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REACTION PATHWAY S OF INORGANIC SOLID MATERIALS:
SYNTHESIS, REACTIVITY, AND STABILITY

EXECUTIVE SUMMARY

Inorganic materials science today is criticaly lacking in the knowledge of predictive reaction pathway
mechanismsthat would alow the design and synthesis of materidswith specified reactivity and properties.
Thisis a complex and fundamenta problem that affects dl aspects of inorganic chemigtry and materias
science such as oxides, metals, aloys, cataysts, corrosion, degradation and therma stability. Becausethe
problem is so immense and affects such a wide range of materids, atruly integrated basic research ap-
proach of theory, modeling, synthes's, vaidation and testing isrequired. Successin merging these methods
will alow for unprecedented control and predictability of properties and reactivity of technicdly relevant
materials. Itisproposed that the Office of Basic Energy Sciences (BES) invest in research programs that
seek to determine the fundamental parameters necessary for predicting the reaction pathways of inorganic
solid materids.  The combined cgpabilities of the Department of Energy (DOE) nationd |aboratories and
the Nation's research universities will alow for the determination of a new set of principles by which
inorganic solids research can be governed. The reliable prediction of the reactivity and properties of
materiaswill foster anew fundamenta science, while sgnificantly contributing to goplicationsthat improve
U.S. energy security.

Current undergtanding of chemical bonding provides a set of “governing rules’ that correctly predict the
reaction mechanismsand productsfor organic chemisiry. Such isnot the casefor solid inorganic chemistry/
materia science due in part to the complexity of the systems being studied (i.e., compositiond variability,
defects, eectromagnetic interactions, metastability, and cooperative interactions). |llusirative examples of
the sengtivity of materias performance to compositiona/defect variability include: (1) a chromiaforming
heet-resigting dloy with avariation of only 0.5wt% S doubling its life span for protective-scale formation
under thermal-cycling conditions, and (2) small variation of eemental composition and defect structure of
ionic conducting perovskites increasing performance.

Recent advancesin materidsmodeling, synthesisand anaytica capabilities provide astrong foundation for
ggnificantly advancing understanding of reaction pathways of inorganic solid materids. For example,
dengty functiond theory (DFT) alows us to study complex heterogeneous systems and reved energeti-
caly favorable structures, embedding techniques and hybrid methodsthat capture dynamicsalow study of
extended systems, and cluster variation method (CVM) cdculationsalow for predicting the phase equilib-
riain multicomponent dloys. Synthesis methods have progressed subgtantidly beyond “ball- milling and
hesting” to procedures that take advantage of new breakthroughs in nanoscience, such as low-tempera:
ture synthesis of metastable phases, sdf-assembly and epitaxia growth of thin films that access previoudy
unachievable phases. Andytica capabilities such as caorimetry of trandtion metal oxides and neutron
science (indastic neutron scattering of metastable phases and reections in-gitu) dlow for fundamenta
probes of phase formation and kinetic interactions in reactions. Microspectroscopic methods such as X -
ray emission and scanning probe microscopies, together with more recent techniques such as 3-dimen-
sond atom probe, will dlow study of individua sites with unprecedented energy and tempord resolution.

The knowledge gained through this coordinated technica approach will have significant impacts on fossil
energy science and beyond. Understanding the rules that control the synthes's, reactivity and stability of
inorganic materials will adlow subgtantid improvements in awide variety of foss| energy applications in-
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cluding sensors, reliable and durable structura materias for high-temperature applications, membranes,
and catdysts. Additiond impactswill include energy sources (hydrogen) of thefuture, legacy clean-up and
long-term waste storage and actinide science relevant to the DOE-Defense Program’s (DP' s) mission.

Summary of Research Direction

Inorganic materias science today s criticdly lacking in the knowledge of predictive reaction pathway
mechanismsthat would alow usto design and synthes ze material swith specified reectivity and properties.
Currently, an “Edisonian” gpproach is the most common method for directing materias synthesis toward
an intended bulk property, with structure/property relationships usudly being determined in the post-
andyss. This is a non-optimized approach without much predictive capability. Furthermore, thisis a
complex and fundamenta problem that affects al aspects of inorganic chemistry and materids science
such as oxides, metds, dloys, catalysts, corrosion, degradation and thermal stability. Anintegrated basic
research effort by academics and nationa |aboratory scientists will combine theory and experiment, using
gate-of-the-art DOE user facilities to address the following questions:

What chemical forces drive the operative reactions (e.g., crystalization of unique phases) and can,
with the understanding these forces, lead to the synthesis of other classes of materiads?

What chemica mechanisms are responsible for observed bulk properties (e.g., ionic conduction,
multicomponent diffusion, or catalytic salectivity)? What are the aiomic-scae origins of reactivity
in these materids?

How will understanding atomic-scal e properties/phenomena, such asatom-atom and atom-defect
binding energies, nearest-neighbor interactions, Ste sdectivity and changes in crysta structure,
lead to the synthesis of new classes of tailored inorganic phases?

How will understanding 1-dimensiona and 2-dimensiona structurd defectsin materidslead tothe
synthesis of materias with tallored properties?

How can the thermodynamics of systems with stressmediated interactions and consequentia
non-equilibrium effects at the interface be properly trested?

Can interface mohility, as a function of its sructure, orientation, composition, and strain fidd, be
accurately modeled? Included here isthe growth of afaceted interface (dynamics of step propa
gation).

What nontraditiona transformation pathway processes need to be established to describe the
selection of stable or metastable phas(s) and the advancement of corresponding laws of phase
transformations?

The god of this type of program is detailed understanding of the atomic mechanisms (or reaction path-
ways) respongble for the formation of inorganic phases and the ability to predict the bulk properties of
those formed materials. This generd approach is a necessary god for al areas of inorganic chemica
research, including solid inorganic oxide, and metdl and aloy chemigtry/materid science. Examples of
areas of need include:
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- Inthe area of ionic conducting perovskites, variation of elemental composition and defect structure
increases performance. Existing methods for synthesizing perovskites, and those with high dielectric
conglantsand/or ionic conductivity include bal milling and heating, ball milling to release an exotherm
plus heating, solgd synthesis and thin film gpplications, solgel plus organic addition synthesis (for
high surface areamaterials), and metal organic chemica vapor depostion. All these methodsinvolve
high-temperature heeting, necessary for perovskite crystdlization. Thisisnot only costly in heating
costs, but dso adversdly affects the find materid. Research into low-temperature perovskites
derived from stoichiometricaly predetermined metastable phases (i.e., solgels, molecular Seves)
are different energetically, and probably show moreionic disorder (i.e., metastable which is desir-
able for properties such as ionic conductivity and high dielectric constant) compared to materias
synthesized directly a high temperature. Thisgivesthe ability to “tune’ the resultant perovskiteinto
nove compositions.

- Inthe areaof synthesizing materiaswith tailored properties, it iswell established that propertiesare
inextricably linked to the micro- and/or nano-structure of a given materia. The evolution of a
micro- and/or nano-gtructure often involves self-organized phenomena, which can result in highly
regular structures of controllable geometry and sze.  Although there are multiple routes to sdf-
organization, involving different driving forces, length scalesand system dimensiondity (i.e., whether
2-d or 3-d), it isimportant to understand the underlying principles, which universaly describe sdif-
organization, irrepective of the specific details of the system.

In the area of hest-resgting dloys, dight variations in aloy compostion can sgnificantly affect
resistance to high-temperature degradation and, hence, performance. This is true even for
compodtion variaionswithin thegpedificationsof acommerdd dloy. Such asengtivity to composition
reflects the complex interactions of dloying eements on scaing behavior, scale adherence and
cracking/spd lation behavior, and subsurface diffusion behavior. A holistic gpproach that addresses
all these aspects of high-temperature
degradation needs to be taken if there are to
be any legp-frog advances in improving the
religbility, durability and predictability of dloys
and coatingsfor high-temperature gpplications.

New Scientific Opportunities

New scientific opportunities exist in the combination
of basic synthetic research methods, plus analytical
abilitiesto understand from the reaction pathway level
of interactions of reactantsto their effect on bulk prop-
erties. Thisisthe opportunity for modding expertsto
use expanded modding/s mulation codes on ever more
powerful computersto predict the true eventsin these
complex materias sysems (e.g., see Figure 1-1), and
to utilize embedding techniques and hybrid methods
that capture dynamics for the study of extended sys-
tems.

A-7

Fgure 1-1. Minimum Energy Path for Benzene
in NaY Zeolite (between a cation Ste and the
window site). [Auerbach, Int. Rev.Phys.Chem.
2000, 19, 155].



Recent progress in synthetic methods alows for the exploration of new phase space areas, particularly in
low-temperature synthes s of metastable phases by hydrotherma and chemie douce methods, self-assem-
bly of inorganic oxides and 111/ semiconductors through organic molecule capping techniques, and epi-
taxidly growth of thin films. Studies of the synthes's, its optimization and the mechanism of formation will
need the combined efforts of X-ray (i.e.,, synchrotron) and neutron scaitering technologies. An excellent
example is the use of time-resolved studies at the National Synchrotron Light Source (NSLS) and Ad-
vanced Photon Source (APS). Time-resolved studies would dlow us to study structure transformation
between metastabl e phases through to thermodynamically stable phases. Fundamentd issuesto be stud-
ied include structure, mechaniams for transformation (i.e., bond breaking), and microporosity durability
versus gructure densfication, through the observation of the reaction from gdlation to crystalization usng
time-resolved scattering. The ability to observe metastableintermediates directly, some of them existing for
just ashort time, is adigtinct advantage and an excellent complement to the exploratory synthess efforts.

Relevance and Potential | mpact

This proposed research direction is of direct relevance to al energy programs (eg., Fossl, Nuclear,
Energy Efficiency, Renewable, Fusion).

The knowledge gained through this coordinated technicd effort will have sgnificant impacts on fossl
energy science and beyond. Understanding the rules that control the synthes's, reactivity and stability of
inorganic materias will alow subgtantid improvements in a wide variety of foss| energy applications,
including sensors for monitoring in high-temperature and caustic environments, reliable and durable struc-
turd materids for high-temperature gpplications in advanced power generation systems, materids and
coatings for supercriticd reactors, membranes for ionic/proton conduction and hydrocarbon feedstock
separations (dlowing for the remova of codtly didtillation units), and catalysts for vastly increased energy
and economic efficiency plus reduced environmenta impact.

Additiona impacts will include energy sources (hydrogen) of the future, legacy clean-up and long-term
wadte storage and actinide science relevant to the DOE-DP mission. In particular, the fields of proton and
ionic conductors have been hampered by “ Edisonian” gpproachesfor synthesizing better conducting meaterids.
Instead of traditional human combinatoria approaches, the employment of defined reaction pathwayswill
be usad in the design and tuning of high-conducting oxides with built-in therma, mechanica and chemicd
gability. Furthermore, the resultant reaction pathway rules will be employed in the synthesis of materids
for waste legacy clean-up and long-term waste storage of radioactive solvated nuclei found today in
temporary waste storage facilities around the country. Findly, the gpplication of this predictive knowledge
to actinide science dlows for safe, non-repetitive synthetic laboratory procedures, resulting in minimized
exposure to workers.

Estimated Time Scale

The determination of the fundamentd parameters of the reaction pathways for inorganic solid materids
resulting in predictive synthes's, reactivity and stability isalong-term god of the basic reseerch community.
Achieving this god has yet to be accomplished due to the significant complexity of the problem. Thefull
cooperation of basic research scientists from nationd laboratories and academic communities, plusfull use
of the DOE' s user facilities, will be needed to make any notable headway. We believe that with full coop-
eration and funding in 3-5 year increments, thiswill be a 10-20 year investment for BES.
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ADVANCED SUBSURFACE IMAGING AND ALTERATION OF
FLUID-ROCK INTERACTIONS

EXECUTIVE SUMMARY

Foss| energy resources are currently the backbone of the U.S. energy system, and their continued avall-
ability in the short term is critica for maintaining U.S. economic security. The technicaly recoverable
reserves of oil and natural gas are many times those of current proved reserves. Advanced geoscience
technologieswill enableindustry to meet the challenges of locating and extracting these additiond reserves
in an environmentaly acceptable and cogt-effective manner. Two research areas that would have mgjor
impacts are subsurface imaging and in-Stu dteration of fluid/rock interactions. Subsurface imaging will
delineate deep geologic structure and the properties, compostion, and spatid distribution of rocks and
fluids. Research supporting imaging would have application to hazard prediction, resource quantification
and reservoir process monitoring. Purpossful in-Stu dteration of rock/fluid interaction deals with tech-
nologies for increasing the mobility of oil and gas phases, thereby increasing the amount of extracted
resources. It dso dedswith devel opment of technologieswhich will ultimately enablein-stu processing of
hydrocarbons, replacing processing steps that are currently carried out on the surface.

These advanced geoscience technologies will require development of new fundamenta understanding of
geophysical, geohydrologic, and geochemica processes. Fundamenta research in wave propagation and
new mathematical methodsfor inversion of geophysical, geohydrologic, and geochemica datawill provide
part of the basis for mgor advances in imaging. Other basic research is needed to understand how to
predict processes from measurements at different scales. Exotic physical phenomena such as dectroki-
netic and seismoel ectric effects need to be assessed through basic research to identify technologica appli-
cations. The basic processes controlling the mobility of one fluid phase rdative to another need to be
understood. Findly, the posshility of usng nanoparticles to dter rock/fluid interactions, thereby ether
increasing mobility of oil or releasing more easily extractable volatile gas, opensthe door for revolutionary
new hydrocarbon extraction technology.

Successful gpplication of this basic research will have mgor scientific payoffs within the next two decades
aswdl as potentid financid impacts in the energy industry of billions of dollars per year.

Summary of Resear ch Direction

Advanced geoscience technologies are necessary in order to meet the chalenges of environmentally ac-
ceptable and cogt-effective extraction of remaining domestic reserves of oil and gas and to enable devel -
opment of unconventiona reserves. Two areas that would have a mgjor impact on reserve extraction are
subsurface imaging and in-Situ dteration of fluid/rock interactions. Mgor advances in these technologies
will require development of new fundamenta understanding of geophysical, geohydrol ogic, and geochemi-
cal processes.

Subsurface imaging will delineate subsurface geologic structure and the properties, composition, and spa-
tid didribution of rocks and fluids. By repesting measurements over time, hydrodynamic, geochemicd,
and geomechanica processes can be monitored. Research supporting imaging technologies would have
goplication in at least three mgor areas. (1) hazards prediction, (2) resource quantification, and (3)
monitoring of reservoir processes.
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Improved imaging will reduce the risk of siting and drilling wells. Hazards include overpressure; week
ungtable materias, such as shalow water flows, and sdt, which cregps. Imaging research needs to focus
on providing quantitetive information on the physica properties of hazards as well as location and spdtid
extent.

Subsurface geophysicd imaging has been used for decades to identify the location and quantity of oil and
gas resources. In conventiond oil and gas fidds the challenge is now to locate smaller pools which have
been missed during origind exploration. Unconventiona gas resources such as cod bed methane and
methane hydrates present new challenges. In neither case are conventiond oil and gas imaging technolo-
gies adequate to quantitatively evauate the amount and ditribution of the resource.

Monitoring of reservoir processes will enable more cost-effective production aswell as provide informa-
tion on additiond reserves. Information is needed on the changes over timein the distribution and pressure
of ail, gas, and water during primary, secondary, and tertiary production. Injection of chemicaly reactive
substances, such as CO,, necessitates geochemica monitoring aswell. Imaging for monitoring requiresthe
combination of direct measurement of quantities, such as chemical composition, pressure and fluid flux
with indirect geophysica measurements. Research is needed to develop methodsthat integrate the various
types of data in developing an image, as wdll as to improve resolution and quantitative interpretation of

imaging results.

Purposeful in-situ dteration of rock/fluid interactions is the second research area that could have mgor
impacts on oil and gas recovery. Primary production of oil and gasis carried out utilizing natura forces
such as differentia fluid pressure, gravity, and reservoir compaction. Injection of water, steam, CO,, or
other chemicas are used for secondary and tertiary recovery of oil, and are examples of purposeful
dteration of rock/fluid interactions.

Most secondary and tertiary methods involve modification of the mobility of one phase relaiveto another.
Wettability describes the relationship among mineral surfaces and the immiscible fluid phases. It strongly
influences the location and didribution of fluids and fluid rdative permesbilities and is one of the main
design parameters for sdlecting the best recovery strategy. Nonetheless, the complex mechanisms con-
trolling wettability and its effect on oil recovery are not well understood.

It has been suggested that phase mohility can be modified by low-frequency seismic energy, diffusive
pressure waves, and € ectrokinetic and seismoel ectric phenomena. Research is needed to evauate funda:
mental mechanical, hydrodynamic, and eectrochemica processes that may change the mobility of one
fluid phase rdaive to another.

The possihility of usng nanoparticlesto dter rock/fluid interactions, and, in particular, increase oil mohility,
represents a new, potentially significant research direction. For example, oil might be sorbed onto
nanoparticleswhich would have lower capillary forcesthan the unmodified oil. Another technique might be
to use nanoparticlesthat would adhereto pore surfaces but present hydrophilic surfacesto theoil. Findly,
talloring dectronic properties of nanoparticles opensthe door for developing materias, and perhagps dight
variants of naturd mineras, that would have unique catalytic properties. It may then be possible to bresk
long-chain hydrocarbonsin place, releasing more eesily extracted volatiles.
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New Scientific Opportunities

Research directed toward subsurface imaging and dteration of fluid rock interactions will provide oppor-
tunitiesfor broadening and devel oping new areas of fundamenta sciencein geophysics, gechydrology, and

geochemidry.

Fundamentd research in wave propagation in complex mediawill provide understanding needed to make
advances in imaging. The complexity of rock masses arises from the existence of discontinuities such as
fractures and faults, which exist a al scaes, heterogeneity in lithology arising from natural geologic pro-
such as deposition, intruson, and hydrotherma dteration, and the presence of fluids of different
phases and properties that are heterogeneoudy distributed at al scales. For such media, the relative
contribution of scattering and intringc atenuation to frequency dependent changes in amplitude needs to
be better understood. New rock physic modelsare needed that quantitatively describeintringc attenuation
in porous rock containing heterogeneous digtribution of fluids of multiple phases. New modds for wave
propagation at amacroscopic scale that accurately capture effects of different loss mechanism, need to be
developed. Differencesin the modelsfor different geologic environments need to be understood. Factors
affecting wave-propagation are expected to be very different in sand, shae, soil (unconsolidated sedi-
ments), cod, and granite.

Electrokinetic phenomena, and in particular, seismic-electric, and eectro-ssismic coupling are not well
understood. Prediction of behavior at the macroscopic, or field scde, is particularly uncertain.  Diffuse
pressure waves, which travel primarily in the fluid phase, are dso not well modeled and characterized.
Further fundamenta work on these phenomena could lead to new imaging methods. These same phenom-
enamay aso have effects on phase mobility which could lead to breskthrough technologies for enhanced
recovery of oil and gas resources.

The non-uniqueness of inverson is afundamenta problem in imaging. Joint inverson of various types of
data is one gpproach to the problem of non-uniqueness, but joint inverdon is computationdly intensve.
New mathematical gpproaches, including support vectors and other new algebras, need to be explored.

Fundamenta research needs to be focused in geophysics, geohydrology and geochemistry on issues of
scdein complex media. It isnot clear how to scae geophysicd measurements from the |aboratory scae
tofield scale. Itisnot clear how to combine hydrologic modesof processes at the microscalein poresand
fractures to generate effective media models applicable at fied scade. It is not well understood why fluid/
rock reaction rates determined at laboratory scale experiments are up to severd orders of magnitude
faster than Smilar reaction rates measured at field scale.

Advancementsin purposeful dteration of rock/fluid interaction requires new fundamenta understanding of
the mechanisms controlling wettability in reservoirs. Scientific opportunities include: (1) understanding
influence of asphatenes and oil composition on wettability, (2) studies of effects of brine compaosition, (3)
sudies of clay and colloid particle content and composition, and (4) understanding influences of colloid-
interface associations.

Finaly, the potentia for development of new gpproachesto dter fluid/rock interactions using nanoparticles
provides awhole new area of nanoscience research opportunities. Very little is known about the proper-
ties of minera nanoparticlesthat would be most applicable, dthough severd expectations arise from what
is known about semiconductor nanoparticles and crystals. The eectronic properties of nanomineras are
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Sze dependent and not the same as the bulk structure of the same materid. Surface properties such as
surface tenson and hydrophoalicity/hydrophilicity are dso sze dependent. Chemicad modification of
nanoparticle surfaces may be possible that would enable unique collective phenomena such as aggrega
tion. All of these properties may be tailored for enhanced recovery applications.

Relevance and Potential | mpact

Fossil energy resources are currently the backbone of the U.S. energy system and their continued avalil-
ability in the short termiis critical for maintaining U.S. economic security. It iswell known that domestic oil
reserves and oil production are declining. Conventiond production of naturd gasin the U.S. may pegk as
early as the year 2015, though natural gas consumption is increesing faster than any other fossl fud.
Though the current proved domestic reserves of crude oil and naturd gas are 22 BBO (billion barrels ail)
and 177 TCEF (trillion cubic feet), the technically recoverable reserves are 175 BBO and 1431 TCF,
respectively. In 1995, the United States Geologica Survey (USGS) estimated that over 50% of the
technicdly recoverable ail reserves is ail in known fields that could be added through fidd extension,
additions of new pools and application of new recovery techniques. Even 90 BBO isalargeincreasein oil
reserves. Mgor breskthroughsin imaging and new advancesin purposeful dteration of rock/fluid interac-
tionswill provide the technology needed to cost effectively locate and extract much larger percentages of
the technically recoverable resources. Financid impacts of technology breakthroughs in the energy indus-
try are measurable in terms of billions of dollars per year.

Estimated Time Scale

Itisextremely difficult to forecast technology breakthroughs. It is envisoned that research will be continu-
ing in each of the areas discussed for decades. At the sametime, useful results will be generated over the
courseof continuing research efforts. Whether by incremental advancement of knowledge or magjor bresk-
throughs, mgjor payoffs would be anticipated during the next two decades.
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DEVELOPMENT OF ANATOMISTIC UNDERSTANDING OF HIGH-
TEMPERATURE HYDROGEN CONDUCTORS

EXECUTIVE SUMMARY

lon trangport membranes composed of proton-conducting materids are a critical component for future
fud processing and energy production systems, aswell as ancillary technologies such asfud cdls, sensors,
and eectrolyzers. Proton conducting membranes are necessary to extract absol utely pure hydrogen from
mixed gas sreamsin the processing of fossil fuels and other petroleum and petrochemica processes. The
best candidate membrane materids for hydrogen separation at high temperatures are proton-conducting
ceramic oxides. However, despite great efforts, a viable ceramic-based proton conductor has not yet
been developed. The objective of the proposed thrust is to develop, through the integration of theory,
modeling, and experimentation, a scientific understanding of the mid- to high-temperature (<600°C and
700°C) interaction of incorporated hydrogen with the host atoms and structura defectsin a new class of
oxides and amorphous metalic proton conductors.

Current science and future facilities are well positioned to make these advances. For instance, the more
advanced computing systems are providing powerful tools for research through massvely pardle imple-
mentations of Smulation modes . High-performance computing is enabling researchersto model materids
systems a reduced dimensondity, while a the same time accurate firs-principle ca culaions of materids
properties now extend to systems involving thousands of atoms. The advent of powerful pulsed neutron
sources is making possible the acquisition of neutron diffraction data.on much shorter time scales. These
and current neutron facilities will provide the capability to shorten the time scale to tens of seconds for
some materids sysems aswell, which will dlow for critica time-resolved in-Situ studies of protonic con-
ductors. Specifically, neutron diffraction can be used to locate the coordinates of oxygen and hydrogen
(deuterium) ions in bulk polycrystdline solids, which are essentid to the conductivity of these materids.
Thiswill expand the scientific understanding required to optimize the structure-related properties of crys-
taline, nanocryddline, and even amorphous materias for gas separation, hydrogen storage, fud cdl, and
other economicaly important gpplications.

The advances made by this effort over the next 10 years are critical for thelegp-frog devel opment of novel
ion conducting oxides and dloys for hydrogen separation membranes. Such a development will dlow for
the recovery of millionsof cubic feet of hydrogen at refineries every day and thus save the petroleum, sted,
and petrochemica industries hundreds of millionsof dollarsannualy. It will aso facilitate the separation of
hydrogen from carbon-dioxide-laden streams, facilitating sequestration.

Summary of Resear ch Direction

A more fundamenta understanding isneeded of how hydrogen istransported and stored within the atomic
lattice, at interfacesin crystaline materias, and within the disordered structure of bulk amorphous metals.
Neutron sources offer exciting new opportunities for studying the migration and storage mechanisms for
hydrogen in various materids. The ability to aso conduct in-situ anadyss to examine the influence of
temperature and environment on transport processes and stability issueswill play amgor rolein develop-
ing the next generation of hydrogen conductors. Theoretical studies utilizing such information will be
needed to provide abasisfor tailoring materias and multicomponent systems. Opportunitiesalso exist for
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developing new materias by gaining further indghts into the behavior of nanocrystaline oxides and bulk
amorphous dloys.

New Scientific Opportunities

Proton Conductors. Proton conductorsare critica materialsfor future hydrogen-fuded sysemsand the
related infrastructure required to produce and ddliver hydrogen. These can be used as solid dectrolytesin
fud cdls, ionic membranesand gas sensors. However, the properties of current materials are not sufficient
to meet the needsfor commercia gpplications. To date, the available materidsare not sufficiently stablein
the anticipated service environments and lack the high protonic conductivity and enhanced cataytic prop-
ertiesrequired. Future research efforts must focus on the fundamenta understanding of hydrogen conduc-
tion and storage mechanisms and their relation to composition and crysta structure to uncover new pro-
tonic conduction materials.

All current proton conductor systems have issues rdated to insufficient chemical stability and proton
diffusvity and/or the dominance of other charge carriersto the tota dectrica conductivity. For example,
hydrate compounds such as HMo,,PO, H,0, HCIO:H,0O, which possess high protonic conductivity,
are ungtable in dry atmospheres and at temperatures above 100°C. A smilar Stuation is found with the
bronze-structured HWO, or HMoO, oxides. Despite the fact that these materias have high proton
mohbility, their dectrica conductivity isdominated by the eectronic contribution, and protonic conductivity
is not major factor in this case. In acceptor-doped perovskites (e.g., S'CeQO,, BaCeO,), the electrica
conductivity can be enhanced by trivalent dopantsthat introduce oxygen vacancies and promote theincor-
poration of protons. Unfortunately, the ratio of hydrogen-to-oxygen trangport diminishes a devated
temperatures, and the materids are no longer effective hydrogen conductors.

A mgor issue is the need to discover materids that are cgpable of hydrogen storage levels of $10%.
Studies of proton storage in oxides indicate that the protons are associated with the oxygen in the lattice
and form OH groups in concentrations of only 3-5%, concentrations that are comparable to the oxygen
vacancy content.  Similarly, the hydroxides such as LiOH can store only ~ 4% hydrogen, while some of
the hydrides are reported to store levels approaching 10% but have issues with stability.

Oxide Conductors. In the case of oxide proton conductors a new paradigm is required to overcome
past deficiencies. Unique crystd chemica approaches are envisioned to enhance proton conductivity
induding (1) introduction of vacandesand defectsthrough nove doping schemes, (2) nonlinear enhancement
of propertiesin compaositions near phase boundaries; and (3) explaitation of interfacia effectsin multiphase
compositions in combinations of chemicaly related but crystdlographicaly dissmilar proton conductors,
such asthosewith layered structures. Another areafor research isthe development of ion-conducting thin
films, which could accel erate the gpplication of proton conductors asion separation membranes by enhancing
hydrogen permesability, even at lower operdation temperatures. Thereis potentid for achieving such gods
by deveoping thin film membranes with thickness |ess than one micron on porous subdrates. This could
lead to deviceswith much higher permestion rates than the current devicesthat utilize oneto two millimeter
thick bulk membranes.

Whilethisisinsufficient, thereis an extensive experimenta database on perovskite structures, which could
serve asthe initid bads for developing new oxide sysems. The advent of new neutron beam lines will
provide apowerful meansfor establishing the mechanisms of hydrogen storage and transport in these and
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other oxidelattices. For instance, quasi-elastic neutron scattering could be employed to study the proton-
phonon interactions and develop new indghtsinto protonic trangport a the alomigtic level. Thiswill dso
require the development of models and analyticd toolsto be able to interpret such data. Such advances
will alow oneto examinethered effects of specific dopants on proton trangport and providefor criticd in-
gtu studies of the effects of temperature and gas composition. These resultswould be linked with theoreti-
cd sudies utilizing firgt principles and various|onger length scae gpproaches (e.g., molecular dynamics) to
describetherole of lattice structure and composition in vacancy formation and the storage and transport of
hydrogen within the lattice. With such understanding, it will be possible to develop materialswhere electri-
cd trangport is not limited by lattice diffusion.

In addition, there is a need to search for and take advantage of new mechanisms for protonic transport.
Thereis the potentia for novel nanocrystalline oxides as hydrogen conductors. Studies have shown that
nanocrystalline perovskites (e.g., Y b-doped SrCeO,) can exhibit over athousand-fold increasein electri-
cal conductivity, as compared to the conventional micron-grain-sized ceramics. Thiseffect may berelated
to the more rgpid diffusivity expected to occur dong grain boundaries in comparison to that through the
lattice. In addition a a grain sSze of 10 nm, the grain boundaries condtitute a substantia fraction of the
materid. This suggests that nanomaterids may have untapped potential for greater hydrogen storage
together with more rapid transport.

A new class of hydrogen separation materias may be possible through the synthesis of bulk amorphous
dloysand nanocrysdline metds. Metdlic dloysin noncrysaline states generdly contain significant “free
volume’ a the atomic scae that may facilitate hydrogen storage and trangport in a controlled fashion.
Studies in the past of these materids have been limited due to metastability of these alloys. However,
stable forms have been demondtrated that enhance their potentia for consideration as proton conductors.
Thus, bulk amorphous dloys condtitute a new and exciting class of metdlic materias with unique physicd
and mechanical properties for functional and structurad uses.

Relevance and Potential | mpact

For the next severa decades, H, will be generated from fossil fuels until clean H, sources can be devel-
oped. Pure H, streams will need to be produced via separation from mixed gas streams containing CO,
CQO,, H,0, hydrocarbons and other gases by separation processes. There is a tremendous need for H,
separation membranesiif the H, infrastructure is to become aredlity. Pure H, is needed for fue cells, to
facilitate H, storage, to recover H, from mixed gas products in the petrochemica industries, and for
upgrading of petroleum productsto fuels. Inthe next severa decades more H,, will be consumed convert-
ing petroleum into fud than any other end use. However, a present there are no viable high-temperature
separation membranes capable of producing pure H, streams. This area of research needs to be rapidly
expanded over the next decade if the H, economy is to become aredlity.

Esimated Time Scale

Improvements in current materids might be accomplished through such studies over the next five years.
However, the evolution of new materia classes for hydrogen conductorsiis likely to require another de-
cade of fundamenta research.
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FUNDAMENTAL COMBUSTION SCIENCE TOWARDS PREDICTIVE
MODELING OF COMBUSTION TECHNOLOGIES

EXECUTIVE SUMMARY

The development of predictive computationa capabilitiesfor combustion devicesisalong-term god of the
DOE that hasyet to beredized dueto the magnitude of the scientific and computationd chalenges presented
by turbulent, chemicaly reacting sysems. Continuing advancesin high-performance computing and laser
diagnostics provide an unparaleled opportunity to advance combustion science, leading to science-based
engineering design methods that will revol utionize the performance of combustion sysems. An integrated
program of basic theoretica, computational, and experimental research is needed bring the fundamenta
understanding of combustion science up to the level needed to provide abasisfor predictive computationa
modelsfor complex combusgtion sysems. This program should involve dosdy coupled research by scientists
at universities and nationa laboratories using terascale computers, state-of-the-art laser diagnostic
capabilities, and web-based tools for data sharing and collaboration. Emphasis should be placed on the
chemica kinetics associated with ignition, combustion, and pollution formation in reditic fuels and on the
physics of the coupling of turbulent fluid dynamics with chemistry. An integrated gpproach is required to
connect the various aspects of fundamenta science needed to address complex combustion systems.

Combustion of foss| fud is centrd to the U.S. economy, accounting for $334 billion in fud costsin 1996
and 85% of annud energy consumption. Combustion of fossl fudsisaso responsiblefor nearly al of the
anthropogenic emissions of nitrogen oxides (NO,), carbon monoxide (CO), soot, aerosols, and other
chemica speciesthat are harmful or are suspected to be harmful to human hedlth and the environment. At
the globd leve, foss| fudswill continue to be the primary source of energy required for economic growth.
|ssues of energy security, globa economic competitiveness, public health, and environmentd integrity will
have aprofound impact on the design and operation of the combustion systemsof thefuture. For example,
radicaly new engine designs are the only hope for meeting the near-zero NO_ and particulate emissions
commitments proposed for implementation by 2012.

The traditiona evolutionary approach to combustion system development, which relies heavily on cut-
and-try engineering to test incremental design changes, is inadequate to meet these chdlenges. A mgor
barrier to rgpid deve opment of radically new combustion technol ogieswith reduced emissonsand improved
efficiency isthe absence of truly predictive computationa tools for combustion systems.  The phenomena
that influence combustion span wideranges of scalesin both timeand space. Consequently, no foreseesble
computationa hardware will be cgpable of running afully resolved and coupled smulation of combustion
inapractica combustion device, which includes detailed chemistry and dl scdes of turbulent fluid motion,
with turnaround timesfast enough for design cdculations. Physically accurate and computationaly efficient
models are needed that are based on fundamenta combustion science and vadidated rigoroudy againgt
detailed experiments. However, there are Sgnificant gaps or uncertaintiesin our knowledge of the relevant
chemicd kingticsand in our fundamenta understanding of the complex dynamic coupling of turbulent flow,
molecular trangport, and chemica reactions. Today’s most advanced turbulent combustion models can
only predict smpleflameswithrdiableaccuracy. Accurate prediction of phenomenasuch assoot formetion,
auto-ignition of turbulent mixtures, locd flame extinction and re-ignition in complex flow geometries, flame
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propagation in heterogeneous mixtures, and stabilization of detached flames will require greater scientific
understanding and further development of combustion models.

Science-based predictive capability for complex combustion systemswill revol utionize the devel opment of
future combustion technologies by moving much of the innovation, design, and optimization process onto
the computer. 1t will facilitate the exploration and devel opment of radicaly new conceptsfor high-efficiency,
low-emisson devices for converson of fossl energy. It will dso greetly reduce the time required for
industry to bring new technologies to market or adapt designs to accommodate specific operationa
requirements, such as fud flexibility.

Summary of Research Direction

The phenomena that influence combustion span a wide range of scaes in space and time. The spdtid
scales extend from the dimensions of molecules, where chemica reactions occur, up to the scale of the
combustion deviceitself. Tempora scalesextend from those associated with the fasted chemica reactions
to the residence time of fluid in the combustor. No foreseegble computational capability will be able to
encompass phenomena over this range of length and time scale within asingle smulation.

A promising strategy to advance fundamental combustion science is to develop a highly integrated effort
that combines detailed scientific smulations with sate-of-the-art experimentation. Experiments and
computations that illuminate the phenomena a each scale are needed to develop computationdly efficient
models of the dominant behaviors at each scale. These models can then serve as the building blocks of
smulations and experiments at successvely larger scaes.

Processes at disparate scdlesare not aseasly partitioned asthis picture suggests, raisng critical fundamental
scientificissues. Theultimate product of such research would beaset of mathematical model s representing
key combustion phenomenaand their interactions. Thesemodescan serveasthebasisof anew engineering
design paradigm that would shift the focus of technology development from dow, costly prototype
condruction and testing to efficient, accurate computational designiteration and testing of proposed hardware
designs.

Ultimately, reaching the goal of a predictive capability for comprehensive, device-scale combustion
smulations will require coordinated research covering the entire range of combugtion length and time
scaes. Specific needsinclude: (1) Theoretical methodsto predict the pressure and temperature-dependent
rates of multistep complex reactions, aswell as detailed measurements of key individua reactionsin order
to verify and vaidate these computationd tools; (2) efficient toolsto generate complete combustion chemicd
mechanisms and toolsfor producing gppropriate reduced mechanisms required for modeling macroscopic
combustion systems; (3) experimental combustion diagnostics for nonintrusive, spatialy and temporaly
resolved measurements of the concentrations and concentration-gradients of multiple species, temperature,
radiation flux, and fluid velocities, typicaly required for benchmarking and validation of combustion
amulaions, and (4) high-fiddity numericd smulations of building-block flows thet reved fundamenta
turbulence-chemidiry interactionsin combustion. These physica and numerical experimentsmust be carried
out a& multiple levels of complexity. In particular, carefully executed benchmarks that are designed to
expose or emphasize therole of particular physical subprocesses are required to assure that our scientific
understanding iscomplete. Also, quantitative computationa dataand experimental measurementsin device
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environments are required to validate the capabilities of device-scde smulations to predict the complex
interplay among the many important physical processes over a parameter space that enables the design of
future combustion technologies. Figure 1-2 shows the necessary range of computations and experiments
required to understand combustion.

The rich nature of the scientific chalenge and its connections to combustion technology are illustrated by
three example problems.

soot formation in combustion systems and its coupling to other phenomena;

the coupling of autoignition kinetics with turbulent mixing, enabling nove control techniques for
homogeneous charge compression ignition (HCCI) combustion; and

extengons of lean-limit combustion via hydrogen fud blending.

Underganding the inception, growth, trangport, and oxidation of soot is vitd to controlling particulate
emissions from diesd automobile engines, and soot radiative properties are centra to heat transfer in
boilersand furnaces. The gas-phase chemistry leading to soot formation involves hundreds of speciesand
thousands of chemical reactions. New theoretical and experimenta tools and techniqueswill be needed to
elucidate the complex soot-formation chemistry. New theoretical methods are needed to rapidly and
accurately predict the pressure and temperature dependent rate constants required to describe the early,
rate-limiting steps of soot formation. Thethermally-driven ordering of theinitidly disordered solid particle
involves too many atoms for fully detailed smulation, so areduced description of atom-atom interactions
will be needed in amulations of this process. The clumping of soot particles to form wispy aggregates

o

__________________ - "
Device Yiilidstion
Expanmienis e \\

o

= Betniled Devee | -
Mbaiely i -
= Ey. G Engrme DiEyioe EHQII'IEH‘-I'\; Mode|s amd I::'PIII‘I'II.l.‘-E'III'.'II'I Taols L.
Gas Tuhee, Bulnr | ",
- R e — rd =
| - Sut-Mods| ¥alidation Dhevsce Buti | —_ "-.I
Exparimonts | e . R

=-a.4. Almmizanan, igniton, Goot
- ]

Chamical Dynamics | J

[ LEB: Bompiex oeametry, , : o : |
High m!.nmm PR Hn.'.'r.:.' .T:: lemce f'uuﬂ:r.n'.rmuuﬁ:r r‘\ ol
E Prediceive Combustion Models
] Turh Iﬂrrl £ m‘ | ] " I — ._.......l.. —
HIDMm ExpaeRne _t | [ wintie apanmans

.

| Mechanistic Expaitemans
sechanism Dul.-ulnpmunl
I.IL-I-Dh'nlnllmn} ==
| Lol i F_lr'unrrn'nu !l! | =g
. I .. -
- |

| P o | 'I\ul:hmllmmmlclm_l |

Figure 1-2. Applications of smulation tools and experimenta capabilities desgned to address combus-
tion science.
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cannot affordably incorporate atomic-sca e processes, but the knowledge gained from finer-scde smulations
will provide adequate surrogate representations. Heterogeneous chemistry experiments will be required
to guide and vaidate model development. New experimenta methodswill be needed to quantify soot and
Soot precursors concentrations and morphology in combustion environments. The key role of soot asan
absorber and emitter of radiation will be addressed computationally in asmulation that keepstrack of the
number and mass density of soot aggregates asthey are transported through acombustor by turbulent fluid
motions. Individud aggregateswill not beresolved at thislevel of smulation. Other soot-related phenomena
that will be studied computationdly include autoignition and flame stabilization in aturbulent jet to determine
theinitia distribution of soot precursors, hest exchange between soot and nearby flames, turbulent mixing
of soot-bearing gas with surrounding air, and oxidative destruction of the soot.

