIONAL LABORATORY REVIEW






6

features

Sustainable crops

The first consideration for any bioen-
ergy production effort is the sustain-
ability of the “feedstocks,” or crops, on
which the process relies. “If we look back
at what happened when corn-based
ethanol became popular,” Keller says,
“few researchers paid enough attention to
issues of sustainability.” He stresses that
the practical limits of feedstock production,
land use changes, environmental impacts
and the effect of feedstock production
on the price of food need to be resolved

percentage of the steel used in cars could
be replaced by lightweight carbon fiber, a
biomass byproduct. Keller says answers to
a number of fundamental sustainability
questions were provided by the “Billion-
ton Study,” which concluded that the

U.S. could produce a tremendous volume
of biomass. “We now need to go a step
further and determine in what specific
areas we can grow these crops, which
crops should be grown where and whether
these feedstocks will require a change in
our agricultural practices. All of these
questions are being considered by ORNL's

Better plants, better enzymes

As they sort through sustainability
issues, BESC scientists are also investi-
gating “recalcitrance,” the most intrac-
table problem facing the biofuels process.
Recalcitrance is the term researchers use
to describe the difficulty of extracting
the sugars stored in the stalks, branches,
and stems of plants. Producing biofuels
involves converting plant material into
accessible sugars and then fermenting
those sugars into biofuels, such as ethanol.
“Nature made plants extremely resistant

before America can establish a sustainable
biofuels industry. “The questions we ask
now will have an impact on the project’s
ultimate success,” he says.

If large-scale biofuel production can
be established and sustained, Keller
envisions an economy in which as much
as 30 percent of the energy required for
transportation would come from biofuels.
He also anticipates that a significant

Passing Milestones

ORNL's BioEnergy Science Center opened in 2007. Over the
past three years the new program has passed a number of major
milestones—many ahead of schedule. Perhaps the center’s most
critical milestone was the ability to use molecular biology to make
plant cell walls easier to break down into their component sugars.
While much remains to be done to refine the process, ORNL's Asso-
ciate Laboratory Director of Biological and Environmental Sciences
Martin Keller says the milestone has essentially been reached. He
notes that BESC scientists thus far have discovered two exceptional
switchgrass lignin genes with the ability to reduce the amount of
lignin produced by switchgrass, increase its ethanol production
and reduce the amount of enzyme needed to sustain the process.
“These new plants are growing in a greenhouse right now and will be
planted in field trials next year,”Keller adds. Having shown the proof-
of-concept with these genes, the next challenge is to test additional
genes and understand their impacts. More genes targets have been
modified, and the testing of the resulting plants has begun. Reaching
this milestone demonstrates that the process of producing biofuels
from biomass can be made much more efficient and that the cost of
conversion can be significantly lowered.

Another of the center’s major milestones was proving that
consolidated bioprocessing—a one-step process for converting
biomass into ethanol—could work. Keller says that Mascoma
Corporation, one of BESC's partner organizations, is close to demon-
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Center for BioEnergy Sustainability.”

to this process,” Keller explains. “The

strating that a specially modified strain of yeast can reduce biomass
to sugars and ferment the sugars into biofuels in one step. “This is an
area in which we have made significant breakthroughs and where
we are far ahead of schedule,” he says.

Despite the progress, significant challenges remain, such as
understanding how various plant cell wall components interact on
a chemical level, including how cellulose, hemicellulose and lignin
are linked at the molecular level. The challenge has implications
for the relative difficulty researchers may encounter in extracting
sugar from biomass. Data from recent studies on various molecular
interactions have provided hints about which aspects of cell wall
structure can be modified to make them easier to break down,
allowing sugar to be extracted more efficiently.

Another milestone will be to demonstrate a synergy among the
center’s advances on a variety of scientific fronts. BESC researchers
know, for example, that modifying plant cell walls can boost the
efficiency of biofuels production and that consolidated biopro-
cessing is expected to provide a similar increase in efficiency. Still
unknown is whether, if the two techniques are combined, the
resulting efficiency increase would be greater than expected.

“We want to know if two plus two can equal five," Keller jokes.
Given his insistence that the whole is greater than the sum of its
parts, the question remains open.



complexity of the conversion process is the
primary reason the biofuels industry has
not taken off.” The three major compo-
nents of biomass are cellulose, hemicel-
lulose, and lignin. BESC researchers are
searching for both a cost-effective way to
separate the lignin from the cellulose and
hemicelluloses and an equally effective
way to digest cellulose and hemicellu-
lose into sugars and ferment them into h
biofuels. Keller says that BESC scientists aré,__

trying to understand, at the biochemical

and genetic levels, why biomass is so hard
to digest. Once they unlock this door, the
equally important challenge will be to
identify or engineer new enzymes and
microbes to make the digestion process
cost effective.

