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INTRODUCTION

Thisdocument consists of aseriesof white papers providing dataand background on key energy sources
and applicationsthat sustain the U.S. and international economies. These papers have been prepared to
support the Office of Basic Energy Sciences (BES) and their Advisory Committee (BESAC) intheir
evaluation of energy research needsand optionsfor thefuture. Based onthe panel structure established
for thiseval uation, these white papersaddressthefollowing energy options:

fossl energy (including cod, gas, and oil)

nuclear fissonenergy

renewableand solar energy

nuclear fuson energy

distributed power generation, fuel cells, and hydrogen
trangportation energy consumption

resdentia, commercid, andindustrial consumption

Standal one papers have been prepared for each of these panel topic areas. Asaresult, somerepetition
existsamong thetopics. For example, fuel cellsare discussed briefly in severa papers, but coveredin
detail under distributed generation.

Inaddition to background information, the papersal so include somediscussion of relevant research activi-
tiesand opportunities. It isimportant to mention that much energy technology researchismore applied
thantypical for BES. Such researchislikely funded by privateindustry or the DOE applied program
offices(e.g., Energy Efficiency or Nuclear Energy). Thediscussion of applied research can clarify the
range of issuesthat must be dealt with before agiven technology can be successfully implemented, and
mayy be hel pful in defining the research componentsof interest to BES. Each of thewhite papersincludes
alist of references or resource materials. In addition, most of the datawas obtained from the Annual
Energy Review, Annual Energy Outlook, and the International Energy Outlook .

To provideacommon base of comparison, the energy datawas converted from traditional unitssuch as
Quad (105 Btu) and kWhto Sl units. For exampl e, the closest equivalent to the Quad isan Exa-Joule (EJ)
(1028 J), where 1 Quad = 1.055 EJ. Alist of conversion factorsfor common energy unitsiscontainedin
Tablel.1.

Tablel.1. Energy conversion factorsfor common units

Conversion factors Metric prefixes
1 Watt (W) = 1 Joule/second (J/s) milli=m=103
1Quad=1x 10" Btu=1.055x 10 J=1.055EJ pico=p=101"
1 barrel oil =5.63 x 10° Joule=5.63 GJ Kilo= k=10°
1cubicftgas=1.08 MJ Mega=M = 10°
1toncoa =22.2GJ Giga=G=10°
1kWh=3.6 MJ Tera=T = 10
10°kWh=3.6x 10%J=3.6 x 103 EJ Peta= P=10%
Exa= E=10"




Although thisdocument focuseson U.S. energy research needs, theissuesof U.S. energy productionand
consumption can not be divorced frominternational energy issues. Therefore, thisintroduction will be
presented inthree parts. First, someaspectsof the current global energy picturewill besummarized. This
will befollowed by asection that presentsrecent U.S. energy supply and consumption data. A compari-
son of U.S. andinternational energy consumption datawill comprisethefina segment.

Global Energy I ssues

To properly assessfuture U.S. energy needs, it isnecessary to compare current energy consumption with
theanticipated future globa energy picture. Themean globa energy consumptionratewas13TW inthe
year 2000, with the U.S. consuming about aquarter of that amount. Of this, oil accounted for 4.5TW,
coal for 3TW, natural gasfor 2.7 TW, hydrofor 0.3 TW, biomassfor 1.2 TW, and other sources 1.8
TW. Notethat amean energy consumption rateof 1 TW=31.5EJyr.

Theworld populationisexpected to grow to 10-11 billion people by theyear 2050, and thisgrowth will
be concentrated in the devel oping counties. Thispopulation growth, together with the standard of living
goasfor these devel oping countries, will have asubstantial impact on energy consumption patternsif
reduced emission of greenhouse gases becomes animportant goa . M eeting these emerging energy needs
without increasing greenhousegasleve swill limit theuse of foss | fud severywhereintheworld, including
theU.S., and require hugeamounts of carbon-free energy.

Therequired quantities of energy are quite staggering, and have been summarized in recent publications
[Hoffert, 1998; Hoffert, et a., 2002]. Energy projectionsare strongly dependent on the assumptions
madein extrapolating current trends. The essence of theanaysisby Hoffert and coworkersisbased on
three reasonableassumptions:

1. anexpected population of 10-11 billion by theyear 2050,
2. anincreaseintheaverageworld Gross Domestic Product (GDP) of 1.6%/yr (historical average),

3. energy growthiscounterbalanced by adecrease of 1%/yr inthe energy consumption per unit of
GDP because of expected increasesin theefficiency of energy utilization.

These assumptionsresult in an expected energy consumptionintheyear 2050 of 28 TW, whichismore
than doubl e the present world energy consumption rate of 13 TW. Althoughfossil fuel resourcesand
proven reservesare huge (40,000 EJfor oil plusgasand 180,000 EJfor cod, enabling their possibleuse
for about 50 yearsfor oil and gasand 275 yearsfor coa), their use may be severely restricted by the
problemsof CO, emissions.