Homogeneous charge compression ignition (HCCI) combustion isan dternative engine combustion process
that can provide high diesd-like efficiencies, while producing ultralow NO and particulate emissons.
Unlike a conventional spark-ignited engine, combustion occurs volumetrically throughout the cylinder as
the chargeis compressed, rather thanin aflamefront. ThispermitsHCCI combustionto occur at relatively
low temperatures, and therefore, dramaticaly reduceNO emissons. Thereareseverd outstanding technical
barriersthat must be overcome before HCCI can bewiddly applied to transportation engines. Fundamental
research isrequired to control ignition timing and to limit the rate of combustion heet release to dlow high-
load operation. Overcoming these challenges requires an improved understanding of the close coupling
between turbulent mixing and loca chemical-kinetic reaction ratesrdaed to autoignition of large hydrocarbon
fuds. Thischemidry isthe same asthe chemistry associated with knock in spark-ignited engines. Turbulent
mixing is thought to play a mgor role in mixture preparation and modulation of ignition kinetics. The
incluson of detailed chemidry in turbulent models is often impractica and methods for producing high-
fiddlity reduced mechanisms must be developed.  Within practical engines, complete charge homogeneity
isunattainable. Animportant research question is how mixing strategies|ead to varying inhomogenetiesin
the charge, and how theseinhomogeneities can be used ultimately to control the heet rel easerate, emissons
and ignition timing.

Ultrarlean premixed hydrocarbon combustion (LPC) is currently one of the most promising concepts for
substantid reduction of emissons while maintaining high efficiency. This mode of combustion is operated
with excessair to reduce the flame temperatureto levelsthat virtudly diminate NO production. Operating
a the lean flammability limit poses significant challenges with flame stability, noise, and system dynamic
responses. Minor fluctuations in the fudl/air ratio, for example, can lead to flame blowout, combustion
ingabilities, autoignition and flashback. Moreover, theintring ¢ problems described above are compounded
at high pressures. Understanding and controlling these phenomenais extremely important for the design of
LPC dationary gas turbines and burners. Recently, hydrogen-enriched hydrocarbon fuds are being
consdered to improve flame stability characteristics during lean combustion.  Hydrogen-enriched fuels
modify both the flame structure and propagation aspects. Fundamental research is needed to characterize
the behavior of combustion of enriched fuds. Inaddition to potentia operationd advantages, the devel opment
of hydrogen and hydrogen-blended hydrocarbon fuels for gas turbine applications will boost the use of
dternative fues. In the long term, these “designer * fudswill serve in the trangtion to a carbon-free fue

economy.

Such chdlengeswill requiremultidisciplinary teams of computationd and experimentd physastisand chemids
with access to terascale computer systems, state-of-the-art numerica agorithms, the latest advancesin
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compuitational science, and advanced optica diagnosticsin modern experimentd facilities. Significant new
efforts are needed to describe heterogeneous processes, such as soot growth, and the effects of high
pressure, for examplein HCCI and LPC devices.

New Scientific Opportunities

Terascd e computer systems and advanced experimenta capabilitiesfor combustion science offer unprec-
edented opportunities of synergigtic, high-fiddity investigation of combustion phenomena. Direct Numeri-
cd Smulation (DNS) and high-fiddlity Large Eddy Smulation (LES) methods are on the verge of becom-
ing toolsfor fundamenta investigation of the fully coupled dynamic behavior of reacting flowswith detailed
chemidry and redigtic levels of turbulence. Information from such smulations, combined with detailed
|aser-based experiments on well-defined benchmark flames, present new opportunities to understand the
central physics of flow/flame interaction and develop accurate, physics-based models for turbulent com-
bustion.

Relevance and Potential Impact

Combustion of foss| fuelsis the dominant mode of energy converson, both nationdly and globdly, and it
will remain dominant for decades. The truly predictive computationa tools needed to effectively develop
new combustion technologies with higher efficiency and lower emissons do not exist today. A focused
BES effort dedicated to solving rdevant combustion science problems will engble, for the firgt time, high-
fiddity, fully predictive smulation of the next generation of combugtion devices. Predictive capability will
revolutionize the development process for advanced combustion technologies for transportation, power
generation, and industria processes, and it will greatly accelerate the globa implementation of high-€ffi-
ciency, low-emisson systems. Fundamental advancesin the science and modeling of chemically reacting
flows will aso have significant impact in chemica process engineering and amospheric science.

Estiimated Time Scale

The development of predictive smulation capability, which is gpplicable to a broad range of combustion
problems, is a long-term god. Substantid progress in the development of predictive modds for the
coupling of turbulence and chemistry in complex combustion systems can be expected within the next 5-10
years under the proposed program. Extension to prediction of complex phenomena, such as autoignition
in turbulent heterogeneous mixtures or soot formation in combustion systems, islikely to require sustained
effort over a10-20 year period.
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MATERIALSDEGRADATION

EXECUTIVE SUMMARY

Future nuclear energy systemswill need to provide (1) managesble nuclear waste, effective fud utilization,
and increased environmenta benefits, (2) competitive economics, (3) recognized safety performance, and
(4) secure nuclear energy systems and nuclear materids. Steady-state coolant temperatures in proposed
next-generation reactor concepts range from 370°C to 1000°C, with projected accident trangents that
could reach temperaturesto 1800°C for ashort duration. These concepts involve exatic coolants such as
lead-bismuth, lead, molten salt, or supercritica water. They must dso perform satisfactorily while being
subject to neutron damage levels greater than those experienced in any materid developed for nuclear
gystemsuseto date. These expectations are unprecedented in nuclear energy or any other application and
will require the development of a significant fundamentd level of knowledge to successfully guide system
development. In addition, information on materias performance in harsh nuclear environmentsis required
to enable predictive modding of materid behavior in nuclear waste packages and other nuclear energy
systems, such as accd erator-driven nuclear fisson and transmutation. Opportunitiesfor radica advances
in fundamenta understanding of the multiscale mechanisms and processes governing materias degradation
are becoming possible through new and emerging advanced scientific facilities and high-performance par-
dld computing plaiforms. Integration of novel in Stu experiments with theoretical/computationd efforts
providethe possibility to develop fundamenta understanding of degradation mechanismsand kineticsover
multiple scales, from atomistic to micron and nanosecond to minutes.

Thereisinsufficient fundamental understanding of radiation effects on materialsin nuclear reactor compo-
nentsto reliably predict component properties and thus mitigate service failures. The degradation of core
components, including component welds and joints, and cladding in current and future nuclear reactor
designs can lead to falures a high levels of neutron irradiation in the reactor coolant environment. The
coolant chemidtries (e.g., water, supercritica water, liquid metals) can become more aggressivein crevice
gtuations, where component failures are often observed. Since cracking susceptibility requires a combi-

nation of radiation, stress and a corrosive environment, the failure mechanism has been termed irradiation-

assisted stress-corrosion cracking (IASCC) for water coolants, but smilar processes may occur in other
coolant environments. Because testing of irradiated materiasis difficult and expengive, itishighly unlikey
that apurely empirical approach will provide an adequate understanding of corrosion processes. Much of
thisissueistied to the co-evolution of equilibrium and non-equilibrium nanostructures and nanochemidtries.

Research related to improved storage of spent nuclear fuels is another area of opportunity because there
have been very few scientific studies on the behavior of nuclear waste packages. Qudlification of new
materids for nuclear waste packages needs to be scientificaly based. Thisis critica in the absence of
sufficient testing capabilities. Opportunitiesexist for mgor advancesin thisareathrough new and emerging
in-stu experimenta and diagnogtic capabilities and pardle computationa platforms. The properties of the
gpent nuclear fuel, other solid nuclear waste forms, the storage canigter, and the drip shield may degradein
the presence of water, oxidizing environment, and radiation-induced chemistry changes (e.g., radiolysis,
radioactive decay products). The fud or waste forms are aso subject to self-radiation-induced degrada-
tion from the decay of the radionuclides. This corrosion and radiation damage must be understood well
enough that extrapol ations of waste package behavior can be made confidently over periodsof at least ten
thousand years.
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Summary of Research Direction

Advancing the fundamental mechanigtic understanding of radiation-induced materias degradation to en-
able the predictive modeling of materids performance in the hogtile environments (extremes of radiation
fidld, temperature, stress, therma/mechanica cycling, corrosive coolants, and oxidizing environments)
associated with nuclear waste packages, nuclear reactors, and other nuclear energy systems.

New Scientific Opportunities

The DOE s Office of Nuclear Energy, Science, and Technology (NE), in conjunction with theten countries
that compose the Generation-1V Internationd Forum (GIF), has been investigating nuclear reactor con-
ceptsthat will be safer, more environmentally benign, longer operating, better performing and economically
superior to current designs. The evauation has included radioactive waste containment systems with the
god of generdly optimizing the entire nuclear fud cycle. This group has recently sdected sx nuclear
reactor concepts for further R&D. The concepts are the Supercritical Water-Cooled Reactor (SCWR),
the Very High Temperature (gas-cooled) Reactor (VHTR), the Gas-cooled Fast Reactor (GFR), the
Lead-cooled Fast Reactor (LFR), the Sodium-cooled Fast Reactor (SFR), and the Molten Salt Reactor
(MSR). The GIF expects the development of these concepts to occur over a20-30 year time frame. A
key to the success of dl sx conceptsisimproved structural materias to optimize economic performance
and minimize the environmenta impact of discharged waste.

There have been continued, but limited, studies of degradation of metal aloys for nuclear reactor compo-

nents. The mgjor scientific chalenge in this areais the co-evolution of al microstructure components and
their role in macroscopic materid response such as swelling, anisotropic growth, irrediation creep, and
radiation-induced phase transformations. Under irradiation the evolution of the microstructure is deter-

mined by the dynamic and kinetic response of acomplex materids system when driven far from thermody-

namic equilibrium. The detailed kinetic processes are both deterministic and stochastic, are coupled, and
may evolve into new kinetic processes as the microstructure and phase transformation of the system
evolves. The framework for this new era of radiation effects research should be the science of complex
gysems. While this emerging fidd is dill in its definition phase, the needed understanding for radiation
effects in solids provides a well-defined problem. It may, in fact, serve as a prime example or mode of a
complex system evolving in response to the continuous flow of energy that maintains the system in various
gates of non-equilibrium.

There is insufficient fundamenta understanding of radiation effects on the chemica behavior of nuclear
reactor componentsto reliably predict component properties and thus mitigate service fallures. The deg-
radation of core components, including component welds and joints, and cladding in current and future
nuclear reactor designs can lead to failures a high levels of neutron irradiation in the reactor coolant
environment. The coolant chemidiries can become more aggressive in crevice Stuations, where compo-
nent failures are often observed. Since cracking susceptibility requires a combination of radiation, stress
and a corrogive environment, the failure mechanism has been termed IASCC. Because testing of irradi-
ated materidsisdifficult and expensve, it ishighly unlikely that apurdly empirica goproach will providean
adequate undergtanding of IASCC behavior. Much of thisissueistied to the co-evolution of equilibrium
and non-equilibrium nanostructures and nanochemidtries. Fundamental understanding of IASCC requires
mechanigtic research and novel approaches to examine reaction thermodynamics and kinetics at surfaces
and crack tips. New results show crack-tip openings on the order of nanometers and corros on/oxidation
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fronts progressing with solution access through nanometer-size pores. Solution migration, eectrochemis-
try and reaction phase stabilities need to be understood in the congtrained dimensions and related to
mechanisms controlling the propageation of environmenta degradetion. Mechanistic understanding of grain-
boundary characterigtics that control susceptibility of dloys to IASCC remain dusive. Degradation of
welds and joints in nuclear components can lead to catastrophic failures, yet there is a critical lack of
mechanigtic understanding regarding weld microstructures and microchemidries. While there has been
some progressin understanding these phenomenafor water coolants, the behavior in supercritica water or
other coolantsis largely unknown. Much lessis known regarding environmenta degradation in high-tem-
perature reactor systems, where refractory materias, including composites and ceramics, may be em-
ployed with gas coolants.

Ceramics are often more robust in durability and corrosion resistance, which iswhy they have often been
proposed for theimmobilization of actinidesand other partition radionuclides. While ceramic nuclear fuds
are currently used in nuclear reactors, future reactors could employ more ceramic composite components,
such asin cladding and coatingsfor nuclear fud. Advanced computationa methods are required to under-
gand, smulate and modd the fundamenta mechanisms that control the dynamics of radiation effects,
diffuson and microgtructure evolution in oxide ceramics, aswell asa ceramic-ceramic interfaces, inradia-
tion environments over broad ranges of temperatures. In oxide materids, both eectronic excitation and
eladtic collison processes must be rigoroudy considered, unlike metas and semiconductors where eec-
tronic excitations play alesser role. Thecritica problem isthat the methodol ogiesto perform accurate and
reliable computations of radiation-damage processesin oxide ceramics over atomic to macroscopic scaes
arenot currently available within the U.S. or elsewhere. The god should be to establish a suite of compu-

tational methodsthat can perform modeling of oxide ceramics from the atomic to macroscopic scesona
level equivaent to or exceeding that performed today on metals and semiconductors. Thisgod iscompli-

cated by the mixed bonding character (ionic and covaent) and long-lived eectronic excitations that are
present in oxide ceramics. Achieving this god requires development of novel smulation methods, poten-

tidsfor complex sysems, methods to handle complex potentidsin paralel computing environments, and
integration of eectronic coordinates into potentid models to implement charge-transfer and eectronic
excitations within large-scale ionic molecular dynamics (MD) smulations.

The nuclear waste packages for permanent disposition in the oxidizing environment of Y ucca Mountain
repository in Nevada are currently envisioned as conssting of spent nuclear fudl assemblies (or other solid
nuclear waste forms proposed for future fuel cycles) that are contained in meta canisters that may be
capped with adrip shiedd when findly emplaced in the repository. The properties of the spent nuclear fud,
other solid nuclear waste forms, the canister, and the drip shield may degrade in the presence of water,
oxidizing environment, and radiation-induced chemistry changes (e.g., radiolysis, radioactive decay prod-
ucts). The spent nuclear fuel or solid nuclear waste forms are aso subject to self-radiation-induced
degradation from apha and beta decay of the radionuclides. The environmental degradation due to cor-
rosion and radiation damage must be understood well enough that extrapolations of waste package behav-
ior can be made confidently over periods of at least 10,000 years. Public acceptance of nuclear power as
an important energy source depends on devel oping acceptable solutionsto the back end of the nuclear fuel
cycde Scientifically based and carefully engineered solutions are more likely to gain public acceptance.

Many previous models of nuclear fuds and component behavior in current reactors have been semi-
empirical in nature and based on large and often incompl ete databases. Predicting the performance of new
materias for advanced reactor environments and nuclear waste packages in repositories is beyond the
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capability of current models and databases. Opportunities exist for coupling experimentd efforts and
multiscale computational approachesto devel op new materials and predictive performance modds. Redl-
izing this vison requires alarge number of fundamenta studies, including investigations of

the therma and radiation stability of nanometer oxide disperson strengthened dloys,

the didocation interactions and strengthening mechanisms of radiation generated ob-
dtacles (voids, stacking fault tetrahedra, didocation loops, etc.) and oxide preci pitates
that control pladticity;

the controlling mechanisms of thermd and irradiation creep, creep cavitation and fail-
ure;

the limited uniform ductility and flow locdization at intermediate to low temperatures,

the ability of nuclear waste packages to achieve long term (centuries) stability; and

other dimensiond effects such as swelling, phase transformations, and amorphization.
Other needs include:

development of multiscale computationa approaches,

development of new radiation-tolerant materids (e.g., functiondly graded, multilayer
structures, composites, tailored nanostructures);

development of a fundamenta understanding of intergranular cracking in irradiated
components; and

multiscde modding of the complex microgtructurd development of dloys and the
relationship of these highly non-equilibrium changes to mechanica, dimensond stabil-
ity, and corrosion properties.

Relevance and Potential | mpact

Although radiation-induced materias degradation is not a new topic, opportunities for revolutionary ad-
vances in fundamental understanding of the mechaniams governing materials degradation over multiple
length and tempord scades are becoming possible through new and emerging advanced scientific facilities
and high-performance parale-computing platforms. Nove in-stu experiments in redigtic environments
can be closdly integrated with theoretica/computationd effortsto develop afundamentd understanding of
degradation mechanisms and kinetics over multiple scales from atomigtic to micron and nanosecond to
minutes. Such advancesin thisareawill provide the underpinning science that will enable licensing nuclear
waste packages for emplacement in the Y ucca M ountain repository and the development and qudification
of new materiasfor use within Generation-IV nuclear reactors and other nuclear energy systems, such as
accd erator-driven nudlear fisson and transmutation. In addition, the tools and methods developed in this
effort will have asignificant impact in the broader field of materials science.

Esimated Time Scale

Anticipated research program duration is 10-20 years.
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ADVANCED ACTINIDE AND FISSION PRODUCT SEPARATIONS
AND EXTRACTION

EXECUTIVE SUMMARY

Splitting atoms supplies energy to the nation from auranium isotope that isless than 1% abundant in natural
uranium. Ensuring an adequate long-term supply of fissle materid is essentid to maintaining or increasing
electric energy generation using nuclear power reectors. At present world consumption rates, known
uranium resources should last for about 65 yearswithout recycling of spent reactor fuel. It isestimated that
asyet undiscovered, but recoverable, uranium resources are at least four times larger than known uranium
resources. Vadly larger amounts of uranium are present in seawater, athough is not currently economicaly
practica to recover such uranium. Energy production using nuclear fission has used two concepts for the
final end point: (1) the “once-through” fud cycdle, in which spent nuclear fue is planned to go directly to a
repository, and (2) the “closed fud cycle,” in which the spent nuclear fud is reprocessed, with the sepa
rated uranium and plutonium going back for usein further fue and the fisson products planned togo to a

repogtory.

Generation-1V reactor concepts are being designed to include reprocessing in order to extract a greater
fraction of the energy content of natural uranium and thorium than is achieved currently. Thorium is more
abundant in nature than is uranium and, like natura uranium, upon neutron bombardment is converted into
fisslematerid that fissonsto adegree asit buildsup. By absorbing neutrons, the resulting fisson products
reduce the efficiency with which new fissle materid is crested. For this reason, actinide and fission
product separation processing with recycling of thefissleisotopesto reactor fud isbeing examined for full
utilization of the energy content of present actinide resources aswell asto minimizethe volume of produced
waste products. The present roadmap for advanced nuclear fud cycles suggests that molten sat media
may play animportant rolein thefuture. Improving separaions efficiency isaviability issuefor such media
and should be addressed in basic research on the fundamenta chemistry of thorium, uranium, selected
transuranic eements, and sdt-forming fisson products in molten sdt media Studies under unusud or
extreme oxidation and reduction conditions are needed a so because littleinformationis presently available
under these conditions that may be encountered during a process upset or an accident scenario.

Achieving “green chemigry” isagod worth establishing in sgparation processing of actinides and fisson
products. Theterm “green chemidiry” isdefined by the U.S. Environmenta Protection Agency, in part, as
the promoation of innovative chemica technologies that minimize the use of hazardous substances in the
manufacture of chemical products. One step toward that god isthe replacement of presently used organic
solvents with less hazardous liquids such as room-temperature ionic liquids (RTIL's). The timeframe for
maximum impact of fundamenta studieson RTIL’sand molten sdt mediato be used is 10-20 years, when
the results of such investigations must be factored into plant design decisons.

Innovative methods for recovery of uranium from seawater should be investigated if sgnificant improve-
ment over exigting recovery techniques seems achievable. Deliberately designed ligands, perhaps ana
logues of the very specific ion channds of biologicd membranes or carbon nanotubes of appropriate
radius whose specificity has been enhanced by modification of their interior surface or gppropriate deco-
ration of their entrances and exits with specific ion attracting functiondities, provide promising avenuesto
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achieve the required breskthroughs. Economic recovery of uranium from seawater islikely to be anissue
in about 50 years.

Proposed Resear ch Direction

Create the fundamental research basis for advanced actinide and fisson product separation and novel
extraction processes that are essentia to ensure sufficient fissile materid stocks, reduce codts, achieve
proliferation resstance, and minimize environmental impacts and waste repogtory requirements in the
nuclear fud cyde.

New Scientific Opportunities

Ensuring an adequate long-term supply of fissle materid for the nuclear fuel cydeisessentia to maintaining
or increasing the energy supplied to the nation by nuclear fisson. About 0.7% of natura uranium is the
fissleisotope U-235. Uranium is about as abundant on earth asare zinc or tin and isfound at trace levels
in most rocks and soils. Uranium is present in seawater to about 3 parts per billion. At present world
consumption rates, the International Symposium on the Uranium Production Cycle and the Environment,
held October 2-6, 2000 at the International Atomic Energy Agency (IAEA) in Vienna, concluded that the
known uranium resources of 4 million tons (Mt) should last for about 65 years without recycling of spent
nuclear reactor fuel. In addition, there are estimates of as yet undiscovered uranium resources of about 16
Mt in ore bodies, dthough recovery of that uraniumislikdy to bedifficult. By some estimates, recovery of
uranium from seawater using present technology would become economical if the price of uranium rose
ten-fold.

Generation-1V reactor concepts provide opportunities both for reducing the radiotoxicity of non-fissle
isotopes in presently stored spent reactor fuel and for creating new fissile isotopes. Recycling fissle
isotopes provides a means of extracting a greeter fraction of the energy content of natural uranium and
thorium than is achieved in the current “ once through” nuclear fud cycle. Natura thorium is considered to
be a“fertilefeedstock,” meaning that its neutronirradiation resultsin the formation of fissleisotope U-233.
Thorium is even more abundant in nature than is uranium, and generdly thorium is less soluble in ground
water or seawater dueto its preferencefor thetetravalent state. If fissileisotopesare produced by neutron
bombardment of natural or depleted uranium or natura thorium targets in nuclear resctors or in acceera
tor-based subcritica assemblies, utilization of nearly the full energy content of present uranium or thorium
resources can be achieved. Irradiating such targets creates fissle isotopes that, as they build up, dso
fisson to adegree. Such fisson releases useful energy but dso creates fisson products, some of which
strongly absorb neutrons. To achieve optimum neutron economy, actinide and fisson product separation
processing with recycling of the actinidesto targets or reactor fud is essentid to maximize utilization of the
energy content of present fissile and fertile actinide resources.

Some exigting actinide processing is carried out in molten sdt media, such the LiCl-KCl eutectic. The
present roadmap of advanced fuel-cycle concepts suggests that molten salt mediamay play asgnificantly
more important role in future actinide and fission product separation techniques due to the rediation ress-
tance of such media. The fundamenta chemigtry of thorium, uranium, sdlected transuranic eements, and
sdt-forming fisson products should be investigated in molten salt media because improving separations
efficiency isaviability issue for such media. Investigations under unusud or extreme chemica oxidation
and reduction conditions are necessary because little information is presently available on molten sat
separations processes under these conditions. Examples of such conditions include molten sdt that con-

A-28



tains high concentrations of dementd lithium or a transuranic dement in metdlic form, molten st that is
being sparged with chlorine gas, and molten sdt exposed to nitrogen, oxygen, water vapor, or carbon
dioxide (i.e, the potentialy reactive condtituents of atmaspheric air), as might occur in an accident sce-
nario. Thetimeframe for maximum impact of fundamenta studies on molten sat separations processing is
10-20 years when the results of such investigations must be factored into plant design decisions.

Green chemidlry is defined by the U.S. Environmenta Protection Agency (EPA) as the promotion of
innovative chemica technologiesthat reduce or eiminate the use or generation of hazardous substancesin
the design, manufacture, and use of chemica products. One highly promising gpproach to achieving
“green chemidtry” in separation processing of actinides and fisson productsis the replacement of organic
solvents with less hazardous liquids. Certain mixtures of organic cations, such as methyl imidazolium de-
rivatives, and charge-balancing inorganic anions of low complexing ability, such as triflates or
hexafluorophosphate, form liquid phases at ambient temperature that are termed room temperature ionic
liquids (RTIL’s) (eg., see Figure 2-1). Only aminuscule fraction of compoundswith potentid to form such
liquid phases have been invedtigated for their ability to form RTIL’ swith ussful properties.

+
Re_ A~ _CHs Figure 2-1. Generic structure of the room temperature
N . ionic liquid akylmethylimidazolium hexafluorophosphete,
— PF¢  whereR isanakyl group.

Because the condtituents of these RTIL’s are ions, no volatile organic carbon (VOC) is released during
their use. The plutonium uranium extraction (PUREX) process used in most present aqueous-based
separaions processing of spent nuclear fud rdies on solvent extraction processing. In PUREX, some
metal ions are extracted from an aqueous solution of nitric acid into an organic phase that is a mixture of
akane hydrocarbons (kerosene) and tributyl phosphate.  The PUREX process emits both VOC's and
nitrogen oxides. A smplified verson of PUREX, termed the UREX process, is the reference head end
aqueous separations process for some Generation-1V nuclear reactor cycles. UREX dsowill emit VOC's
and nitrogen oxides. Although direct substitution of an RTIL for kerosenein PUREX or UREX processing
is unlikely to be productive, novel extractant molecules, especidly designed for use in an RTIL, hold
ggnificant promise for achieving superior performance. Some known RTIL’s have liquid ranges that ex-
ceed 300°C. Somearemisciblewith water or supercritica fluid (SCF) carbon dioxide; others are water-
or SCF carbon dioxide-immiscible. A few RTIL’shave exceptiondly large eectrochemica potentid win-
dows, with one having been shown recently to alow dectrodepostion of uranium meta. For thisreason,
selected RTIL’ sshould be investigated as potentia replacementsfor high-temperature molten sdtsthat are
the basisfor present pyrochemical and electrometallurgica processing of actinides. Theradiolytic stability
of RTIL'sisan areathat dearly merits early investigation. The timeframe for maximum impact of funda:
mental sudieson RTIL’sis10-20 years, when the results of such investigations must be factored into plant
design decisons.

Given the amount of uranium in seawater, the development of innovative methods for itsisolation presents
amgor chalenge. Ddliberate design of ligands, using approaches that combine molecular mechanics mod-
eling with experimenta veification, is a promisng avenue for identifying extraction agents cgpable of
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achieving the required breakthroughs. For this purpose, one can envision such molecules attached to solid
supports to facilitate extraction and ease of separation from solution by filtration to provide the desired
elements, such asuranium, in essentiadly pure form, when starting from highly dilute solutions. Utilization of
gynthetic analogues of the very specific ion channds of biologica membranes (sodium versus potassum,
for example), in which the analogues are embedded in artificid membranes, is afurther promising area of
investigation. The resulting channels might be stacked complexes of host molecules or be carbon nanotubes
S0 congtructed as to have aradius gppropriate to the specific trand ocation across the membrane of par-
ticular hydrated ions. Such specificity might be enhanced by modification of theinterior lining of the carbon
nanotubes or by appropriate decoration of their entrances and exits to facilitate specific trandocations.

In adevice usng biologica membranes, a very dilute solution containing a mixture of meta ions, such as
seawater, would pass through a network of these membranes with one type of pore in each region of the
gpparatus, that region would then specifically collect aparticular ionic species. Such an gpparatus could be
used to sdlectively collect uranium, for example. The economic viability of this approach could be en-

hanced by concurrent ability to isolate other valuable dements and produce desdinated water. At the other
end of the nuclear fud cycle, such adevice could be employed to separate most components of dissolved
spent reactor fud (eg., a mixture of actinides and fisson products) thereby recycling unspent fuel and
concentrating the most noxious by-products. These proposals have significant precedence in the natura
world (ion channdlsin neurons or the loops of Henle of the human kidney, for example). Economic recov-

ery of uranium from seawater is likely to be an issue in about 50 years.

Relevance and Potential | mpact

The separations and extraction concepts outlined above provide challenging areasfor creative fundamen-
ta research to generate the scientific knowledge base for cresting applications that have immense signifi-
cance to the production of energy by nudear fisson and the efficient, environmentdly-friendly, handling
and minimization of resultant waste products. Improving the closed fud cyde requires efficient and effec-
tive recycle of actinides, such as uranium, and significant reduction of waste destined for geologic repos-
tories. Novel separations and extraction methods are essential to meet the possble future needs of the
closed nuclear fud cycle, but they must overcomethe current formidable obstacle of not being economicdl.
The complex nature of mixtures of actinides and fisson products and resulting radiolysis render profoundly
challenging the development of such separation and extraction methods for the nuclear fue cycle.

Estimated Time Scale

Two timescaes are relevant to this research effort: 10-20 years for separation-related studies (to impact
plant design decisons) and 50 years for extraction processes that achieve economic recovery of uranium
from seaweter.
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FUELS RESEARCH

EXECUTIVE SUMMARY

In order to play their essentid role in meeting future energy needs, advanced nuclear energy systems will
need to provide: (1) manageegble levels of nuclear waste, effective fud utilization, and increased environ-
mental benefits, (2) competitive economics, (3) recognized safety performance, and (4) proliferation-
resistant nuclear energy systemsand nuclear materias. The DOE’'sNE representsthe U.S. and hasalead
rolein the Generation-1V International Forum (GIF), agroup of ten countriesworking together to develop
nuclear energy systems that make improvementsin each of these four areas. The Generation-1V program
is designed to develop reactors that meet these criteria and could be deployed by 2030. The GIF has
recently selected six conceptsfor further R&D. The concepts are the Supercritical Water-Cooled Reac-
tor (SCWR), the Very High Temperature (gas-cooled) Reactor (VHTR), the Gas-cooled Fast Reactor
(GFR), the Lead-cooled Fast Reactor (LFR), the Sodium-cooled Fast Reactor (SFR), and the Molten
SAt Reactor (MSR).

The GIF has completed an R& D Roadmap that describes the key viability and performance issuesfor the
development of the Six reactor concepts. Advances in fuel performance, including fuds that recycle ac-
tinides, have been identified as criticd to the success of each. These fuds must achieve long lifetime while
operating at high temperature. Additiondly, as part of another NE program, the Advanced Fud Cycle
Initiative (AFCI), the DOE is investigating accelerator-based options for transmuting long-lived nuclear
wade. These accelerator-based systems will investigate “inert matrix” fuds that do not use uranium and
therefore maximize the overal burn rate of long-lived actinides. Because the success of nove fud typesis
key to the success of these systems, devel oping amechanistic understanding of their propertiesis critical.

The advanced nuclear energy system initiatives require the development of non-traditiona fud types (in-
cluding nitride, metdlic, disperson, and inert matrix), the incorporation of large quantities of plutonium and
higher actinides, and the incluson of embedded isotopicaly-tailored neutron absorbers (burnable poi-
sons). Additiondly, each of these fud cycle advances must be accomplished in away that maintains an
inherent proliferation resistance within the complete nuclear fuel cycle. These requirements motivate the
need for fundamenta understanding of the chemigtry of eements in nuclear fuds, the thermodynamic
gability in oxidizing and reducing environments, the physical properties (eg., density, microstructure and
therma conductivity); the processing techniques for the fabrication of fuels containing actinides, plutonium
and burnable poisons; and the response to radiation.

Proposed Resear ch Direction

Provide a fundamental understanding of the chemistry, physical properties, and processing in proposed
novel fuel forms and compostions, including nitride, metdlic, digperson, and inert matrix (non-fertile)
fuds

New Scientific Opportunities

The mgority of fuesused in current nuclear energy systems were devel oped during the 1950s through the
1970s. Since then many sgnificant advances in the tools for analyzing materia properties have been
developed. In studying the fuelsfor these advanced systems, critica Basic Energy Science analytical tools
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such as synchrotron light sources, advanced e ectron microscopes, advanced neutron scattering centers,
and facilitiesfor conducting advanced computation need to be gpplied to ensure the best scientifictoolsare
used to identify fundamental mechanisms of degradation.

Ingenera, along-term program to devel op fuelstor deployment entails at |east the following four activities:

fabrication process development,

property measurement and assessment,
irradiation testing and safety demondtration, and
modeling and predictive code devel opment.

Each of these activities must be conducted while remembering the requirement that any new fuels devel-
oped must be compatible with the associated recycle process. Current reactor fuels are primarily oxides,
whilefor the Generation-IV systems, nove fue types such asnitride, metal and dispersion fuels have been
proposed. For accelerator-based transmutation systems and some reactor systems, inert matrix (non-
fertile) fueshave been proposed. For dl of these fuels, much fundamenta understandingislacking. A key
fundamenta scientific objectiveisto establish the bassfor understanding and predicting fuel behavior (i.e,
changes in dengity, melting point, therma conductivity, tendle strength, corrosion resstance) under the
temperatures, stresses, and radiation fields in the reactor.

Potentid research topicsinclude:

behavior of nove fud forms exposed to harsh environments (high temperature, high levels of
radiation, and gress). These fues include nitride fudls, metdlic fuels, disperson fud, and non-
fertile (inert matrix) fuds

for fuds made from reprocessed materids, the influence of recycled products on fue behavior,
including radiation response; and

multiscale modding of fud thermomechanicd behavior.

Generation-1V gods and the transmutation objectives for the AFCI program will present challenging per-
formancerequirementsfor new fud types. Therefore, improving and optimizing performance potentia will
require a sound understanding of the mechaniams that impact fud behavior and, ultimatdy, fud lifetime.
Such understanding is typicaly attained through development of mechanistic models for key phenomena
and demongtrated through incorporation of those models into validated fuel performance codes. How-
ever, establishing mechanistic modds requires knowledge of fundamenta thermophysicd, physicd, and
mechanica properties. These properties will influence important phenomena such asfisson gas retention
and release, fud swelling, irradiation growth, fuel cladding chemica and mechanica interactions, and tran-
sgent response. In the past, many fuel development programs were limited to empirica approaches that
did not have the benefit of knowledge of those properties (although such information was often obtained
with continued research on the well-established fuel designs). However, the chalenges for the current
programs require a coordinated effort to determine key properties for the fue types (i.e., forms and
compaositions) as an important contribution to the fuel devel opment process.

Inert matrix fuels do not contain fertile materias (materids that breed additiond fissle condtituents), such
as uranium-238 or thorium-232, which dlow a maximum burn rate of higher actinides. Inert matrix fuels
aretypicaly proposed as multiphase materids conssting of yitriastabilized zirconia (Y SZ) or magnesum
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soind (MgALO,), which are chemicaly and thermodynamically stable and insoluble in nitric acids. Inert
matrix fudsmay requiretheinclusion of burnable poisonsto improvethereactivity coefficient profile during
its lifetime. Fundamenta understanding of the thermodynamic stability, fud performance (response to
irradiation), and fission gas release are needed.

Modeling of fue performance is criticd to predicting operationd lifetimes. On a fundamenta levd, this
includes obtaining critica materid parametersfrom firg principles calculations. These parameters can then
be used in higher-level models such as molecular dynamics, Monte Carlo, and rate theory to describe
events that have both short and long time scales and smdl and large distance scaes. The development of
these multi-sca e computationa methods will be critica to obtaining the predictive capability that is needed
to extrapolate beyond the available experimenta data.

The overdl impact of advanced, aternate fuels on arepostory program isnot clear, and the economics of
transmutation and recycling are current obstacles to their use. However, actinide recycle incorporating a
fast-gpectrum reactor has been identified as a means to manage the disposition of transuranic isotopes,
which have long hdf-lives and dominate the caculated long-term dose associated with releases from
repogitories such as Yucca Mountain in the U.S. The fast-spectrum Generation-1V concepts are to be
designed to accommodate minor actinidesin fue or in specid targets. An understanding of minor actinide-

bearing fud materids is not well established. Therefore, key properties, such as thermd conductivity,

enthalpy, and melting temperatures must be determined and understood. Other intrinsic characteristics,
such as interdiffuson of fud condituents under temperature gradients and interdiffuson with cladding
congtituents, must also be understood. The addition of the minor actinides adds anew level of complexity
to fuel performance beyond that of “fresh” fuels.

Relevance and Potential | mpact

The program of research outlined would produce abroad spectrum of resultsdirectly relevant to the DOE
NE Generation-1V and AFCI programs. Development of computational tools and methods would be of
bendfit to the larger materiads science community.

Estimated Time Scale
This program is expected to require 10-20 years of research.
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FUNDAMENTAL RESEARCH IN HEAT TRANSFER AND FLUID FLOW

EXECUTIVE SUMMARY

Thetrander of heat and the flow of fluids are fundamenta to understanding and predicting the design of al
typesof advanced devicesranging from heavy-vehicle enginesto computer chipsand nuclear reactors. All
forms of energy converson systems, both present and future, require higher temperatures to achieve
greater efficiencies. A better fundamenta understanding of the processesinvolved isacritica requirement
for the achievement of higher performance and assured licenang. A complete comprehension of the
mechanigtic phenomena related to multiphase fluid flow and heet transfer is lacking and to date relies on
empiricaly derived correlations to predict the nature of these phenomena. New hegt-trandfer materids
involving nanastructures provide exciting opportunities to extend the properties and gpplications of these
materids. Whileeffortsare on-going in these areas, considerableimpact can be obtained over the next 15
years as measurement techniques and computationa capabilities both rapidly expand.

Summary of Resear ch Direction

Continued progress on afundamenta understanding of the physics of hegt-transfer and fluid-flow issuesis
of great importance to many different future energy conversion and delivery technologies including trans-
portation, eectricity production, and many others. This crosscutting fundamenta research direction is of
criticad importance because a better understanding of the basic features on a molecular level may alow
future systems designers to greetly extend new materials and processes to optimize their performance. It
isof particular importance to nuclear energy technologies, especidly with the development of Generation-
IV concepts during the next two decades, that afundamental understanding of heet transfer under varying
conditions be devel oped in order to reduce the uncertai nties associ ated with the performance and safety of
these advanced reactor concepts. Both design performance and licensing issues are driven and deter-
mined by the accuracy and uncertainties associated with the analyss of heet transfer and fluid flows in
nuclear systems.

Generation-IV reactor concepts include numerous heat-transfer and fluid-flow challenges due to the se-
lection of coolant materids for these systems.  Coolants chosen for Generation-IV technologies include
liquid metas (lead, sodium, and lead-bismuth eutectics), gases (helium and carbon dioxide) and supercritica
water. An advanced understanding of heet transfer and fluid flow that includes afundamenta understand-
ing, evento the point of eiminating the use of corrdationsfor heat transfer and fluid flow analysis, would be
very beneficid.

Traditiondly, fluid flow and heat trandfer in engineering systems are moddled using empiricdly derived
corrdations tha are often only reliably applied for prescribed conditions and materias. This expedient
method allows accurate and currently acceptable results, but as the next generation reactor designs move
forward these andyses would be sgnificantly improved by abetter fundamenta understanding of thebasic
physics and science & amolecular and atomistic level. Recent and expected future accelerationsin com-
puting capabilities can be utilized to probe the fundamental mechaniams relaed to molecular interactions
between fluidsand solid materids. Better instrumentation and measurement techniques can be desgned to
collect more detailed information with respect to heat-transfer and fluid-flow propertiesto provide better
data for these expanded computer codes.
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New Scientific Opportunities

To diminate use of engineering correlations, it is necessary to develop afirg principles understanding of
multiphase heat-trandfer and fluid-flow mechanisms, including the behavior of fluids such as supercritica
water, lead and lead-alloys, and molten sdts. In addition, thereisthe need to develop an understanding of
fluids with dispersed particles (i.e., nanofluid suspensions).

There are anumber of recent advances in multiphase fluid flow and heet transfer. Two-phase fluids using
various combinations, including liquid/ivapor, liquid/solid, and vapor/solid, offer enhanced hest transfer and
fluid flow properties that can be utilized in energy converson sysems designs. Bailing and condensation
heset transfer have been utilized for many yearswithout acomplete fundamental understanding at themicro-
scopic and molecular scales to enhance hesat transfer and system capabiilities. Recent developments in
microscal e probes and non-destructive measurement techniques coupled with advanced computing tech-
nology give rise to consderable optimism that better fundamenta understanding can be developed in the
near future in two-phase flows and boiling and condensation heet trandfer.