In the quest for better biofuel feed-
stocks, BESC scientists are also developin
microbes with unique capabilities to bre
down biomass into its c'Bmponent S|\?ar
“We know that if we cut down a tree in
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the forest, it will lie on the ground and
eventually decay and disappear,” Keller
says. “The tree will ultimately be digested;
it just takes a long time. In a similar way,
our goal with biomass is to accelerate this
process.” To gain a more detailed under-
standing of exactly how plants are decon-

features

structed by microbes, BESC researchers

are designing computer simulations of
plant cell wall structures. Their goal is to
determine where and how to make genetic
modifications to these structures that
would render them easier to digest. “BESC
is bringing together an unprecedented
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consortium of 20 institutions and the
collective resources of molecular biolo-
gists, biochemists and computer scientists
to overcome this fundamental problem of
recalcitrance,” Keller says.

Broadening the research base

Another major focus within BESC's
biofuels program is integrating biological
studies focused on creating better plants
and enzymes with research being done
by chemical and materials scientists on
separating various constituents within the
biofuels production process and catalyzing
the chemical reactions. Keller says ORNL
benefits from a history of effective separa-
tion technologies research. “By bringing
the laboratory’s separations scientists into
the collaboration, we have been able to
apply their knowledge and experience
to the challenges posed by bioenergy.”
The collaboration plays a critical role in
increasing the pace of BESC'’s efforts to
combine the pretreatment of biomass
and the separation of its key components,

OAK RIDGE NATIONAL LABORATORY REVIEW

such as cellulose and hemicellulose, into a
single, continuous process.

The laboratory also has consider-
able expertise in catalysis, a process that
involves starting or accelerating chemical
reactions. One area in which this exper-
tise is being applied is biofuels fermen-
tation. Ideally, BESC will eventually be
able to produce not just ethanol, but also
other biofuels that are more compatible
with America’s current fuel supply. To
accomplish this, researchers will need to
do one of two things. They must either
modify the microorganisms to enable
them to ferment sugars into fuels with
longer-chain carbon molecules or devise a
chemical means of converting the ethanol
produced by these organisms to higher
hydrocarbons—or a combination of both
techniques. Understanding the chemical
pathways by which these higher hydrocar-
bons can be produced is critical to success.
“This scientific challenge explains why we
are integrating catalysis specialists into
the research process,” Keller says. “Tradi-
tionally, scientists in different disciplines

might have investigated the problem
from isolated bubbles. Our success has
come in part from bringing people
together across disciplines.”

As additional biofuels are developed,
Keller is accessing the resources of the
National Transportation Research Center,
where ORNL researchers are testing
various biofuel blends to determine
emission and efficiency performance
in a variety of engines. This capability
will become increasingly important as
biofuels are created that can be intro-
duced directly into the current energy
infrastructure. The center’s researchers
also model combustion, applying their
findings to studies of biomass
combustion for both gasifica-
tion and power. Gasified
biomass (or syngas)
can be converted into

fuels through catalysis

or fermentation, yet

another illustration of -
interdisciplinary research "
in the bioenergy arena.

ORNL researchers gather
microorganisms to aid in biomass
conversion from Yellowstone

National Park’s hot springs.




Valuable leftovers

Lignin, or plant fiber, accounts for
most of the leftover material after the
sugars have been extracted from biomass.
In a conventional biomass conversion
process, this leftover fiber would be burned
to create heat for other processes, such
as producing steam used to generate
electricity. This particular bioenergy
byproduct, however, has a higher value
potential. With funding from DOE’s
Office of Energy Efficiency and Renewable
Energy, ORNL is promoting a more effi-
cient approach that involves converting
lignin, the biofuel byproduct, into carbon
fiber for use in lightweight automotive
and aircraft components. Keller predicts
that if lignin could be used to create
carbon-fiber components that are cost-
competitive with steel, the material’s low
weight and high strength would quickly
generate a market in an automobile
industry constantly in search of better fuel
mileage. “If we could replace a significant
portion of the steel in a car with carbon
fiber,” Keller reasons, “the car would be

much lighter, require less fuel, and, in
turn, reduce the demand for imported oil.
Fuel efficiency must go hand-in-hand with
biofuels. We cannot simply replace one
kind of fuel with another. In order to create
a sustainable model, we have to deliver
fuel efficiency, as well.”