The recent devel opment of nanofluid suspensions gppearsto yield nove hest-transfer and fluid-flow prop-
erties that provide another exciting possibility for enhanced system performance through the use of new
materias and properties. Thisnew class of heat transfer fluidsis manufactured by dispersng nanometer-
sze solid particlesin traditiond heet transfer fluids to increase therma conductivity and heet transfer per-
formance. Experiments conducted to date have found that the improvement in heet-transfer properties of
severd nanofluidsissignificantly better than that predicted by existing theory. Thisrepresentsafundamen-
tal discovery in basic heet transfer and considerably more work is required to fully understand the princi-
pas of operation and the fundamenta physics that give these materids enhanced cgpabilities. Origind
effortsby ArgonneNationa Laboratory are being extended through work with Vavoline, Inc.; Nanopowder
Enterprises of Piscataway, N.J.; and through collaborations with Purdue University and Renssdaer Poly-
technic I ndtitute to investigate the hest-transfer mechanismsin nanofluids. Applicationsin heavy transpor-
tation vehicles, supercomputer circuits, high-power microwave tubes, and advanced nuclear reactors are

possible.

Relevance and Potential Impact

A truly fundamentd understanding of heat trandfer and fluid flow is advantageous to dl forms of energy
converson systems, both present and future. Research leading to a comprehensive understanding of
multiphaseflow and heet trandfer a the mechanigtic level would yield significant design benefitsfor dl types
of advanced devices ranging from heavy-vehicle engines to computer chips and nuclear reactors.

Estimated Time Scale
The necessary research effort is estimated to requirel5-20 years.
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Renewable and Solar Energy

To Displace Imported Petroleum by Increasing the Cost-
Competitive Production of Fuelsand Chemicalsfrom
Renewable Biomass by a Hundred Fold

Develop Methodsfor Solar Energy Conversion that Result
in a Ten-to-Fifty Fold Decrease in the Cost-to-Efficiency
Ratio for the Production of Fuelsand Electricity

Develop the Knowledge Base to Enable Widespread
Creation of Geothermal Reservoirs

Conversion of Solar, Wind, or Geothermal Energy
into Stored Chemical Fuels

Advanced Materialsfor Renewable Energy Applications
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TO DISPLACE IMPORTED PETROLEUM BY INCREASING THE
COST-COMPETITIVE PRODUCTION OF FUELSAND CHEMICALS
FROM RENEWABLE BIOMASSBY A HUNDRED FOLD*

EXECUTIVE SUMMARY

Emerging knowledge in functional genomics and molecular technologies provides new opportunities for
the genetic tailoring of plants and microorganismsto produce novel materids, fuels, and chemicas. During
the past century, plants have been extensively modified to vastly improve the production of food, feed, and
fiber. An understanding of fundamenta mechanisms that govern the physica limitations of plant efficiency
will dlow the design and control of many useful plant properties. These include the control and character-
ization of plant architecture and composition (lignin, cellulose, hemicdlulose, sarch, and ails), improve-
mentsinthe energy efficiency of plant production (reduced nutrients, water, and land requirements), and an
expandon in the range of environments that can be used for cultivation (st tolerance and dtress ress-
tance). Further advances in the fractionation of biomass into individua components using physica and
chemicd treatments offer a mgor opportunity for cost savings. Metabolic engineering of new microbid
biocatalyss offers the potentia to produce nove biomaterids and chemicas that will serve as renewable
dternatives to current petrochemicals. These improved microbial biocataysts are required to expand the
range of useful conditions for indugtrid fermentations and reduce cogts through process smplification.
Subgtantid cost savings can aso be redized by the development of biocatalysts that produce enzymes
(i.e, clulase, xylanase, etc.) for carbohydrate depolymerization as coproducts during fermentation, elimi-
nating the need for separate enzyme production facilities. Application of biochemica and genetic principles
provide mechanismsfor the rationa design of improved enzymes concerned with the depolymerization of
plant congtituents. Recent expandg on in genomic sequences from microbes and plants provides avast tool-
kit of genes and enzymesthat can now be recombined and used to provide clean and sustainable solutions
to our current dependence on imported petroleum.

Summary of Resear ch Direction

The modern indusgtrid revolution has been powered by the use of solar energy from ancient plants and
microalgee that formed vast deposits of petroleum, cod, and naturd gas. The ancient photosynthetic
processes that produced these reservoirs of fossil energy aso shaped our climate and the composition of
our atmosphere. Storage of carbon in relatively inert fossil forms reduced atmospheric carbon dioxide and
other compounds associated with planetary heating and produced our oxygen-rich aimosphere. The vast
scaeof biologica conversion processes offers the opportunity to replace part of our dependence on fossl
residues for energy with contemporary sources of renewable biomass. Biologicd transformations of re-
newable biomass materids dso offer the opportunity to displace current petroleum-based chemicas and
plastics usng environmentaly friendly processes. Co-production of these higher vaue chemicals from
renewable biomassis essentid to reduce the cost of liquid fuels such as ethanol or biodiesel from biomass.

Approximately 0.2% of the current U.S. energy needs are supplied by renewable biomass, principaly
through direct combustion (heeting or dectricity) or ethanol asafud extender and oxygenate (providing 2

*Thisdocument served asthe basisfor asubsequent Proposed Research Direction from the Energy Biosciences Team
entitled “Energy Biotechnology: Metabolic Engineering of Plants and Microbes for Renewable Production of Fuels
and Chemicals.”
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billiongd/yr or 1.3% of totad automotivefud). Both the areas of liquid fuds(i.e., ethanol and biodiesd) and
combustion offer tremendous opportunities for expans on through the development of improved methods
for the solubilization of plant condituents and the gpplication of our emerging knowledge of plant and
microbid genomics.

Near term expansion of research should focus on the development of improved bioconversion processes
to produce chemicds (e.g., ethanal, longer chain acohals, fatty esters, etc.) that can be blended with
currently used automotive fuels (i.e., gasoline and diesel) and on the development of microbia processes
for higher value coproducts (i.e., commodity chemicas and bio-based plastics) that displace imported
petroleum and increase revenues. Underutilized residues from current agriculture and forestry with little or
no current va ue should be used asfeedstocks for this near-term expansion. Approximately 30 million tons
(Mt) of corn is currently converted to fud ethanal in the U.S. by a mature indusiry using very efficient
processesthat take advantage of the highly digestible nature of starch by microbia enzymes. Whilethiscan
continue to expand and make an important contribution to the energy security of our nation, the energy-
intensive nature of corn farming and competing uses of corn as food and feed will prevent the substantial
replacement of automotive fuel by ethanol from corn done. In contrast, the use of undervaued lignoce lu-
losic residues as feedstocks should have minimal impact on consumer costs for the primary products from
agriculture (food, feed and fiber). This new use represents an expanded benefit with minima investment of
additiond energy. Additiond fuels from lignocd lulosics can be blended with gasoline to reduce petroleum
imports while maintaining the benefits of corn-based ethanol production.

The high capital cost and increased risk associated with process complexity have thus far blocked the
indugtrid implementation of many promising new technologies. Much of this process complexity can be
reduced through the genetic engineering of improved microbid biocataysts, the genetic tailoring of the
plants for specific gpplications, and by improvementsin plant fractionation technologies that increase effi-
ciency and reduce cogs. Even with process amplifications, the barrier of risk associated with the first
implementation of anove technology should not be underestimated.

New Scientific Opportunities

Many aspectsof process complexity can beimproved by the gpplication of knowledge from microbid and
plant genomics. Genomic sequences provide a catal ogue of genes that can be used to dter cdlular struc-
ture, composition, and function. These sequences provide a Sarting point for our understanding of inte-
grated processesthat limit the efficiency of water and nutrient use, the partitioning of photosynthate among
cdllular condtituents, tolerancesto extreme environments, and bioconversion processes by microorganism.
A logical next step isto expand these genetic catd ogues by adding fundamenta knowledge concerning the
integration of gene functions and physiologica activities.

Cdlulose depolymerization by enzymes is arguably the single most expensive step associated with the
bioconverson of lignocdlulose to fuels and chemicds. Increased understanding of the molecular mecha
nism of glycohydrolases may lead to creation of more efficient enzymes that resst product inhibition.
Additiond approaches include the coproduction of glycohydrolases by the microbia biocatalysts during
fermentation and the coproduction of glycohydrolases in the tissues of plants prior to harvesting for bio-
converson. Significant reductions in added cellulase will dso be achieved by improved understanding of
the fundamenta chemica and physica processes involved in the fractionation and solubilization of biom-
ass.
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Our increasing facility and knowledge of plants should aso support a more radica gpproach to biomass
feedstocks, the genetic tailoring of plant compaosition for specific bioconversion processes. Continuing
investigations of fundamental mechanismsthat regulate the partitioning of photosynthate between carbohy-
drate polymers(i.e, cdlulose, hemicelulose, and starch), protein, lipid, and lignin should now dlow rapid
improvements in plant composition for fuels and chemicals equivaent to those that have been redized in
food crops. For ingtance, increasing the lignin content with reduction in carbohydrate content would
increase the energy dendty of plant resduesintended for use in combustion. Alternatively, increasing the
production of carbohydrate polymers that can be readily degraded by enzymes (i.e., starch and hemicd-
lulose) and reducing the content of cellulose and lignin could diminate the need for cdlulase enzymesin
bioconversion processes. Relaively smdl lignin and cellulose resduesthat remain after enzyme trestments
of such materias could be burned to provide steam and power.

Broad implementation of biomass as a primary energy source in the U.S. and in the world will depend
upon the genetic modification of plantsto expand the range of soil environmentsfor productive cultivation,
to minimize nutrient requirements, and to increase crop productivity (tons/acre per year). Theseimproved
plants will become the feedstocks of the future. Areas of particular interest include sdlt tolerance, meta
tolerance, and improved efficiencies for the use of water and nutrients. Thisis alonger term goa where
sudtained investment in fundamenta research isessentid. Again, thefield of genomics providesawedth of
information by catal oguing the genes. However, continuing fundamenta studies are essentid to understand
the mechanisms that have evolved to control these macro functions in plants and microorganisms. Results
from these investigations will serve as a guide for the rationa design of future improvements using both
traditiona and molecular gpproaches.

Relevance and Potential I mpact

The efficiency with which we have converted fossl biologica energy sourcesinto fuels and chemicas has
alowed atremendous expansion in population and improvement in the qudity of life throughout the indus-
tridlized world. As we look toward a future that must rely upon aternative energy sources, the same
fundamenta biological processes that created fossl deposits and our oxygen-rich amosphere can be
harnessed to provide a renewable source of energy and chemicals. Traditiona plant breeding coupled
with chemica and microbid conversion processes has dlowed hundred- to thousand-fold increasesin the
production of food and food products over the past the century with small recent contributions from
genomics and molecular methods.

Esimated Time Scale

These new methods, together with new advancesin materids science and chemidry, offer the opportunity
for even greater improvementsin bio-based products over the next 50 years and provide the basisfor the
conservative estimate of a hundred-fold increase in contribution of renewable biomass (meeting 20% of
the nation’ s energy needs) to our nationd security.
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DEVELOPMETHODSFOR SOLAR ENERGY CONVERSION THAT
RESULT INATEN-TO-FIFTY FOLD DECREASE IN THE
COST-TO-EFFICIENCY RATIO FOR THE PRODUCTION

OF FUELSAND ELECTRICITY

EXECUTIVE SUMMARY

The grand chdlengefor solar energy utilization isto develop conversion systemsthat are stable and robust
for a20-30 year period and that result in aten-to-fifty-fold decrease in the cost-to-efficiency ratio for the
production of eectricity and fuels. To reduce the cost of installed photovoltaic systemsto $0.20 per peak
watt of solar radiation, a cost level that trandates into $0.01-$0.02/kWh, or to reduce the cost of solar
fudsto $1.00/GJ, cogts that would make solar photoconversion very attractive economicaly in today’s
energy market, will require truly disruptive technologies that do not exigt at the present time.

Toachievelow solar cost- to- power (electrical or chemical) ratios, at |east three approaches are possible.
In afirgt goproach, chemica methods are needed to enable inexpensive photoconversion materids (like
polycrystdline, nanocrysaline, and organic materids) to perform asif they wereexpensvesinglecrydds.
A second approachisto produce so-called interpenetrating networks. Such an approach relaxesthe usual
condraint in which the photogenerated carriers must exist for long enough times to traverse the entire
distance of the cdll and be efficiently separated and collected. Instead, the materids consst of a network
of interpenetrating regions that facilitete effective charge separation and collection over very short dis-
tances. A third approach involves developing novel methodsto obtain extremely high conversion efficien-
cies a modest cost. Present photon conversion devices based on a single threshold absorber and full
thermal relaxation of the photogenerated carriers, including semiconductor photovoltaics, have atheoreti-
cd thermodynamic conversion efficiency of 32% in unconcentrated sunlight, but the conversion efficiency
can be increased, in principle, to 45-65% if carrier thermalization can be prevented. Multiple bandgap
absorbersin acascaded junction configuration can offer high efficiencies, particularly when highly concen-
trated sunlight can be used, but the materids are expensive. Approaches to achieving high efficiencies at
moderate materids cost might utilize semiconductor quantum dots, quantum wells, organic dyes, and
related nanostructures. In either of the above approaches, the interfaces necessary to separate and collect
the charge carriers can be formed using solids, liquids, or polymers, but the resulting photoconversion
sructures must be inexpensve and manufacturable on alarge sce.

Summary of Research Direction

The efficiency of photovoltaic devices has been increasing steedily. Nevertheless, current technologies dl
lieon ardatively common cost/wett (W) scale. The underlying reason for thisroughly equa cost/W trade-
off is that the photovoltaic materias now available suffer from the same fundamenta physicd limitations.
Large-grain pure materids, with along lifetime capable of making efficient solar cells, are codlly to pro-
duce. Alternatively, chegper materids with smdler grain Szes have grain boundaries that act as recombi-
nation Stes, resulting in inefficient solar cells. A amilar trade-off isfound for organic (“plastic’) photovol-
tacs. If pure inorganic single-crystd materids, like slicon and GaAs, are replaced with much cheaper
organic maerias, the materids are inherently disordered and therefore are cheaper but more inefficient.
The net result isthat one can ride anywhere on this cost/W trade-off scae, but nevertheless end up at the
same cost/W ratio to within a factor of 20%. To reduce the cost of photoconversion systems for the
production of solar eectricity to $0.20/pesk W of solar radiation and solar fuels to $1.00/GJ cost levels
that would make solar photoconversion very attractive economically in today’ s energy market, will require
scientific breakthroughs and associated truly disruptive technologies that do not exist at the present time.
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One important strategy to attain these gods is to identify approaches that produce ultrahigh conversion
efficiency a modest cost. Present photon conversion devices based on a single threshold absorber,
including solid-gtate semiconductor photovaltaics, dl operate within aregime wherein the ultimate thermo-
dynamic converson efficiency is limited to about 32% with unconcentrated sunlight. In this regime, the
photogenerated dectrons and holes are in therma equilibrium with the phonons (quantized lattice vibra:
tions) of the light-absorbing materid. Thismeansthat the energy of photogenerated eectrons and holesin
excess of the threshold energy (i.e., the bandgap) is not utilized for useful work, but rather is converted
into heat. Furthermore, in thisregime, photons less energetic than the threshold energy are not absorbed.
Recent research has shown that the equilibration of €ectrons and phonons (also referred to as hot eectron
cooling) can be dowed by oneto two orders of magnitudein semiconductor quantum dots, quantum wells,
and related nanogtructures. Thus, useful dectrical or chemical work may possibly be extracted before
thermalization occurs, resulting in higher converson efficiencies. Other researchers have shown that con-
verson efficiencies above the 32% limit may aso be achieved by: (1) the formation of resonant impurity
bands in photoel ectrodes produced from quantum dot solid arrays that can absorb two sub-bandgap
photons to create one eectron-hole pair; (2) photon up-conversion, whereby a higher energy photon is
produced from two lower energy photons; and (3) photon down-conversion, whereby two sméaller energy
photons are produced from one energetic photon.  Another approach to achieving high conversion effi-
ciency, dso yidding a theoreticd thermodynamic maximum of about 65%, is to use multiple bandgap
absorbers in a cascaded tandem configuration. In the limit of threshold absorbers matched to the solar
gpectrum the limit is 65%, but two tandem bandgaps are estimated to yield about 40% conversion and
three tandem bandgaps to yield about 50% conversion.

Another gpproach to meet these cost/W godsisto find
chemica methodsto fool the inexpensve photoconversion
materias (like polycrystdline, nanocrystaline, and organic
materids) into performing asif they were expensve angle
crysas, without actualy incurring the codts to grow the
expensve crystas themsdves.  This approach involves
chemicdly treating theseinexpensve materid s so asto fool
their grain boundaries or interfaces into thinking they are
part of the periodic crystd that this materid is trying to
emulate (eg., see Figure 3-1). A related drategy is to
produce so-called interpenetrating networks. Use of such
networks relaxes the usud congraint in which the carriers
that areexcited must exist long enough intheir excited Sates
to traverse the entire distance of the cdll. Insteed, the ma-
terids consst of anetwork of interpenetrating regions. There are two examples of these gpproaches that
aejus emerging. Neither of them are economicdly or technologicaly viable today, but they seem like
good gpproaches in the long run to achieve the difficult cost gods of #3$0.01-$0.02/ kWh.

Figure 3-1. Solar paint passivates grain
boundaries in inexpensive photovoltaics,
causing themto perform likeexpensvesngle
crystd materids.

New Scientific Opportunities

In either of the above approaches, the interfaces necessary to separate and collect the charge carriers can
be formed using solids, liquids, or polymers. In any successful system, the resulting photo converson
Structures must be inexpensive and manufacturable on alarge scale. Photoeectrochemical cells, polymer/
inorganic semiconductor junctions, thin-film photovoltaic materids deposited by chemica methods, and
organic conductors and semiconductors are al possible material sthat should be explored for this purpose.
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Aninteresting feature of photodectrochemica cdlsisthat they areinherently moretolerant of grain bound-
ary effectsthan solid-gtate sysemsand additionaly such cells can be configured to store the photogenerated
electricity by usng part of the photogenerated power to charge a third eectrode in the cell, which can
dischargeinthedark. Such acel becomesaphotochargable battery that can ddliver power day and night.
In the end, regardless of which materids system isimplemented in the conversion device, the fabrication
and assembly of the conversion device will have to be as chegp as painting your house and will need to be
meass produced asinexpensvely as printing the daily newspaper or making photographic film.

Relevance and Potential | mpact

Recent detailed andysesindicate that from 10-30 TW-yr of annud carbon-free energy will be required by
the year 2050 to accommodate the world' s expected population combined with a modest annua global
economic growth rate of about 2%. The range of required carbon-free energy depends upon the level of
atmospheric CO, that can betolerated. About 10 TW-yr of carbon-free energy annually will bereguiredto
stabilize CO, at 750 ppm, while about 30 TW-yr annualy will be required for stabilization at 400 ppm.
The current atmospheric CO, leve is 275 ppm, compared to 175 ppm before the industrid revolution.
Today, the totd annua consumption rate of energy isabout 12 TW-yr. Thusintense energy research and
development is required to enable the introduction of such large amounts of carbon-free energy into the
world' s energy infrastructure on thistimescae.

The solar congtant is 1.76 x 10° TW, which ismuch larger than the 12 TW mean globa energy consump-
tion rate from al sources at the present time. Hence, thereisample solar energy potentia to provide dl of
our energy needs from arenewable, carbon-free power supply. From the 1.2 x 10° TW of solar energy
that Srikesthe earth’ ssurface, apractical sting-constrained terrestrial solar power potential vaueis about
600 TW. The numbers range from very conservative estimates of 50 TW to optimistic estimates of 1500
TW, depending on the land fraction devoted to power generation. A good number to use for onshore
electricity generation potentid is probably 600 TW. Thus, for a 10% efficient solar farm, at least 60 TW
of power could be supplied from terrestrid solar energy resources. For calibration, photosynthesis cur-
rently supplies 90 TW globdly to make the biosphere run, so the amount of power available from the sun
isvery large.

Theland areathat is required to produce 20 TW of carbon-free power from solar energy is0.16% of the
earth’s surface, or 5 x 10" n?. Producing 3 TW (the current U.S. energy consumption rate from al
sources) with 10% efficiency would require covering 1.7% of theland inthe U.S., an areacomparable to
the land devoted to the nation’ s interstate highways.

Esimated Time Scale
10Yeas
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DEVELOP THE KNOWLEDGE BASE TO ENABLE WIDESPREAD
CREATION OF GEOTHERMAL RESERVOIRS

EXECUTIVE SUMMARY

There is a critica need to sgnificantly increase the power generating capacity globaly over the next 50
years, while minimizing the environmenta impact. The naturd thermd gradient of the earth’s crust repre-
sents an extensive globa geothermal resource, limited only by our ingbility to tap the gradient by cresting
productive and sustainable geothermd reservoirs. For example, exploitation of the geotherma gradient in
the western U.S. done could add as much as 0.1 TW of base load eectrica power. The extent to which
this vast potentia resource can contribute to increasing demand will depend on conceptud and technical
advances relaed to the creation and sustainability of productive reservoirs, where naturd permeability
and/or fluid content are limited. To meset this god, basic research on &l aspects of fractures and fracture
networks in competent crystaline rock will be required. Specific critica research areas include: (1) the
need for reiable high-resol ution techniques for remote fracture mapping, (2) coupling mechanica proper-
ties and the loca dtate of stress of reservoir rocks to stimulated fracture geometry, (3) mechanica and
chemica techniques for sustaining stimulated fracture permesbility, (4) new techniques for quantitative
assessment of the coupled thermal and chemical interaction of injected fluids with the simulated reservoir
fractures and reservoir matrix, (5) new materials and coatings to enable drilling and heet harvesting at
temperatures above 300°C, (6) new sensor technologies that will work at these temperatures, and (7) the
same technologies at temperatures from 500-1000°C.

Summary of Research Direction

Geothermd energy is derived from the inherent heat content of the earth’ scrust. Circulating groundwater
minesthe heat from hot crustal rocks and energy is extracted from the heated groundwater. With research
support from the U.S. DOE, sgnificant progress in defining U. S. geotherma resources has been made.
Resources with obvious geotherma manifestations, such as geysers, hot springs, fumaroles, mud volca-
noes, etc., have been developed or tested, and currently provide ~2800 MW, of geothermaly derived
electricity. Itisconcevable that improvementsin exploration and production technologies could increase
the output from natural systems by as much as afactor of ~2-10. However, given the predicted need for
10-30 TW of clean power by the mid-21 century, extensve technol ogica advancementswill berequired
if the vast geothermd energy potentia of the earth is to be exploited and added to the globa energy mix.
To meet future demands, geotherma research should be directed at tapping theinherent heet of the earth’s
crust by creating engineered geothermd systems.

Past research efforts have demongrated the technica feasbility of creating an engineered geotherma
resource. However, no commercia systems have been constructed and there is no conclusive proof that
productive sustainable reservoirs can be developed. Never-the-less, the vast energy potentia repre-
sented by the earth’s natural therma gradient should be a resource target. Idedly, a successfully engi-
neered sysem will be onein which theinlet and outlet conditions of fluid pressure, temperature, flow rete,
and water chemistry can be constructed, manipulated and controlled. Engineered systems, like their
natural counterparts, will likely be hosted in competent crystaline rocks, where fluid flow and hest ex-
changeis fracture controlled.
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New Scientific Opportunities

To meet this scientific chalenge will require extensive basic research into the nature and al aspects of
fractures, fractured rocks, and the interaction between the water circulating through the fractures and the
heet contained in the matrix rock hosting thefractures. Specific critica research areasinclude: (1) theneed
for reliable high-resolution techniques for remote fracture mapping, (2) the ability to couple mechanical
properties and the loca dtate of stress of reservoir rocks to the stimulated fracture geometry, (3) the
development of mechanicd and chemica techniques for sustaining stimulated fracture permesbility, (4)
new techniques for quantitative assessment of the coupled therma and chemica interaction of injected
fluids with the simulated reservoir fractures and reservoir matrix, and (5) extending drilling technologiesto
higher temperatures than presently accessible.

High resolution remote fracture mapping. Fundamentd research in the area of subsurface imaging,
with a focus on geophysical methods, will enable the development of technologies for remote fracture
mapping. Saismic methods are obvious candidates, Sinceit is known that fractures scetter seismic energy,
cause mode conversions, and trap and guide seismic waves. Further work is needed to establish amore
quantitative relationship between fracture properties of interest, such as length, connectivity, and perme-
ability, and of changesin the wavefield. Further work is aso required to establish quantitative attributes of
the saismic signature typically measured in thefield. Seismic amplitudes can be used if thereative contribu-
tion of scattering and intringc attenuation can be better understood, particularly under the multiphase
chemicaly reactive environment of a geotherma reservair.

Field gpplication of seismic methods will involve deployment of surface and subsurface sources and re-
cavers. Inthisregard, the huge amount of experience in the petroleum industry is not easily transferred to
geothermal. There are few geothermd reservoirs located in sedimentary environments for which conven-
tional acquisition Strategies have been developed. Passive source concepts should be further explored,
gnceit is known that geothermd production activities yield many microseismic events.

The difference in the geologic environments of petroleum and geotherma resources aso meansthat data
processing techniques from the petroleum industry are not easily adapted to geotherma gpplications.
Fundamentd research is needed to derive new agorithms for processing of the seismic wavefied gener-
ated in very heterogeneous strongly scattering media

Other geophysicd methods, such as eectricad and dectromagnetic, gravity, and surface deformation, are
of lower resolution than seismic but potentialy provide information to compliment seismic measurements.
Further fundamentd research on the effect of fractures on potentid field measurements is needed.

Rock mechanical properties, local stress, and stimulated fracture geometry. The fundamentas of
rock fracture have been studied extensively for 40 years. Nonethd ess, the technology for fracture simu-
lation of geotherma reservoirsisnot well defined, despite severd fied-scale attempts. Further fundamen-
tal research needsto be focused on understanding fracture initiation and propagetion in rock in which there
is anetwork of pre-existing fractures containing fluids of multiple phases subjected to large thermd and
hydrologic pulses. The rdative contribution of brittle and ductile processes needs to be studied for the
hydrotherma conditions and rock types present in geothermd reservoirs. Though it is known that mi-
croseismic activity accompanies such stimulation processes, further research is needed to quantitetively
interpret these events in terms of changesin hydraulic properties of the rock.
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Sustaining stimulated fracture permeability. Experience in reservoir imulation usng such tech-
niques as fluid acidification, injected propelants, hydro-fracturing, sand injection, etc. has demonstrated
the feagbility of enhancing near-well bore permegbility. Engineered geotherma systems introduce a new
level of complexity, because permeability must be enhanced and sustained over the distance between an
injector and production well and over long periods of time. Long-term success of an engineered system
will require future research in physica and chemica methods for maintaining open fluid pathways.

Coupled thermal and chemical interaction between injected fluid and reservoir rock. Thether-
ma power performance of an engineered reservoir will depend on the coupled efficiency of fluid circula:
tion and hesat extraction. Surface seismic methods can define a seismic reservoir volume, Conservetive
fluid tracers can map fracture connectivity between aninjection and production well. However, thereisno
direct measurement that couples the seismic volume and fracture connectivity to the effective heat-transfer
volume. The latter is a necessary parameter for understanding, modedling and predicting thermal power
performance.

A mgjor objective of future research should be to develop reliable techniques for determining the effective
hest-transfer efficiency over an integrated fluid-flow path. Fundamenta research is needed to develop the
chemicd, isotopic, and advanced microscopic techniques for geochemica characterization of fluid-rock
systems from the microscopic, to the molecular, to the fidld scae. For ingtance, presently it is not well
understood why fluid-rock reaction rates determined in |aboratory-scae experiments are up to severd
orders of magnitude faster than smilar reaction rates measured on afied scae. Of fundamenta impor-
tance isthe ability to modd fluid transport, fluid-rock interaction, the rate and distance scaes over which
these processes occur, and an effective surface area of fluid-rock exchange.

High-temperature drilling technologies. In order to extend the geotherma resource potentia to
greater depths and higher temperatures, high-temperature drilling technologies will need to be advanced.
Future research should focus on deve oping new materials and coatingsto enable drilling and heat harvest-
ing a temperatures above 300°C, new sensor technologies that will work at these temperatures, and the
same technologies at temperatures from 500-1000°C.

Relevance and Potential | mpact

The natura thermd gradient of the earth’s crust is ~30-100°C/km and represents an extensive globd
geotherma resource of high potentid. For ingtance, exploitation of the therma gradient in the western
U.S. done could add as much as 0.1 TW of basdload dectric power. Accessto this resourceis limited
only by our present inability to tap the naturd thermal gradient and create geothermd systems. To create
a productive and sustainable geotherma power resource from the naturd thermal gradient, the biggest
scientific chalenge will be engineering the gppropriate mix of permegbility, fluid pressure, water flux, and
heat exchange. In most regions, adequate heet is accessible with present drilling technologies. Accessto
deeper and hotter systems, thus extending the geotherma resource, would require future advancesin high-
temperature drilling technology.

Estimated Time Scale

Initial goa 1s0.02 TW of basdoad eectric energy from engineered systems by the year 2020. Secondary
god is 0.1 TW by the year 2040. Find god is technologica development for exploiting deeper hotter
systemsin regions of norma and higher than normd thermd gradients.
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CONVERSION OF SOLAR, WIND, OR GEOTHERMAL ENERGY
INTO STORED CHEMICAL FUELS

EXECUTIVE SUMMARY

In one approach, dectricity would be produced by the conversion devices and then converted separately
into storablefuds. For thisapproach to be cost-effective and energy efficient, new cataystsare needed to
facilitate multi-electron transformations, such as evolving hydrogen and oxygen from water or reducing
CQO, to methanoal, ethanol, or other carbon-based fuels. In asecond approach, thefuel ismade directly or
in an integrated system with the energy conversion device. Direct solar photoconversion is the process
whereby the energy of solar photons is converted directly into fuel gtarting from smple and renewable
subgtrates, such as water, CO,, and N,. These processes require photoactive organic, inorganic, or
biologicd molecules or materias that can absorb a large fraction of the solar irradiance and drive the
chemical reactions that produce the fuels of interest.

Summary of Research Direction

Direct solar photoconversion isthe process whereby the energy of solar photonsis converted directly into
fuels starting from simple and renewable substrates, such aswater, CO,, and N, These processesrequire
photoactive organic, inorganic, or biologica moleculesthat can absorb alargefraction of thesolar irradiance
and drive the chemicd reactions that produce the fudls of interest. Direct formation of fuels will require
development of inexpensive, robust, and efficient thermal and/or photochemica cataystsfor the formation
of such fuds from abundant, inexpensive, recyclable chemicals. Important targets include the direct
photochemica splitting of water into H, and O,; catalyststhat could be used, either in an integrated fashion
with photod ectrochemical devices or in amodular fashion with photovoltaic systems, and that individually
reduce water to hydrogen and oxidize water to oxygen; and catalysts thet effect the reduction of CO, to
organic fuels (such as methanol or methane) or that utilize H, and CO, to form hydrocarbon fuels.

Three branches of science and technology can be defined for direct solar photoconversion:
photoel ectrochemistry, photochemistry, and photobiology. They dl depend upon photo-induced charge
generation (i.e., electrons and positive holes) followed by efficient postive and negative charge separation
at various types of interfaces that ultimately produce oxidation-reduction (redox) chemistry.
Photoe ectrochemistry involves semiconductor-molecule interfaces, photochemigtry involves molecule-
moleculeinterfaces, and photobiology involveshiologica interfaceswith other biologica and non-biologicd
molecules.

Fud s produced by solar photoconversion are derived from endoergic reactionswherein the photon energy
is stored as chemical free energy in the reaction products. Extremely important examples of this process
are hydrogen from photolytic water splitting and formation of methane, methanol, or ethanol by thereduction
of CO, inwater. Thelatter can betermed “ artificia photosynthesis,” since biological photosynthesis uses
the same reactants of CO, and H,Oto form biomassand O,. However, theterm “artificid photosynthess’
isaso applied more generdly to dl fuels and chemica products produced via solar photochemistry. The
photoactive molecules and materials used to create and separate ectrons and holes and to drive the
appropriateredox chemistry are semiconductors (inorganic or organic) in photoel ectrochemistry, molecular
gructuresin photochemistry, and biologica structures (e.g., in vivo water-splitting blue-green dgae or in
vitro reaction centers) in photobiology.
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The best reported conversion efficiency (rate of H, free energy output divided by the input solar power)
for the photolytic splitting of water by semiconductor structuresisabout 12%. Thisefficiency wasachieved
using amonolithic tandem cell structure that consisted of two series-connected p-n junctions of GaAsand
GalnP, with noble meta catalysts deposited on the anodic (oxygen evolving) and cathodic (hydrogen
evolving) sSdesof thelayered structure. However, the cost of thiscel isvery high, and the use of such high-
efficiency tandem cdlsisusualy reserved for space gpplications. Photobiologica production of hydrogen
by photosynthetic blue-green agae has recently been achieved without the usua poisoning of the algae by
the evolved oxygen. However the conversion efficiency is very low (< 1%). Systemsin between these
limits, in terms of both cost and efficiency, have aso been developed and include the photod ectrolylsis of
aqueous HBr usng S’ microspheres and the photodectrolysis of agueous HI using pure semiconductor
crystals. Combination gpproaches are dso possible in which non-biologica chromophores are used to
drive photosynthetic processesin cdllsand, conversdly, in which photosynthetic reaction centersaremodified
to produce different fuels than are normally produced by the natura biologica system.

Underlying al of these gpproaches are inexpensive photoconverson systems and effective, robust fue-
forming catdysts. Thereactionsof interest are multi-electron transfer processesthat are difficult to perform
near their thermodynamic potentia using known inexpensive catdysts. Important targetsinclude the direct
photochemica splitting of water into H, and O,, cataysts that individualy reduce water to hydrogen and
oxidize water to oxygen and that could be used ether in an integrated fashion with photoe ectrochemical
devices or in amodular fashion with PV systems, and catalysts thet effect the reduction of CO, to organic
fuels (e.g., methanol or methane) or that utilize H, with CO, to form hydrocarbon fuels.

New Scientific Opportunities

Biological systems offer proof of concept that such cataysis is possible, because enzymes such as
hydrogenase, nitrogenase, and the oxygen-evolving components of photosystem |1 drive these fud-forming
reactions with extremdy high energy efficiency. At present thereisllittle understanding of how to remove
such catdydts from the biologica system and maintain their function or how to design biologicd cataysts
for such reactionsthat are inexpensive and robust under expected operating timescaes and environmental
conditions. Thereisacritica need to develop catayds, likdly trangtion-meta based, that can enable this
fud-forming function, whether in direct solar converson systems or asamodule in conjunction with solar-
to-dectric systems, and that as a system enable the production of fuel from the solar energy resource.

Relevance and Potential I mpact

The same consderations for inexpensive converson of solar energy apply to systems that would engble
inexpendve storage and fuel production from solar energy. All the possible strategies for high-efficiency,

low-cog, high-stability and long-lifetime solar photoconversion systems must be examined and compared
to find the optimum system(s) to achieve theimportant goa s described abovefor producing stored chemical
freeenergy infudsor dectricity from renewable resources. Thisis particularly vita since photoconverson
isadirect solar conversion processthat utilizesthe largest available renewabl e energy resource and hasthe
potentia to operate with ultrahigh conversion efficiencies and with very low-cost materidsin an integrated
system that provides the solar energy conversion and storage functions while producing useful fud from a
renewable energy resource.

Esimated Time Scale
10-20Years
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ADVANCED MATERIALSFOR RENEWABLE ENERGY
APPLICATIONS

EXECUTIVE SUMMARY

Photovaltaic converson isone of theleading contendersfor renewable energy sources. The basic physica
principles of photoconversion are now well understood, leaving systemn design and materias development
asthe primary chalengesfor widespread implementation. Solar cells made from polycrystaline (including
amorphoussilicon, aSi) semiconductorson low-cost subdtrates are apromising direction requiring significant
materids advances. Hybrid solar cells combining a porous wide bandgap semiconductor with a light-
sengtive dye offer high potentia for low-cost unconventiond photovoltaic converson. Opportunitiesand
prospects associated with hybrid converson materids are very promising and create many dtractive
materiasresearch directions. Inthelonger term, nanosiructured meteria soffer quaitatively new opportunities
and chalengesfor solar converson, exploiting quantum dots, carbon nanotubes and nanofibers, and organic
semiconductors. Early successesdemondrate Sgnificant impact of nanoscae materid son photoconversion
and promise dramatic advances in materia design and performance.

Summary of Research Direction

The most likely scenario for renewable energy utilization generaly envisons a mix of technologies, with
photovoltaics (PV) being the leading contributor. Thefactorsthat are most detrimental to widespread PV
gpplications are cost and effective storage of the eectrical energy produced. The storage problem issuch
a severe limitation that any discusson of materids for PV conversion for the future should include
consderation of materids problems relating to the storage device (e.g., batteries) itsdf. Revolutionary
progress in photovoltaic converson of energy depends on developing materids that will work effectively,
reliably, and are inexpengve to implement.

Single crystal conventional cells. Congder firg high efficiency sngle-crystd slicon cdls. Efficiencies
have progressed to aremarkable point in the last 10-15 years, but at an enormous increasein the cost and
complexity of the cdls. The materiads problems associated with S itself have largely been overcome
because of itswidespread usein the semiconductor industry. Recent gainsin efficiency have been made by
improved fabrication techniques for antireflection coatings, texturization of the surface for light trapping,
buried contactsto increase the active area, efc. If one considers other semiconductors such as GaAs, the
materids Stuation is less well developed, but Hill the research has been at a repectable level.  Mullti-
junction cells, even for concentrator gpplications, are very complex and the materials issues even more
demanding. Again, these avenues have been thoroughly explored and it seemsthat a breakthrough of the
magnitude needed is not to be found inthisarea. The driver is not efficiency, but cos.

Thin-film cells on low-cost substrates. The driving force for the development of this approach to PV
isagain cod. The high-efficiency cdls mentioned above dl utilize the materid itsdlf to support the active
part of thecdl. Evenin S with itsindirect bandgap, very little of the materid is utilized for the actuad PV
converson. Consequently, thin films deposited on low-cost substrates would seem to offer a path to
drastic reductionsin cost. Let us consder three such paths that have been extensively explored.

Atonetime, &S solar cdllswere consdered the hope of the photovoltaic industry for large-areagpplications,
but their potentia has not been realized and now amost universal pessmism about them prevails. For one
thing, degradation dueto Stabler-Wronski effect has not been satisfactorily overcome. Efficienciesremain
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comparaively low. Toincreasetheefficiencies, research on multi-junction aSi cellshas been pursued, but
the fabrication of such cdllsis costly and the efficiency/cost equation was never that favorable for them.
Also, there is the question of the subgtrates, usudly glass or very thin stainless stedl, which can become
prohibitively expendve in the quantities and qudity needed. Materids research for &S has been both
intengve and extensive and it is difficult to identify new areas that might lead to a breskthrough.

Another somewhat Smilar gpproach uses polycrystdline S on low-cost substrates. The problems here
arise primarily from grain boundary effectsin the semiconductors and interdiffusion from the highly impure
inexpendve subgtrates. To minimize grain-boundary effects, the grains mugt be fairly large, which puts
severe redtrictions on deposition processes. High temperatures (near the melting point of S) are required
for thefilm depogtion itsdlf or else a subsequent recrystallization step must be introduced. In ether case,
the demands on the low-cost substrate materiad s at these high temperatures are extremely severe. Although
progresswith thisapproach has been dow to date, it is poss blethat aconcerted effort in the materidsarea
could yidd truly worthwhile gains.

Y et ancther approach in this category that has been extensively studied utilizes thin films of smal-grained,
direct bandgap materias such as CdTe and CulnSg, on low-cost substrates. Here, the deposition
temperature may be quite reasonable and not a problem, athough the deposition process itsdlf requires
close contral. It remains an area where further research could be fruitful. The grain-boundary effectsin
these materids, often quite subtle, are till not well understood nor readily controlled.  Consequently,
reproducible fabrication is a problem.

Dye-sensitized mesoporous solar cells. A recent, very encouraging development is the success some
groups have had with the so-called Grétzel cell. In this gpproach, a porous, fairly wide band gap
semiconductor such as TiO, isimpregnated with a light-sensitive dye (usualy a transition metal complex
whose molecular sructureis specifically designed to have the required properties). The dye absorbs the
photonsand the excited electronsareinjected into the conduction band of the TiO . Electron-holeseparation
occursso rapidly at the TiO ,/dyeinterface that recombinationis practicaly eiminated. Becausetheinterna
surface of the film is much higher than its projected geometric surface, there is a large interfacid area
between the dye and the semiconductor. Due to the small size of the particles/pores, the film does not
scetter vishlelight. Also, vishble light is not absorbed by the oxide if the bandgap is large enough.

Solar cellsfrom nanophase materials. Sincethe poresin the porous materids of the Grétzel-type cell
may bevery small, the conceptual progresson to nanophase materidsisanaurd one. Whileitistoo early
to predict what the impact of nanoscience engineering and technology on PV converson may have, it is
difficult to believe that it will be of no consequence. The cgpability to talor both optical and eectricd
properties of arrays of quantum dots has aready been demonstrated. The outstanding dectrica, thermd,
and mechanical propertiesof carbon nanotubes and nancfibersarewiddy appreciated, even though severe
obstacles to their gpplications in large-scale sysems remain formidable. The flexible thin-film features of
both nanophase and organic semiconductors areimportant for gpplications, leading perhapsto photovoltaic
“cloth” and “ plagticwrap’. Thedready wdl-established self-organizing capabilities of some systems, such
asblock copolymers and nanoporous oxide templates, could beimportant for Grétzel cell type applications.
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New Scientific Opportunities

Thin-film cellson low-cost substrates. Intheareaof low-cost substrates, concerted effortsin materias
areas could yidd truly worthwhile gains. Efforts should be amed at understanding and controlling grain
boundaries better and the development of substrates that retain their low cost while remaining practically
inert to thethin-film deposition processitsdf. [nparticular, reproduciblefabrication techniques are desperatdy
needed. Intensive materidsresearch in thisarea of grain-boundary effects might lead to steady progress,
if not to a breskthrough.

Dye-sensitized mesoporoussolar cells Whiletheefficienciesthat have been obtained so far arerdaively
modest (~10%), the approach is quite different from the conventional ones described above and warrants
much further study. Unlike conventiona cells, the light absorption process and the dectron-hole charge
spardion aredifferentiated. A multitudeof crucia questionsabout the most effective materidsand materids
combinations (semiconductors and dyes) remain to be explored. Since the dyes are frequently organic
materids, the oft-discussed marriage of organic and inorganic materids, primarily semiconductors, is a
fundamental aspect of the approach. It perhaps should also be pointed out that porous materias of a
somewhat smilar type are expected to have important goplications for catdysis and a variety of other
technologies. Thus, awider spectrum of scientific expertise might be brought to bear on the problems.
Thisis an exciting area for fundamenta materias research with practica applications.

Solar cells from nanophase materials. The possbilities for nanophase materids are too numerous to
be discussed here, but their potential importance is undeniable.

Relevance and Potential Impact

Within DOE, successful research on new materids for renewable energy is particularly relevant to the
Energy Efficiency and Renewable Energy Program on Solar Energy Technology. Since nanomeateridswill
potentidly play a prominent role in new approaches to photovoltaic materids, the research is directly
related to the National Nanoscale Science, Engineering, and Technology initiative that crosses many fed-
erd agencies.

Esiimated Time Scale

Materids research on conventiond single-crystdl solar cdllsiswell developed and evolutionary progressis
expected to continue. The materiasissues governing the performance and cost of polycrysdline, thin-film
solar cdlsand &S are much lesswell understood and are likely to see significant breskthroughs enabling
discontinuous progress in the next five years or more.  Progress on dye-sensitized mesoporous cdlls
requires path-breaking research on photoconversion and charge collection in hybrid materids, apromising
and fertile opportunity for creating quaitatively new materias with tailored properties over the next ten or
moreyears. Nanophase materidsfor photovoltaics offer the broadest horizon and the highest potential for
Spectacular progress. Understanding and contralling the behavior of single- and multi phase photoconverson
meateridsat the nanosca e can make revolutionary progressin the cost and performance of solar cdlls. This
areaisnow initsinfancy and will be fruitful over the next two decades or more.
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MULTISCALE MODELING OF MICROSTRUCTURAL STABILITY
OF IRRADIATED MATERIALS

EXECUTIVE SUMMARY

Fundamentd research isneeded to identify the key physical processesthat will enable materialsto maintain

microstructura stability during prolonged fusion neutronirradiation. By utilizing physicaly rigorous bridging

of the gaps between different spatial and temporal modeling regimes (nanoscale to continuum), a
comprehengve predictive capability for modeling the stability of prospective advanced nanoscale materias

can be atained. Severd longstanding, unresolved materids science issues could be answered by this

research program (eg., “one-intertitial” versus “two-interdtitid” model for point defect migration). The

successful development of fusion energy will require materid sthat are capable of withstanding exposureto
intense radiation fields over a broad range of temperatures. A sound physics-based understanding of the

dability of materidsin the anticipated fuson environment is key for establishing the viahility of fusonasa
future energy source. This fundamentd information is dso of importance for advanced Generation-1V

fisson reactor materias.

Summary of Research Direction

Materids are key to achieving attractive fuson energy. Opportunities in the area of multiscale materids
modeling for acomprehensve predictive capaility of the response of fuson materidsare extensve. They
range from basic theoretical developments of fundamental processes at the atomic, mesoscopic and con-
tinuum scales to highly complex smulations of surface and bulk phenomena. Surface processes include
sputtering and other eroson mechanisms, implantation, re-deposition and co-deposition of tritium, near
surface damage and microgtructure evolution, enhanced atomic trangport (diffusion, trapping/detrapping
and desorption), and surface roughening and restructuring. Bulk processesinclude crystal lattice displace-
ment damage, creetion of atomic and clustered defects, microgtructure evolution (e.g., voids, bubbles,
didocations and new phases), dimensond ingabilities (eg., swelling and creep), shear bands and locdl-
ized pladticity, and a host of embrittlement phenomena a both low and high temperatures. The recom-
mended gpproach is to utilize multiscale materids modding, covering aomigtic Smulaions (eg., ab initio
quantum methods, molecular dynamics, and Monte Carlo), mesoscopic Smulations (e.g., didocation dy-
namics and gatistical mechanics), and continuum simulations (e.g., rate theory and the Finite Element
methods). A criticaly important aspect of the multiscde materids modding is to use physicaly rigorous
bridging of the gaps between the various spatiad and tempora modeling regimes.  Specific recommended
thrust areas associated with this multiscale modding paradigm include the following:

Development of improved interatomic potentids, including directiondity effects, magnetic effects
(very important for ferritic sedls), dloying effects. Sinceinteratomic potentias are the fundamenta
building blocks used for many higher-scae materiads modds, it is crucid that these descriptions of
atomic interactions be physicaly meaningful. It is wel known that many of the state-of-the-art
interatomic potentids currently available do not accurady describe many fundamentad materia
properties, and therefore further work using atomistic and quantum chemica techniquesis needed
to achieve improved, more redigtic descriptions of the interatomic interactions.

Numerous recent molecular dynamics (MD) simulations (using interatomic potentias of dubious
quantitative accuracy) have predicted the possibility of long-range one-dimensiond transport of
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matter viasdf-interditia crowdion bundles. Thismechanism has enormous potentia consequences
on the interpretation of existing experimenta data (due to the different reaction kinetics for 1-D
versus 3-D transport), and reopensthe highly controversia condensed-matter physics debate (dat-
ing back to the 1960s and never fully resolved) regarding the “ one-interditid” versus*two-intersti-
tid” modd for point defect transport. The prospect of 1-D migration of defect clusters would also
have an impact on non-nuclear fieds, for example, semiconductor processing by ion beam implan-
tation methods (providing ether an obstacle or an opportunity for creating unique nanoscae struc-
tures viaion implantation).

Deveopment of physicaly rigorous multiscale microstructura evolution model s based on molecular
dynamics, kinetic Monte Carlo and kinetic rate theory techniques. The predictions from these
multiscale materias modes would be experimentaly validated by comparison with specific well-
controlled experiments performed on model metalic and ceramic materia systems. Anoverarching
question associated with this activity is whether nanoscae structures can be designed with ex-
tremdy high resstance to radiation damage and transmutant helium degradation.

Phase gtability under irradiation, with particular emphasis on the following three aspects. (1) deve-
opment of improved physics-based modd's of radiation-induced or -enhanced solute segregation
to interfaces (grain boundaries, etc.) dueto inverse Kirkendal, solute drag, and other mechanisms;
(2) evduation of the effect of solute segregation on corroson resstance; and (3) digplacement
cascade dissolution of second-phase particles (most of the available models date from the 1970s
and do not correctly predict the experimentaly observed behavior). Improved models are needed
to describe both solute segregation processes and precipitate/solute cluster balistic dissolution
processes. Specific materias sysems of interest for fusion gpplicationsincudethe sability of (Y, Ti,
O) clugtersin nanocomposited ferritic eds and Ti(C,O,N) precipitatesin V dloys.

- Trangport and clustering of helium. Helium produced by nuclear transmutation events may ultimately
determinethe operating lifetime and maximum usetemperature of materidsin fuson sysems. Grain-
boundary embrittlement due to accumulation of hdium bubbles is awdl-known phenomenon that
limits the maximum operating temperature of helium-containing materids, but recent experimentd
research suggests that specid types of grain boundaries may exhibit significantly different response
to helium accumulation. A fundamental understanding of the role of different types of grain bound-
arieson helium transport within the grain boundary islacking. If this effect could be properly under-
good, it might eventudly lead to devel oping materid s with specificaly designed grain boundariesin
order to attain sgnificantly higher resstance to helium grain boundary embrittlement.

New Scientific Opportunities

By utilizing physicaly rigorous bridging of the gaps between different spatia and tempord modding re-
gimes (nanoscale to continuum), a comprehensive predictive capability for modeling the stability of pro-
gpective advanced nanoscale materids can be atained. Thisresearch could answer severa longstanding
unresolved materids science issues (eg., “one-interdtitid” versus “two-interstitid” model for point defect
migration).
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Relevance and Potential | mpact

The successful development of fusion energy will require materids that are capable of withstanding expo-
sureto intense radiation fields over abroad range of temperatures. A sound physi cs-based understanding
of the gahility of materidsin the anticipated fusion environment iskey for establishing the viahility of fuson
asafuture energy source. Thisfundamenta information isaso of importance for advanced Generation-1V
fisson reactor materials.

Estimated Time Scale

~10years. devdopment of improved interatomic potentias (including directiondity effects, magnetic
effects, dloying effects)

~10years. multiscde microstructurd evolution and nanoscale solute segregation models of irradiated
materias based on Molecular Dynamics and kinetic Monte Carlo techniques

~10years. deveopment of improved physcs-based models of radiation-induced or —enhanced solute
Segregation to interfaces (grain boundaries, etc.) and their resultant effect on corrosonresis-
tance
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DEFORMATION AND FRACTURE MODELING

EXECUTIVE SUMMARY

A fusion energy system requires a high level of materid performance to function safely and economicaly.
In afuson energy system, structura materias must perform a damage levels and with gaseous and solid
transmutantswell beyond those of other nuclear sysems. Multiscae modding of materia deformation and
fracture is of tremendous need for fuson energy systems, because this can accelerate the design and
development of materiasto meet these demands while comprehensive models could dso aid inthe design
processaswell. New opportunities exist to understand and predict the effects of radiation on deformation
and fracture. Multiscale modding involving alomistic Smulaions (e.g., ab initio quantum methods, molecular
dynamics, and Monte Carlo), mesoscopic Smulations (e.g., didocation dynamicsand Satigtica mechanics),
and continuum smulations (e.g., ratetheory and the finite d ement methods), coupled with greatly expanded
computationa capabilities, allow usto understand phenomenaand predict behavior beyond that which has
been possible with experimenta approaches.

Summary of Research Direction

New multi-scae modding opportunities that cover the atomistic to continuum scales exist today and can
provide new fundamenta understanding of some complex problems that have been studied for a number
of years. Thisincludesunderstanding of radiation effects problemsthat have been studied for anumber of
yearsaong with gpplication to understanding and predicting the behavior of new materids. Theintroduction
of new materids, such as nanoscale reinforced materials and radiation resstant composite materids, into
fuson energy systems can occur in ashorter time frame with the fundamental understanding thet is possible
with new modeling. Also, a better understanding of radiation phenomena will dso dlow tailoring of
conventiona materidsto gainimproved performance. Some examples covering both new materidsand a
description of some well-known problems are given below.

- Newly developed ceramic matrix composites present new opportunities for radiation environments
and chalenges to mode their deformation and fracture behavior. Multiscale modding must incor-
porate details from the atomigtics of the fiber/matrix interface (e.g., effect of gaseous transmutants,
thermal trangport, and interfacia fracture strength) to a model for the bulk deformation based on
localized microcracking.

- Thistopic was highlighted at arecent NE/BES workshop on Higher Temperature Reactor Materias
(ANL-02/12, June2002). Itiscriticaly important for Generation-111+ and -1V fisson reactorsand
future fuson systems to develop materias that do not suffer unacceptable degradation in ductility
and fracture toughness during low-temperature neutron irradiation. Theinternationa fusion materi-
as community is actively investigating many of the underlying mechanisms responsible for the me-
chanica property degradation. Teaming with BES researchers would lead to acceleration in the
understanding of the mechanisms. Key issues include: (1) didocation interactions with SFTs, (2)
conditionsfor or limiting cross-dip of irradiated materids, and (3) physics of channd development
and effects on fracture

Radiation embrittlement can now be understood at the atomigtic level and in fact semi-empirical
modeling has been successful in predicting shifts in the fracture trangtion from ductile to brittle
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behavior. However, improved interatomic potentials and multi-scale model sincorporating didoca
tion dynamics have the capability to reved new insights into our understanding of radiation
embrittlement. This knowledge at the atcomistic level could provide the opportunity to desgn new
radiation resstant materias.

- Radiation embrittlement and fracture ded with the initiation of flaws thet are criticd in Szein terms
of conventiond fracture mechanics. Subcritical Szed cracks initiate and grow with time to become
critical Szed flaws that induce fracture. The initiation and propagation of subcriticd sized flaws
often involve interactions between externd and internal nano- and microchemistry, nano- and mi-
crostructure and loading conditions at the tip of a crack. There are opportunitiesto use ab initio
modeling of loca chemistry, molecular dynamics modeing of crack-tip deformation, mesoscde
modding of plastic zone scale processes and continuum modeling of far-field effectsto provide new
ingght and understanding to this fidd. A key chdlenge involves merging chemidtry, physics and
mechanics modding tools.

High-temperature deformation mechanisms, such as irradiation cregp, have been the subject of
numerous fundamenta research projects over the past 40 years or so, but one of the important new
twigsisthe posshility that new nanoscale materids may behave differently from conventional ma:
terids (recent experimenta results on nanoscale oxide-disperson-strengthened ferritic stedl sug-
gests this may be the case). If nanoscae structures can be tailored to provide superior creep
strength, this could usher in awhole new class of high-performance materials for a broad range of
gpplications. Another new twist isthe high-temperature deformation, creep and irradiation creep of
ceramic composites. These materials deform by loca microcracking and link-up to produce mac-
roscopic strain. Comprehensive modes describing irradiation effects on high-temperature defor-
mation and fracture are needed.

New Scientific Opportunities

The current understanding of radiation effects on deformation and fracture of new materidsisinadequate.
New multi-scale modding capability hasthe potentia to make breakthroughsin understanding and design-
ing these new materids.

Relevance and Potential I mpact

A fusion energy system requires a high level of materid performance to function safely and economicaly.
In afuson energy system, structura materias must perform a damage levels and with gaseous and solid
transmutantswell beyond those of other nuclear syssems. Multiscae modding of materia deformation and
fracture is of tremendous need for fuson energy systems because this can accelerate the design and
development of materials to meet these demands. Comprehensive models could aso ad in the design
process as well.

Estimated Time Scale

Considerable phenomenologica understanding of radiation effects on deformation and fracture has been
obtained over an extended period. Modeling devel opments have aso been occurring over a shorter time
period than the experimental work but ill over ardatively long period of time. These time periods were
needed because of the complexity of the problem. Opportunities for utilizing multi-scale modeling to
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understand and predict these complex problems exist today but will aso require an extended period
because: (1) modds must address complex systems and (2) experimentd verification of the modes will
require an extended period of time. Given the current schedule to produce a fuson demongtration plant
and the time frame for bringing new materias to commercid production, these results are needed in the

next 10 years.
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PLASMA-SURFACE INTERACTIONS

EXECUTIVE SUMMARY

One of themost important i ssues concerning the basic feagibility of fusion asan energy source, and amagor
issue for present-day high-temperature plasma confinement experiments, is the interaction of intense heat
and particle fluxes with plasma-facing components. These interactions need to be understood in terms of
the basic phenomena so that they can be controlled. Potentid impactsinclude contamination of the plasma
and short lifetimes of the components.

Another related issue is developing high-power targets for future accelerators and particle colliders for
nuclear and high-energy physics as well as for space gpplications. Understanding basic mechanisms of
materid destruction and lifetime enables the desgn and development of materids that meet these harsh
environments. This effort will increase the basic understanding of critical issues related to plasma-surface
interactionsincluding photon radiation transport, “ potentid” sputtering, and materid erosion under intense
power loadings. Developing multi-scale and integrated models of these issues using powerful computa:
tiond capabilitieswill significantly increase our basic knowledge to best optimize and enhance plasmaand
materid performance.

Summary of Research Direction

Oneimportant areathat determines many of the plasma-surface interaction effectsis photon radiation and
trangport in both opticaly thin and opticaly thick plasmas with intense line populations. Developing 3D
direct photon transport computer models (Monte Carlo, ray tracing, etc.) in a highly charged, hot and
dense plasmaisquiteimportant in various basi ¢ research areas. Thisisan extremely important effect, Snce
it will define/control plasmatime evolution and the degregfintendity of plasma-materid interactionsof nearby
components.

Another important topic is arecently discovered physica phenomenon that is not well understood cdled
“potential sputtering”. Thisoccurs during the interactions of highly charged ionswith target materials. The
Sputtering coefficient isseverd ordersof magnitude higher than the valuesfor well-known physica sputter-
ing (100-1000times). Animportant related areais basic understanding of details of interatomic potentids.
Deveoping phenomenologicd models and 3D molecular dynamics methods to understand this effect is,
therefore, highly desired. This has many potentid benefits, such as preventing “explosive’ eroson of
materias or the use of these methods for highly effective etching of materids.

Understanding fundamental models of materia erosion and destruction under intense power applicationsis
another vital topic. Materid destruction and lifetime issues take many forms induding fragmentation,
gplashing, brittle destruction, spalation, etc. Most of these issues require detailed understanding of the
microgtructure evolution dynamics during the intense-power deposition phase. Up to now there is no
comprehensve understanding of al of these effects. Theseissuesare of Sgnificant concernin many basic
research science [eg., beam/plasma-on-target effects for high-energy physics (muon collider, neutrino
project)], nuclear physics[high-power accelerator, Spallation Neutron Source (target concerns)], medical
applications (high-power dectric arc effectsand injuries), and plasmainteractionswith eectrodesin plasma
guns, Z-pinch, dense plasmafocus, and others.

A-61



New Scientific Opportunities

Development of adegper understanding and modelsfor key plasma-surface interactions involving intense
particle and hest loads.

Relevance and Potential | mpact

One of themost important i ssues concerning the basic feagibility of fusion asan energy source, and amagjor
issue for present-day high-temperature plasma confinement experiments, is the interaction of intense heeat
and particle fluxes with plasma-facing components. These interactions need to be understood in terms of
the basic phenomena so they can be controlled. Potentid impactsinclude contamination of the plasmaand
short lifetimes of the components.

Another related issue is developing high-power targets for future accelerators and particle colliders for
nuclear and high-energy physics as well as for space gpplications. Understanding basic mechanisms of
materid destruction and lifetime enables the desgn and development of materids that meet these harsh
environments.

Estimated Time Scale

The research activities described here have typicaly a 10-year period.
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THERMOFLUIDSAND “SMART LIQUIDS’

EXECUTIVE SUMMARY

The proposed research is to develop a fundamenta understanding of, and capability to control, flowing
electricaly-conducting fluidsin complex environmentsthat include e ectromagnetic fields. Magnetohydro-
dynamic (MHD) forces can affect liquid motion from thelargest, integra scales down to thefinest scales of
turbulence. These fundamenta changes in the liquid motion have an impact on practica consderations,
like how much energy it takesto force fluidsto flow through pipes or what happensto hot interfaceswhen
subjected to intense heeting conditions.

MHD phenomena dso provide one means of contralling the liquid flow to mitigate undesired conse-
guences and even improvethe capability of afluid flow to perform somefunction. Clever ideasthat modify
loca magnetic field or supply externdly injected eectric currents may be utilized to acceerate liquidsin
desred directions. Thisdectromagnetic control may be necessary for theuse of liquidsasvirtud first wals
of magnetic and inertid confinement fusion reactors, where they would act as continuoudy sef-hedling
surfaces in contact with the burning plasma, one which would be immune to radiation damage effects.
Other ideasto modify the fluid properties themsda ves through chemical systems engineering and micro and
nano technologies could potentialy work hand-in-hand with eectromagnetic effects to maximize potentia
for agiven engineering application. Ultimatdly, fluid properties can be tallored so that such “smart liquids’
can be shaped and steered, as wdll as mixed and separated in such nove fashions only now being con-
ceived.

Summary of Resear ch Direction

From the fusion perspective, the establishment of liquid walsor liquid surface divertors (for MFE and | FE)
that dlow high-heat-flux handling, high reighility, long lifetime and high efficiency heet extraction would be
extremely sgnificant. The behavior of such unrestrained flowsin complex, temporaly and patidly varying
magnetic and dectric fidds posesasgnificant chalengein terms of numerica and experimenta smulation.
Magnetohydrodynamic forces can affect the liquid motion from the largest integrd scalesal theway down
to the finest scales of turbulence. The particle- and heat-remova capabilities of such flows will depend
heavily on theflow conditions, so that accurate Smulations are necessary for the determination of feasibility
and performance. Even for more conventiona closed-channe cooling systems, smilar maotivation for
better understanding of interactive, multi-scale flow processes and heat transfer exist. The ultimate ideais
something like the creetion of “smart liquids’ via a number of engineering science disciplines. Specific
suggestions that might be of interest to BES include the fallowing:

- Numerica smulation of the effect of magnetohydrodynamic forces on turbulence in incompressible
and gtiffly compressibleliquid conductor flows and their related transport of heat and mass, especialy
near olid and free interfaces. Studies can include: (1) evolution of 3D turbulence entering strong
magnetic fieds regions to 2D-like turbulence to complete turbulence suppression, (2) turbulence
generated from shear flows completely “grown” ingde a strong magnetic fied, (3) ingtability and
collapse of boundary layers and shear layers, and (4) compressible effects coming from rapid heating
and incident surface shocks.
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- Control of liquid-meta flow motion and velocity profiles via gpplied magnetic and dectric fidds and
currents. The ability to control the flow of free-surface liquid-metd walsisasmilar chdlengeto the
meagnetic control of fuson plasmaitsalf. Smulation of the motion of the liquid wal, induding interac-
tion with complex geometry, dectricaly conducing structures, and €ectromagnetic coupling to the
plasmawill be an important part of establishing the feasibility of the liquid wall idea.

Modification and control of fluid properties and behavior via complex chemica doping and micro-
additives. Taking advantage of the revolution in MEMS and nano-technology and new smulation
capabilitiesfor chemica/materid systems, concepts and basic proof-of-principle smulations and ex-
periments should be devel oped to apply theseideasto the control of the micro-processesin theliquid
flows to give bendfits like reduced-surface evaporation; improved surface gettering of hydrogen,
helium and impurities; reduced wall corroson; and many others.

New Scientific Opportunities

Severd avenues for improvement in computation methods for complex physical problems are mandated
by this work.

- 3-D direct numericad smulation (DNS) and large eddy smulation (LES) and other methods of incom-
pressible, turbulent, free-surface fluid flow in strong € ectromagnetic fields and complex geometries.
Improvement of free-surfacetracking techniqueslike Level-Setsand Front Tracking will berequired,
aswdl as complex ungtructured finite-volume and finite-dlement grids.

- Stiffly compressible liquid modding, with intense sources of heat and particles that dlow for phase
change, cavitation and fracture of initially condensed liquid flows. Free-surface tracking techniques
like Phase Fidld and accurate equations of state will be required.

Near-surface molecular dynamics and similar techniques to smulate changes in surface properties
from dopants and nano-additives as well as kinetic interaction with energetic particles.

Application and expangon of these numerical modeing techniques to gain better efficiency and fiddlity in
smulating these complex multi-scale physica systems, aswel as data-visudization techniques required to
interpret the voluminous data

Relevance and Potential I mpact

Fusion energy seeks to contain star-like conditions within physica barriers. The environment includes
elevated temperatures, radiation and kinetic debris. To solve the resulting materids problems, increasing
attention isbeing given to liquid wallsin both magnetic and inertid fuson. Liquids can be pumped through
the harsh reactor environment and out to a benign area where liquid refurbishment can be performed.
“Smart liquids” may enable unique solutionsto direct flow, especialy free-surface flow in complex, fuson
reactor geometries, and control hest-transfer and particle-pumping effects that depend heavily on the
amall-scale near-surface turbulent motion.

The impact of smart liquid development would hardly be confined to the fusion reactor gpplication only.
The control of free-surface flows by eectromagnetic and other means has amyriad of potentia applica
tionsin industry including fud injectors and other combustion processes, water jet cutting, ink jet printers,
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continuous casting, flood/jet soldering, hull design, oceanvriver hydraulic engineering, crysta growth and
many others.

Esimated Time Scale

Thefeaghility of employing liquid wall conceptsin fuson power systems should be established in the next
10-20 years. Thein-depth, scientific understanding of the thermofluid science involved in such concepts
should be established in the next 10 years.
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PLASMA AERODYNAMICS

EXECUTIVE SUMMARY

Efficient accessto space, hypersonic trangport, and the devel opment of high-performance re-entry vehicles
are aress of nationa importance. Vehicles that operate in these regimes suffer from extremely high hesat
loading and must contend with very complex flow physics, including laminar-to-turbulent trangtion, shock
wave boundary layer interactions, nonequilibrium gas dynamics, and supersonic combusgtion. For air-
breething hypersonic vehicles, the inlet geometry must be mechanicaly modified for each flight Mach
number to avoid unacceptable performance and catastrophic enginestal. 1t hasrecently become apparent
that the use of weskly ionized plasmas may revolutionize the cgpabilities of these vehicles. Weskly ionized
plasmas can be used to localy deposit energy into the air to control shock location, produce virtua vehicle
geometries, control trangtion to turbulence, reduce drag, avert engine stdl, and accomplish other objectives
not currently passiblewith mechanical devices. Inaddition, weskly ionized plasmasaredectricaly conducting,
and, therefore, provide the opportunity of incorporating magnetohydrodynamicsinto the vehicle design for
control, power extraction, thrust augmentation, and vehicle steering. The potentid gpplication of these
concepts involves a detailed understanding of plasma formation properties, including nonequilibrium
molecular phenomena, plasmacontraction and filamentation, €ectron beaminteractions, microwave coupling;
and other approaches to achieve both high-efficiency energy deposition and high-efficiency generation of
conductivity. Modeling of aerodynamic processes must include full eectromagneticaly coupled, dynamic
three-dimensiond flow-fied cdculations, including nonequilibrium and turbulence.

Summary of Research Direction

Theareaof plasmaaerodynamicsisjust beginning to be explored. Thereare numerousfundamenta issues
that need to be understood.

- Because the plasmas are so expensive in power to establish and sustain, one of the criticd areas to
understand is the time scae of the phenomena. Moving from continuous to pulsed plasmas may
reduce the overall power requirement and improve the performance of the process. It isimportant to
know how long various effects last after the plasmais turned off and whether pulsing is preferable to
continuous operation. It may aso be possible to achieve the desired plasma effects by using nonuni-
form plasmasthat consst of streamers or multiple Smultaneous or sequentialy formed locdized plas-
mas. This may further reduce the power requirement.

- In many of the plasma aerodynamic gpplications, the presence of ingtabilities may become a serious
limitation. Flamentation will cause a glow discharge to collgose and generdly happens when the
pressure rises and where large eectric field gradients are present. This may limit the operation of
MHD power extraction or low observability plasmas. On the other hand, filamentation permits the
delivery of large amounts of heet to localized regions, so it may be preferable in some circumstances.
The high velocity of the flow, high magnetic fidd strength, and the coupling of the plasmato the flow
may lead to unexpected ingtabilities.

- Mechanisms for the efficient creation of air plasmas aso need to be understood. These may be very
different depending on whether the plasmais needed for conductivity or for heat addition.
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- Perhgpsthe most difficult issueis the establishment of scalability relations. AImost no experiments can
be done on full-scale vehicles, so the community will be relying on sub-scale experiments. The very
different nature of plasmas as a function of air pressure, temperature, dectric and magnetic fied
strength, fluid motion, and molecular species make sub-scale experiments very difficult to extrapolate.
Numericad smulations may help guide development of flight tests to generate scalability deta.

New Scientific Opportunities

A plasma aerodynamics program will establish models for treating the interaction of plasma and
electromagnetic forces with three-dimensiond flow fields and aerodynamic shapes. Since, in generd,
aerodynamic plasmas are expensiveto cregte, it isimportant to understand the impactsthat they may have
on vehicle control, heat-load mitigation, and performance enhancement. For example, the ability to control
the inlet shock sructure may remove the need for hydraulicaly-driven inlet flaps and deformable duct
walls. Since alarge fraction of the aircraft weight is associated with these mechanica devices, the cost
pendty of the plasmaformation mechanisms may be smal by comparison. Plasmas and MHD processes
provide the capability of achieving new methodsfor controlling air flow and may enhancethe capabilities of
the vehicle well beyond those that can be achieved with mechanical systems. For example, modding
suggeststhat off-body plasmas can be used to suppressfar-field shock codescence and, therefore, minimize
sonic boom. If thisis true, it may open up supersonic flight to commercid air transport. New plasma
technol ogies combined with new multifunctiond lightweight materials may provide highly capable re-entry
vehicle geometries with low-heat loading or wide cross-path landing capability for emergency return of
adronauts.  The scientific opportunities focus on understanding the effects that plasmas can have on
aerodynamic interactionswith vehiclesfor control, power extraction, heet-load mitigation, and performance
enhancement.

Relevance and Potential | mpact

Wekly ionized ar plasmas have a high potentid for impact on advanced aerodynamics. Specificdly,
plasmas and MHD processes may be capable of mitigating pesk thermd loads, extracting high levels of
power, reducing drag, reducing observahility, reducing sonic boom, and suppressing noise. Plasmas may
be employed to facilitate stability and control by optimizing inlet shock position, controlling turbulence by
initiating or suppressing trangtion, and steering the vehicle with localized heet addition. Interna aerody-
namics may be affected by virtud shaping of the interna ducting through plasma hegting, dimination of
shock reflections by locdized surface plasmas, enhanced mixing, and control of ignition and enhancement
of combustion rates.

Esimated Time Scale

Research activities have a 5-10 year period.
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ADVANCED HYDROGEN SYNTHESIS

EXECUTIVE SUMMARY

Hydrogen has the potentid to offer solutions to two mgor chalenges in future growing energy use, the
security of theenergy supply and the preservation of the environmenta qudity. Toredizethispotentia, our
understanding of the principles of hydrogen useage, and their development and incorporation into novel
technologies for massive hydrogen synthes's systems, needs to be accelerated.

Currently, about 9 million tons of hydrogen are produced per year in the U.S. done, primarily from steam
reforming of foss| fuels such asnaturd gas. While natura gas can continueto supply hydrogen for the near
term, in the mid-to-long term (>20 years), other production technologies using sustainable feedstocks
must be brought on line. Mid-to-long-term processes that hold promise to produce hydrogen domesti-
caly, without net CO,, emissions include gasification of biomass or organic wastes, eectrolys's of water
using electricity from renewable resources (i.e., photovoltaic, wind, solar-therma-electric, and geother-
mal) or nuclear power.

Fundamentd advances in catdyss, membranes, and gas separaion could enable more efficient, lower
cost fossi| hydrogen processes. Understanding the feasibility of carbon capture and sequedtration is key
for long-term use of fossil hydrogen with near-zero emissions (i.e., geoscience and flowsin porous media).
Lesgp-frog technologies for the longer-term include solar photolytic methods and thermochemica water-
gplitting driven by nuclear or solar hest.

Thedirect and effective coupling of light harvesting to catalytic processesthat produce hydrogenisagrand
chdlenge. This builds on the BES research programs in photochemistry and catalysis. However, funda-
mental studies of catdysis need to be expanded to include eectrocatalysis. Corroson and materids
seection are sgnificant issues for semiconductor photolytic processes and in high-temperature thermo-
chemical water-splitting systems.

Thermochemical water-splitting uses high-temperature heat (typicaly ~500 to 900°C) to drive chemica
reactions to separate water into hydrogen and oxygen. One key to discovering, evauating, and develop-
ing feasible and economic thermochemica water-splitting cycles is having a firm scientific basis for the
chemica thermodynamic data, as well as for the modds of the chemicd reaction systems. The current
therma chemica cyclesthat are being consdered for coupling to nuclear energy suffer from the need for
materids that can withstand extreme corrosive environments a these eevated temperatures. Alternative
cyclesbased on novel redox systems may be devised that operate at lower temperatures, thusreducing the
daunting corrosion problems. For solar-driven systems, cycles that lend themselves to hot/cold (day/
night) cycles can offer consderable potentia if coupled with such reduced-temperature redox cycles.

Summary of Resear ch Direction

Fossil Hydrogen Production. Today most commercidly produced hydrogenismadeat large scaefrom
fossl fudsviasteam reforming of naturd gas or partia oxidation of heavier hydrocarbon feedstocks, such
asresdud oil or cod. Hydrogen is then used in chemica applications, including ammonia and methanol
production and ail refining. Large-scale hydrogen production from foss| fuelsfor the hydrogen economy is
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under congderation by oil companies such as Shell and British Petroleum (BP). A variety of smdl-scae
fossil-based hydrogen production systems are under development for gpplication to distributed hydrogen
production (e.g., for usein fued cdls).

Light-Harvesting Systems Directly Coupled to Catalytic Processes to Generate Hydrogen. A
photolytic process utilizesthe fact that the entire visible spectrum of light has sufficient energy to split water
into hydrogen and oxygen. Water istrangparent and does not absorb thisenergy. Thekey thenistofind an
efficient light-harvesting system that can collect the solar energy and directly transmit towards a catalytic
water-splitting reaction. Both photobiologica and photochemical processes have shown the capability of
using light energy to produce hydrogen and oxygen from water and sunlight. We propose fundamenta
studies of photoel ectrochemica light-harvesting systems directly coupled to cataytic processesfor hydro-
gen production.

Photoe ectrochemica water-splitting, also known as photoelectrolys's, represents an advanced dternative
to a photovoltaic (PV)/dectrolyss system. The incident light, absorbed in a semiconductor €ectrode
immersed in an agueous solution, splits water directly. Thisis equivaent to combining asolar cdl and an
electrolyzer into a Sngle monoalithic device. In operation the semiconductor collects the light energy, and
directs the energy to acatdyst on the surface of the semiconductor. Hydrogen is produced &t the surface
of an illuminated p-type semiconductor. Oxygen is produced a the surface of an illuminated n-type
semiconductor. This occurs due to injection of eectrons into the solution (for p-type) or because holes
(e.g., eectron vacancies) appear at the semiconductor/dectrolyte interface (for n-type). The other com-
ponent of the water-splitting reaction (oxygen or hydrogen, respectively) is generated in a separate com-
partment.

A one-step monolithic system of this configuration eiminates the need to generate dectricity externdly and
subsequently feed it to an dectrolyzer. This combination then reduces semiconductor processing, since
surface contacts, interconnects and wiring are no longer necessary. Only the piping necessary for the
transport of hydrogen to an externa storage system or gas pipelineisrequired. An additiona advantage of
photoel ectrochemica water-splitting isthat H, and O, can be generated separately, and separation steps
are not necessary. Another mgjor advantage of a direct-conversion system isthat the area used for eec-
trolysis approximates that of the solar cell. Depending on the solar intensity and the type of semiconductor
materid, this trandates to a current dendty of 10-30 mA/cn?. At these current dendgities, the voltage
required for eectrolysis is much lower than standard eectrolysis [in the range of 1.35V (at 25°C)], and
therefore the corresponding dectrolyss efficiency is much higher [close to 90% (LHV)], resulting in an
efficiency increase of up to 30% over a separated PV/dectrolyss system, without the added cost of the
electrolyzer. Finaly, semiconductors can be very efficient light absorbers, resulting in avery high (>25%)
theoretical solar-to-hydrogen conversion efficiency.

Thermochemical water-splitting cycles. Thermochemica water-splitting usesaset of thermally driven
chemicd reactionsto separate water into hydrogen and oxygen. The processtakesin only water and high-
temperature heat and releases only hydrogen, oxygen and low-temperature hegt. While high temperatures
are needed (typicaly ~700 to 900°C), the heat can be provided by any source, including solar and nuclear
energy. Advanced solar processesto produce hydrogen have significant potentid, athough basic research
remains to be done.
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New Scientific Opportunities

Fossil Hydrogen Production. Fossil hydrogen production methods, such as sseam methane reforming,
are well-established commercia processes, capable of providing hydrogen in large quantities. However,
further research can optimize exigting fossil hydrogen production gpproaches for use in future hydrogen
energy systems. Fundamenta advances in catays's, membranes, and gas separation could enable more
efficient, lower cost fossil hydrogen technologies. Processes that combine hydrogen generation and sepa-
ration in a angle reactor (for example, membrane reactors for methane steam reforming) could improve
converson efficiency and reduce emissons. Very pure (99.999%) hydrogen is needed for some gpplica-
tions, in particular proton exchange membrane fud cells (PEMFCs), so that hydrogen purification tech-
nologies need further devel opment.

Existing fossi|-based hydrogen production processes rel ease significant amounts of carbon dioxide. Near-
zero emissons of greenhouse gases and air pollutants must then be a characterigtic of future hydrogen
production. Capture and sequestration of carbon during hydrogen production from fossl fuels are key
technologies to enable long-term use of fossl-derived hydrogen. (Thisis particularly necessary for cod-
derived hydrogen). Understanding the feasibility of carbon capture and sequestration isvita for long-term
use of fossl hydrogen with near-zero emissons. Thisincludes basic understanding of the geologicd pro-
cesses that may be involved in carbon dioxide storage.

Light Harvesting Systems Directly Coupled to Catalytic Processes to Generate Hydrogen. The
main issue with this approach isthat the usual semiconducting materiadsthat are stable in water and can do
the water-splitting reaction do not absorb enough sunlight to be efficient, and the materias that absorb
sunlight efficiently either corrode in agueous solution or do not have the proper energetics to effect the
water-splitting reaction. Research is needed that is directed at: (1) discovery of possible semiconductor
materias that have appropriate light-absorption characteristics and are stable in agueous solutions; (2)
development of techniquesfor the preparation of cataytic coatings and their application to semiconductor
surfaces, and (3) identification of environmenta factors (eg., pH, ionic strength, solution compostion,
etc.) that affect the energetics of the semiconductor, the properties of the catdysts, and the sability of the
semiconductor.

An areaof interest that is cross-fertilized with the solar indudtry is the study of photovoltaic multi-junction
cdl technology as gpplied to photod ectrochemicd water splitting. Multi-junction cell technology connects
photovoltaic layers (p-n junctions) with different semiconductor bandgapsin series, one behind theother in
a single-cascade device. This arrangement provides the highest theoreticd conversion efficiency of any
photoconverson system (maximum of 66%). This approach may adlow a materid that would otherwise
corrode in agueous sol ution to be protected by another semiconducting materid that is stable. The combi-

nation then provides a higher efficiency than each would offer done.