Bridging islands of science

Keller stresses that, while the pressure
for breakthroughs in the field of biofuels
production is undeniable, the keys to
success are communication and coopera-
tion across scientific disciplines and among
organizations. The need is too pressing, the
questions too broad and the problem too
complex for any single group of scientists.
“We're trying to get researchers to look at
the problem of providing energy for trans-
portation in an integrated way. If we want
to succeed, if we hope to create a sustain-
able biofuels industry, we cannot remain
islands of science. The only path forward is
an integrated approach to addressing one
of the most important scientific challenges
of our lifetimes.” @
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The path from biomass to biofuels just got shorter.

ne of the primary goals of “This is where our group’s expertise in the
ORNL's BioEnergy Science area of separations technology becomes
Center (BESC) is to revolu- important,” Bhave says. “Developing the
tionize the processing and conversion of ability to effectively separate sugars and
biomass into biofuels, such as ethanol. other biomass components could accelerate
A critical component of this revolu- bioconversion.” With that goal in mind,
tion is the capacity to streamline the the efforts of Bhave’s group are focused
bioconversion process and optimize on a unique pretreatment regimen for
its outputs, a goal shared by Ramesh the conversion of biomass to fuels using
Bhave and his colleagues in ORNL'’s very selective, robust membranes that can
Materials Science and Technology Divi- operate under harsh pretreatment condi-
sion as they continue on the path toward tions, enhance the yields of the sugars and
developing an unprecedented method of minimize byproducts that decrease the
combining the pretreatment of biomass efficiency of the process.
and the separation of its key compo- Bhave believes that the breadth of
nents into a single, continuous process. talent represented by BESC’s academic and
“The vision of the bioenergy center is institutional partners has been critical to its pretreatment expertise, combined with
to find innovative ways to convert biomass  the project’s early success. “We are working =~ ORNL’s capabilities in the area of chemical
into fuels,” says Bhave. One of the key steps ~ with Dartmouth College because it is a separations, enables us to make the sepa-
in this process is to develop an effective leader in researching and understanding rations process more effective and more
pretreatment technique, one that breaks pretreatment,” he says. “Dartmouth’s engi- efficient at a lower cost.”
down the biomass effectively, making it neering department has studied biomass Bhave characterizes consolidated
more amenable to biochemical conver- pretreatment technologies for thirty-plus bioprocessing as a question of how biomass
sion and increasing its yield of sugars and years.” When the Department of Energy can be pretreated so as to become more
other chemicals that might be of value. established BESC, Dartmouth became a amenable to biochemical conversion and
. . -
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Membranes that can withstand
harsh pretreatment conditions
are used to streamline the biofuel
production process.

that will increase the yield of biofuels. “If
we look at the problem from that perspec-
tive,” he says, “separating the products
released by pretreatment becomes an
important part of the process. If we could
develop effective separations methods, they
would assist in the bioconversion process.”

Toward that end, Bhave and his
colleagues are working on a novel pretreat-
ment process for biomass conversion. The
key to the process is the use of selective
filter membranes that can operate under
very aggressive pretreatment conditions.
The ability to extract various biomass
components, such as sugars, proteins and
lignins, while the biomass components
are still in the pretreatment environment,
enables researchers to boost their yields.
This increase occurs because, in a contin-
uous process, the components spend less
time in the harsh preprocessing environ-
ment and are, therefore, less likely to break
down into other compounds.

The pretreatment process begins with
small chips of plant material from energy
crops, or “feedstocks,” such as switchgrass.
“The process could be applied to a range
of feedstocks,” Bhave explains. “What
we are looking for in the various energy
crops is a cell structure that is less resis-
tant to pretreatment, so the sugars can
be released from the biomass using less
energy and fewer chemicals.” This feed-
stock is pretreated to break down its cell
structure, which releases liquid containing

al products, including
the sugars needed to produce biofuels.
This process typically requires the use of
moderately high temperatures, along with
dilute acids or bases.

At this point in the traditional pretreat-
ment process, the liquid would be left
to cool so the solubilized products could
“precipitate” or separate from the liquid.
In Bhave’s process, a flowing water
stream interacts with the heated biomass,
carrying away organic components that
contain sugars and other soluble products
released by pretreatment. This is where the
laboratory’s separations expertise comes
in. At this point, the dissolved material
is retained by the membranes that are
designed both to withstand the aggressive
pretreatment environment and to sepa-
rate sugars and other organic components
that have been released by the biomass.
One of the advantages of this integrated
approach to preprocessing and separation
is that it potentially minimizes the time
the biomass is in the harsh pretreatment
conditions. This, in turn, would mini-
mize the production of materials, such
as degraded sugars, that could stop the
fermentation process.