Thermochemical water-splitting cycles. Onekey to discovering, evaluating and developing attractive
thermochemica water-splitting cydesishaving afirm scientific basisfor the chemica thermodynamic data
and models for the chemicd reaction systems. Also criticd isthe need for materidsthat can withstand the
corrosive environments and elevated temperatures projected for the current therma chemica cyclesthat
are being considered for coupling to nuclear energy. For example, inthe S+ cycle, |, and SO, are added
to water, creating H,SO, and HI. These are separated and then decomposed by heatingtoreleaseH, ad
O, and recycle the |, and SO,. The system must be able to withstand SO, and H,SO, corrosion in the
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700°C range, and HI and |, corrosion in the 450°C range. Thisis a very demanding materials problem.
Development of new membranes to separate Q,, H,O, and SO, could resuit in lowering the reaction
temperaure, reducing the demands on other materiadsin the system.

In the area of solar-driven thermochemica water-splitting systems, cyclesthat lend themselvesto hot/cold
(light/dark) cycle are key. A conceptua example here could beametd (Me)/metd oxide (MeO) cycleor,
in genera, ameta oxide redox cycle

(1) MeO+HO > H,+MeO_, (dark/cold)
2 MeO_ +heat —> MeO +1/20,  (sunlight)

The eaboration of such cycles, which would involve less demanding materids properties, can be effective
ways to produce hydrogen in combination with solar concentrators.

Relevance and Potential | mpact

The DOE Hydrogen, Fud Cdls and Infrastructure programs in the Energy Efficiency and Renewable
Energy and the Fossil Energy Programs have active development and demonstration programs for ad-
vanced hydrogen production technologies, in addition to enabling technol ogies such as membranesfor gas
separations and carbon sequestration. The proposed research supports these efforts by concentrating on
the understanding of the fundamenta mechanismsinvolved in advanced hydrogen production sysems. The
proposed research could |lead to devel opment of more efficient, lower cost methods for hydrogen produc-
tion, with near-zero emissons.

Expected Impact and Time Scale

The proposed research direction looks toward basic research with practica implementation, perhaps 20
yearsin thefuture, asitislikely that low-cost foss| hydrogen production methods will dominate commer-
cia production in the U.S. over the next few decades.
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HIGH-CAPACITY HYDROGEN STORAGE FOR DISTRIBUTED
ENERGY OF THE FUTURE

EXECUTIVE SUMMARY

Hydrogen has been proposed as the future low-polluting energy carrier. Nearly every energy-related
gpplication of hydrogen requires asafe and efficient hydrogen storage technology, especidly in transporta-
tion, where there are serious weight and volume congraints. In fact, stagnation of the hydrogen storage
technology near its present stage would require profound changes in attitudes toward transportation and
sgnificantly obstruct the prospects of a hydrogen economy. A new paradigm is required for the develop-
ment of hydrogen storage materias to facilitate a hydrogen economy.

Hydrogen may be stored as a compressed gas, a cryogenic liquid, or as a hydrogen-rich solid. The firgt
two gpproaches require substantia energy expenditures. Therefore, improved energy efficiency of hydro-
gen compression and liquefaction is desired.

Over the past three decades, solid-state hydrogen storage has involved nearly exclusvely metals and
metalic dloys, where the meta matrix is expanded and filled with hydrogen atoms located in interdtitials.
Capacities of two hydrogen atoms per metal atom have been demonstrated. However, the metal matrices
conss of relaively heavy dements, such asTi, La, Ni, etc., and Storage capacities usualy do no exceed 2
wit% hydrogen. Few, if any, options to modify the properties of conventiond hydrogen storage dloys
remain unexplored. A materid approaching the required volumetric and gravimetric capacity, at reason-
able temperatures and pressures, has not been discovered.

Lightweight metals, such as Li, Be, and Mg, can form high-capecity binary hydrides. However, they
release hydrogen at 300-600°C, or aretoxic. Carbon-based hydrogen storage has not achieved itsinitial
promise. Experimentd results are controversd and irreproducible, and sgnificant storageis only redized
at cryogenic temperaturesin combination with high pressure. Such conditions are not practica for generd
transportation.

The ultimate hydrogen storage compound is methane, where four hydrogen atoms surround asingle car-
bon atom. However, methaneis gaseous, and the nature of the hydrogen-carbon bond does not alow easy
dehydrogenation and is nearly impossible for direct rehydrogenation.

Nove materids[e.g., danates (duminohydrides) and borohydrides], whereametd or ametaloid atlomis
surrounded by four to six hydrogen aoms forming a complex negatively charged anion, mimic methane
and may provide amuch needed breakthrough in solid-gtate storage of hydrogen. Their hydrogen capaci-
tiesare high (from ~10-18% by weight), but multiple basic issues related to their hydrogen storage prop-
erties must be addressed.  To date, even the atomic structures of many complex hydrides are either
unknown or have been determined with insufficient accuracy. On the other hand, the nature of complex
hydride solids (i.e., the ionic bonding of hydrogen-rich anions with various cations) opens a way for
precise chemica subgtitutionsin the cation sublattice, thus bridging the gap between hydrogen-poor inter-
metalic hydrides and hydrogen-rich LiH, BeH,, and MgH,. It isin this area that a Significant research
program is proposed.
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Summary of Research Direction

Compressed storage of hydrogen is presently certified for use with 5,000 ps tanks. Research and devel-
opment continues, which may result in future certification of 10,000 ps tanks. It is not certain whether
higher pressures could be achieved practically and safdly. This technology results in 7-10% energy lost
during the compression.

Liquefied hydrogen production isan existing technology. However, energy requirements are presently too
high (approximately 30% energy islost during theliquefaction). Furthermore, cryogenic tanks areinconve-
nient and cogdtly, and cryogenic storage of hydrogen has intringc hydrogen boil-off losses.

Over 40 years of research in conventional metal hydrides, such as LaNi, ZrNi,, TiFe, and related dloys
did not produce a materid capable of reversbly storing more than 2 wt% of hydrogen. Regardless of
virtudly limitless possibilitiesto modify dloy chemistry and microgtructure, no further improvementsarein
sght.

Binary hydrides of severd light metals, such as MgH,, (7.7 wt%), LiH (~12 wt%), and BeH, (~18 wt%),
could provide sufficient hydrogen storage. However, hydrogen can be released only at high temperature
(300-600°C), or the materid ishighly toxic (BeH,). Chemica and structura modifications without capac-
ity loss are severdly limited and only minima improvements can be envisioned.

Complex hydrides offering high-hydrogen capacitiesinclude: Al(AIH,), (10 wt%), LIAIH, (~10.5 wt%),
NaBH, (10.6 wt%), Li,AlH, (11.1 wt%), LiBH, (18.3 wt%), and others. To date, 7.6 wt% hydrogen
release has been demondtrated for LiAIH, (5.1 wt% at room temperature plus 2.5 wt% below 150°C).
The entire hydrogen content of AI(AIH,), isavailable below 100°C. The actud structures of a number of
ternary and mgority of multicomponent complex hydrides and their hydrogen storage behavior remain
unknown and unexploited. Basic research effort to explore hydrogen storage properties of complex
hydrides is virtually nonexistent, except for some recent work on the relatively low capacity NaAIH,,
which contains 7.4 wt% hydrogen totd.

New Scientific Opportunities

While design of asolid with 25 wt% hydrogen or more appears unfeasible (the four-coordinated carbon
stores 25% hydrogen in methane), light metal-based complex hydrides with 10-18 wt% hydrogen exit.
Hydrides where four to six hydrogen aoms coordinate a sngle meta or metdloid aom, thus forming
complex [MeH |7 anions, are especidly promising. Novel hydrogen-containing solids based on light
elements should be engineered, synthesized, and fully characterized. This effort may include partid or
complete subgtituting on the cation sites or exploring thefeasibility of creating avariety of different kinds of
anions (both in chemica composition and structure) stabilized by lightweight counterions. Thus, studies of
the phase diagrams, structures, and chemica and physica properties of new hydrides are especidly im-
portant. New materids chemidtries could be designed, which should facilitete high hydrogen storage
capacities coupled with acceptabl e dehydrogenation and hydrogenation pathways. Mgor emphasisshould
be placed on solids with total hydrogen content 10% by weight or more.

Bonding states of hydrogen in novel solids are different from conventiona metallic hydrogen absorbers,
and understanding of hydrogenation-dehydrogenation transformations at length scalesfrom 10 to 10° nm
has emerged as acomplex fundamenta problem. Especialy intriguing is self-assembly of [MeH ]~ anions,
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which occursin the solid state. The in-depth understanding of the mechanisms of the solid-state transfor-
mations occurring during the dehydrogenation and rehydrogenation of complex hydride solidsis criticd if
satisfactory reversibility of hydrogen in this broad class of materidsis ever to be achieved. State-of-the-
art characterization of crygaline, nanocrystaline, and amorphous solids is essentid because it isthe only
reliable way to establish the structure and intringc properties of hydrogen-containing solids and corrate
them with their hydrogenati on-dehydrogenation behavior. Although thermodynamics favor hydrogenation
of complex hydrides, this has been achieved in the past via solvent processes and at high hydrogen pres-
sures.

Anissuein hydrogen storage employing complex hydrides, which requires consderable basic research, is
overcoming high hydrogenation pressures. Often, hydrogenation and dehydrogenation kinetics are limiting
deps. Conventional wisdom to overcome kinetic limitations calls for increased temperature, but this
requires a further increase of hydrogenation pressure. Other forms of energy (e.g., mechanicd, eectro-
magnetic, sound, etc.) should be explored to improve kinetics.

Apart from gravimetric and volumetric capecity, the critical issue for novel materids to be considered for
hydrogen storage and digtribution is the reversibility of hydrogen release and uptake. Sincein many cases
it is easer to develop a method for hydrogen extraction than it is to recombine the resulting residue with
hydrogen, various experimenta approaches to direct solid-state synthesis of complex hydrides from de-
mentsshould be studied in detail. Kineticsof solid-state transformeations leading to breakdown and forma:
tion of complex [MeH ] anions should be explored and understood before hydrogen delivery and re-
charging could be controlled with the required precison. Intimate combination of thefirst principlestheory
with the sate-of-the art experiment is likely the most feasible way to design ultra high capacity hydrogen-
containing solids. Prior extensive studies of the conventiond intermetallic hydrides fully support the notion
that the processes of the absorption and recovery of hydrogen are controlled by the thermodynamic
propertiesof materids, complex hydridesincluded. Recent Sgnificant improvements of the computationd
methods for ab initio caculaions of the thermodynamic and eectronic properties of intermetallic com-
pounds should be extended and applied to complex hydride materias.

Relevance and Potential I mpact

The DOE Hydrogen, Fud Cdlsand Infrastructure programsin Energy Efficiency and Renewable Energy
and the Fossi| Energy Programs have active development in fuel cdlls intended to be served by hydrogen
in the hydrogen economy. Without apractical storage method, however, the hydrogen economy isunlikely
to become aredity.

Esimated Time Scale

The proposed research could lead to devel opment of effective hydrogen storage methods. The proposed
research direction will require concerted efforts extending well over 10 years.
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NOVEL MEMBRANE ASSEMBLIES

EXECUTIVE SUMMARY

Membranes that conduct hydrogen ions and oxygen ions, either done, in combination, or together with
electrons, are essentid components of a broad range of energy conversion devices and fue-conditioning
systems, and play arolein nearly every energy storage scenario. The required combination of properties
for these membranes, including aussful temperature range of operation, high conductivity, extreme stabil-
ity, and economy, israrely if ever achieved. Practical operating conditions may impose undesirable mate-
rids sdections for the complementary system components, such as platinum catdysts below 200°C or
expensive ceramics above 600°C. It is precisdly in this 200-600°C temperature range that functionaly
useful membranes are yet to be discovered. The essentid difficulty isthat fundamental theoriesto date are
inadequate for the prediction of the physica and chemica properties of single-phase, composite, and,
particularly, nanocomposite membranes, their adjoining eectrode materids, and therr interfaces. Whilea
complex and very challenging task, the development of such predictive theories, together with experimen-
tal exploration and verification, could dramaticaly accelerate therate at which practica discoveriescan be
expected that have a beneficid impact on energy technology.

The benefits of novel membranes and membrane/dectrode assemblies (MEAS) may be gppreciated by
consdering the following examples. The operating temperature, efficiency, and cataytic activities of a
PEMFC islimited by the dependence of the hydrated proton [i.e., H(H,O) *] on the water content of the
membrane polymer. Polymer and polymer/inorganic composite membranes of exclusive, high proton con-
ductivity, but independent of humidity in the temperature range of 100-200°C, may enable variantsto the
PEMFCs with higher tolerance of anode catdyst to carbon monoxide poisoning. Therma management
would be sgnificantly smplified, and parasitic losses associated with air pressurization could be reduced
or avoided atogether.

For solid oxidefud cells (SOFCs), reducing the temperature to 300-600°C with the accompanying devel -
opment of effective oxygen and fud eectrodes would dlow dramatic cost reductions for eectrica inter-
connects and for the baance-of-plant (BOP). It would extend the domain of use of SOFCs to smaller
resdentia or even mobile units, where bottoming turbine cycles are not indicated, operating directly on
natura gas, fossl fuds, acohals, or hydrogen.

Nove membrane assemblies must be sought to reduce the polarization res stlances a membrane-electrode
interfacesthat limit the overal dectrolytic device performance. In particular, novel membranes assemblies
must facilitate: (1) the reduction of oxygen in fud cdlls cathodes, (2) the oxidation of hydrogen or direct
oxidation of carbon-containing fudls in fud cell anodes, and (3) the synthesis of pure hydrogen or the
reforming of carbon-containing fuels to hydrogen.

In conclusion, novel organic or inorganic membranes and their composites, assembled with high-perfor-
mance electrodes and targeted for operation in the 200-600°C range, will lead to a new generation of
electrochemica devices that are exceptionaly effective in the energy conversdon and utilization sector.
Basic research can accd erate their development by stimulating the relevant theoretica studiesin combina-
tion with materids experimentation, particularly in the area of nanocomposite membranes.
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Summary of Research Direction

Membranes that conduct hydrogen ions and oxygen ions, either done, in combination, or together with
electrons, are essentiad components of a broad range of energy converson devices, fuel-conditioning
systems, and play arolein nearly every energy storage scenario. Most prominent among these are the fuel
cdls, of which the PEMFC and the SOFC are the target of much commercia development. Yet broad
deployment of these fud cells, which would be idedlly suited to a hydrogen economy and to its foss| fued
trangition phase, is hindered by the present nature of the membrane and its eectrodes. The required
combination of properties for these membranes, including a ussful temperature range of operation, high
conductivity, extreme stability, and particularly economy, is rardly if ever achieved. Practica operating
conditions impose undesirable materids sdections for the complementary syslem components, such as
noble metd catalysts below 200°C and ceramics above 600°C. It isprecisely in this 200-600°C tempera-
ture range tha functionaly ussful membranes are yet to be discovered. The essentid difficulty is that
fundamenta theories to date are inadequate for the prediction of the physica and chemica properties of
single-phase, composte, and particularly nanocomposite membranes, their adjoining eectrode materids,
and their interfaces.

PEMsrdly on ahydronium-based transport mechanism that requiresliquid water within the membraneand
limitsthe fuel cell operating temperaturesto less than 100°C, unless operated at elevated pressures. The
pressurized perfluorosulfonated ionomer PEM and its variants lack the properties to operate much above
140°C. Humidification of the membranesisrequired to maintain the water content and conductivity of the
membranes. Even at operating temperatures as high as 140°C, the PEM fud cdl is quite susceptible to
carbon monoxide poisoning and is most effective when operating on pure hydrogen. The low operating
temperature reduces the PEMFC' s utility for combined heat and power (CHP) gpplications, but the high
power dengity of the PEM fud cdls make them wdl suited for automotive gpplications when operating on
pure hydrogen. The high power density is a result of high cataytic activity a both eectrodes and the
devdopment of highly efficient systems for therma management combined with product water remova.
Hydrogen fud utilization (as high as 99%) and high efficiency have been achieved in PEM fud cdlls oper-
ating at amospheric pressure. Pressurized fud cdlls typicdly sacrifice as much as 20% of the available
power pressurizing the air for the cathode.

SOFCs offer promise for a clean and highly efficient system for chemical-to-electrica energy converson
when operating on fossl fuel. At 800-1000°C in a combined cycle, efficiencies of over 80% can be
projected. Ther fud flexibility, from carbon-containing fuels to hydrogen, makes them well suited for the
trangtion to a hydrogen economy. The high operating temperature of SOFCs is currently required for
aufficiently fast eectrode reactions (oxygen reduction and fuel oxidation) near the membrane-€lectrode
interfaces and for fast ionic trangport across the eectrolyte membranes. However, this high operating
temperature is a the same time the source of a range of problems, including necessity of limited and
uneconomic component and materia choice, complex system designs, dow cold sart, and limited deploy-
ment. Accordingly, the cost of the current SOFC systemsis till prohibitive for broad commerciaization.
To be economically competitive, both the cost of materials and the cost of fabrication for SOFC systems
must be dramaticaly reduced. To achieve this, the SOFC operating temperature must be significantly
reduced. At sufficiently low temperatures, interconnects, heat exchangers, and other structurad compo-
nents can be fabricated from much less expensve materids. Further, as the operating temperature is
reduced, many technicdl difficulties can find easy solutions, system reliability and operationd lifeincrease,
and the possibility of using SOFCs for awide variety of gpplications becomes possible.
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The essentia grand chdlenge is to design ionic and mixed-conducting membranes with high conductivity,
gability, and selectivity over a broad temperature range, especialy temperatures below 600°C. Of par-
ticular interest are membranes transporting one or more of the following charged defects. proton, oxygen
vacancy, oxygen interdtitial, electron, eectron hole, and OH-. Such membranes must be combined with
anodes and cathodes of high catalytic activity for oxygen redox reections, for direct oxidation or reforming
of hydrocarbon fuels, and for synthesis of cleaner fuels. This can only be achieved if rdlevant theory
development combines effectively with experimentd investigation. In particular, congderable potentia for
innovation, both on the theory and practical side, exists in the study of nanocomposite membranes and
transport dong their interna interfaces, as for example shown in Figure 5-1.

Similar concepts may be appliedto cre-
ate nanocomposite membranesthat ex-
hibit exceptiondly high sdectivity for

Proton-Electronic Membranes

moleculesrather thanions. Such com- " "
posite membranes may lead to revolu- \ . LA le B
tionary means of fast gas separtion that r.'_-¥ , "'!. .

in turn may profoundly impact on hy- { ' y

drogen and other gas separations ben- P i i sl i A —

s Proton transport along Nanotube
dICI.c':i to fuel cells and fyarogen pro- surfaces of nanotubes for electron
duction. transport
New Scientific Opportunities *  Hydrogen separation/purification

. . . » Electrodes for fuel cells based on proton conductors
Whilethe quantum effectsin opticd and P

electronic processes have been exten- Figure 5-1. Conceptua example of a possible

sively studied, transport of ionic species nanocomposite membrane.

and catalytic reactions a nanoscae are

yet to be examined. A fundamentd ap-

proach to the ionic and e ectronic trangport in nanoscale composite membranes, such as the one sketched
in Fg.1, involves both phenomenological theory development aswdll asab initio calculations. Theseare
used to obtain indght into mechanisms of ionic and eectronic transport aong or near interfaces in
nanocompositeswhere the surface of the particulates, such as carbon nanotubes, have been functionalized
with organic or inorganic adducts, and where the carbon may trangport eectrons. A membrane with rapid
transport of both electrons and protons may be used for hydrogen separation, purification, and
electrosynthesis of cleaner fuds.

For ceramic membranes, predictive theories, such as advanced molecular dynamics trestments, must be
developed that darify the rate limits, temperature dependence and mechaniams of ionic conduction, par-

ticularly for oxygenionsand protons. Thiswill facilitate both novel membrane design and e ectrode formu-

letions.

It is proposed: (1) to explore ionic and mixed trangport with both phenomenologica theory development
aswdl asabinitio caculations; (2) to combine these theory developments effectively with parallel experi-
ments; (3) to characterize trangport mechanismsand other emergent phenomenare evant to ionic trangport
using the advanced facilities, such as high resolution eectron microscopy, neutron scattering, and ad-
vanced light sources, available at the DOE Nationd Laboratories; (4) to design rationaly nano-structured
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membranes with rate of ionic and eectronic trangport severd orders of magnitude higher than any exigting
membranes in the 200-600°C range; (5) to fabricate nano-structured membranes exploring templating
and self-assembly processes; and (6) to seek effective e ectrodes that in combination with the novel mem-
branes |ead to economic energy conversion and utilization devices in the 200-600°C range.

Relevance and Potential Impact

The novel membrane assemblies that result from the proposed work would have an impact most directly
on the gpplied DOE programs in Foss| Energy, Energy Efficiency, and Renewable Energy. These mem-
brane assemblies include:

proton membranes for PEM fud cdls, hydrogen separation and purification, hydrogen sensors,

oxygen ion membranes for low-temperature SOFCs, eectrolyzers, partia oxidation and re-
forming of hydrocarbon fudls, contaminant remova, and oxygen sensors,

mixed-conducting membranes for hydrogen separation/purification, oxygen separation, reform-
ing/partid oxidation of hydrocarbons (e.g., methanal); and

membrane-electrode assemblies (MEAS) for increased efficiency and reduced cost of fud cdls,
batteries, hydrogen separation/purification, oxygen separation, reforming/partid oxidation of hy-
drocarbon fuels, contaminant removal, gas sensing, and other processes relevant to energy stor-
age and conversion.

Esimated Time Scale

10-20 years for full theory development, with first practical payoff within 5-10 years.
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DESIGNED INTERFACES

EXECUTIVE SUMMARY

The utilization of hydrogen- or carbon-containing fuelsin eectrochemica systemsdepends criticaly onthe
properties of interfaces that need to fulfill specific and often conflicting functions.  Among these functions
are sructurd, dimensiond and chemica stability; rapid eectron, ion, and mass trandfer; and catayss or
eectrocatdysis, dl under a wide range of temperature, temperature changes, and gas partial pressures
vaiations. This multitude of interactive factors vastly complicates the fundamenta understanding of inter-
face processesin eectrochemica energy conversion devices and hindersthe devel opment of practical and
economicfuel cdls. Thedirect predictivefirgt-principles computation of the responses of an eectrochemi-
cd interface to input variables which includes factors such as chemica compaosition and ionic and elec-
tronic conduction, is likely to remain intractable. Y, progressin thisfied could be dramaticaly acceler-
ated if meanswere created to combine phenomenological and computationa interface theory with experi-
mental data. The neura network approach to this complex problem isenvisioned to offer the possibility of
pointing the way to nove interface concepts, of which the expected propertiesmay be at least quditatively
if not quantitatively predicted.

Asimproved theories mature, and the reliable experimenta database expands, the predictive capability of
the neurd net can be expected to expand from small excursons from known behavior to more speculative
concepts. It islikely that nature of the various network nodes and their transfer functions will have to be
modified from current modelsto be able to dedl with the mix of theory and experiment. The congtruction of
a dependable neura net for the expected properties of various interfaces in eectrochemica systems can
be invduable in the design of such interfaces a dl leves.

Summary of Research Direction

Theneurd network gpproach to problem solving evolved
from attempts in the 1930's to understand and mimic
cognitive processes. A network topology is constructed,
inspired by the structure of biologica neurons and their
interconnections, consisting of input nodes that receive
data; thetransmission of theseinput datato hidden nodes
via weighted interconnects, the evauation of the al-

weighted input data by ahidden neuron layer using vari-

ous activation functions, which may belinear, non-linear,

binary, or probabilistic; and an output neuron layer which
produces the results by gpplying again some activation
function to the weighted sums of the outputs of the hid-
den nodes. The process is schematically illustrated in - Figyre 5-2. Schematic of the basic neura net-

Figure 5-2. work. All “input neurons’ i are connected to all
“hidden neurons’ j by an interconnect ij, of
which the importance (i.e. the weight wij) is
adjustable.
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Neurd networks in combination with fuzzy logic have been used successfully in opticd pattern and in
gpeech recognition. They have been gpplied to an increasing range of gpplicationsasdiverseas banking
failure prediction, mortgage credit approva, process management and control, hotel room pricing, and
medica diagnoss. In materias development, the neura network approach has been successful (eg., in
the design of improved nickel-based superaloys for airplane engines and for power plant turbines).

New Scientific Opportunities

A neura network gpproach to the design of low-impedance interfaces and e ectrode surfaces with high
electrocatdytic activity has not yet been attempted. The congtruction of such a neura network would
require innovation in the integration of existing and new theory of dectrochemicd interfaceswith extensive
reliable data sets obtained from well-characterized interfaces. Initidly, problems may be formulated such
asthe dloying of a nickd surface to reduce its sengtivity to sulfur poisoning, minimally compromising its
catdytic activity for hydrocarbon oxidation.

Relevance and Potential | mpact

The potentid impact of a predictive neural network gpproach to design eectrochemicd interfaces would
be far-reaching, providing accelerated development of practica fuel cell systems, hydrogen generators,
and related devices under active congderation in the DOE programs on Fossil Energy, Energy Efficiency,
and Renewable Energy.

Estiimated Time Scale

This new enterprise may reach maturity in 10-15 years, with sgnificant practical results generated as it
evolves.
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Transportation Energy Consumption

| ntegrated Quantitative Knowledge Base for Joining of
Lightweight Structural Materialsfor
Transportation Applications

Vehicular Energy Storage
Fundamental Challengesin Fuel Cell Stack Materials
| ntegr ated Heter ogeneous Catalysis

Thermoelectric Materialsand Energy Conversion Cycles
for Mobile Applications

Complex Systems Science for Sustainable Transportation
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INTEGRATED QUANTITATIVE KNOWLEDGE BASE FOR JOINING
OF LIGHTWEIGHT STRUCTURAL MATERIALSFOR
TRANSPORTATION APPLICATIONS

EXECUTIVE SUMMARY

Although the use of new strong light-weight dloys, compaosites and other materids in vehicles will reduce
consumption of fuel and reduce emissons, the maximum benefit from the use of these materids cannot be
achieved without adetailed, quantitative knowledge base of how materiastransform and behave under the
extreme conditions characteristic of joining processes. Spatid and tempora gradients of temperature,
composition and gructure are a common result of materias joining. The component physical processes
depend strongly upon the materids system and the joining process. While various component physica
processes of materidsjoining have been modeled individudly in metdlic and, to afar lesser extent, nonme-
tdlic sysems, integration of these individual models is needed to predict the results of joining. Thisis
typicaly avery highly complex process. For example, in metalic systems, the component physica pro-
cesses in fusion welding include heet transport from a source such as alaser beam, a plasma arc, or an
electron beam to the materias being joined; the fluid flow, heat trandfer and mass trandfer in the liquid
region; the absorption and desorption of gases, the vaporization of dloying dements; solidification and
phase selection processes, and solid-gtate transformations. Each of these processes has been modeled
with various degrees of quantitative fiddity, but no integrated model exigts. In another example, for the
joining of certain important ceramics, a process such as diffuson bonding may be used where therma
diffuson and interfacia phase formation are important to joint strength and toughness.  Joint interfacia
reactions dso play an important rolein affecting joint integrity in other materids. The ability to incorporate
advanced materids into future transportation systlems will be greetly enhanced by an integrated predictive
capability for joint geometry, microstructure and chemical compaosition to address such critical issues as
drength, rdiability, manufacturability and cost of the structure that containsthe joint. The broad scope of
this quest will require contributions from severd scientific disciplines and will require coupled experiments
and predictive modeling. During integration of the various component models, new scientific opportunities
will arise a the crossroads of basic and applied sciences. Direct benefits of the work will be the easier
incorporation of advanced materiasinto trangportation systems with attendant lower costs and improved
reliability in mass-produced structures. Alternate repair strategies can aso be easily explored.

Summary of Resear ch Direction

Defect free, structurdly sound and rdiable joints are often fabricated by empiricaly adjusting varigbles
throughtrid and error. Although thispractica gpproach often produces an acceptable end result, it ignores
the potentid comptitive technologica advantage that is attainable through fundamenta understanding of
the underlying science. Furthermore, the ranges of variables chosen empiricdly do not dways produce
optimum results

Predicting and controlling joint geometry, composition, structure and properties are difficult because the
joining processes are highly complex and the fabricated joint is compositionaly and structurdly non-
homogeneous. For example, in metdlic systems, the component physical processes in fuson welding
include hest transport from a source such as a laser beam, a plasma arc, or an dectron beam to the
materias being joined; thefluid flow, heat transfer and masstransfer in the liquid region; the absorption and
desorption of gases, the vaporization of dloying eements; solidification and phase selection processes,
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and solid-gate transformations. In another example, for the joining of certain important ceramics, a pro-
cess such as diffuson bonding may be used where thermd diffuson and interfacid phase formation are
important to joint strength and toughness. Joint interfacid reactions aso play an important rolein affecting
joint integrity in other materids. In addition, the fabricated joints typicaly contain spetia gradients of
compoasition, structure and properties. These specid features of thejoints, and the diversity of the smul-
taneoudy occurring component physica processes in joining, make the prediction and control of joint
properties ahighly complex venture.

Recent advances in computationd hardware, software and numerica models have made many complex
processes tractable. In the field of fuson welding, sgnificant progress has been made in the numerica
modeling of severa important component physical processes. These include formulation and testing of
modds of heet trander, fluid flow and thermd cycles, mostly for Smple geometry; numerica smulation of
grain growth and phase transformationsin somedloys, and caculation of residua stress and deformations.
In addition, numerical modes to avoid formation of smple defects such as porosity have aso been pro-
posed and tested. However, many of these models are fairly complex and computationaly intensive.
Furthermore, the component physical processes have not been synthesized into a single comprehensve
modd. The ability to predict joint geometry, microstructure, chemica composition and properties will
greetly enhance the qudlity, reliability and servicesbility of structures that contain the joints.

The broad scope of this quest will require contributions from severa scientific disciplines and will require
coupled experiments and predictive modeding. The congtituent sub-models may or may not be phenom-
enologicd in nature, depending on the materias system and complexity. For example, aphenomenological
gpproach is often adapted for the representation of heet transfer, while a neurd network type model has
been more successful for the prediction of mechanical properties of joints. During integration of the
various component models, new scientific opportunities will arise a the crossroads of basic and gpplied
sciences. Direct benefits of thework will be the easier incorporation of advanced materiasinto transpor-
tation systems with attendant lower costs and improved reliability in mass-produced structures. Alternate
repair strategies can aso be easily explored.

New Scientific Opportunity

As aresult of ggnificant advances in computational hardware and models, opportunities now exist to
integrate numerousimportant congtituent modelsinto a usable knowledge base for predicting the response
of new materias systems to a selected joining process. While many component physica processes of
materiasjoining have been modeed individudly in metalic and non-metdlic systems, integration of these
individua modelsis needed to predict the results of joining, typicdly avery highly complex process. The
interdisciplinary nature of the task will require synthesis of knowledge from various disciplines such as
plasma physics, thermodynamics, chemistry, materids science, trangport phenomena, and various engi-
neering fields such as mechanicd, chemica and dectrica engineering.

Relevance and Potential | mpact

An important component to achieve energy efficiency in the trangportation sector is the replacement of
traditiona structurd materids by lighter and stronger materids, which resultsin direct reduction in energy
use. Although the proposed research direction in joining will benefit the transportation sector, its impact
will aso be redized in dl segments of gpplied energy programs where joining of structurd materids is
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important. These gpplied energy programsincludefossil, nuclear, energy efficiency, renewable energy and
fuson.

Esimated Time Scale

As component models are synthesized into large comprehensive models, there will be progress toward a
science-based prediction and control of compasition, structure and properties of joints. Achievement of
this chalenging but redistic god, an important milestone in the advancement of joining technology, iswell
within the reach of the research community, provided adequate resources are available. 1t isexpected that
the benefits of the work will be fully redlized in severa decades.
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VEHICULAR ENERGY STORAGE

EXECUTIVE SUMMARY

High energy-density storage materids will be needed if Strategic energy gods are to be satisfied for the
transportation sector. Unlike stationary demands, mobile requirements dictate both high volumetric and
gravimetric energy dengity. At present, the trangportation sector isamost totally dependent on petroleum
fudls for its energy needs as they satisfy the principa need of high energy density. Attempts to replace
petroleum fudls with other sources of readily trangportable and abundant energy have met with limited
success, due principally to theinability to store on-board avehicle, sufficient quantities of the dternativesto
provide vehicle performance thet is competitive with petroleum fuels.

Among the candidate energy carriers, hydrogen and dectricity are two that can satisfy the abundance
requirement but which are low in energy dengty.

Hydrogen sorbents and hydrides may offer ameans of obviating high pressures and/or low temperatures
to attain higher volumetric and gravimetric energy densities. In fact, metd hydrides are presently capable
of volumetric dengties greater than that of liquid hydrogen, but fal short of the requirements for high
gravimetric dendty. In order to satisfy gravimetric energy density requirements, sorbents based on low
atomic number (Z) materids will need to be used. Our present knowledge of known stable hydrides,
based on low Z materias that serve as suitable candidates for gravimetric and volumetric hydrogen stor-
age, is limited to systems with thermodynamic and kinetic barriers that are too high to be of use to the
trangportation sector. Such sysems may dso suffer from irreversble hydrogen cycling limitations. Sys-
tems based on complex hydrides can offer possihilities for high volumetric and gravimetric storage but are
poorly understood. For example the NaAIH, system, which is closest to engineering redlization, has
multistep hydride/dehydride reactions with differing kinetic and thermodynamic vaues. These are only
redlized in the presence of adopant (catalyst) with apoorly understood role. Thiscircumstance makesthe
understanding of hydride materidsanimperativeif new materidsareto be developed for attaining the god
of hydrogen-fueled vehicles.

Inthe near term (5-10 years), it isexpected that batteries possessing enhanced energy and power dendities
as wdll as lifetimes will be needed to enable hybrid/dectric vehicles having performance characteristics
comparable to conventiond internal combustion (IC) engine/petroleum fueled vehicles. Present state-of -
the-art technology using Li batteries offers the highest energy densities [twice that of NiMH batteries that
are used in hybrid and dectric vehide (EV) technology] and cycle life, but the components, including
cathode, €lectrolyte and separator, are costly. Provided improvements to energy density over current Li
technology can be made, batteries might still be used as the primary power source for a pure eectric
vehicdle. In any event, high energy dengty systlems with high cyde life will ill be necessary. Even for
hybrid technology, betteries are a vitd part of the overdl power system for hybrid vehicles that utilize
regenerative braking. Candidate systems based on Li battery technology offer the highest known energy
densties avallable, but these systems ill fdl short of automotive design gods that would make such
vehicles competitive with petroleum-based systems.  An effort to better understand and design suitable
cathodes, anodes and separatorsfor Li batterieswould benefit the trangportation sector aswell asthearea
of portable eectronics.
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Summary of Research Direction

A research direction based on the study of the thermodynamics, kinetics and phase stability of energy
storage materias is proposed. These basic scientific issues are germane to the two specific areas we
highlight below for hydrogen storage materiads and batteries.

Hydrogen Carriers. The DOE's technica targets of 6 wt% (7.2 MJkg energy dendty) gravimetric
gorage and 1100 WH/L (4 MJL energy dengity) volumetric storage for hydrogen systemsfor transporta
tion gpplicationsilluminate the scientific and technologica gap in establishing fud cdl viability for commer-
cid markets. The current state-of-the-art energy storage technology can be categorized broadly into
physical and chemica storage. Physicad storage would consist of cryogenic systems and high-pressure
tanks. Liquid hydrogen and compressed hydrogen systems presently fal short of the minimum perfor-
mance gods (>6MJkg and >6MJL) sought after by the transportation sector and fdl far short of the
ultimate technologica gravimetric and volumetric target god's (>12MJkg and >12MJL). From arefud-
ing standpoint, these systems are extremdy inefficient. For example, hydrogen liquifaction consumes an
equivaent of 30% of the energy density of liquid hydrogen itsdlf (to get to 20 K). Also, multistage com-
pressors are required to achieve the high pressures (690 bar or 10,000 psi) for the compressed hydrogen
systems that are being developed.

Chemicd gsorage systems, which would include hydrogen sorbents or hydrides, may offer a means of
obviating theseinefficiencies by alowing high gravimetric and volumetric energy dendtiesa non-cryogenic
temperatures. For example, MgH, has adensity of 1.45 g/cc or 0.11 g(H,)/cc. This maerid thushasa
gravimetric density of 7.66 wt% (9 MJkg of MgH,, materids basis only) and 110 kg/m? (13 MJL).
Unfortunately, Mg dehydrides at too high atemperature to be a practica source of hydrogen for vehicular
applications (~600 K). To work with presently available fud cdll proton exchange membranes, the des-
orption temperature would need to be closer to 350 K. In any event, rehydriding is aso problematic for
MgH,. At present, Ti-catalyzed NaAlH, shows potentid as a storage materid but again fals short in
gravimetric dengity (5.6 wt% or 6.7 MJkg materids bass).

Hydrogen physisorption might also work for storage applications but, to be of use for vehicular applica-
tions, will require an adsorption enthapy of 20 to 40 k¥mole (~200 to 400 meV), if sorbent dehydriding/
hydriding near ambient temperature and moderate pressuresisto be achieved. In addition, physisorption
will require effectively high surface areamateria sthat have asuitable number of adsorption Stesto accom-
modate molecular hydrogen.

If the criterion of high volumetric density was the only concern, anumber of meta hydrides would work.
The concomitant requirement of high gravimetric dengty redtricts the possible hydride candidates to a
limited portion of the periodic table or dloy/chemica condtituent components. To date, though, few
systematic efforts have looked into suitable candidate materias. The payoff from systemetic effortscan be
seen when conddering that NaAlH,, was discarded as a candidate materia because this material was
regarded as too volatile and with too low a melting point before hydrogen was released. Over 20 years
|ater, however, it was discovered that aTi catalyst added to NaAlH, could promote the kinetics of dehydriding
while the materid was il in the solid state, bringing it to the point of engineering viability [B. Bogdanovic
and M. J. Schwickardi, J. Alloys Compd. 253, 1 (1997)]. At present however, therole of thiscatdyst is
dill unknown.
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The choice of candidate sorbents or hydrides can be reduced further on the basis of free energy and heat
of formation data (thermodynamics) to systemsthat can operate over temperatures of engineering interest.
Applying information gleaned from the JANAF Thermochemica Tablesis helpful but understanding mul-
ticomponent systems may aso require information not yet available but possbly cdculable. For in-
stance, Miedema hests have been used to understand the behavior of AB, hydrides, and their utility in
other systems should be established in order to limit the phase space of € ements and compounds deemed
suitable for vehicular gpplications. Furthermore, the kinetics of dehydriding and rehydriding will dso be
important in addressing fudl uptake and refuding. Findly, issues related to the cycle life of the sorbent or
hydride (phase stability) need to be addressed.

Batteries. Lead-acid battery technology, which was devel oped nearly 150 years ago, is still being used
for vehicular applications. These batteries have a gravimetric dengty of 0.16MJkg and 0.25 MJL. Ni-

metal-hydride batteries have gravimetric and volumetric energy densties nearly twice that of lead-acid,

and Li batteries (0.5MJkg and IMJL) have vaues twice that of NiIMH. The United States Advanced
Battery Consortium has set a long-term god of 0.72 MJKkg energy density. At present, it is difficult to
imagineimproving ontheenergy density of Li batteries unlessimprovementsto cathodes (typicaly LiCoO,)

arefound. Incrementa improvements are on the horizon through partia substitution of Co by Ni yielding
~15% improvement in charge capacity (resulting from the phase sability of LiNi ,Co ,O, to retain a
stable phase to discharge levels to Liy,). Longer term gods amed a improving energy dendity in Li

batteries should consist of studying Li insertion/de-insertion kinetics and phase stability of both cathodes
and anodes in non-Co based materids. Also, Li-based systems have specific charge/discharge require-

ments requiring specialized eectronics designed to control limits and rates for each cell of a battery pack.

Cathodes and anodes that offer the possibility of higher robustnessto high discharge rates and overcharg-

ing may alow for the smplification of Li-based systems. For instance, Li,S-based systems demonstrate
such robustness and have shown capacities as high as 0.66MJkg. A combination of doubling of the
energy dendty of Li secondary (rechargeable) batteriesin conjunction with robust cathode/anode systems
would be the enabling factorsin implementation for the trangportation sector aswell as offer huge benefits
for other sectors like portable € ectronics.