“This all happens under pretreat-
ment conditions,” Bhave emphasizes. “We
don’t wait for things to cool down. In the
pretreatment process, the components are
basically just dissolved at high tempera-
ture. If the pretreated biomass were
allowed to cool down, its dissolved compo-

nents would pre
this occurs, a much more difficult and
energy-intensive chemical process would
be required to recover the sugars from the
other components, he says. “Separating
sugars and other components from the
rest of the biomass during pretreatment

is an approach that, to our knowledge,
has not been taken before,” Bhave says.
“It requires an understanding of both the
pretreatment process and the ability to
apply membrane separation technology in
an entirely new way.”

As they work to fine-tune the separa-
tions process, Bhave and his colleagues
are addressing the challenge of creating
membranes that have multiple functions.
“We need membranes to do the separa-
tion, withstand the preprocessing condi-
tions and be able to be regenerated, or
cleaned, periodically,” he says.

The ability of Bhave’s team to consoli-
date separations technology using the
pretreatment process suggests that BESC is
making significant strides in the processing
and conversion of biomass. Bhave isn't yet
predicting a revolution, but he is excited
by the project’s potential. “The research is
promising,” he says, “but it is also chal-
lenging. We are hopeful that the price of
the biofuel produced by this process will
be lower because our pretreatment costs
and energy costs are lower.” Perhaps more
than Bhave realizes, his hopes are shared
by a nation increasingly eager for low-cost
alternative fuels. @

Vol. 43, No. 3,2010 11



mm fecatures

SUGAR-COATED

Researchers are closing in on nhew
ways to separate sugars needed

for biofuels.

ak Ridge National Labora-

tory’s BioEnergy Science Center

(BESC) was established in
2007 after a spirited competition by the
Department of Energy’s Office of Biology
and Environmental Research to conduct
fundamental research related to biofuel
feedstock development, cellulosic ethanol
production and investigations of the plant
and microbial enzyme components of the
biofuels production process. “The center’s
basic premise,” says BESC Director Paul
Gilna, “was to develop an improved body
of scientific knowledge and understanding
to underpin the production of biofuels
from plant sources and, in so doing, to
harness that knowledge to develop strate-
gies that would significantly improve
the process of generating biofuels.”

Most of the plant material currently
used to produce ethanol in the U.S. is the
starchy part of corn. The use of corn for
ethanol production, both domestically
and abroad, raises serious questions about
using food crops and valuable farm land
for the production of biofuels. BESC'’s
research efforts are designed to look more
closely at the sugars trapped in other
plant structures, as well as other plants,
that could be used to produce biofuels.
Plant parts such as stalks and leaves are
composed of fibers made from complex
carbohydrates, such as lignin, that in turn
contain cellulose. Like kernels of corn, they
also contain sugars that can be used to
produce biofuels. Unlike corn, the struc-
tural complexity of the fibers makes the
sugars more difficult to separate. If scien-
tists can unlock the secret to extracting
these sugars quickly and cheaply, they
can be adapted to the same manufac-
turing processes currently used to generate
ethanol from corn.

12 0k Rice NatioNaL Lasoratory REVIEW

In one sense BESC has a single goal—to
overcome “recalcitrance,” a characteristic
that some describe as nature’s way of
protecting a plant by making it difficult to
access the simple sugars in the complex
carbohydrate fibers in which they are
bound. Once separated, these sugars are
available for the production of ethanol and
other biofuels. “If we can solve the puzzle
of recalcitrance,” Gilna says, “we can open
up avenues for more efficient production
of biofuels and do so in a way that does
not compete with the production of food.
In fact, in some cases we would be taking
advantage of the waste stream of food
production, like discarded cornstalks, to
produce biofuel. In other cases, we could
use feedstocks such as switchgrass or poplar
trees that do not compete with land used
for food crops.” BESC scientists are looking
at a variety of potential feedstocks, with an
emphasis on those that do not compete for
agricultural land. In particular, they are
seeking crops that can be grown in more
arid climates and in rotation with food
crops to complement existing agricultural
practices. The broader goal is to develop
a diversity of biomass feedstocks for the
next generation of biofuels that require less
water and fertilizer and can be grown on
marginal land.

As BESC researchers succeed in
breaking down recalcitrance in plant mate-
rial, they open up the possibility of using
a number of compounds stored in plants,
besides sugars, for the production of other
products and chemicals. One commonly
cited example is lignin, the fiber that helps
plants stand up. Colleagues at ORNL are
excited about the use of lignin as a raw
material for producing carbon fiber, a
compound which is lighter but stronger
than steel or aluminum and has enormous

potential as an energy-saving material
for cars and planes. “Certainly among
our priorities at BESC is a greater under-
standing of how plants produce lignin, so
with that understanding in hand, we can
explore how we might modify a plant to
produce less lignin without affecting the
plant’s ability to grow. That same basic
understanding of the lignin generation
pathways in plants would also tell us how
we might modify a plant to produce more
lignin, or a different quality of lignin,

that would be beneficial for carbon fiber
production.”

The production of biofuels from plant
materials involves two main processes.
The first consists of the extraction of sugars
from the plant biomass. The second is
the transformation of those sugars into
biofuels—for example ferme

yeasts or i :er microbes into
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In addition to understanding the recal-
citrance of feedstocks, Gilna’s staff also
wants to improve the fermentation
process. Researchers have identified a
variety of fungi an other microbes that
digest the sugars bound up in the complex
carbohydrate structures of plant material.
Wood rot, largely the product of a fungus,
is one such example. Similarly, BESC
scientists have discovered thermophilic, or
heat-loving, bacteria that live in the hot
springs of Yellowstone National Park that
also can digest cellulose.

Gilna is convinced that science has
much to learn from these microbes and
fungi. As a result, his team is expending
considerable effort studying microbes that
have developed the ability to degrade or
digest cellulose and lignin for their own
needs. “If we could understand better the
enzyme pathways that are responsible for

this degradation, we could then engineer
these pathways into the strains of yeast
and microbes that are used in indus-

trial fermentation processes.” Looking
ahead, scientists would like to identify or
engineer microbes that could digest and
ferment plant material in a single step,
thereby reducing the cost of the resulting
biofuel. One of the major drivers behind
the Department of Energy’s investment in
BESC is the desire to promote increased
use of biofuels in the domestic market

by reducing the cost of production. “If
biofuels are not cost-competitive, there
will never be much demand,” Gilna
concludes. “We have to find strategies that
will lead to cost reductions.”

The search for a better fundamental
understanding of the science surrounding
biofuels production and an opportunity
to apply this understanding to America’s

transportation sector lie at the heart

of BESC's efforts to develop affordable,
sustainable biofuels. “There’s a huge
amount to be learned,” Gilna says. “As we
overcome the fundamental challenge of
recalcitrance, we can move forward and
continue to increase our understanding of
the entire process.”

One measure of this project’s impor-
tance is the scale of resources dedicated to
the task. BESC is one of three Department
of Energy bioenergy research centers, each
funded at approximately $125 million,
which encompass the efforts of about
1000 scientists working on the chal-
lenge of producing sustainable biofuels.
Reflecting on the magnitude of the
endeavor, Gilna says. “When is the last
time we rallied together 1000 scientists for
a problem like this? Some would say not
since the Manhattan Project.” @
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FINDING A PATH

haitan Narula, a senior

scientist in ORNL's Materials

Science and Technology Divi-
sion, at times appears to be consulting
a mental roadmap as he evaluates the
various chemical routes available to
turn biomass into a viable transporta-
tion fuel. He notes that some options
produce byproducts that have no market
and that others are not economical. Still
other processing options yield fuels that
do not perform well in the fuel distribu-
tion system or in existing vehicles.

The starting point for creating fuel
from biomass is the output of biomass
fermentation: a stream of liquid that
is approximately seven to ten percent

i ith water. While this
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Narula’s research team is to devise a way
to convert the ethanol directly to higher
hydrocarbons using a catalytic process.
The advantage of producing a hydro-
carbon-based biofuel is that higher hydro-
carbons (fuels based on more complex
arrangements of carbon molecules) can
be blended directly into existing supplies
of gasoline and diesel fuels and used in
existing vehicles. Equally important, they
provide vehicles with the same amount of
energy as traditional transportation fuels.
Previous attempts to convert ethanol
to hydrocarbons have not been chemi-
cally straightforward. Narula describes one
such process that starts with ethanol (an
alcohol), converts the ethanol to ethylene
a hydrocarbon) and then to methanol (an
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Researchers are closer to
finding a catalyst to develop
a cost-efficient biofuel.

moving through the catalytic convertor
on a car. When the ethanol encounters
the catalyst, a chemical reaction occurs,
converting the ethanol to hydrocarbons.
The hydrocarbons are separated from the
water, and the water is recycled. Narula’s
team has completed preliminary work
using a hydrogen zeolite catalyst, success-
fully converting a dilute stream of ethanol
into ethylene, a simple hydrocarbon. The
team is planning similar studies on metal
catalysts. Both experimental evidence and
computer simulations suggest that this
approach could enable them to convert
ethanol to higher hydrocarbons.