New Scientific Opportunities

Theissues surrounding dl high energy densty materiasfal within the traditiona scope of BESin address-
ing the thermodynamics (temperature), kinetics (hydriding/dehydriding and charge/discharge rates) and
phase gability (cyclelife) of materids. A focused basic research effort into materids of pecific interest for
high energy density would grestly benefit those areas with specific technologica goasfor vehicular appli-
cations.

Relevance and Potential I mpact

The National Hydr ogen Roadmayp calsfor acoordinated nationa program to advance hydrogen storage
materids as no current technology satisfies the storage criteria of manufacturers and end-users. Current
research and development efforts are cited asinsufficient as storage is noted as a critical enabling € ement
in the hydrogen cycle. While technica gods are easy to identify, fundamenta improvementsin hydrogen
storage processes remain to be fully understood. Developing this understanding should be the long-term
god and anecessary step before the challenges of addressing technical goasis met.
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Estimated Time Scale
A coordinated effort over a period of ~10 yearsislikely required to meet the chalenges outlined here.
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FUNDAMENTAL CHALLENGESIN FUEL CELL STACK MATERIALS

EXECUTIVE SUMMARY

Offering enormous potentiad for high-efficiency, pollution-free propulsion, fud cdls (FCs) are of great
interest in the trangportation sector. The PEMFC istheleading candidate for the primary power sourcein
FCEVs, with hydrogen as the fud and water and heat as the only by-products. SOFCs are under
consderation as auxiliary mobile power unitsin heavy-duty trucks. While considerable progress has been
meade in moving FCs doser to economic viability, many mgor scientific and technologica hurdles remain.
A hand-built prototype PEMFC presently cogts thousands of dollars per kilowatt. Elimination of the
hurdles will dlow dramatic cost reductions, which will, in turn, hasten large-scde commercidization of
FCEVs.

Among the technica chalenges are a variety of materids issues rdated to the FC stack, the array of
individua cellslinked in seriesto form a power unit. For PEM stacks the needs include cost reduction,
amplified heet, air and water management; higher efficiency; and improved rdiability and durability. These
objectives may be achieved through research in high-temperature and low-rel ative-humidity membranes,
modeling and diagnogtics, improved cathode kinetics, base-metal CO-tolerant catalysts, and improved
bipolar plate materids. For SOFC stacks the critical issues are thermochemicd integrity and rdiability,
interconnect durability and performance, power density enhancement, and direct reformation of hydrocar-
bon fuds. All of these challenges can be addressed through fundamental materias research focused on
new membranes, bipolar plates, eectrodes, and dectrolytes, coupled with theoretical modeling to accel-
erate their design and evauation.

Summary of Research Direction

FCEV s represent a potent option in the portfolio for meeting the future transportation needs of the U.S.
Despite sgnificant advances in FC technology over the past few decades, however, many fundamenta
scientific and technologicd barriersstand inthe way of large-scale commerciadization for mobile, aswell as
fixed gtation, applications. Associated with the FC stack itself are a variety of basic materids research
challenges that can be addressed by a sustained and coordinated effort. For the cost per kilowatt to be
reduced sufficiently to enable widespread use of FCsand FCEV's, novel materias having improved prop-
erties for FC stacks must be discovered, developed, and understood.

New Scientific Opportunities

PEMFC stacks. In view of its advantages with respect to energy efficiency, emissions, and feedstock
diversity, the PEMFC istheleading option asthe primary power sourcein FCEV's. Fuded with hydrogen
(having a spectrum of possible production methods), the PEMFC can operate at average efficiencies
twice as high astoday’ sinternad combustion engines, with water and heat asthe only by-products. Large-
scae commercidization of FCEV's, however, will require dramétic reduction of the cost of the FC stack,
which isacritica issue dependent upon groundbresking fundamenta research on a number of fronts for
resolution. These include:

High-temperature membranes. Fuel and air streams in current systems, operating a ~80°C, must
havereative humidity (RH) at about 200% to maintain high conductivity in the membrane and catayst
layers. Substantially improved system efficiency (stack, and water and heat management) could be
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achieved with higher operating temperature (~120°C), but a 120°C system is not feasible with avail-
able membranes because of excessve pressure and water recirculation demands. Membranes ca
pable of sustaining ~0.1 S'cm conductivity at RH ~ 25% and 120°C arerequired. Specific research
topicsin this regard are (1) new proton/anion conductivity mechanisms not dependent on high RH,
(2) new membranes/polymers with improved ex situ properties (i.e., conductivity, hydrogen/oxygen
permesbility, mechanica robustness) for high temperature application, (3) improved basic under-
sanding of membrane chemica degradation in a high-temperature FC environment, and (4) studies
of polymer interaction with other FC components (e.g., the effect of new ionomers in contact with
catalysts on cathode kinetics).

Stack modeling and diagnogtics. Materias and stack desgn have been done empiricadly thus far.

Thereisagenuine paucity of predictive moddsfor flow-field and current-dendity distribution as well
as methods to measure key component properties. Computationa fluid dynamics (CFD) models
have not yet had animpact on design because of excessive computation timesand lack of verification.

The effects of liquid water are poorly understood, the nature of flooding is unclear, and there is
insufficient knowledge of water transport in diffuson mediaand flow filds. Relevant research topics
are (1) liquid water formation and transport in porous media and through FC channels, (2) measure-

ment of membrane e ectrode assembly properties (proton conductivity, gas permeance, current den-

sty, kinetics, interfacia and bulk therma conductivities asfunctions of pressure), (3) nove character-

ization techniques that will enable broader insight, and (4) development of useful CFD models.

Improved cathode kinetics and improved CO-tolerant catadysts. Mg or stack efficiency losses, causing
hest rejection problems, are associated with poor cathode catalyst kinetics. Thereisa critical need
for low-cogt, non-noble metd catalysts and catalyst locdlization techniques. Also, anode CO toler-
ance aso requires fundamenta catayst devel opment.

Improved bipolar plate materids. Currently the thickness required for carbon/polymer composite
plates to have sufficient physicd sability and durability is too large, resulting in volumetric energy
dengty too low for automotive use. These high-carbon-content materias entail expensive processng
and arebrittle. Availablemetalic plates(e.g., dainlesssteds titanium) are sufficiently thin (~0.1 mm),
but noble-metal conductive coatings are needed for low contact resistance. 1n some cases corrosion
of the plate substrate and the coating isanissue. Novel and economically feasible plate material s that
overcome these challenges are imperative.

SOFC stacks. Current SOFC prototype stacks operate at 750-1000°C and have potentia as auxiliary
power units functioning & high overdl efficiency in mobile gpplications. Mgor chalenges confronting
gtack performance and operation are (1) thermomechanica integrity and reliability of acomplex structure,
(2) interconnect durability and performance, (3) intrinac power density, and (4) direct reformation of
available hydrocarbon fuels.

These challenges can be addressed through advancements in new electrodes and e ectrolytes having sub-
gantidly higher eectrochemicd activity and intrinsc power dengty, thusdlowing for reductionin operating
temperature and aleviating the chalenges associated with mechanica durability and interconnect degrada-
tion. Cathode materids have improved only dowly over the past two decades, progress having been
achieved through intengve semi-empiricd investigations of narrow classes of maerids. Rapid further
advancements require afundamenta understanding of oxygen adsorption and transport in the cathode and
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at the cathode/dectrolyte interface. The effect of materias composition can be probed with red-timein
Situ interrogation of these surface and bulk phenomena using surface diagnostic tools, augmented by
electrochemica characterization. Improved understanding of the effects of surface features and local
chemigtry in both red and mode dectrode materials can spur rationd design of new cathode composi-
tions. In addition to fundamenta studies of oxygen reduction, computationa chemistry can be employed
to predict the effects of various materias combinations and crystal structure on the dectrocataytic reduc-
tion of oxygen. Combinatoria methodsfor preparing and screening samples having compositions selected
with the guidance of model predictions can enable accelerated testing, evauation, and discovery of radi-
cdly improved materids. Novel compositionswith optimized microstructure could be fabricated by means
of emerging synthess/deposition techniques, and possibly saf-assembly of tailored porous microstruc-
turesaswell, to promote high dectrochemicad activity. Close coupling of predictive eectrochemica mod-
eling tools with formulation and testing of new oxide dectrode materids can provide fundamental under-
gtanding of the roles played by microstructura festures and chemistry and speed the design of materids
with better performance.

Similarly, the design of new functiona anode systems must be based on an improved understanding of fuel
oxidation kinetics in porous ceramic and ceramic-metal composite systems.  Improved anode systems
could help meet key challengesto anode performance, including the need for direct fuel oxidationorin situ
fud reformation and tolerance to fud impurities. With improved dectrodes, there will be an increasing
need for eectrolytes characterized by high ionic conductivity at lower temperatures. As outlined in the
gpproach to dectrode understanding and design, computationa chemistry toolsand combinatorid synthe-
Ss capability can aso be harnessed to design new and better electrolyte materials.

Relevance and Potential | mpact

Current industry and DOE (FreedomCar, Hydrogen, and Fossil Energy) programs are generally aimed at
component and system hardware demonstration, along with core technology development for stacks or
balance-of-plant. This proposed research direction on stacks through BES is amed a addressing the
more fundamentd materids and surface issues governing eectrochemica performance, usng both experi-
ment and modeling.  The understanding of eectrochemicd trangport through membranesand interfaces,
and new materias and mechanisms developed under this program, should directly feed into the applied
programs funded by DOE and industry, helping to accelerate the pace of FC penetration in transportation,
and gationary applications.

Estimated Time Scale

A sugtained effort in fundamental research over a period of ~10 yearsislikely required to meet the chal-
lenges outlined here, and enable the trangition to FC powered vehicles over the next two decades.
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INTEGRATED HETEROGENEOUS CATALYSS

EXECUTIVE SUMMARY

Catdysis currently plays asgnificant role in the economic and strategic needs of the country. More yearly
Gross Domestic Product (GDP) is produced from catalysis in the U.S. than the entire GDP of most
developed nations. In particular, catdysis has and will continue to play acentral role in the transportation
sector, asector that will have acondderable impact in determining our nation’ sfuture energy security. The
needs for fues synthesis and storage, for efficient fuds utilization, and for environmenta mitigation of the
deeterious effects of trangportation on our environment are enabled through fundamenta catdysis re-
search.

The development of novel catalysts and catalytic processes for energy security applications is hampered
by the lack of detailed structure-function relationships that serve to drive the development of a predictive
capability for new catalyst process concepts and in catdyst materias design. Such new processes and
materias will have an impact on future choices in trangportation fuels and for efficient fud utilization pro-
cesses. Therefore, it should beanationd priority to foster and support an integrated world-leading, vibrant
and dynamic research infragtructure in catalyss. Such an infrastructure must necessarily involve highly
integrated cross-disciplinary thrusts that take advantage of existing, emerging, and new sructura tools,
computational modeling and smulation techniques, experimenta and theoretica reaction pathway model-
ing; and data fusion techniques that merge the output from these disparate sourcesinto a coherent, predic-
tive description of heterogeneous catalyst structure and activity. For example, the expected impacts of
catalyss research for the trangportation sector range from catalysts and processes for the abatement of
lean-burninternal combustion engine exhaugt in the short-term to the longer term developments directed at
the rational design of catalysts that will enable the synthesis and utilization of future fuels for combustion,
fue cdls, and other yet-to-be-discovered energy production concepts for vehicular and aircraft propul-
sgon. The nead to minimize the environmenta impacts of any new energy production technologies dso
argues for a continued fundamental science research emphasis on catalytic emisson control processes.
Many of the short-term technologicd gods of the 5-10 year time frame map onto current * FreedomCar’
initiatives (DOE EE/RE). Thelonger term scientific goal of an integrated research infragtructure in catalyss
to support the trangportation sector falsto DOE’ s Office of Science (OS), and isthe primary focus of this
brief report.

Summary of Research Direction

The development of novel catalysts and catalytic processes for energy security applications is hampered
by the lack of detailed structure-function relationships that serve to drive the development of a predictive
capability for new cataytic process concepts and for the design of new catalyst materias. Such a predic-
tive cagpability will have an impact on future choices in trangportation fuels and fuels utilization processes.

A number of recent BES workshops have identified the importance of catayss to the economic and
environmental well being of the U.S,, and the reader is directed to the reports that have been issued or will
beissued inthe near future. Higtoricaly, cataysis has been driven by the preeminence of the U.S. chemica
and petrochemicd indudtries, where catdysis is a core technology. The linkage between catalyss and
trangportationiscrucid and will continueto be so into theforeseeablefuture. Catalysisisacentra technol-
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ogy to the current atom- and energy-efficient production of today’ s hydrocarbon fuelsfrom petroleum and
emerging low-sulfur diesdl fudsfrom naturd gas, the abatement of undesirable emissonsresulting from the
utilization of these fudls, and the synthesis of lubricants for vehicles Catalyss dso plays a centrd rolein
fud cdl technology (both low temperature dectrocatalyss in polymer eectrolyte fud cels for mobile
gpplications and catdysis of high-temperature processes in solid oxide fuel cells proposed for auxiliary
power gpplicationsin heavy vehicles). In thisway and in many others, cataysiswill be an enabling technol-
ogy for a possible future ‘ hydrogen economy’.

For transportation, heterogeneous catalysis is one of the key cross-cutting technologies for which the
underpinning fundamental science needs are highly compelling. The focus on heterogeneous rather than
homogeneous catdyss was arrived upon by the particular needs of vehicular gpplication or the need for
the very large-scale processes needed to provide for fuels of the future.

The short-term needs for catalystsin the transportation sector are at some level being partialy addressed
by DOE's EE/RE FreedomCar programs. For example, applied research to address the abatement of
pollutants, such as NO, and particulates from lean-burn interna-combustion engines using both cataytic
and plasma-based approaches, are currently funded at somelevel by DOE EE/RE. Importantly, however,
as pointed out in several recent National Research Council reports and reports prepared for the Office of
FreedomCar and Vehicle Technology related to heavy-duty engines, the current technology options are
dill inadequate to dlow for the introduction of these fud-efficient enginesinto the U.S. economy, particu-
larly because the pollutant targets become more aggressive entering the next decade. These reports con-
tinue to stress the need for increased investments for fundamenta science that enables breakthroughs in
emissons abatement to enable reductions in the energy intendity of the transportation sector.

Short- to medium-term gpplied research sponsored by EE/RE on the optimization of eectrocatalysts for
PEMFC stacksisadso wel underway inthe U.S. Here again there are many fundamenta catalysis science
issues that need to be addressed to move these technologies forward. Of perhaps primary importance,
however, are longer-term fundamenta research needs that must be met for advanced transportation sys-
temsthat are beyond the time horizons of DOE’ stechnology offices, and fal within the boundary of DOE's
OS. It isthe latter longer-term cataysis research that the topical team focused on.

Broad areas (both short- and long-term) of catalyst science needs for advanced transportation systems
were identified:

catalysts for the generation of H, (either photocatalysts, electrocatalysts, or thermocatalytic sys-
tems);

chemica and biocatdyds for the generation of liquid fuels from naturd gas and biomass,
catdysts for the synthesis of tailored, high-energy-density napthenic fues for the aviation sector;
cadyds for reducing emissons from high-efficiency lean-burn combustion engines;

catalyststo enable rapid H, uptake and releasein high-energy-density hydrogen storage materials,
and

electrocataysts, particularly oxygen reduction cataysts having improved O, reduction kinetics, for
improved fud cdlsfor transportation.
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Because catdysis science is a crosscutting areg, it is not surprisng that the Fossl Energy and the Didtrib-
uted Energy, Fud Cdls, and Hydrogen Topicd Groups adso addressed severd of these areas in more
detail, and thoseinterested intherole of catalysisin thosetopical areas should refer to those sections of this
workshop report.

Today, it is not uncommon for practitioners of homogeneous catayss to have consderable knowledge of
the orientation of ligands, bound substrates, intermediates, or productsto ametd center using acombina
tion of nuclear magnetic resonance, infrared, and other spectroscopies. If this complex is not the active
catdyst but rather aprecatays, it is often very closdy related compositionaly or structurdly to the active
cadyd. Thisinformation alowsfor argpid assessment of the influence of the subtle changesin steric and/
or eectronic ructure effects, not only by rationa modification of theligandson catalyst reactivity, but aso
by more detailed theoreticd modding and smulation of the molecular and dectronic Structures of the
active catalyst. Structural knowledge of enzymes has led to bioinspired synthetic homogeneous mode
systems that in turn, have helped to guide interpretation of the spectroscopic signatures observed during
complex enzyme catdyss. Thefield of heterogeneous catalyss does not share these luxuries afforded by
adetalled knowledge of the locd structurd details of a heterogeneous catdyst.

The last decade of heterogeneous catalysis research has led to advances in theory and experiment that
have moved thefidd of catdyssincrementaly closer to the much sought-after de novo design of hetero-
geneous catadysts. More recently, high throughput experimentation hasimproved therate a which catayst
compositions may be varied and tested, driving the data-driven design of cataysts forward. Concepts of
homogeneous- and bio—catalysis have inspired new heterogeneous catdyst synthesis efforts. New meth-
ods of catalyst characterization have emerged that alow moreingghtsinto catdyst reectivity. Theoretical
approaches have been able to provide hints and guidance to some problemsin catalysis, abeit based upon
scant sructurd evidence. These are dl efforts that have been ongoing, and have been providing glimpses
of the workings of active catalyss.

New Scientific Opportunities

The continued lack of detailed knowledge of catdyst structure under redistic operating conditions has
hindered catalys's science from making greet strides forward in the development of a predictive under-
standing of the complex behavior of heterogeneous catalysts. So what has changed that leads usto believe
that there are new scientific opportunities in this fidd? Why now? The key bariers to developing this
understanding are the need to devel op detailed knowledge of thelocal structure of the catalyticaly active
dte[the condituents at the active Site(s) and their spatia arrangement at the atomic and molecular leveld,
the manner in which substrates and products interact with the active ste, the temporal nature (activation,
deactivation, and poisoning) of these interactions, and a detailed description of the overal reaction
pathway(s). Detailed local tructurd information through an integrated gpproach would provide the nec-
essary input to modeding and smulation toolsthat even at present can provide agood ded of insgght where
experiments are as yet unable to yield information directly. The development of new and emerging ap-
proachesto loca structure determination have profited from the excitement for nanoscience and proper-
tiesrelated to nanoscale entities over the last severd years. Improvementsin avariety of techniques and
development of wholly new gpproaches to the study of materids properties have spawned emerging
cgpabilitiesin structure determination of highly disordered or differently ordered systems, wherethelength
scaes of the important interactions are on the order of nanometers )the same length scale that has dways
been centra to heterogeneous catalysis). Improvements in synchrotron X-ray sources and techniques,
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local structure by neutron scattering brought about by brighter sources; new and vastly improved surface
science techniques, such as scanning tunneling micrascopy (STM); new solid-state NMR approaches to
measure interatomic distances or temporad phenomena; and ever-improving computational capabilities
that have enabled new simulation and modeling techniques are dl poised to yied integrated new capabili-
tiesthat can be brought to bear on complex, catalyst systems that to date have defied structural definition.

Because catalyst materias and processes are so complex, breskthroughsin cataysis will follow from an
integrated approach. These breakthroughs will support development of efficient processes that generate,
dore, and utilize fuels for our future energy security. No single technique is capable of this task, and
multiple particle-, photon-, or neutron-based, and advanced spectroscopic techniques must be brought to
bear smultaneoudy on acatdyst system. Data from these disparate techniques and the observed reaction
chemistry must be andyzed in a coherent fashion to yield a self-consistent depiction of the catayst struc-
ture and dynamics. Thiswill require new computationa techniques with grester accuracy to dlow for the
integration with high fidelity of datafrom the varioustechniques. Improved and new theoretical gpproaches
must be developed to allow for theinterpretation, interpolation, and extrapol ation of structure and proper-
ties when experimenta techniques cannot access the needed data directly.

Inthefuture, itisanticipated that new scientific developments, both experimenta and theoreticd, that alow
for detailed descriptions of catayst structure and dynamics under reaction conditions will have an impact
on al aspects of catalyss research. In the trangportation sector, the predictive capability generated by
detailed structura information of reacting heterogeneous cata ystswill have an impact on future devel opments
in fuds synthess (hydrogen, biofuds, etc.), energy storage (hydrogen, batteries), and fuels utilization (fuel
cdls) and will continue to play an important role in the mitigation of the environmenta impacts of energy
production and fuel utilization. The role of new experimenta and theoretica approaches to defining the
dructure and properties of heterogeneous catdyst syssemswill have animpact on thefieldsof eectrocatdyss
and photocatalysis.

Magor science needs for the future include:

Further development of emerging and discovery of wholly new local structura toolsthat can probe
the length scale of 0.1to 2 nm.

Devedopments that will dlow the gpplication of the techniques under redigtic (in Stu) catalytic
reaction conditions, as well as applying multitechnique approaches for sudies of active catdyds.

Catadyssrdated infrastructure (sample activation, in-situ reactivity studies, etc.) at DOE User
Fadilities, including catdyssend stations at beam linesand flight paths at X -ray and neutron sources
and in-situ reactors for sate-of-the-art surface science and NMR facilities.

Computational modd s of the governing cata ytic reactions and approachesto integration of struc-
tural and spectroscopic datafrom the aboveto yield self-consistent models of catalyst active Sites,
gas conversion and particulate oxideation.

New nanoscade synthetic approaches that will adlow generation of modd active Stes identified
from knowledge achieved in the above pursuits.
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Relevance and Potential | mpact

Research will enable acongderably more secure energy future by providing fuel and fud utilization options
through more atom- and energy-efficient new catalysts and catalytic processes. It will have rdlevance to
severd gpplied DOE programs including the FreedomCar and Hydrogen Programs, Alternative Feed-
stocksfor Fudg/Biofuels Programs, and Industrid Technologies Programs under EE/RE: Cod and Natu-
ral Gas Converson Programs, Electric Power and FuesR& D Programs (FE); and Science and Technol-
ogy Programs (EM).

Esimated Time Scale

It will take approximately a decade to establish capability to fill the knowledge gaps.
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THERMOELECTRIC MATERIALSAND ENERGY CONVERSION
CYCLESFOR MOBILE APPLICATIONS

EXECUTIVE SUMMARY

Thermod ectric materids, in which heat can be transformed directly into electrical energy and that can act
as solid-state heat pumps, have begun to be used in trangportation systems. As such they have the capa
bility to mitigate the energy lossin transportation systems associated with heet loss. At present, theoretica
consderations suggest that automoative efficiencies could be increased by 20% smply by capturing the
wadte heet, an efficiency gain comparable to what would be obtained by converting the U.S. car and light-
truck fleet to diesdl engines, but without the pendty in NO,_ or particulate emissions. In addition, thermo-
electric materiaswill lead to an dl solid-date, reversble automotive air conditioning system that does not
use greenhouse gases and can be smpler and more efficient to operate. Redizing such gains depends on
finding materialswhich behavior meetstheoretical limits. Thesetheoretical limitsarerooted in the trangport
properties of materids, which in turn depend on their nanostructure and composition. For example,
quantum wires and dots embedded in a suitable matrix gppear to have grester potentia for usein thermo-
electric devicesthan dloys or other homogeneous materids. Prototypical systemsbuilt to demongratethe
abovegansarelikdy to beredized in practice, again depending on the discovery of gppropriate materids
and the means for fabricating them. Recent new heat exchange cycles between the thermodectric e
ments and the working fluids (i.e., exhaust gas, passenger compartment air, or liquids) have aso been
proposed that make optimal use of each thermoel ectric e ement in athermoel ectric pile and can potentialy
lead to a substantia increase in system efficiencies.

Summary of Research Direction

A combination of environmenta, economic, and technologicd drivers has led to a reassessment of the
potentid for using thermoelectric (TE) devices in severd transportation gpplications. In order for this
technology to achieve its ultimate potentia, new materids with enhanced thermoelectric properties are
required. Also, as each TE dement is small, unconventiond thinking in the area of new hest exchangers
between the TE dements and the working fluids will lead to new TE energy generating and cooling sys-
tems. Thesewill lead to further increases in efficiencies.

Thermod ectric materids convert heat into dectrical energy with an efficiency that isafunction of amaterid
parameter defined asthe thermoelectric figure of merit, Z. When used as solid state heat pumpsin cooling
systems, the coefficient of performance of the system (COP), defined astheratio of the heet extracted at
the cold sde to the total energy consumed, is again afunction of the same figure of merit Z. It isusud to
express Z in dimengonless units by multiplying it with the average operating temperature, T. Commercialy
available thermoe ectric materid s have adimensonlessfigure of merit, ZT =~ 0.9 near room temperature.
For atemperature difference of 40°C, typica of an automotive air conditioning system, the COPison the
order of 0.25.

Recent engineering developments with cross-flow hesat exchangers that make optimal use of the thermo-
electric dements within the cooling modules more than double the COP that can be obtained with a
materid of a given ZT, and amilarly could double the efficiency of TE generators.  Even with this, the
efficencies and COP s that can be reached with commercid TE materids are il insufficient. Recently
nanoscal e thermoel ectric materias have been demongrated that have ZT=2. With such materids, refrig-
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erator systems can be cal culated to reach COPs competitive with vapor compression. Waste-hest recov-
ery sysems could theoreticdly reach 13% efficiency, potentialy improving the mileage of vehiclesby over
20%.

The aboveimprovementsin ZT areadirect result of recent progressin the understanding of e ectronic and
therma transport properties in two areas of solid-state physics: (1) semiconductor quantum wells, wires
and dots, and (2) crystdline solids with low therma conductivities. These trangport theories may need
further development, but they point to the possibility of further increasing ZT to 4 or even 6, resulting in
COPs close to double that of vapor compression ar-conditioning and waste hest recovery. This could
result potentialy in a theoretical increase in fuel economy perhaps larger than could be expected from
increasing the use of diesd fud systemsin the U.S. fledt.

New Scientific Opportunities

Scientific research on new material systems which properties approach the theoreticaly predicted im-
provements should include nanocomposites and crystds with glass-like therma conductivity. New con-
cepts to synthesize the new materids in industria quantities must be explored. New concepts for the
optima use of these materias in complete TE systems, in which segmentation of the thermocouples, the
efficiency of the heat exchange with the working fluids, and the problems of making low-resstance con-
tacts to the TE materids are paramount, will greatly improve the efficiency and the economics of heeat
recovery sysems and air conditioners.

Relevance and Potential Impact

Heat recovery systems. In a gasoline engine, roughly two-thirds of the chemica energy of the fud is
wadted as heet, hdf in the engine coolant and half in the exhaugt gas stream. An additiona ~5% of the
energy iswasted infriction losses and 2-10% goesto the dternator, leaving 15-35% of the fudl energy for
propulson. TE systemscan directly and smply convert waste hegt into eectricity. Therearetwo potential
uses for this. In a conventiona vehicle (see Figure 6-1), the TE generator can potentidly unload the
dternator, which (depending on the operating regime) utilizes 2-10% of theenergy inthefud. Assuming a
reasonable system efficiency (i.e., 6-9%), a TE generator could supplant the adternator, producing a fue
economy improvement of 2% of the fue energy or ~5-10 % in the vehicle’ s mileage.

In future vehicles with hybrid or eectric propulson (see Figure 6-2), the dectrica energy saved can be
used for propulson. The efficiency of the TE generator now comes into play directly. With an ~10%
converson of waste hest to dectricity, roughly 5% of the chemica energy of the fue can be recovered.
Assuming that, on average, only about 25% goesto propulsion overdl, thisrepresents apotential 5%/25%
or ~20% improvement in fuel economy. Such benefits are comparable to those obtained by using diesd
engines rather than gasoline engines, but without the environmental issues (i.e., NO_ and particulate emis-
sons) asociated with diesd technology.

Trangportation R&D isamgor component of the DOE’s EE/RE program.
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Figure 6-1. Energy usein aconventiond vehicle (black lines). A thermodectric generator (red line) can
unload the dternator, leading to afue economy improvement of 4-10%.
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thermoelectric generator (red line) can supplement the eectrica generator, leading to a fud economy
improvement of up to 20%.



Climate Control. Thermodectric climate control in automotive systems is attractive from the point of
view of amplicity and environmentd friendliness. In 1974 it was first suggested that chlorofluorocarbon
compounds, principaly R12, or freon (the refrigerant of choice in air conditioning systems for the last 50
years), were destroying the protective ozone layer in the stratosphere a an darming rate. Asaresult, the
Montredl protocol of 1987 hasled to agradua phasing out of these harmful chemicals. In their stead, non-
chlorine-containing fluorocarbons, such as R134a, which do not possess the long-term stability of R12,
have widespread use as refrigerants. It was not redlized until quite recently, however, that dl fluorocar-
bons, including R134a, can contribute to globa warming. This is because these gases are capable of
absorbing the infrared radiation the earth emitsto stabilize its temperature. The infrared-absorbing capa
bility of agasis measured by its Globd Warming Potential (GWP) index. The GWP index measures the
absorption characteridtics relative to that of CO,, which is defined to have a GWP index of unity. The
GWP indices of R12 and R134a are 8,500 and 1,300, respectively. In other words, 1 kg of R12 and
R134aare equivaent to 8,500 and 1,300 kg of CO,, respectively, intermsof their globa warming impact.
Thus even relatively smadl amounts of these chemicas reeased into the atmosphere (e.g., vialeskage) can
have serious consequences in the long term.  In light of these sobering facts, it is natura to contemplate
dternative cooling technol ogies, which might supplant vapor compression systems containing such chemi-
cas. Thermodectric cooling isone such dternative that presents many advantages, including dl solid-gtate
operation, eectronic capacity control, reversihility to provide both heeting and cooling, and high reliability.
In spite of these many benefits, thermoel ectric cooling has not enjoyed widespread or large-scale use due
to the low efficiency relative to vapor compresson sysems[D. T. Mordli, Proc. Mat. Res. Soc. 478 297,
1997, with permission].

Refrigeration isrelevant to transportation aswell asanumber of other industries. Within DOE, the gpplied
research in these areas is part of the EE/RE Program.
Estimated Time Scale

Applications in high-end industries are possible within the next 10 years. However, broader uses will
require more significant advancements with alikely 20-year research horizon.
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COMPLEX SYSTEMS SCIENCE FOR SUSTAINABLE
TRANSPORTATION

EXECUTIVE SUMMARY

Thetransportation sector poses particularly formidable challengesfrom the perspectives of energy security
and sugtainability because of its strong reliance on petroleum-based fuels and the complexity of the overdl
trangportation system. The emerging science of complex systems offers exciting possibilitiesfor providing
new ingghts and research tools to address these chdlenges in a broad multidisciplinary manner that bal-
ancesthe collective needs of society with those of individua stakeholders. With itsemphasis on nonlinear,
holigtic, and dynamic behaviors and on organic, evolutionary models that highlight such issues as contin-
gency, self-organization, adaptation, and robustness, the complex systems gpproach naturally incorpo-
rates many of the concepts that need to inform rationa decison making on pathways to more energy-
efficient and sudtaingble transportation (i.e., that meets future demands for mobility with minima unin-
tended ecological and socioeconomic consequences). Long-term basic research in thisareais needed to
develop the fundamenta concepts, tools, and cross-disciplinary ingghts that will help to darify the scien-
tific criteriafor sustainable trangportation and effective strategies for addressing the multitude of challenges
that may require more than purely technological advances. Shorter-term activities need to focus on accel -
erating the practical impact of more established complex systemstools (e.g., nonlinear systems dynamics,
logigtica optimization, agent-based modeling, network theory and game theory) and gaining experiencein
addressing complex trangportation issues. One example of the type of important, but nontraditiond,
problem this gpproach may begin to addressimmediatdly isthe planning of an efficient and robust Srategy
for trangporting nuclear waste from distributed sources to the Y ucca Mountain disposa Ste.

Summary of the Proposed Resear ch

The Challenge of Sustainable Transportation. Modern transportation systems have given theindus-
tridized world an unprecedented degree of mobility, which has been ingrumentd in improving the quality
of life, fostering democratic values, and promoting economic prosperity. Ensuring the sustainability of
these systems for the foreseesble future is a particularly formidable chalenge. From atechnologica per-
gpective, petroleum-based fudls are nearly idedly suited as a mobile energy carrier. Energy security
concerns, however, (epecialy an increasing U.S. reliance on foreign oil and growing evidence for globa
dimate implications of CO, emissions) have greetly accelerated the search for aternative decarbonized
fuds and more efficient powertrain technologies. Furthermore, the trangportation sector is increasingly
chalenged by alarge number of other unintended environmental and socioeconomic consequences, such
asar qudity concerns, ozone depletion, landfill utilization, sprawl, congestion, noise, and vehicle-related
faditiesand injuries, the costs of which are nearly dl “externdized” to society at large.

Today’ s globd trangportation “ system” includes many different modes of transportation and their associ-
ated fuds, vehicles, infrastructure, policy issues, market pressures, and the needs, expectations and be-
haviors of end users. Whileimpressve progress has often been made in dedling with various components
and issuesindividudly, that gpproach generdly leadsto suboptima collective behavior and may be reach-
ing apoint of diminishing returnsin terms of purely technologica solutionsto long-standing problems (eg.,
close to 99% reductionsin tailpipe CO, hydrocarbon, and NO_emissions).
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By themselves, traditiond scientific disciplines and lines of inquiry areill suited to address the full scope of
the complex interdependencies and multiple time scales required to provide future generations with the
same access to and benefits of mobility aswe enjoy today, without undue economic, ecological, or socio-
logica hardships. Intra-generationd equity between the devel oped and developing world isaso acritica
and contentious issue, given that transportation represents the most rapidly growing sector in terms of
energy demand, with most anticipated growth in currently undevel oped regions.

Opportunity for Complex Systems Science. Thereisdearly aneed for amoreintegrated, multidisciplinery,
scientific gpproach and new fundamenta insghts to help guide the development of and trangition to more
sugtainable trangportation systems. An exciting and promising research areaiin harmony with thischalenge
is the emerging science of complex systems. Thisfied seeks novd regularities that cut across dl fidds of
human knowledge and a baance between the prevailing scientific and industrid world view (with its em-
phasis on linearity, reductionism, and equilibrium) and a more nonlinear, holitic, and nonequilibrium per-
gpective. Through mathematica models and computer sSmulations, complex systems research offersthe
potentia to move away from mechanical anaogies and their focus on predictability and optimization to
more organic, evolutionary models that highlight such issues as contingency, diveraty, robustness, and
adaptation. Thelatter themes offer exciting opportunitiesto exploit biologica indghtsinto sustainability as
a bridge between the physica and socid sciences and to improve strategic decison making in the face of
uncertainties associated with a coevolving environment, network effects, coupled time and length scales,
and strong path dependencies.

Among the key questions pertaining to sustainabl e trangportation that complex systems science can poten-
tidly addressare:

How do economic, culturd, inditutiona, and technologica factors interact to shape trangport
patterns and their associated environmental and socioeconomic impacts?

How do varied moddities of mobility (e.g., road vs. air, people vs. freight) complement and con-
flict with each other, and how do individua agents devise strategies and make choices as aresult?

What are the leverage points conducive to interventions toward more sustainable trangportation
systems and effective strategies for overcoming irrationa systems archetypes (e.g., tragedy of the
commons, shifting the burden) that might inhibit progress?

The degree to which answersto such questions may be reasonably independent of scaeisitsdlf an exciting
opportunity for research. Lessonslearned in locd communities, for example, may trandate into effective
drategies a national and globa levels. Smdler-scae problems dso lend themsalves to experimentation
and to detailed investigation of thelinks between individuad agent behaviors and the collective properties of
the sysem. The complexity of the sustainable mohility chalenge implies that there are unlikdly to be any
magic bullets, and that even the god of seeking optima solutions may be misguided. Instead, whét re-
searchin thisareapromisesis aprocessfor creating asystematic approach to al relevant knowledge and
for improving our ability to anticipate and avoid or mitigate non-intuitive unintended consequences of
proposed actions.
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New Scientific Opportunities

The proposed work divides naturdly into two time-frames:

Longer-Term Fundamental Research. The stience of complex systems is largdly in its infancy.
Developing the requisite concepts, tools, and cross-disciplinary insghts to address the multitude of
sugtainability chalenges will clearly be an ongoing process, especidly in light of Hill-to-be discovered
environmental and socioeconomic concerns and technologica options. Cregtive work of dl kindsin this
area needs to be encouraged.

Shorter-Term Applications. In paradld with an ambitiouslong-term program, it would be beneficid
toinitiate shorter-term research to acce erate the practica impact of existing complex sysemsmethodologies
and to explore their implications for specific sustainable trangportation chalenges. Among the most fertile
areas of current complex systems research are network theory (structure and dynamics), game theoretica
sudiesof socid behaviors(e.g., theevolution of cooperation), agent-based modeding, time-seriesandysis,
evolutionary dgorithms, and informaticsand nonlinear dynamicsin generd. Traffic modding asanonlinesr
flow problem is dready an active area of research that deserves further attention in dl aspects from
fundamenta conceptsto practicd infrastructure planning and red-timetraffic routing tools. A combination
of exiging tools might be useful for providing integrated assessments of technologica and socioeconomic
issuesinthe context of evaluaing the practicality and robustness of proposed pathwaysto mgor infrastructure
changes (e.g., from petroleum to hydrogen). Another gpplication that needs immediate attention from an
energy security perspective is the development of an efficient, safe, and socialy-acceptable strategy for
transporting nuclear waste from distributed sources to the Y ucca Mountain disposa site.

Relevance and Potential | mpact

This PRD istruly out-of-the-box and addresses some of the most criticd, but most easily ignored, issues
thet inhibit progressin al DOE energy programs. Themain themes here, of recognizing the systemic nature
of problems and the desirability of considering environmenta and socioeconomic aspects on the same
footing as technological, are particularly relevant to the transportation sector. However, the indghts and
methodologies developed will aso apply to problems in digtributed energy, the diversity of renewable
energy options, nuclear fud systems, etc. The work proposed is high risk in the sense that complex
systems stience is dill inits infancy and its practicad impact is largely unproven. However, the potentid
societd benefits are enormous, and the research is sure to foster a great ded of exciting and important
progress that will complement and leverage exiging DOE initiaives at the scientific frontier of complexity.

Estimated Time Scale

Inisunderstood that this type of research is not currently supportable by DOE.
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Residential, Commercial, and
| ndustrial Energy Consumption

Sensors
Solid State Lighting
|nnovative Materialsfor New Energy Technologies

Multilayer Thin Film Materialsand Deposition Processes
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SENSORS

EXECUTIVE SUMMARY

Optimizing energy performance in resdential and commercid buildings will require a new generation of
smart controls whose function is driven by anew generation of sensors. Similarly, the gpplication of smart
sensors that monitor, control, and optimize production and manufacturing processes will dso lead to effi-
cient energy use in large-scale industrid processes. In many small-scale gpplications (e.g., appliances),
sensors must be highly specific to an environmenta parameter, robust, rugged, durable and low cost. In
larger-scde building and industrial processes and applications, there is aso the demand for a ubiquitous
network of small, wireless, salf-powered sensorswith associated on-board signal processing, networking,
and communications capabilities.

Summary of Research Direction

Residential and Commercial Buildings. The operation of the current generation of buildingsis char-
acterized by a smal number of ample sensors with fixed response modes. A room thermostat with a
temperature sensor and smple feedback loop is a wel-known example. In order to achieve sgnificant
breakthroughsin building energy efficiency, buildingsmust become dramaticaly moreintdligent, sdf-aware,
and dynamic in response to wegther changes, energy use and changing occupant needs. Buildings should
have the ability to sense and then control energy flows, temperatures, airflow, pollutant levels, and other
specific physica parameters, both within the building Sructure and in its component eements and equip-

ment.
A prototypical smart system will include four generic eements:

self powered sensors,

sgnd processng,

wireless communication between sensors and to control systems, and
intelligent response based on a sensed event.

Industrial Sectors: Manufacturerstoday must continuously improve process operations, product qual-
ity, and productivity with fewer workers than ever before. Processing equipment must deliver unprec-
edented levels of rdiability, availability, and maintainability as plant managers seek to reduce operationd
and support costsand minimize capitd invetments.