“The metal we will start with is
iron,” Narula says. “There is evidence
from previous studies that, when iron is
added, the zeolite catalyst will i
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The use of computer-based theoretical
simulations is enabling Narula’s team to
narrow the field of possible catalysts from
thousands of possible configurations to
a handful that holds the greatest poten-
tial for success. “Our timetable does not
have the years required to examine every
possible catalyst,” Narula says. The team
believes that a combination of logic and
careful experimentation will point to a
pathway that produces a conversion of
ethanol to hydrocarbons. Starting from
that point, the team is trying to understand
how the reaction works and, based on that
understanding, improve the catalyst.

Simulations on ORNL'’s high-perfor-
mance computers also enable Narula's
team to examine the mechanics of how
these ethanol-catalyst chemical reac-

tions occur by considering the structure of
various zeolite catalysts and the structure
of ethanol. This analysis helps them iden-
tify potential chemical pathways between
ethanol and various higher hydrocarbons.
In the case of their iron-zeolite catalyst, the
researchers intend to evaluate the possible
ways in which the catalyst can interact
with ethanol, identify the potential inter-
mediate steps along the way to producing
higher hydrocarbons and calculate the
most energetically favorable method of
converting biomass to energy. Once they
have identified a pathway, they will seek
experimental confirmation of the inter-
mediate chemical steps suggested by the
simulation. The process’s final steps will
include additional simulations designed to
improve the efficiency of the reaction and

features

increase the quality and quantity of the
hydrocarbons produced.

Having found a potential pathway
from ethanol to hydrocarbon fuel, the
next part of their journey has begun. As
the process of creating affordable, efficient
hydrocarbon biofuels from biomass
becomes increasingly viable, Narula says
his team is now in search of an ideal
catalyst, one that is superior to those that
are currently commercially available.
“We are developing some new catalysts
in response to what we have learned from
our simulation work and experimenta-
tion. We know it can be done. Our goal
now is to improve our understanding of
the reaction so we can develop a catalyst
to optimize the process.” @

Narula’s team hopes to
produce hydrocarbon biofuel
by passing a stream of dilute
ethanol through a catalyst.
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‘ core objective of ORNL'’s BioEn-
ergy Science Center is to find
ways to wring more energy out

of the sugars stored in plants. In addition
to developing better enzymes, improved
microbes and more effective catalysts,
Gerald Tuskan’s team of plant biologists is
exploring ways to generate more energy
from biomass by “persuading” plants to
store more sugar and then developing
new methods of extracting these sugars.

Most of the sugar found in biomass

is stored in plant cell walls as cellulose
and hemicellulose. The biggest roadblock
to extracting sugar from these cell wall
polymers has been the difficulty of using

biochemical tools to break down the walls.

Tuskan, a scientist in ORNL'’s BioSciences
Division, is working with a dozen Oak
Ridge scientists and university collabora-
tors to study the genome of Populus, a
group of trees commonly used in both
biofuels research and biofuels production.
The team is seeking to determine which
of the plant’s 42,000 genes play a role in
the formation of the cell wall and which
of those can be modified and regulated
to create cell walls that are more easily
broken down. “It’s important to note that
we're not talking about placing ‘foreign’
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A new technique

n change a plant’s
aracteristics to
make biofuels.

genes into Populus,” Tuskan says. “We are
modifying native genes that make it easier
to break down the cell walls. We want to
learn when these genes are turned on, how
long they are on, and which plant tissues
they are associated with.”

Subtle changes

Currently Tuskan and his colleagues
have narrowed to about 3580 the list of
genes that might play a role in cell wall
formation. They employ a variety of
molecular techniques to study the genes
and determine their respective functions.
One of these techniques involves randomly
inserting genetic “on” switches into the
plant’s genome to determine the effect.
“Whatever gene the switch lands next to is
turned on,” Tuskan says. “We are inserting
as many ‘on’ switches as possible to identify
the function of as many genes as possible.”

In about one quarter of the experi-
ments, the technique produces a measur-
able change in the plant’s physical
characteristics. While some changes, such
as coloration, are obvious to the naked
eye, many are harder to discern. “The
changes usually involve more subtle
characteristics, like the level of sugar poly-

mers in the plant’s stem,” Tuskan says.
To detect these changes, Tuskan’s team
grows modified plants and then analyzes
both their chemistry and their outward
appearance. When a change is detected,
researchers examine the plant’s genome,
locate the newly inserted “on” switches,
and determine which gene or genes the
switches have activated. The approach
provides scientists with a good idea of
which genes produced the changes. Once
they know what a particular gene controls
and whether it appears to play a role in
the formation of the cell wall, researchers
can make an informed decision about
whether the gene should be turned “on”
or “off” to improve the plant’s usefulness
for producing biofuels.

One of the challengs the team is
addressing using this “on” switch tech-
nique involves disentangling the relation-
ship between the molecules of cellulose
and hemicellulose; polymers that make
up the plant’s cell walls; and lignin, a
polymer that provides strength and stiff-
ness to the plant’s stalk. The standard
biofuels pretreatment process involves
relaxing the bonds between the cellulose
and hemicellulose cell walls and lignin
using a combination of high tempera-



tures, dilute acid, and high pressure, so the
lignin can be removed. Because the plant
sugars are contained in the cellulose and
hemicellulose, pretreatment removes the
lignin but also has the undesired conse-
quence of degrading the cellulose and
hemicellulose, reducing the amount of
stored sugar that can be captured.

In search of a process that removes
lignin from the biomass without sacrificing
sugars, the team is looking for genes that
can control the degree of polymerization of
both lignin and cell walls. A more highly
polymerized molecule has a more complex
structure that tends to bind tightly to
neighboring structures, making it more
difficult to break down. This quality is
known as recalcitrance. For the purposes
of biofuels research, scientists would like
to reduce the lignin’s polymerization to
facilitate its separation from the plant’s
cell walls. At the same time, researchers
are seeking to increase the polymerization
of cellulose and hemicellulose to enhance
resistance to degradation during pretreat-
ment. “Our basic goal is to reduce the
recalcitrance of lignin and increase the
proportion of intact cellulose,” Tuskan

Scientists are generating more
energy from biomass by studying
the Populus genome.

says. “All of our genetics work is being
driven toward those two goals.”

Selective breeding also plays a role
in the team’s efforts to develop an opti-
mized strain of Populus. Drawing on the
biochemical analysis of the 1100 geneti-
cally different trees in their collection, the
researchers found that Populus’s native
lignin and sugar content vary greatly. “We
have four individuals out of this collec-
tion that yield 87% of their theoretical
maximum for sugar yield without any
pretreatment at all,” Tuskan says. “These
are individuals we intend to either put in a
breeding program or use for gene regula-
tion research to determine the genetic basis
for their favorable genetic characteristics.”

Part of a process

A large part of what Tuskan and his
team are trying to achieve is driven by
the neighboring steps in the biofuels
development process. Before they consider
what kind of biomass would be suitable
for producing biofuels, Tuskan and his
colleagues have to examine issues of
agronomy and sustainability. “The plants
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must be efficient in how they use water,
nutrients, carbon and space. They need to
be able to grow in a wide range of areas
in a way that does not deplete the soil of
key nutrients. We also want to be sure that
farmers can grow these biomass crops in
an economically sustainable manner.”

Similarly, much of the selective
breeding and genetic fine-tuning Tuskan
and his colleagues perform is aimed
at making sure their final product has
the sugar release, deconstruction and
fermentation characteristics needed by
the microbiologists who will be converting
the plants to biofuels. “Our industrial
collaborators are the ones most concerned
with producing a sellable product,”
Tuskan explains. “Their short-term target
is ethanol, but they are moving quickly
toward higher-chain alcohols, like isobu-
tanol or octanol. These fuels are preferable
to ethanol because their energy per unit
volume is similar to that of gasoline; they
do not react with water; and they can be
blended with gasoline in the current fuel
distribution system.”

Tuskan notes that when his group
passes along a suitable feedstock to the
bioconversion researchers, the process does
not necessarily end. “We’ll hear from them
how well the biomass actually performs
in the production process. We know how
we expect the main polymers, cellulose,
hemicellulose and lignin to perform, but
there are other compounds in plants that
can inhibit the biofuels production process.
Before we know if we have a successful
feedstock, we will have to see how it
performs in an actual bioreactor.”