Advanced and wireless sensor systems will enable manufacturers to meet the demands of increased com-
petitiveness by helping them to streamline process operations and to use energy and materials more effi-
ciently. Asinthe case of buildings, industrial sensors should provide red-time, continuoudy sensitive moni-
toring of a specific function and provide diagnogtics to continuoudy maintain the functiondity and energy
efficiency of operations. Sensor systemsin industria applications, however, face unique chalenges: invul-
nerability to harsh environments and high reliability. Sensor sysems must religbly perform misson-critica
tasks over extended, pre-defined periodsin environments characterized by

extremely high (up to 2,600° F/1,430° C) and low operating temperatures,
grong vibrations,
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arborne contaminants,

excessive e ectromagnetic noise caused by large motors or conductors,
exposure to harsh, corrosive chemicals,

high humidity leves

potentialy explosive Stuations, and

mobile and Sationary metd equipment affecting tranamisson pathways.

New Scientific Opportunities

Residential and Commercial Buildings. Two areas of scientific breakthroughs are needed to achieve
the aforementioned vison.

The first needed breskthrough is a new generation of smart sensors that can detect and measure awide
range of physica and chemica parameters.  The sensors should be smdll, salf-powered, low cogt, du-
rable, and robust in order to work under awide range of physical environments, with detection capabilities
that are specific to the parameter of interest, such aschemica species, particlesizeand/or shape, etc. Very
low cost sensors dlow redundancy that will improve accuracy. Sensorswould be available to respond to
afull range of stimuli, such as opticd and radiant measurements, surface acoustic waves, airflow, chemica
species, biologica agents, inorganic particles, energy flows, magnetic fields, current, voltage, temperature,
stresses, etc. On board, integrated €l ectronics provide signal processing, conditioning and data compres-
gon, if needed.

The second needed breakthrough is an information technology infrastructure that alows data from sensors
to be collected, processed, and converted into useful information upon which action can be taken, thereby
reducing energy use or providing other useful functiondity. The same need is reflected in the indudtrid
sector. The new paradigm is a dense network of ubiquitous, wireless, self-powered sensors that can be
networked to provide a complete and reliable picture of energy use and related parameters throughout a
building and its equipment. Wirdess communications protocols that are energy efficient will dlow very
long battery life or will support stand-aone operation using scavenged energy. Open protocols that are
standardized across many business sectorswill ensureinteroperability of sensor and network components.
Neurd networks and adaptive logic can be utilized to adjust and fine tune the operation of the building to
meet changing occupant needs and externa events, such asred time utility pricing.

Industrial Sector. Advanced industrid materialsand control are needed to meet the challengesto sensor
placement in the indudtriad sector. A list of proposed research directionsis provided below:

Improved Controls/Process Modding — A process control system or agorithm that increases
process stability, optimizes operations, or improves product qudity. The system should use adap-
tive control, neura networks, or other advanced control technology. Development of the control
system may require improved modeling or process Smulation tools.

Chemicd Composition — Better understanding of spectroscopic techniques, more rdiable and
chegper laser techniquesto measure chemica composition; better understanding of chemo-metrics,
ability to do chemica andysis of nanoscae samples.

Physica Properties— Redl-time sensors or techniques to measure a specific process condition(s),
such as temperature, pressure, flow, web tension, or multiphase flow.
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Signa/Numerica Processing—Improved signal processing, especidlly for the purposeof predict-
ing fouling, detecting equipment faults/failure, predicting process upsets, or correcting sensor drift.
Thesignal processing al gorithm should be used to process raw sensor data output into usable
processinformation. Thiscan beintheform of a*smart sensor” that detectsfailureor drift, and
then self-cdibrates.

Imaging/MachineVision— Red -time sensor or measurement techniquefor visua inspection of
product, specifically looking for defects, inclusions, color, and cleanliness, aswell asmeasuring
product propertiesfor quality.

Emissions M easurement and Control —M easurement and control techniquesfor combustionemis-
sion control gpplications.

Relevanceand Potential | mpact

The potential impacts of smart sensorson energy savingsintheresidential, commercial, and industrial
sectorsareachievableon many different scales, ranging from single gppliances, complete building systems,
tolarge-scaleindustria processes. They sharethe common objective of providing an“information rich
environment” inwhichintelligent decision-making will greatly enhance energy efficiency, occupant hedlth,
comfort and operating efficiency.

Singlebuilding appliance. Atthelevel of asingleenergy-consuming device, thereareimportant energy
savingsto be achieved. For example, dishwasherstypicaly employ aseriesof wash cyclesbased onthe
assumption that disheswill bedirty, even though many people prewash dishes. Energy consumption for
hot water and energy to drive the dishwasher isbased on thisassumption. New machinesuseanovel
optical sensor that directly monitorstheturbidity of thewash water asametric for cleanliness. Coupled
with adaptivelogic controls, the dishwasher providesclean disheswith lesswater and lower energy use.
Sensorsfor consumer product applicationsmust berobugt, reliableand low cost, thuschallenging design-
ersto employ new technol ogiesthat meet performance needs.

Building systems. A broader vision of energy-efficient buildingsassumesthat buildingscan beoptimally
operated asawhoalistic mechanismthat ismorethanthesumof itsparts. Redl-time, continuousmonitoring
and diagnosticsallow the building to continuoudy maintain operationsin amodethat providestherequired
functionality and energy efficiency, aswell asmeeting human comfort and health needs. |nthe event of
unanticipated disturbances, either natural or man-made, the building can adapt and respond in amanner
that enhances safety and security. Continuous monitoring alowsroutineand preventive maintenanceto be
cogt-effectively scheduled.

I ndustrial processes. Many of our most energy-intensiveindustries haveidentified and highlighted their
top needsin the devel opment of sensor, control, and automation systems. Highest priority isplaced on
systemsthat can truly revol utionize manufacturing processesas, for example, by enabling replacement of a
batch processwith acontinuousone. Such advanceswill resultinmagjor reductionsin manufacturing cost
and energy consumption. Inaddition, wirdlessindustrial sensor systemsoffer manufacturersgreater mo-
bility andflexibility. Freed from the constraint of wires, plant managerscan moreeasily track materiasflow
and reconfigure assembly linesin responseto demand. An effectivewirelesssensor technology isenvi-
sioned asrobust, reliable, cost-efficient, totally secure, and in many cases, integral to the measurement
device.
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Estimated Time Scale

The development and integration of wireless sensor networks could benefit from the advances in the
semiconductor industries and could have some success in the next 1-3 yearstime frame. For dl sectors,
advanced materids research to enable smart materials design is arather long-term god with a develop-
ment period of ~5-10 years needed. The length can be shortened by an aggressive program to ~3-5
years. To endble the discovery of new classes of materids for sensors with revolutionary sdlectivity,
sengtivity, rdiability, and durability in harsh environments, 10-15 years may be required.
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SOLID STATE LIGHTING

EXECUTIVE SUMMARY

This year, about 20% of the U.S.’s dectricity consumption will be due to lighting. Incandescent and
fluorescent bulbs, old vacuum-tube-based technologies that have been around for decades, will provide
the vast mgority of thet lighting. Incandescent light is quite inefficient, with only 5-6% of their dectricity
consumption being converted to visible light. The rest is converted to waste heet, which contributes
ggnificantly to building cooling loads. Huorescent lighting is better, but <till only converts about 25% of the
electrica energy into visble light. This wasted dectricity represents an enormous target for reducing
energy consumption.

Solid-gatelighting (i.e,, theuse of light-emitting diodes, or LEDS, for generd illumination) isanew technol-
ogy that hasthe potential to far exceed these energy efficiencies. Within the past few years, two innovative
new semiconductor materials— wide bandgap semiconductors and organic light emitting materias — have
enabled the development of the first LEDswith bright emission in the blue and near-ultraviolet (UV). With
these colors, white LED light sources can now be redlized based on the color mixing of different wave-
length light from multiple LEDs, or the down conversion of UV or bluelight to longer wavelengths (green,
red) using phosphors. While tremendous progress has been made in the last decade—today’ swhite LEDs
are more efficient (25 lumensg'Watt) than incandescent bulbs (15 lumens'Wait) — thereis much fundamenta
materids science that must be done for further progress to be made. Ultimatdly, it should be possible to
reach the dtretch goa of 200 lumens'Wett in the next 1-2 decades, with an LED cogt that is competitive
with incandescent and fluorescent bulbs. The achievement of this god would result in spectacular energy
savings, a 50% reduction in dectricity used for lighting and a 10% reduction in total eectricity consump-
tion. Globally, thiscorrespondsto an 1100 billion kWh/year reduction in power consumption, worth $100
billion in reduced rate charges, and corresponding to reduced carbon emissions of roughly 200 Mtongyr.

This proposed research direction seeksto increase fundamenta understanding of basic physicsissues, il
poorly understood, in these relatively new solid-dtate lighting materids. Issues include charge transport,
radiative and non-radiative eectron-hole recombination, defect and impurity physics, growth chemistry
and materials preparation physics, and aging and breakdown mechanisms. Three classes of materidsare
considered: (1) wide bandgap semiconductors (primarily nitride-based) for inorganic LEDS; (2) polymer-
based materidsfor organic LEDs; and (3) new energy conversion and packaging materidsto act ashighly
efficient phosphors and UV-stable, moisture-impermegble coatings for the LEDs.

Summary of Research Direction

At present, dectricity is respongible for about 25% of the nation’s tota energy consumption. Of thet,
about 20% isdueto lighting. Thus lighting represents a significant portion of energy consumption. How-
ever, convertiond lighting technology, congsting primarily of incandescent bulbs and fluorescent tubes, is
remarkably inefficient. Incandescent bulbs, which represent the mgor resdentid lighting source, convert
only about 5-6% of their power consumption into vishble light. Huorescent lighting, which dominates
industrid and commercid areas, iscongderadly better, with 25% energy efficiency, but nonethel esswastes
aggnificant amount of energy as heat.

Recently, the development of new materials, both inorganic and organic, have enabled the production of
white light using solid state technologies|[i.e., light-emitting diodes (LEDs) and organic LEDs or OLEDS].
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These new semiconductor-based lighting technologies promise to be more flexible, compact, robust, and
longer lived than vacuum-tube-based technologies. LEDs and OLEDs offer the possibility of exceptiond
control over color, hue, and intensity, and can even be modulated at high rates, offering the possibility of
smultaneous use for communications. But most importantly, LEDs and OLEDs offer opportunities for
energy savingsthat are truly enormous.

Based on proof-of-principle demongtrations of lasers and LEDs in the red and infrared, it is believed that
white LEDs operating at 50% efficiency might ultimately be produced. This corresponds roughly to an
efficacy of 200 lumens/Wait. (By comparison, incandescent and fluorescent bulbs aretypicaly 15 lumens/
Watt and 80 lumens/Wait, respectively.) Achieving the 200 lumensWeatt goa would have an immense
impact on dectricity consumption. It would decrease by 50% the amount of eectricity used for lighting,
and decrease by 10% the total consumption of dectricity. The reduction in the U.S. adone would be
equivdent to dl the dectricity consumed by resdentia homes in the states of Cdifornia, Oregon, and
Washington. Globa reductions of power consumption would be about 1100 hillion kWhyr, or about
$100 hillion/yr in rate charges. This corresponds to a reduction of about 200 million tons of carbon
emissons per yedr.

The materids physics advances that have enabled the redlization of white LEDs and OLEDs are different
for the two technologies. For LEDs based on inorganic compound semiconductor materids, the enabling
materia is GaN and other related nitride-based 111-V compounds including InN, AIN, and their ternary
and quaternary dloys. This class of materids is generdly referred to as wide bandgap semiconductor
compounds. For organic LEDs, the enabling materids include Alg3 (a flexible, light emitting polymer),
polyfluorene, and rel ated polymers and small molecule organic materids. In both cases, the materids have
become available only within thelast ten years, and much of their fundamenta physicsis poorly understood
at present. Progress has been rapid over the past decade, with inorganic white LEDs now producing 25
lumens/Wait, and organic OLEDs producing 6 lumens'Watt. However, much of this recent progress has
been due to rdatively uninformed phenomenologica explorations of parameter space, and it is widdy
acknowledged that without detailed scientific understanding of these materids, further progress will be
more difficult. Basic investigations of the physics of how these materias are synthesized, how eectron
transport occursthrough them, how didocations and other defects affect their properties, and fundamental
questions about band structure, impurity levels, dectron-impurity interactions, physics and chemistry of
electrica contact formation, radiative and nonradiative e ectron-hole recombination mechanisms, sponta-
neoudy formed micro- and nanogtructures, and degradation mechanisms at high current drive levels, are
needed. With detailed knowledge of the fundamenta science underlying these processes, it is expected
that we will be ableto specificaly tailor the properties of these materiads, so astoraisethe overdl efficiency
with which they produce visible light, increase LED and OLED lifetime and reiability, and lower the cost
by orders of magnitude.

New Scientific Opportunities

In order to achieve the 200 lumens/Watt god for the LED/OLED devices, the following isalist of pro-
posed scientific opportunitieswhich are broken into three categories. Theseare (1) inorganic wide bandgap
semiconductor LED materids, (2) organic OLED materids, and (3) energy converson materials and
asociated UV-gtable packaging materids.
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Inorganic Wide Bandgap Semiconductor Materials. The nitride-based 111-V compounds have a
number of properties not seen in other 111-V semiconductors. These include the lack of a native lattice-
matched subgtrate (the large stresses that develop in heterostructures due to lattice mismatches between
AIN, GaN, and InN) lack of a shalow level acceptor impurity for p-type doping; and poorly understood
and poorly controlled chemical vapor deposition growth processes. In this areawe propose research on:

Innovative growth methods for reducing defects and tailoring resdua stressesviainnovative syn-
thesis processes, as well as developing large area (diameter "'2") lattice-matching substrates.

Microscopic understanding of the role of doping, impurities, and their interactions with structura
defects. Specificaly, approachesto higher p-type doping levels, particularly for higher Al compo-
gtions.

Investigations of fundamenta processes involved in the chemica-vapor-deposition growth of ni-
tride materials. Novel growth reactor designs with improved repesatability, temperature control,

in-gtu growth monitors, and more efficient use of precursor gases should proceed with further
understanding of growth chemidry.

Nove light emitting device designs to reduce parastic resstances, increase interna quantum effi-
ciency, and increase light extraction efficiency with the am of tailoring the direction and amplitude
of the photonic dengity of Sates.

Organics. Organiclight-emitting diodes (OLEDs), dthough gill intheir infancy, hold tremendous promise
as an energy saving light source, but continue to face deep and broad technica chalenges. Performance
limitations can be partly attributed to the very low carrier mobilitiesin these materids. At present, green
OLEDswith efficiencies of 60 lumens/Wait have been demongtrated, but OLED lifetimes are observed to
drop dramaticaly as drive current dendties are increased to the levels needed for generd illumination.
Questions to be answered include:

What isthe chemica and eectronic structure of the materid interfaces?

Why are luminescent efficiencies so high in some organic materias as opposed to others?

Wheat controls the singlet-triplet exciton formation retio in conjugated materias?

Why do shorter wavelength (blue, violet) devices tend to have lower luminous efficacy?

Isit possible to modify materids to increase their sability in humid environments?

What are the intringc mechanisms that lead to materia degradation? How and why do these
mechanisms depend on drive current?

What is the chemical and dectrica structure of the eectrical contacts? What modifications can
increase performance?

Energy conversion materialsand UV-stable packaging. Phosphorsare currently in usein fluorescent
lamps, and anumber of high-efficiency phasphors which can yidd high-qudity, high color rendering index
(CRI) white light have been developed for fluorescents over the past several decades. However, the
current fluorescent phosphors were optimized for the wavelength of the mercury vapor discharge in
fluorescents, and are unsuitable for the >380 nm pump wavel ength gppropriate for white LEDs. Inaddition
to new “conventiona” phosphor materials, a number of other more novel approaches are possible. This

A-117



topic consders basic physics investigations of a number of different materids gpproaches to energy
converson for solid sate lighting, and the associated packaging materid in which the phosphors will be
distributed. Research is proposed on:

Nanocrystalline quantum dots (CdSe, ZnS, etc.) for use as “phosphors,” whereby the optoelec-
tronic properties are controlled by quantum dot size and surface treatments.

Nove inorganic semiconductor structures incorporating one or more near-surface quantum wells
that act as phosphors, absorbing light from the nearby active region and re-emitting a a longer
wavedength.

“Nanophosphors,” in which “conventiona” phosphor materid is produced on the particle sze
scae of afew tens of nanometers, diminating backscattering of light into the LED and enabling

highly efficient particle packing.

Nove encapsulant materidsthat will withstand high flux UV irradiation and elevated temperature,
block out moisture, and have smdl therma expansion coefficients.

Relevance and Potential | mpact

This PRD will be relevant to the programs a EE on (1) wide bandgap materias for photovoltaic power
conversion and control, (2) wide bandgap materialsfor sensing and logicin high temperature, high pressure
environments (e.g., down-hole sensing in oil wells), and (3) new polymers and other organic materias for
cheap, large-areasolar cdlls. The PRD will aso serve the non-energy related DOE needsin thefollowing
aspects: (1) wide bandgap materiasfor high power eectronicsfor synthetic gperture radar, and ultra-light
imaging radar sysemsfor Unmanned Aerid Vehides(UAV), (2) solar blind UV-photodetectors, for detecting
missile launch plumes, and (3) low power, compact UV sources for UV -fluorescence-based detection of
chemicadl, biologica, and nuclear wegpons of mass dedtruction. A particularly appeding application is
compact portable anthrax detectors.

Estimated Time Scale

More in-depth understanding on the device physics and degradation mechanisms in LED and OLED
devices could be achieved in 10 years. It will require up to 20 years to integrate these findings into
reaching the siretched performance goa's of 200 lumens/Wait of LED/OLED devices that are cost com-
petitive with incandescent and fluorescent light sources.

A-118



INNOVATIVE MATERIALS FOR NEW ENERGY TECHNOLOGIES

EXECUTIVE SUMMARY

The last decade has seen mgjor advancesin the fields of nanoscience and nanotechnology, advances that
now enable scientists to control the chemistry and arrangement of matter at length scales 100,000 times
gmadler than the width of a human hair. Because of the fact that eementary energetic processes naturdly
occur at these same ultrasmall length scales, these advances offer unprecedented opportunities to dra-
maticaly change the way we store, convert and use energy. Taking nature' s condtruction of cdls and
tissues as our inspiration, it is now possible to imagine building, from the “bottom up,” complex, hierarchi-
cd molecular organizations whose properties and functions reach far beyond those exhibited by their
organic and inorganic building block components. The am of this proposed research direction is thus
towards the development of innovative materids for new energy-related technologies.

In the area of energy conversion, nanocomposite polymer/semiconductor assemblies are sought for next
generation high-efficiency (~30%), low-cost solar cdlls for commercid and residentia use in sunny geo-
graphical locaes, aswdl as new thermoelectric materid sfor the converson of waste heet to dectricity and
novel membranes and catalysts for sationary fuel cells. The trangition to clean, renewable energy sources
for mainstream commercid, resdentia and trangportation applications further hinge upon substantial inno-
vaionsin energy sorage. The high interface per volume intringc to nanocomposite materias could open
the path to along-sought high-power, high-energy density, al solid-state rechargeabl e battery with perfor-
mance, cost and ES&H (Environmentd, Safety and Health) attributes that far surpass today’s very best
portable power storage devices. Looking even further into the future, chemical/molecul ar-based approaches
that mimic the biologica ATP-ADP engine would represent a revolutionary advance in energy storage.
Findly, innovative materias can play a centrd role in reducing commercid and resdentid energy usage,
which now accounts for ~37% of our totad domestic energy consumption, through more efficient and
durable building materids, and building dements that sense and respond to their environment. For ex-
ample, replacement of today’ s less-efficient fluorescent and incandescent lighting with organic light-emit-
ting devices would trandate to a huge energy savings, with an associated reduction in carbon emissons
from the energy points of origin, while “active’ materids sysems that could respond to dimatic/lighting
changes, such as phase-change building materids and smart € ectrochromic windows, could subgtantialy
reduce the energy spent on space heating and cooling (~35% of residentia energy use).

Summary of Resear ch Direction

Thelast decade has seen mgjor advancesin the fields of nanoscience and nanotechnol ogy, advances that
now enable scientists to control the chemistry and arrangement of matter at length scales 100,000 times
smdler than thewidth of ahuman hair. These advances offer unprecedented opportunitiesto dramaticaly
change the way we store, convert and use energy, because e ementary and highly efficient energetic pro-
naturally occur at these same ultra-small length scales. Taking nature' s congtruction of cdlls and
tissues as our inspiration, it is now possible to imagine building, from the “bottom up,” complex, hierarchi-
ca molecular organizations whose properties and functions reach far beyond those exhibited by their
organic and inorganic building block components. The am of this proposed research direction is thus
towards the development of innovative materias for new energy-related technologies.

An examplefrom energy conversion where nanostructured assemblies could favorably impact both energy
security and the environment isin solar cdll technology. Solar cells convert light to eectricity by absorbing
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light of sufficient energy to excite eectrons across the bandgap and into the conduction band of asemicon-
ducting materid. While slicon-based solar cells have been under commercid development for decades,
their widespread use has been precluded by cost and efficiency considerations. Solar cells based on new
materids, such as nanocomposite arrays of colloidal semiconductor nanorods embedded in a conductive
polymer, hold promise as an inexpensve route to high-efficiency (30%) energy conversion devices for
commercid and residentid use in sunny geographical regions. Other advanced energy conversion strate-
giesfor these sectors amilarly hinge upon materids devel opments, including thermoelectrics for the con-
version of waste heet to dectricity and membranes and catalyss for stationary fud cells.

Beyond energy conversion, great fundamenta research chalenges must be addressed in the energy stor-
age areng, particularly if clean, renewable energy sources are ever to graduate into maingtream use in the
commercial and resdentid sectors, as well as transportation. Here again, recent progress in controlling
materias structure and properties at the nanometer level can play an enabling role. For instance, the high
interface per volume intringi ¢ to templated, nanocomposite materias could open the path to along-sought
high-power, high energy density, al solid-state rechargeable battery with performance, cost and ES&H
attributes that far surpasstoday’ s very best portable power storage devices. Looking even further into the
future, chemica/molecular energy storage gpproaches that mimic the biologicadl ATP-ADP engine could
revolutionize the very way we harness and use energy to such an extent that the full implications of an
advance of this nature are difficult to project.

Findly, innovative materids can play a centrd role in energy security by reducing our commercid and
resdentia energy usage, which now accountsfor ~37% of our total domestic energy consumption, through
more efficient and durable building materid s and building e ements that sense and respond to their environ-
ment. An exampleisin the areaof lighting, which represents ~20% of the totd U.S. dectricity consump-
tion. Through basic research advances in organic and inorganic light-emitting materids, solid-state LEDs
with efficiencies nearing 50% may be attainable for large area diffuse illumination as well as locd, high
brightness sources. Replacement of today’s less efficient fluorescent and incandescent lighting would
trandate into a huge energy savings, with an associated reduction in carbon emissons from the energy
points of origin. Other rdlevant examples where innovative materias could lower energy consumption
include phase-change materids as structurd building eements and smart eectrochromic windows. Such
“active’ materias systems would respond to climatic/lighting changes to substantidly reduce the energy
spent on space heating and cooling (~35% of resdential energy use).

New Scientific Opportunities

The undisputed need for new approaches to harness, manipulate and conserve energy in the commercid,
resdential and industrid sectors dictates that basic research on innovative functional materias for energy
technol ogies be adopted as ahigh priority element of the BES portfalio. Thisis because, dmogt invariably,
the path to commercid redization of visonary energy technologies is obstructed by materids limitations.
Application of powerful, sate-of-the-art synthes's, molecular level processing, and computational model-
ing methods to address these key materias challenges affords exciting opportunities for future basic re-
search within DOE. Specific examples of energy technologies that might be enabled through such basic
science effortsinclude:

high efficiency (~50%) organic LEDsfor solid-gate lighting,
high efficiency (~30%) nanocomposite solar cdlls for eectricity generation,
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low cost catdysts & high sdlectivity membranes for sationary fue cdls,

thermoel ectrics for waste heat utilization, self-powered therma sensors and spot cooling,

high energy density, high power dengity solid-state rechargeable batteries,

reinforced lightwe ght composites for load-bearing gpplications,

high sengitivity/sdectivity sensors for optimizing energy usage,

functiona materids for high temperature’highly corrosve environments,

membranes for high efficiency chemica phase separation,

phase change materias for therma energy storage in building envelopes,

flexible, transparent, thin film conductors for organic LEDs, organic photovoltaics, and
electrochromic windows,

nanocomposite hard and soft magnets for sensors, eectric motors, actuators, transformers, and
magnetic refrigeration, and

biomimetic molecularly-based energy storage.

Bdow, more detall is provided for severd of the above technological examples, emphasizing how anew
generation of materids, congructed in a bottom up fashion from molecular- and colloidd-scade building
blocks, dlows for independent tuning of different materias properties that might normally be coupled or
otherwise difficult to redize.

Asoneilludrative example, sdf-assembled nanocomposite materid sincorporating semiconducting nanorods
and a hole-conducting polymer offer great promise for achieving low-codt, high-efficiency solar cdls,
wherein therod diameters and lengths coul d be adjusted to match the bandgap to the solar spectrum, while
the rod location and orientation could be controlled in the organic hole-conducting polymer matrix to
deliver eectrons and holes to their respective eectrodes. By combining rods suitably, it may be possble
to make multibandgap tandem cdlswith efficienciesrivaing those of the high end solar cells currently used
insatdlites, but instead manufactured by very high volumemethods, such asrall-to-roll processng. Tandem
cdllsof nanorod arrayswith varying rod diameters, for instance, could allow efficient capture of low energy
phaotons, whiletranamitting the high-energy end of the solar spectrum that could then be efficiently harvested
using an array of shorter nanorods. Development of new processing technologies for rapid, large-scde
manufacture of such devices, aswell aslow cost synthetic routes to the conductive organic and inorganic
nanorod components, is paramount if the god of affordable solar cellswith conversion efficiencies of 30%
or moreisto be achieved.

Consider, as another example, a thermoelectric materia that provides independent control of the
thermopower, and of the dectrical and thermd conductivity (a so cdled “phonon glass’ but dectron
conductor). A quantum dot superlattice of isodlectronic materials with many interfaces could perhaps
provide independent control of the dectricd and therma conductivity, while controlling the degree of
doping to place the Fermi level near apeak in the dectronic dengity of states could be used to enhancethe
thermopower. The tenability of such amateria and the development of alow cost processing technology
represent large materid's development chalenges.

High interface per volume materids offer other specia advantages in the energy storage arena as well,
particularly for advanced secondary battery technologies. For instance, nanoscale active e ectrode com-
posites (Li-alloying metd nanoclugters, Li-insertion metal oxide or metal phosphate nanoparticles) sdlf-
ass=mbled in a polymer ion-conducting matrix could engble dl solid, thin film batteries cgpable of high
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current rates, while accessing the full theoretical capacity of the active eectrode materia. The use of
nanosca e active components offers further promise to dramatically extend cycle life of rechargeable bat-
teries by enhancing stability to volumetric excursons that cause decrepitation of bulk eectrodes.

Molecularly designed organic or nanocomposite materids aso hold new opportunities for building-inte-
grated therma storage based on solid-solid phase trangtions. Here the chdlenge is to find inexpensive
materids sysems that exhibit inherently high heat storage capacity over atunable temperature range with
minima cyclic expanson/contraction through the phase trangtion and no specia isolation requirements.
Despite the tremendous potential savings in energy such a technology could offer (space heating/cooling
represents 35% of resdentia building energy use), materids studied to date for this gpplication have been
relatively primitive, off-the-shef sysems (eg., paraffin). Bringing the full force of recent materids ad-
vances to bear on thistechnology chdlenge could yidd atremendous payoff in reduced energy consump-
tion.

Findly, light weight reinforced composites could be envisaged where congtituents could be added for
control of specid physica and mechanica properties. Such materialswould have acombination of differ-
ent functiona propertiesin addition to providing load-bearing capacity.

In the development of such functiond nanostructured materids, computer smulation will likely play an
increasingly important role.  Electronic structure caculations, for example, can be usad to predict the
€lectron and phonon energy statesin nanocrystals and how they differ from their parent 3D bulk materials,
thereby enabling thefirgt-principlesdesign of amaterid’ soptod ectronic properties. Smilarly, recent years
have seen great progress in describing the properties of systems of long chain molecules through compu-
tationa gpproaches such as advanced Monte Carlo and molecular dynamics methods, self-consistent field
models and phase-field cdculations. Modeling the equilibrium and trandent behavior of polymer/ inor-
ganic nanocomposites of the types discussed aboveis made challenging by the enormousrange of relevant
length scales (angstroms to millimeters) and time scales (picoseconds to days) that characterize the struc-
ture and motion of the different components.

Relevance and Potential | mpact

Much of the basic research in materias caled for in this PRD could directly benefit existing gpplied energy
programs under the DOE. Especidly, specific efforts such as sensors, phase-change building materids
and materids for solid-date lighting could feed into the DOE's Energy Efficiency program. Similarly,
nanocomposite-based solar cdlls, materiadsfor fuel cellsand novel energy storage materials could nourish
the DOE's program on Renewable Energy. For mogt of the innovative materials concepts discussed
herein, theimpact of each materids breakthrough would affect multiple energy technologies, and in some
cases, extend well beyond the interests of DOE, such asfor lightweight reinforced composites.

Estimated Time Scale

Experiencein the materia sindustry has taught that commercid development of new materidsisalong and
often cogtly process, requiring typically about 10 years from the earliest development stages to full com-
mercidization. One can project that asmilar time frame might be needed to lay the basic scientific founda
tions underpinning the energy-related materias technologies described herein, given that sufficient, dedi-
cated monetary resources were made available. This inherent lag time to payoff argues for immediate
DOE investment, if energy security is to be effectively addressed within the next decade. 1t must be
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emphasized tha the vison here is not incrementa, but encourages the possibility of discovering entirdy
new ways of harnessing, manipulating, converting, or consarving energy. Itiscritica that gppropriatelong-
term investments be made to guarantee advancesin functional materids for future energy technologies.
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MULTILAYER THIN FILM MATERIALSAND
DEPOSITION PROCESSES

EXECUTIVE SUMMARY

Multilayer thin films conggting of nanoscae microgtructures exhibit a wide range of superior physica
properties, which have found many applicationsin the resdential, commercid and industrid sectors. One
exampleisthe use of thin film multilayer coatings on glass, with the film thicknessin the range of 5- 50 nm,
to reduce heating energy usein buildings. These coatings can reduce hegt loss in winter (up to 30%) and
heat gain in summer through windows. (Windows in buildings account for about 4% of dl U.S. energy
consumption, at a cost of about $30 billion/yr.) Other applications based on multilayered structures in-
clude, but are not limited to, wear- and erosion-resistant coatings, magnetic recording media, and reflec-
tive x-ray mirrors. These applications are mainly driven by the significant improvement in properties
derived from the manipulation of nanoscale structure. In order to propel new scientific revolutionsin the
goplication of multilayer thin film materias, sgnificant advancesin the design, synthess, and deposition of
these nanoscale multilayers need to be achieved. The mgor research directions proposed involve (1)
development of anew generation of coating materia swith optical, photochemical, and other functiondities;
(2) credtion of explicit mechanistic models that alow precise control and prediction of coating properties
based on deposition conditions and film growth chemigtry/kinetics, and (3) development of the next gen-
eraion of thin-film deposition techniques and in-Stu characterization tools.

Summary of Resear ch Direction

The performance of many materias in buildings is influenced by surface opticd and thermd properties.
Thisismost readily gpparent in surfaces that influence sdlective solar energy transmission, absorption and
rgection. Conventiona solutions for energy control are often based on manipulation of bulk materids
properties. Modified surface properties can effectively control radiant energy flows. The ability to modify
surface properties using specific coating structures and chemistry could provide exciting new energy con-
trol functions.

One important class of surface coatings is based on thin film multilayers. Higtoricdly multilayer coatings
weregppliedinsmadl aressat high cost (e.g., multilayer antireflection coatingson lensesat costsof >$1,000/
n?). Over the last 20 years a variety of new controllable, high rate, deposition technologies have been
developed that are capable of producing very high performance multilayer coatings at low costs, $0.10-
$10.00/m?. Exigting deposition processes include sol gel, evaporation, sputtering, chemical vapor depo-
gtion, etc. Coatings may range from 5-5000 nm in thickness, with stacks which may range up to 50 layers.
Each deposition process has strengths and weaknesses with respect to available source materials, coating
thickness and uniformity, deposition rate, film stoichiometry, morphology and microgtructure, etc. Severd
of these production processes have been adopted on a very large scale. For example, low-emissivity
coatingswith 5-20 layerswith atota thickness of 60-150 nm are manufactured in volume (50 Mne/yr) by
reactive magnetron sputtering on sheets of glass 3 x 4 m and on plastic webs 2 m wide.

A new generaion of products based on thin film coatings is currently being researched, including:

€electrochromic window coatings that dynamicaly control sunlight transmisson;
photovoltaic devices to convert sunlight to dectricity;
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touch screens for input to computer systems; and
organic light emitting diodes for energy efficient lighting.

Although commercidly viable processes are available for some applications, there are seemingly funda-
mental limitations to each processthat congrain its applicability. Most of the deposition processesinvolve
complex chemical reections (e.g., CVD) or energetic plasmas (e.g., sputtering). Current thin film process
technology isbased on semi-empirical experiencein optimizing these complex deposition processesrather
than a firgt principles model of the process that would dlow a “materias-by-design” gpproach to new
coating developments. Furthermore, optica properties of materids used in these coatings are often highly
dependent on depogition conditions (e.g., substrate temperature, pressure, gas flow rates for reactive

Sputtering).
New Scientific Opportunities

Coating Materials and Systems. A firs generation of static optica coatings (coatings that reflect long
wave radiation, and spectrally sdective coatingsthat reject solar infrared radiation) are well established in
the marketplace. These are based largely on silver-based sputtered coatings that are antireflected to in-
crease trangmittance using dielectric layers. There are numerous additiona energy efficiency applications
for buildingsthat will benefit from an aggressive effort to devel op and synthesize new materiads sysemsfor
these gpplications. One of the more interesting but challenging opportunities is the development of a new
generation of opticaly active eectrochromic windowsin which asmall control voltage can induce alarge
changein optica dengty. First generation prototypes are emerging but do not yet meet functional and cost
requirements. Novel materias systems could provide enhanced performance, longer life and lower pro-
duction cogts. Dynamic redirection of sunlight using opticaly active coatingsisachalengethat has not yet
been achieved. Holographic coatings or layerswith controllable index of refraction might provide suitable
control mechanisms. Trangparent conductive coatings that meet functiona objectives and other energy
control functions, as well as cost objectives for organic LEDs, remain technica chdlenges.

Deposition Systems. A key breakthrough and enhancement of thin film deposition sysemswould extend
industry’ scurrent large investment in these production facilities. A primary objective would bethe cregtion
of explicit mechanistic modes that alow prediction of coating properties based on accurate models of
deposition conditions and film growth chemistry and kinetics. Currently, process parameters are deter-
mined by empirica “twesk and look” gpproachesthat offer little opportunity for breskthroughsin materias
design. Understanding the close relation between manufacturing process parameters and the local
thermophysica and chemica environment at the point of film nuclegtion and growth, and the resultant bulk
and surface properties of materids, is crucia for a breakthrough in the progress in coating developments
that could lead to the next generation of thin film technologies. Modifications to conventiona deposition
approaches can providethe ability to achieve new film propertiesusing “ conventiona” materias. Energetic
deposition by Filtered Arc or by Pulsed Magnetron sputtering with biasing techniques, for example, isan
emerging technology for the formation of smooth, dense films that show improved adhesion, enhanced
refractive index in the case of oxides, and diamond-like bonds in the case of carbon. Another exampleis
the development and application of a plasma-ass sted sputter source that can increase the depostion rate,
thus reducing cods, and can improve the stoichiometry of compound films used in multilayers. Some
deposition processes with these new capabilities might be inherently unstable and require red time process
control to achieve and maintain optimal deposition conditions. A new generation of sensors that provide
redl time, in-Stu optica, chemica and spectroscopic information may be required.
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Relevance and Potential | mpact

The combination of novel materias produced using these more versatile deposition systems could provide
revolutionary advancesin optica coaingsfor energy efficiency in buildings. Because they build on existing
industry experience with related technologies they have the potentid to be widely adopted by industry,

once the basic R& D problems have been solved.

There are numerous opportunities to use high performance thin film coatings to reduce energy use in
buildings. For example, heat loss and heat gain through opaque building surfaces occur in part because of
the surface radiative properties which can be readily controlled usng thin film coatings. Energy flows
through glazed openings are even larger and can a so be controlled using coatings on glazed surfaces. One
exampleis control of cooling loads through windows. Approximately 1 quad of resource energy worth
about $10 billion/yr isdirectly associated with cooling performance of windows. An equivaent amount of
energy could aso be captured if daylighting systems displaced dectric lighting in the perimeter zones of
buildings.

Estimated Time Scale

Initia useful results could be achieved by an aggressve program in 3-5 years. To further improve coating
performance and processes that will increase durability and manufacturability as well as enhance the re-
quired energy control properties, 5-10 years might be required.
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Cross-Cutting Research and
Education

Nanomaterials

Preparing Tomorrow’s Workforce for the Energy Challenge
and Heightening the Public’s Awar eness
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NANOMATERIALS

EXECUTIVE SUMMARY

New materids engineered on the 1-100 nanometer length scde will play a vitd role in future energy
technologies. It ison thislength scale that the dectricd, therma, mechanical, optical, and chemica prop-

erties of materids have dways been determined. As nanoscale science and technology are developed,
new materials of revolutionary capabilitieswill emerge. High temperature superconductors and strained-

layer superlattices are two current examples of nanoengineered materiads of greet energy rlevance. Single-

walled carbon nanotubes in their various forms are among the leading candidates for future examples.
They have properties that could lead to transforming advances in fuel cells, batteries, capacitors,
nanoel ectronics, sensors, photovoltaics, therma management, super-strong lightweight materias, hydro-

gen storage, and eectrica power transmisson. Continuous fibers composed of single-walled carbon
nanotubes of aspecific type (the so-called “armchair” tubes) are expected to have an dectrical conductiv-

ity amilar to copper, therma conductivity Smilar to diamond, and a tendle strength 10-100 times higher
than sted while having only 1/6th the weight. Since the carbon nanotubes behave as individua, balistic
guantum conductors aong the tube axis, but have much less conductivity perpendicular to this axis, eddy
current losses in the macroscopic spun carbon nanotube wire may be vanishingly small. When apractica
schemeis developed to produce these nanotube “ quantum wires’ at alarge scale and low cogt, they may
replace the copper windings in dectric motors, and enable eectric power transmisson lines of much
greater length and efficiency than currently possible. Support of the underlying basic science thet leadsto
such new nanomeaterias should be a prime objective of basic energy research.

Summary of Research Direction

Basic research within the DOE Office of Science has dways concentrated heavily on the chalenge of
discovering new materids and undersanding their behavior at a fundamentd level. Over the years this
research has concentrated increasingly on the nanometer length scale, to the point that now it ishard to find
an important materias research topic that does not qualify at least broadly as nanoscale science. During
the course of thisworkshop it became abundantly clear that nanoscale materia s science continuesto be of
critica importancein thefuture of dl energy technologies. In many casesit isthe sngle most limiting issue.

Rather than summarizing the vast range of new opportunitiesin nanomeaterias, this cross-cutting PRD will
focus on just one: single-waled carbon nanotubes. The possibilitieswith just this one line of research are
enough to occupy researchers for decades to come.

New Scientific Opportunities

Single-walled carbon nanotubes (swnt) can be visudized as sort of nanoscale soda straws formed from a
sngle atomic layer of graphite cut into along strip, then curled up and seded seamlesdy dongitslength to
form along hollow tube about one nanometer in diameter. The ends of the tube can ether be open or
closed with a hemispherical dome of carbon to form a closed hollow molecule that is a member of the
fullerene family — it is an eongated “buckybal”. These sivnt molecules can, in principa, have any length
from afew nanometersto many metersin length, athough typica methods now make them afew microns
long. The longest ones prepared thus far by any method are no more than a few millimeters in length.
Since the graphene sheet has the highest Y oung’s modulus of any materid, these carbon nanotubes have
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both a high longitudina extensond modulus (~ 1GPa), and an extremely high bending stiffness. When
forced to bend or twist the tubes buckle, much like a soda straw. But when the stressis relaxed they are
found to snap back straight with no damage. In addition to this extremely high bending toughness, the
tubes are predicted to have an exceedingly high tensile strength in the range of 10-100 times higher than
ged, but with adengty of only 1.3 g cm?.