“We hit the ground running”

Looking back at what has been accom-
plished by the BioEnergy Science Center in
a relatively short time, Tuskan believes the
center has made remarkable progress. “We
really hit the ground running at BESC.
Because we put an infrastructure together
in a timely way, all the experiments are up
and running. Usually with a project this
size, there’s a longer learning curve and a
slow scale-up, but because of our team's
experience and the quality of the partici-
pating institutions, we have exceeded our
project milestones. Everything is in place
for a period of genuine discovery.” @
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New biofuels must be
compatible with America’s
existing transportation
frastructure.

he ultimate goal of ORNL'’s

BioEnergy Science Center is,

naturally, to produce biofuel—
but not just any biofuel. To achieve the
center’s goal of helping to reverse the
nation’s dependence on oil imports, a
successful biofuel will need to be a step-
ping stone that fits neatly into America’s
current fuel infrastructure as part of a
path to a transportation system that rests
far less heavily on petroleum products.

The research performed by Distin-

guished Scientist Bruce Bunting and his
colleagues at ORNL's Fuels, Engines and
Emissions Research Center (FEERC) focuses
on ensuring that new biofuels meet both
requirements. The research, funded in
large measure by the Department of
Energy’s Office of Energy Efficiency and

ewable Energy through the Vehicle
echnologies Program, is coordinated
with the Office of Biomass Programs. The
. studies include the evaluation of biofuels

for compatibility with existing cars and
trucks, as

ell as with fuel produc-
elivery systems. Bunting
hat the transportation fuel
ure in the U.S. is made
neries, product pipelines,
nals that store fuel locally
trucks that transport fuel to
stations and trucking
‘That system,” he says,
“has evolved over much of
the last century to handle
petroleum products, and does
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an excellent job of providing high-quality,
reliable fuels. The easiest way to adapt
biofuels to this system is to make them as
similar as possible to the existing petro-
leum-based fuels.”

FEERC scientists evaluate new fuels
from a variety of sources, including those
made by the BioEnergy Science Center,
to determine whether they meet industry
standards and to evaluate their impact on
engine performance. They also provide
feedback on chemical factors that improve
engine performance and the compat-
ibility of new biofuels with existing fuels.
The process of testing new biofuels usually
follows a similar pattern. Once the biofuel
is blended with standard gasoline or diesel
fuel, FEERC researchers analyze the mix to
ensure that the blend meets industry stan-
dards for fuel quality. The fuel is then run
in a highly instrumented laboratory engine
to determine whether it meets performance
expectations. Finally, the new fuel may be
tested in conventional vehicles.

The majority of biofuel currently being
produced is ethanol. Unlike gasoline,
ethanol mixes easily with water, which can
cause problems if it enters a vehicle’s fuel
system. Because water is present at various
points in the fuel distribution infrastruc-
ture, fuel companies keep ethanol and
water separated by transporting ethanol
to fuel terminals and blending it with
gasoline late in the distribution process,
literally as fuel trucks are loaded at the
terminals. One potential alternative to
using ethanol as a biofuel would be to
make ethanol and then chemically convert
it to hydrocarbons. Not only would this
process help avoid water-related problems,
but the hydrocarbons could be blended
with gasoline or diesel fuel directly at the
refinery. Because both gasoline and diesel
fuel are blended from a variety of compo-
nents, Bunting expects that successful
biofuels will mimic one or more of these
components and be blended into the fuel
in a similar way. He notes that producing
biofuels with higher octane (for gasoline)
or cetane (for diesel) values might be
the most effective approach because the
components are worth more per gallon,
making them more attractive to fuel
producers. “Our goal,” Bunting says, “is to

use this process to replace about 20 percent
of the nation’s petroleum-based fuel
consumption over the next ten years”.

While Bunting discourages the idea of
an undiscovered magic bullet that would
revolutionize transportation fuel produc-
tion, he does identify potential improve-
ments that he views as realistic. “New fuels
have to meet a number of requirements,”
he says. “Most importantly, they must be
compatible with existing vehicles. They
also need to be compatible with the distri-
bution system. And of course, biofuels must
attract enough interest from the invest-
ment community to make them commer-
cially viable.” Improvements seen by the
consumer, he suggests, are likely to be
gradual, making it easier to meet regula-
tory requirements and allowing a skeptical
public to gain confidence in the new fuels.

Bunting expects the development of
improved biofuels to be accompanied by
improvements in engine technology. “We
are working with DOE, other national
labs, universities and industry to explore
engine designs that could couple the
advantages of biofuels with technologies
designed to optimize their performance.
Our team is examining advanced combus-
tion technologies that could produce
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improved fuel economy and lower emis-
sions. Studies like these enable us to work
in parallel to improve both engines and
fuel at the same time.”

At first glance, the applied research
conducted by Bunting and other fuels
researchers at FEERC appears v