It is perhaps best to think of these tubes as anew polymer, afollow-on to nylon, polyethylene, or Kevlar.
Likethese earlier fests of polymer engineering (which are themsdves marvel ous examples of nanctechnology),
the new single-walled carbon nanotubes can be made from cheap gas phase carbon feed stocks such as
methane or carbon monoxide, using acatalys that stays attached to the “live” end of the growing polymer.
Over the past decade methods have been developed to produce these tubes with good quality in gram
amounts, and thus far with dightly lesser qudity in kilograms. With intense research it is reasonable to
expect that large-scale indugtrid production of this new dl-carbon polymer will be possible at low cog,
and that over time revolutionary new catalysts and processes will be found to produce swnt with precise
control of length, diameter, and type, Smilar to the revolutions that have occurred in polyolefin production
inthelast century.

Each swnt “buckytube’ is uniquely specified by a pair of smal integers (n,m) which define just how the
grip of hexagond grephiteiscut. The diameter of the tube ranges from 0.6 to 3 nm depending on the sum
of the two integers, n+m, while the dectrica properties of the tube depend on the difference, n-m. If n-
m=0 the nanotube is a one-dimensona metalic conductor. If n-m =3, 6, or some higher multiple of 3, it
isasemi-metd. Otherwisg, if [n-m| mod 3 > O the tubeisadirect bandgap semiconductor with abandgap
in the range of 0.8-1.4 eV, depending on the exact vaues of n and m. Just as with more traditiond direct
bandgap semiconductors, such as GaAs, these semiconducting nanotubes have been found to be good
light emitters directly across the bandgap, except here they do this on a nanometer scale. The semicon-
ducting tubes have been used to produce the world's first Sngle molecule transistor, operating in air a
room temperature.

The n=m metdlic tubes, which aretermed the* armchair” tubes becausetheir open endsresemblethearms
and seet of achair, are now known to be sensational dectrical conductors, rivaling copper. They are such
good conductors because they are quantum “light pipes’ for dectrons, and they have extremey long
coherence lengths.  Current caculations indicate that an eectron traveling in a bdlistic quantum wave
packet down one armchair tube can hop onto an adjacent armchair tube with no loss. If thisturns out to
be true in practice, we may find that a fiber soun from al armchair swnt tubes will have an eectricd
conductivity smilar to copper while having only 1/6" the weight. Such a bucktube quantum wire should
have extremdy smal eddy current losses since the trangport properties are good only as long as the
longitudind momentum of the electron is consarved. Experiments have dready shown that swnt can be
spun into continuous highly digned fibersfrom asulfuric acid spinning medium, much likeKevlar. 1t may be
possible to devel op such atechnology on amassscae. These armchair quantum wires may someday be
thelogica replacement for copper and a uminum wiring throughout commercial and domestic gpplications

Relevance and Potential | mpact

Thefact that these swnt buckytubes are the best dectrical conducting polymersthat we have ever discov-
ered suggests they may beinvolved in revol utionary improvementsin nearly every technology where dec-
tronsflow (e.g., fud cells, batteries, capacitors, photovoltaic devices, memories, logic, and interconnects
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in computers and sensors). If the armchair quantum wire has the properties projected above, and if it can
be madein large amounts at low cogt, it may enable atruly worldwide dectrica energy grid.

Space Based Solar Power. NASA hasrecently taken afresh ook at the notion of solar power satellites,
and this notion has been the focus of an NRC study. Thereis plenty of power to be had from space in
geosynchronous orbit, easily the additional 10 TWe that is expected to be needed by the year 2050.
However, to make thiseconomically feasible breakthroughs must be madein awiderange of technologies.
Nearly dl of which could be facilitated by nanomaterids, especidly those made with single-waled carbon
nanotubes,

Carbon-nanotube-based materia s may enable dramatic reductionsin the weight of rockets and aerospace
vehicles. They may enable condruction of huge structures in space, including the structurd support, the
PV arays, trangport of waste heat to therma radiators, and the field emitters used in the high power
microwave generators. Through their use in nanoel ectronic computers, memories, and sensors they may
enable dramatic developments in autonomous robots that, with artificid intelligence, are able to construct
and repair these huge, complex, orbiting structures. The swnt will be useful aswell in congtruction of the
necessary rectenna arrays on earth, and the dectrica power transmisson grid and loca energy storage
that handle the power beamed down from above. Also enabled will be the notion of Lunar-based solar
power. This may very wdl be the way the world' s energy chdlengeisfinaly met by the year 2100.

Estimated Time Scale

Maor developmentsin thefirst commercia swnt gpplications may be expected within the next few years.
Applications in fud cdls, supercapacitors, lithium ion batteries, flat pane fidd emisson displays, and
eectromagnetic interference (EMI) shidding will likely happen within the next 10 years. Continuoudy
spun swit fibers and “ quantum wires” may aso be available within thistime period. Full redization of the
opportunities afforded by swnt could ill be unfolding decades in the future.

A-131



PREPARING TOMORROW’'S WORKFORCE FOR THE ENERGY
CHALLENGE AND HEIGHTENING THE PUBLIC'SAWARENESS

EXECUTIVE SUMMARY

This proposed research direction aims at atracting a critical mass of students in physica sciences and
engineering to take up the energy chalenge, and at rasing the awareness of the public, including scientids,
in today and future chalenges and opportunitiesin energy.

Thereis an urgent need to cultivate basic research in energy and to redress the baance of the number of
students in physical sciences and engineering. The proposed research direction offers the opportunity to
achieve world dass education and technica training by communicating the joy and excitement of the
energy chalengeto young adults, thereby raising the pupils awareness and inspiring them with unique and
exciting missons that will meet therr life idedlism and career ambitions.

To achievethese godls, it is suggested that DOE compile background materia on the theme* In Search of
Terawaits” Background materid includes, for example, PowerPoint dides highlighting the grand chd-
lengesin energy for this century, both from a scientific/technological and societa perspectives. This back-
ground materia will be prepared by DOE gtaff and will be distributed to DOE-supported scientists. It will
condtitute the basis for public talks intended for primary and secondary schoals, universities, and other
public places.

Though it is acknowledged that the National Science Foundation aready invests massvely in educationa
programs, it is believed that the paramount magnitude of the energy problem and its urgency judtifies that
DOE undertakes this proposed research direction.

Summary of Research Direction, Relevance and Potential | mpact

The chdlenge in securing clean, chegp and abundant energy for this century has long been overlooked.
Responding to this chalengeis both time-critical and complex.

Today, globaly energy consumption is 13 TW per year, 25% of which is consumed by the American
population. Experts and scholars agree that annualy 50 TW of energy will have to be produced to supply
enough energy to the 10-12 hillions worldwide population expected in the year 2050. None of today’s
technologies or a combination of them can fulfill this demand. In fact, meeting the Terawatt Chalenge,
while complying with environmenta requirements, will necessitete not only revolutionary scientific bresk-
throughs but aso the mobilization of a critical mass of high skilled researchers, scholars, and students, as
well as the continuous support from the generd public. Preparing tomorrow’s workforce to the energy
chdlenge and educating the public are two enabling forces that support and complement research and
development in energy.

In other words, strong human capital and outstanding technicd talent are some of the many potentid game-
changers for securing our energy future and strengthening U.S. international competitiveness and leeder-
ship. The successin achieving this god rdlies heavily on our ability to atract the best sudentsin physicd
sciences and engineering and to attract them in alarge enough quantity.

During the 20" century, massive federa investimentsin basic and gpplied research after World War |1 and
the Sputnik misson have greetly contributed to the growth of the number of scientists and engineers, as
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illustratedin Figure8-1. Inthemid-1990sthough,
the growth was mostly due to the influx of for-
eign-born sudents, mosily from China. Today,
nearly haf of the tota number of U.S. Ph.D.
degreesawarded every year inphysicsisearned
by students coming from oversees.

The American higher education sysem is|oos-
ingitsedgein educating scientistsand engineers.
Figure 8-2 indicates that the U.S. has had one
of the lowest growths of Ph.D. degreesin engi-
neering and natural sciences between 1990 and
1999. Chinaisgrestly contributing to theworld-
wide growth of scientists and engineers. The
same trend is observed at the undergraduate
leve. In fact, the number of students in engi-
neering and naturd sciencesat thebachelor leve
increased by afactor of 1.4intheU.S. between

Number of Ph.Ds
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Sputnik
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Source: AIP Year

TOTAL - - - - U.S. Citizens - - - - Permanent Visa - - - - Temporary Visa

Figure 8-1. Physics Ph.D. degrees
awarded in the U.S.

1975 and 1998, while that of Pacific Rim tripled over the same period of time. For thefirgt time, the pool
of scientists and engineers worldwide is expanding faster in the Pacific Rim than inthe U.S.

Clearly, the production of U.S. Ph.D. degrees in engineering, physics and chemisry (including U.S. and
non-U.S. citizens), normdized to the gross of domestic product, has drastically decreased sincethe 1970s,
reaching ever-lowest levelsin 2001 (Figure 8-3). During the past decade only, the number of U.S. gradu-
ate students has decreased by 26% in physics, 19% in mathematics, and 10% in chemistry. Engineering
though experienced a modest growth between 1885 and 1992, but has falen since then.
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Figure 8-2. Trendsin Ph.D. degrees granted
between 1990 and 1999.
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Figure 8-4. U.S. R&D funding as a percentage
of GDP, by source.

The decline in the number of the U.S. graduate
dudents in physicd sciences and engineering is
directly linked to the disinvestment of the federa
government in research and development (Figure
8-4). The federa share of totdl U.S. R&D fund-
ing has decreased from 65% in 1965 down to
26% in the year 2000. Today, more than haf of
the U.S. R&D funding comes from the indudtrid
sector, emphasizing the devel opment of new prod-
ucts at the expense of basic discoveries.

The same trend applies for public investment in
energy. The federd government has dragticaly
disnvested in energy R&D during the 1980s. In
the year 2000, the energy share of the total fed-
eral R&D budget was 1.4%, compared t012%
in 1980.

In addition to the burdensome decline in the number of American students in physical sciences and engi-
neering, the U.S. will soon experience difficulties in renewing its highly quaified technical workforce. The
energy industry has long experienced difficulties in recruiting trained workforce. Moreover, the scientist/
researcher labor pool isageing. Thetota number of retirements among workers holding degreesin science
and engineering will increase sgnificantly over the next 20 years. Meanwhile, the demand for physica
scientistsand engineers by theyear 2010 will increase by 18% and 9%, respectively, accordingtothe U.S.

Bureau of Labor Statistics.

The decline of student enrollment and the rdatively low attractiveness of scientific careers will make it
difficult to renew the U.S. skilled workforce. For example, academic positions in physics and chemistry
arefinancidly poorly rewarded, asillustrated in Figure 8-5. The average faculty sdariesin chemistry and
physics departments is 20-46% lower than those in law and business schools.

In summary, federd disnvestment in science

and engineering basic research, skills short-

ageand low attractiveness of scientific careers
are wesknesses that are likely to hamper the
rate of innovation, thereby undermining U.S.
competitiveness over the coming decades.

There is a pressing need to reverse these
trends: Strong human capital and skilled
workforce are key assetsto maintaining U.S.
leadership in a knowledge-driven world

€conomy.
It is recommended that DOE play akey role

inraising theawareness of scientists, sudents,
and the generd publicin the energy chdlenge
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Figure 8-5. Averagefaculty sdariesat 4-year
ingtitutions, 2001-2002.
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and education issues. This can be achieved by compiling some background materid informsof PowerPoint
dides on the theme: “In Search of Terawatts” This background materid will include data and facts on
energy that will reflect the needs for today and tomorrow’s scientific grand chalenges, both &t the aca-
demic and indudtrid leve. 1t will include, for example, data.on funding research in physica science, energy
consumption, production cost of dectricity by source (cod, nuclear, gas, oil, wind, solar, and geothermd),
energy reserves, energy cods versus efficiency, energy conversion, storage and distribution, population
growth, and environmenta issues. This background materia will be distributed to DOE-supported scien-
tiststo help them build public talksfor K-12 students, undergraduate students, teechers, scientists, and the
generd public.

Mass communicetion of the energy chalenge to a broad audience will likely generate informed interest
among the public and, more importantly, among the sudent community.

This proposed research direction, “ Preparing Tomorrow’ s Workforcefor the Energy Chdlenge,” will have
unprecedented impact on the redlization of the scientific endeavor for solving the single most important
chdlenge of this century: producing annudly 50 TW of clean, cheap, sustainable and abundant energy by
the year 2050.

Such aninitiative will captivate the imagination of children, students, teachers, researchers and the public,
and therefore contribute to developing the garden of science. If appropriately funded and supported by
federd agencies, this could have a smilar impact asthat of the Sputnik mission.

Sour ces

Science and Engineering Indicators 2002, National Science Board (NSB), Arlington, VA: Nationd Sci-
ence Foundation, 2002 (NSB-02-1).

American Indtitute of Physics (AIP)
American Chemicd Society (ACS)
American Association of Engineering Societies (AAES)

College and University Professond Association for Human Resources
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Energy Biosciences Research

Energy Biotechnology: M etabolic Engineering of Plantsand
Microbesfor Renewable Production of Fuelsand Chemicals

Genomic Toolsfor the Development of Designer Ener gy
and Chemical Crops

Nanoscale Hybrid Assembliesfor the Photo-1nduced
Generation of Fuelsand Chemicals
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ENERGY BIOTECHNOLOGY: METABOLIC ENGINEERING OF
PLANTSAND MICROBESFOR RENEWABLE PRODUCTION OF
FUELSAND CHEMICALS*

EXECUTIVE SUMMARY

Emerging knowledge in functiond genomics and molecular technologies provides new opportunities for
the rationd genetic improvement of plants and microorganisms to produce renewable sources of fue and
chemicds.

Plants are the primary producers of fixed carbon. During the past 10,000 years, plants have been exten-
svely modified by humansto improve the production of food, feed, and fiber. An understanding of funda
mental mechanisms that govern plant growth and development will dlow the design of plants that can
contribute to future energy security. Thiswill require the ability to control plant architecture and compos-
tion (lignin, cdlulose, hemicellulose, garch, and ails), dong with improvements in the energy-efficiency of
plant production (reduced nutrients, water, and land requirements) and an expansion in the range of envi-
ronmentsthat can be used for cultivation (salt tolerance and stressres stance). |mproved genetic control of
plants will alow production of novel biomaterias and increased efficiencies in renewable fud production.
Further advancesin the fractionation of biomassinto individua components using physica, enzymétic, and
chemica treatments offer major opportunities for cost savings.

Metabolic engineering of new microbid biocatdysts offersthe potentid to produce novel biomateridsand
chemicds that will serve as renewable aternatives to materiads currently produced from petrochemicals.
These improved microbia biocatalysts are required to expand the range of useful conditions for indugtria
fermentations and reduce costs through process smplification. Substantial cost savings can dso be red-
ized by the development of biocatalyststhat produce enzymes (e.g., cellulase, xylanase, etc.) for carbohy-
drate depolymerization as coproducts during fermentation, €liminating the need for separate enzyme pro-
duction facilities. Application of biochemica and genetic principles provide mechanisms for the rationa
design of improved enzymes concerned with the depolymerization of plant constituents and production of
useful chemicals. Recent expansion in genomic sequences from microbes and plants provides avast tool-
kit of genes and enzymesthat can now be recombined and used to provide clean and sustainable solutions
to our current dependence on imported petroleum.

Summary of Resear ch Direction

Fossil fue isthe resdue of ancient plants and microa gae that formed vast deposits of petroleum, cod, and
naturd gas. The ancient photosynthetic processes that produced these reservoirs of fossl energy aso
shaped our climate and the composition of our atmosphere. Storage of carbon in relaively inert fossl
forms reduced atmospheric carbon dioxide and other compounds associated with planetary hegting, and
produced our oxygen-rich atmosphere. The vast scale of contemporary photosynthetic processes offers
the opportunity to replace part of our dependence on fossil residues for energy and chemica feedstocks

*This document incorporates portions of the Renewable and Solar Energy Team's Proposed Research Direction
entitled “ To Displace Imported Petroleum by Increasing the Cost-Competitive Production of Fuelsand Chemicalsfrom
Renewable Biomass by a Hundred Fold.”
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with contemporary sources of renewable biomass. Biologica transformations of renewabl e biomass mate-
riasaso offer the opportunity to displace current petroleum-based chemicasand plasticsusing renewable
and environmental ly-friendly processes.

Approximately 0.2% of the current U.S. energy needs are supplied by renewable biomass, principaly
direct combustion (hesting or eectricity) or ethanol as afud extender and oxygenate (providing 2 billion
gal/yr or 1.3% of tota automotivefuel). Because of advancesin genetic technologies, there are mgor new
opportunitiesto increase the primary production of fuel and chemica feedstocks by genetic modification of
plants for increased yield of useful condtituents. In addition, there are important opportunities to improve
technologies for the solubilization and conversion of plant congtituents by the gpplication of our emerging
knowledge of microbia genomics. Broad implementation of biomass as a primary energy source in the
U.S. and dsewhere will depend upon the genetic modification of plants to expand the range of soil envi-
ronments for productive cultivation, to minimize nutrient requirements, and to increase crop productivity
(tong/acre per year). These improved plants will become the feedstocks of the future. Thisisalong-term
god where sugtained invesment in fundamental research isessentia. Resultsfrom theseinvestigationswill
serve as a guide for the rationd design of future improvements using a combination of traditiond and
molecular approaches.

To redlize Sgnificant increases in primary biomass production, a systematic research program on plant
metabolic engineering is imperative. An important objective should be to understand the mechanisms
involved in the synthesis of cdl wal polymersthat are the principa congtituents of biomass. Additionaly,
a focus on metabolomics, enzyme design and engineering, and metabolic modding will be integrd to
achieving improved primary productivity of biomass and chemical feedstocks derived from carbohydrates
or lipids. Understanding the factors that control plant adaptation to the environment and disease will dso
beimportant to maximizing yield and dlowing the utilization of margina land for biomass production. Aress
of particular interest include salt tolerance, meta tolerance, and more efficient use of water and nutrients.

Research on microbia systems should focus on the devel opment of improved bioconversion processesto
produce chemicas (ethanol, longer chain dcohols, fatty esters, etc.) that can be blended with currently
used automoative fuels (gasoline, diesdl) and on the development of microbia processes for higher vaue
coproducts (commodity chemicals, bio-based plastics) that displace petroleum and increase revenues.
Under-utilized residues from agriculture and forestry, with little or no current vaue, represent a potentia
source of feedstocks for this area of application. Approximately 30 million tons of corn is currently con-
verted to fue ethanol inthe U.S. by amature industry using very efficient processes that take advantage of
the highly digestible nature of starch by microbia enzymes. Whilethis can continue to expand and make an
important contribution to the energy security of our nation, the energy intensve nature of corn farming and
competing uses of corn as food and feed will prevent the substantial replacement of automotive fue by
ethanol from corn done. In contragt, the use of inexpensive lignocdlulosic residues as feedstocks should
have minimal impact on consumer codts for the primary products from agriculture (food, feed, and fiber).
Thisnew use represents an expanded benefit with minima investment of additiona energy. Additiond fues
from lignocdlulosics can be blended with gasoline to reduce petroleum imports while maintaining the
benefits of corn-based ethanol production.

The high capital cost and increased risk associated with process complexity have thus far blocked the
indugtria implementation of many promising new technologies for production of biofuels and chemicas.
Much of this process complexity can be reduced through the genetic engineering of improved microbia

A-140



biocataydts, the genetic improvement of plants for specific gpplications, and by improvements in plant
fractionation technologies that increase efficiency and reduce cogts.

New Scientific Opportunities

Many aspectsof process complexity can beimproved by the gpplication of knowledge from microbia and
plant genomics. Genomic sequences provide a catal ogue of genes that can be used to dter cdlular struc-
ture, composition, and function. These sequences provide a Sarting point for our understanding of inte-
grated processes that limit the growth of plants, efficiency of water and nutrient use, the partitioning of
photosynthate among cdllular congtituents, tolerances to extreme environments, and bioconversion pro-
by microorganisms. An exciting opportunity isto build on this knowledge base by discovering the
corresponding gene functions and physiologica activities. Our increasing knowledge of plants should dso
support the genetic modification of plant composition for specific bioconversion processes. Understand-
ing the fundamental mechaniams that regulate the partitioning of photosynthate between carbohydrate
polymers (cellulose, hemicdllulose, starch), protein, lipid, and lignin should now alow rapid improvements
in modifying plant compostion for fuels and chemicas. For ingance, increasing the lignin content with
reduction in carbohydrate content would increase the energy density of plant resdues intended for usein
combustion.

Cdlulose depolymerization by enzymes is arguably the single most expensve step associated with the
bioconversion of lignocdlulose to fuels and chemicas. Increased understanding of the molecular mecha:
nism of glycohydrolases may lead to creation of more efficient enzymes that resst product inhibition.
Additiond gpproachesinclude the co-production of glycohydrolases by the microbid biocatalysts during
fermentation and the co-production of glycohydrolases in the tissues of plants prior to harvesting for
bioconverson. Significant reductionsin added cdlulase will also be achieved by improved understanding
of the fundamenta chemica and physca processes involved in the fractionation and solubilization of
biomass.

Relevance and Potential Impact

The efficiency with which we have converted foss| biologica energy sourcesinto fuds and chemicas has
alowed atremendous expansion in population and improvement in the qudlity of life throughout the indus-
tridized world. As we look toward a future that must rely upon aternative energy sources, the same
fundamental biological processes that created fossl deposits and our oxygen-rich amosphere can be
harnessed to provide a renewable source of energy and chemicals. Traditiona plant breeding coupled
with chemica and microbia conversion processes has alowed tremendous increases in the production of
food and food products over the past century. The application of the emerging field of metabolic engineer-
ing together with new advances in other areas of science and technology offer the opportunity for even
greater improvements in bio-based products over the next 50 years. We envision that the application of
knowledge-based methods to improvement of energy crops will provide smilar gains in productivity to
those redized in improvement of food crops by breeding. Increased productivity will improve the eco-
nomic feagbility of growing and processing energy crops and will lead to expanded acreage of plants for
energy production. We believethat areasonable god isto obtain ahundred-fold increasein contribution of
renewable biomass (20% of energy needs) to our nationa security.

Estimated Time Scale
50 years
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GENOMIC TOOLSFOR THE DEVELOPMENT OF
DESIGNER ENERGY AND CHEMICAL CROPS

EXECUTIVE SUMMARY

Yiddsof usable energy per hectare of cultivated land must increase 3- to 5-fold if energy cropsareto play
aggnificant rolein securing our energy future. There are no fundamenta barriers to achieving the neces-
say gans, given a focused effort to geneticaly improve energy crops -- crops that will have efficient
conversion of the CO,, which isiinitidly fixed by photosynthesis, into the specific chemical energy stores
that are necessary for a particular utilization process.

Examplesof the envisoned improvementsinyiddsare asfollows. fromtoday’ s3-5 dry tons/acrelyr to 12-
15 dry tong/acrefyr in the upper Midwest, and from 4-5 dry tong/acrefyr to 15-20 dry tons/acrefyr in the
Southeast. Whileyidd of biomass dry matter isthe Sngle most important factor in abreskthrough to large
and inexpengve supplies of biomass energy from energy crop production, other factorswill dso have key
partsto play. Thesefactorsinvolve crop properties such asenergy density, yield of liquid fuds (e.g., ails),
and compatibility with other stepsin the processes that lead from the crop as grown in thefield to thefind
product. Reduction of the environmental impact of the entire energy cropping/energy production process
isaso an important god that can be achieved through selective improvement of the feedstock plants.

Achieving these important goas will require research to dramaticaly improve the throughput, availability
and cog-effectiveness of the genomic and informatics tools that are used to identify, functiondly andyze
and manipulate genetic combinations of the many genes that control critica plant properties. Recent
advances in sngle molecule studies on DNA, including single molecule genomic mapping and single mol-
ecule sequencing, suggest that the necessary tools are within reach. These advances will both require and
enable powerful new genome-centered informatics tools that have the potentia to revol utionize the speed
and precison of energy crop (and other plant) improvement.

Summary of Research Direction

Researchinthisareashould: (1) develop molecular biologica and other biotechnica means and databases
to support effortsto aggressively increase energy crop yidds, (2) emphasize especidly the devel opment of
information and techniques that will speed and improve breeding and sdlection for high energy yiddsin
crops (i.e., annua energy produced in the crop per unit of land area); (3) develop highly capable genomic
tools for assgting the rapid development and improvement of novel energy/chemica crops and for the
identification/characterization of key gene functions, and (4) map genes to guide breeding of plants with
highyieldsand with other desired properties such ashigh oil content or ease of conversontoliquid fuelsor
high-vaue chemicds (eg., chemica structures well suited for liquid fuels for the trangportation sector).

This effort has four main components.

Conduct a broad search for plants with both genera and regiona promise for development into
energy Ccrops,

Develop highly capable genomic toolsto accd erate the rapid improvement of these cropsthrough
conventiond breeding;
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Develop tools for directed genetic engineering of critica crop properties, and

Integrate gods for the genetic improvement of energy crops directly into the process engineering
of the utilization/converson systems that they feed.

New Scientific Opportunities

A partid ligting of opportunitiesfor scientific contributionsis shown below. Elaboration of assect number
of these opportunities follows in the remainder of this section.

Genome mapping of candidate energy crops. poplar, eucalyptus, sugar-cane-like grasses, switch-
grass, arondo donax (giant reed), other grasses, etc. (about 10 to 20 species)

Bio-physicd chemidiry: corrdating the physica and chemica processes/structures in plants to
yields and to energy content or energy dendty, and to readiness to convert to liquid fuds or
hydrogen, etc.

Computationd biology to go from basic structure to physical/chemica/biologica propertiesto the
complex factors that determine yield and energy content

Microcadorimetry or other measurement techniques for early and fast correation of genesto de-
sred properties

Extensions and correlations to and among trees, grasses, agae, bacteria, etc. on both macro and
micro scaes of living organiams (flora and fauna)

Artificid chromosomes

Genome-scae marker-assisted breeding
Optica mapping of whole genomes

Direct sequencing of sngle DNA molecules

While certain plants, such as poplar and switchgrass, have been identified as likely candidate biomass
energy crops, it is not obvious which of these or other essentiadly wild species have the greatest potentia
for net solar energy converson efficiency in a particular utilization scheme once subjected to intensive
genetic improvement. Thisis especidly true given wide variationsin environmenta conditions from loca:
tion to location where energy cropswill be needed. It isimportant that a number of candidate species be
explored and developed in pardld and that they be differentidly tailored for a set of different utilization
schemes. Development programs must be conducted over the range of different environmental zones
where energy crops will be needed.

The current productivity of established crop improvement programs depends upon a range of molecular
tools for “marker-asssted breeding” and upon computer anadyses that reved the identity of genes that
make even subtle but important contributions to plant quaities. The gpplication of smilar genomic and
computationd tools to the development and improvement of nove energy crops will be essentia in order
to obtain improvements at a pace that matches the need for developing renewable energy resources.
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However, the andytic capacity of current genomic andysistoolsisinadequate to support the devel opment
of multiple new specieswith multiple improvement program goas a multiple Stes. To support the gods of
energy crop improvement, these tools must become much less expensive (100-1000 fold less expensive
for complete genome sequencing), have higher throughput (complete genome characterization in hours
instead of years), and be more accessible (distributed in local labs instead of concentrated in centers).
Genomic andysds in breeding programs must provide sufficient detail to identify the specific genes that
contributeto critical plant characteristics and to manipul ate their recombination at theresolution of individua
genes. Recent developments such as methods for opticad mapping of whole genomes and for direct
sequencing of sngle DNA molecules offer the promise that a focused research effort can develop the
necessary tools over the next haf decade.

Theworldwide genomics effort directed toward understanding the roles of specific genesin regulating vital
characterigtics of model and crop plants is continuing to identify genes that could contribute in important
ways to the improvement of novel energy crop varieties. In some cases, it will be appropriate to move
genesfrom one speciesto another in order to achieve specific gods. Toolsfor transferring genes, including
groups of genes, into energy cropswill beneeded. For the purposes of assuring predictable outcomesand
of easing the combination of transgenic with traditiona breeding methods, the development of artificid
chromosome vectors for energy crop speciesis important.

The net efficiency of energy cropping systems depends not only on the internal conversion efficiencies of
the plant but aso on the efficiency with which its congtituents are used by the downstream processes that
it feeds. In many casesit may be possible to solve difficult engineering problemsin the utilization process
by instead engineering geneticaly-controlled properties of the feedstock plants themsaves. Genetic
modification of feedstocks aso has the cgpacity for minimizing the environmenta impacts of the overal
process. Anunderstanding of how plant properties contribute to net energy efficiency and to environmenta
impects requires anew leve of integration of genetic and process engineering.

Relevance and Potential | mpact

Yiddsof upto 3to 5 timesthose now achieved in mid-scale plantings of energy crops— plantings of about
20 to 2000 acres— are needed to make energy crop fuels or feedstocks production and cost competitive
with those of conventiond fuels. Energy crop fuels at these higher yields would enable biomass energy to
riseto apotentia of 10-20% of U.S. energy, instead of the 2% role that could well be the upper bound if
resdues and wadtes are the only feasble fue sfeedstocks. Examples of the envisoned improvementsin
yidds are as follows: from today’s 3-5 dry tons/acrelyr to 12-15 dry tong/acrefyr in the upper Midwest
(Missouri, lowa, Illinois, Wisconsin, Minnesota, and the Dakotas), and from 4-5 dry tong/acrelyr to 15-
20 dry tong/acrelyr in the Southeast.

Yidds of usable energy per hectare of cultivated land that is captured from solar radiation and conserved
by plant photosynthesis must increase 3- to 5-fold if energy crops areto play a significant role in securing
our energy future. Animportant element of the chalenge involved in achieving these improvementsiis that
trangportation factors limit the scope of energy cropping to reatively loca utilization. Another important
element isthat the measure of “usable energy” will depend upon whether the crop isused directly for local
heet or dectricity generation or is converted firdt to liquid fuels, methane or hydrogen. 1t will dso depend
upon details of the specific processthat isinvolved in the utilizetion scheme. Different plants have different
vaue in different processes. There are no fundamenta barriers to achieving the necessary gains, given a
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focused effort to develop improved “designer” energy crops with efficient conversion of the CO, that is
initidly fixed by photosynthesisinto the specific chemicd energy storesthat are necessary for a particular
utilization process.

However, dl biomass energy processes incur afud cost — usudly called fuel cost for a power plant, but
feedstock cogt for an indudtrid plant that is making a fudl, chemica or fertilizer product. The fud or
feedstock is araw biomass materid that, in the case consdered here, is harvested from an energy crop.
The gain of 3 to 5 required is what can bring the feedstock cost down to the low levels that can be
economic for the power plant or processing plant. Therefore, the achievement of much higher yields of
energy harvested per unit of farmland areais what can do the most to change the economics.

High yidlds are adso the key to making biomass a 10-20% energy source, rather than one that is con-
strained by economics and by available land to a 1-5% energy role.

The number of processing steps and the difficulty of feedstock handling are also factorsin the economics,
and often asimportant or more important than the feedstock cost. Therefore the improved energy density
and the improved ease of processing to final product are dso important. These fud or feedstock proper-
ties are also capable of improvement by genomic tools. The precedent of food crops today that are
unrecognizable versus their wild type origins show the promise of genomic improvement viainformetion,
even without any manipulation, i.e., without genetic engineering and creation of genetically modified organ-
isms. Thisresearch direction isthe path to such productivity of desired products. It continues the normal
“domestication” process and gpplies it to new crops and new products. The fact that the technicd tools
are so much improved today makes the prospect for great enhancement and true breskthroughs dl the
much gredter.

This section includes relevance to applied energy programs (e.g., Fossil, Nuclear, Energy Efficiency, Re-
newable Energy, Fuson). Inthis case these gpplicationsareto dl of the biomass energy technologies and
useswithin DOE’ s Office of the Biomass Program. Applied to improved environmenta performance and
environmentd remediation efforts, many of DOE’ s environmenta missons may aso benefit from gpplica
tion of this research direction.

Esimated Time Scale

5-10 years. Development of genomic analysstools with sufficient capacity to support aggressive energy
crop improvement.

10-20 years. Exploitation of these genomic andysistoolsin the production of 3-5 fold increases of energy
crop process yieds.
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NANOSCALE HYBRID ASSEMBLIESFOR THE PHOTO-INDUCED
GENERATION OF FUELSAND CHEMICALS

EXECUTIVE SUMMARY

Efficient synthesis of fuelslike hydrogen and carbon-based chemicasfrom renewable sources (e.g., water
and CO,) using sunlight as the energy source, isamgor opportunity for securing our energy future. The
main obgtacle to redizing this opportunity in direct solar converson sysems is the lack of photoactive
materias that accomplish the combined task of light harvesting, charge separation, and chemica transfor-
mation with the required efficiency. Approaches based on inorganic or organic materids have many
promising festures, but some of the componentslack the efficiency and specificity of naturdl syslems. New
discoveries over the past ten years of nanoporous inorganic, organic, and inorganic/organic hybrid struc-
tures with pore or cavity Szesin the 10-300 Angstrom range show promise for overcoming these limita-
tions. These materias alow robust covaent anchoring of metas, organic, and biological moieties insde
the pores. The potentia for unprecedented efficiency lies in the tight control of the chemica reactivity
through design of the reactant binding Site, the controlled spatia arrangement of the active components, the
traffic control of chemical intermediates imposed by the pore environment, and efficient waysto separate
primary products. Substantia advances have adso been made in recent years in the understanding of
design principles and mechanisms of naturd systems that accomplish demanding energy-related transfor-
mations, notably bacterid and plant photosynthesis. The confluence of the emerging nanoscale hybrid
materias and advances in the understanding of nature’s design rules of its photosynthetic and cataytic
systems opens up opportunities for combining biologica and inorganic/organic components in engineered
assemblies for the direct photo-induced conversion of renewable substrates to fuels and chemicals a
unprecedented efficiencies. A mgor research task involves the eucidation and understanding of the dy-
namics of biologica components in the natural environment, which will provide a guide for the design of
hybrid materids that retain the full activity of the natura component. Biologica principles of chemical
recognition provide ingghts into technologies for the nanoscae sdf-assembly of these hybrid structures.
Another important chalenge is the development of strategies for organizing the nanoscae assembliesrda
tive to one another in order to achieve concerted, macro-scale effects.

Summary of Research Direction

Thediscovery over the past 10 years of novel nanoporousinorganic, organic, and inorganic/organic hybrid
structures with pore or cavity sizesin the 10-300 Angstrom range and avariety of topologies has opened
up new materids for efficiently accomplishing demanding chemicd trandformations. Key ingredients are
trangtion metal centers or organic moieties attached to pore wals that act as active stes with specific
reactivity. Controlled spatid arrangement of these sites, coupled with the molecular traffic control imposed
by the pore environment on chemicd intermediates, alows steering of reactions to desired products. In
principle, functiondization of these porous structures can be expanded to include active biologica entities,
thus offering opportunitiesfor hybrid reactors that feature the highly efficient and product-specific compo-
nentsof naturdl syslems. Substantial advances have a so been madein recent yearsin the understanding of
design principles and mechanisms of naturd systems that accomplish demanding energy-related transfor-
mations, notably bacteria and plant photosynthesis. Specificaly, the use of novel spectroscopic,
diffractometric, advanced computationa, and molecular genetics tools has led to detailed ingghts into
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sructural and dynamic aspects of light harvesting, energy and eectron transfer, and chemicd transforma-
tions a the catalytic stes of photosynthetic systems.

New Scientific Opportunities

The confluence of the emerging nanoscale hybrid materids and advances in the understanding of nature's
designrulesof its photosynthetic and cata ytic systems opens up opportunitiesfor combining biologicd and
inorganic/organic componentsin engineered assemblies with unprecedented efficienciesfor the conversion
of solar photons to fuels and chemicas. Hybrid assemblies for the efficient photo-induced conversion of
renewable substrates to fuels, like water splitting to H, and O,, and the conversion of CO,and H,O to
methanol or other C-based fudls are atop priority. Such materids are equaly expected to lead to €ffi-
ciency breskthroughs in a broad range of photon harvesting, storage and converson chemidries. This
holds especidly for efficient catalytic multi-electron transfer assemblies, the current lack of which congti-
tutesamgjor obstacleto progressin photon energy conversion and storage, and fud-reforming systemsin
direct photon conversion, photo-electrochemical, or fud cdl systems. Assemblies could range from pre-
dominantly inorganic/organic structures featuring metallic or organic active Stes and just one or two bio-
logica functiondities, to essentidly biological structures with only a few engineered components.  Ex-
amples of current possibilities for the former include dendritic light harvesting assemblies coupled to bio-
logica or engineered trandtion metd centers, or mesoporous inorganic (e.g., slicate) frameworks that
afford controlled spatid arrangement of covalently-anchored light-absorbing chromophores and engi-
neered or biologica trangtion meta redox Stes. With the anticipated vigorous devel opment of new types
of nanoscale materids, new opportunities will emerge for improved coupling of light harvesting moieties
with cataytic sites, channeling of sequences of reactions, and efficient ways of separating primary prod-
ucts. Near term examples of the predominantly biologica assemblies are the generation of hydrogen by
genetically engineered green agae and the use of photosynthetic reaction centers modified to produce
dternative chemicals. In both cases, the separation of desired products from undesirable co-products
poses chdlenges in the purely biologica system that may be overcome by the incorporation of non-
biologica eements. In the case of photosynthetic hydrogen production, H, and O, are intermixed in the
gasreleased by thedgae. Hybrid systemsthat incorporate the unigque compartmentalization properties of
nanoporous supports may provide methods for separating the two gases that do not aso catayze their
recombination into water.

Exploration of such hybrid assemblieswill be guided by design concepts derived from naturd systems, and
avigorous effort for further development of spectroscopic, diffractometric, computationd, and molecular
geneticstoalsisrequired for amechanistic and dynamica understanding of the chemica transformations of
natura and emerging hybrid sysems. In particular, structurd aspects of the matrix environment of the
biologicd component in hybrid materids are expected to criticaly affect itsfunction by influencing product
release or the dynamics of substrate binding to the cataytic site. Furthermore, the conformationa re-
sponse of surrounding protein or membrane molecules may be criticd for the activity of the natural system
and, hence, an important factor to consider when incorporating biological components into artificid as-
semblies. Elucidation of the dynamicsis il & an early stage in natural systems, and a mgjor sustained
effort is required to improve the understanding of these factors. This knowledge will be crucid for the
design of hybrid assemblies.

The function of complex systems of nanoscale catalysts depends very strongly on their organization. The
extremely specific molecular recognition properties of biologica macromolecules suggest that they may
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provide solutions to the problem of assembling these complexes. As one example, a designed sequence
DNA molecule could providethe scaffold for the salf-assembly of catdytic domains (biologicd, organic or
inorganic) that are attached to sequence-specific DNA binding proteins, such as transcription factors or
gynthetic anadlogs. An important chalenge is the development of strategies for organizing these nanoscae
assemblies relative to one another in order to achieve concerted, macro-scale effects. For instance, a
nanoscale assembly capable of catalyzing direct water photolysis may be inserted into a membrane such
that H, is produced on one side and O, on the other.  All of the assemblies must be inserted into the
membrane in the same direction in order to achieve alarge-scale production of pure H,.

Relevance and Potential | mpact

Thedirect use of sunlight for the synthesis of fuels or the storage of solar energy in the form of other high-
energy chemicals has the potentia of playing amgor rolein replacing foss| fues as an energy source. In
light of the extreme variety of hybrid materias expected from this research effort, fuded by the anticipated
continued rapid pace of discovery of new nanoscale structures and advances in the understanding of
natura systems, thelikelihood of artificia photosynthetic materidsthat are efficient, durable, and economi-
cdly feegbleishigh.

Esimated Time Scale
10-20 years
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