The present CO, concentration in the atmosphereis 325 ppm, compared with apre-industrial value of
~275 ppm. If the CO, concentrationin the atmosphereisto berestricted to 550 ppmin the year 2050
(whichistwicethe pre-industrial value), about 20 TW of carbon-free power will berequired. Thisis
appreciably morethan thetota world energy consumptiontoday. Furthermore, evenif noregtrictionson
CO, emissionswereimplemented, just to maintain the present rate of decreasein carbon intensity of
energy utilization (at arate of —0.56 kg C/yr/watt) will require 10 TW of carbon-free energy by year
2050. Thisisa so ahuge and daunting requirement. A similar casefor the need for daunting amounts of
carbon-free power can be advanced based on sustai nability argumentseven in the absence of greenhouse
gaseffects.
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Global electricity production amounted to about 1.3 TW in 1998. Of this, nuclear power provided 0.83
TW. Hydroelectric power produced 0.29 TW asthelargest renewable power source. The1.2 TW of
biomass power produced in 1998 was unsustainably burned biomass, as opposed to renewably-farmed
biomass. Other renewabl e energy, including renewabl e biomass, provided only 0.29 TW of power. Sus-
tai nable biomass power production, which can be broken downinto electrical power, heat, and ethanal,
contributed atotal of 101 TW out of the 12-13 TW of total primary power produced globally in 1998.
Wind produced 2x1023 TW of power. Solar el ectric power productionisgrowing rapidly, but fromavery
small base, providing about one-millionth of thetotal global primary power. Solar thermal and other
renewableresourcesarea so currently small fractionsof the overall primary energy supply.

Theavailablegloba renewableresourcesare estimated to be: (1) hydro: 4.6 TW total, 0.9 TW practicd,
and 0.7 TW dready ingtaled; (2) wind: 50 TW total onland, 2 TW practical onland (higher if oceansare
utilized); (3) biomass: 5-10 TW totdl (not consderingland required for food production and utilizing 100%
of the cultivatable cropland for energy production); (4) solar: 1.2x 10° TW total; practical: 600 TW (60
TW at 10% conversion efficiency) (to generate 12 TW of solar power at 10% efficiency would require
0.1% of theworldsland mass). Nuclear energy from fission can provide substantial amounts of carbon-
freeeectricity and process heat from known uranium resourcesfor about 50to 100 yearsat current levels
of consumption. Theimplementation of known breeder reactor technology would significantly extend the
timeover whichfisson could contribute.

These numbers suggest that among the energy sourcestraditionally considered to be“renewable,” only
solar could providetherequired carbon-freeenergy. This could beimplemented asbiomass or asphoto-
voltaic or advanced solar conversion technology. However, breakthroughsand disruptivetechnology are
required to achievesuch aleve of implementation. Similarly, nuclear fusonremainsapromisinglong-term
energy source, with substantial research and development required beforeit can contribute to global
energy production.

U.S. ener gy suppliesand consumption

Figures1.1to 1.5 represent energy sourcesand energy consumptionintheU.S. for theyear 2000. The
datain Figures1.1to 1.4 emphasize both rel ative and absolute valuesin each case.

Figure 1.1 showssourcesof energy used. Valuesarefor domestically produced supplies, except for net
imports. Net importsincludeoil (25.8 EJ), gas(4.1 EJ), and other (0.8 EJ) imports, minusoil (2.3EJ), gas
(0.3EJ) and coal (1.6 EJ) exports.

U.S. energy consumption values shown in Figure 1.2 include both end-use consumption by the major
sectorsof theeconomy plustheenergy lost ashest through generating e ectricity at power plants. Electric-
ity generation on averagewas 32% efficient, with 68% of energy lost in conversion. Each sector includes
both e ectricity end-use and primary energy use(i.e., oil or gas).

The primary energy sourcesused in generating electricity are compared in Figure 1.3. Thisincludes co-
generated dectricity sold onthegrid, but doesnot include e ectricity generated by industrial firmsand used
on-gte. Coal representsthe major contributing sourcefor generation.

Both dlectricity and non-electricity generating sources of renewableenergy areshowninFigure 1.4. Start-
ing clockwisein Figure 1.4, Hydro through Wind represents the renewabl e energy used for electrical
generation available on the power grid. Hydro-Industria through al Biomass usesrepresentsenergy used



directly inthesector. Biomass-Res-
dential represents wood burning
sources. Ethanol productionisused
ingasolineblending.

AsshowninFigure 1.5, useof eec-
tricity isalmost evenly split among
resdentia, commercid, andindus-
trial sectors. Electricity represents
only 13% (3.9/29) of overal energy
usefor theindustrial sector versus
36% for residential and 46% for
commercial use. Electricity usein

transportationisnegligible.

The categoriesof provenfossil en-
ergy reservesfor boththeU.S. and

Oil (13 EJ)
Net Imports
(26 BJ)

Other (L1 EJ) Coal (24 BJ)

1%

Nuclear
(8.5E))

Renew able
(7 B))

Gas (24 B))

Figurel.1l. Year 2000 U.S. Energy Supply (EJ)
Source: EIA 2002

internationa communitiesareshown
inFigure 1.6. Thedatadoesnot in-
clude nonprovenreservessuch asail
Residential sheleor tar sands. Coal dominatesthe
(12 EJ) fossl reserves. TheU.S. hasasggnifi-
N 1o _ cant fraction of thetota cod supplies
Blectricity ’ Commercal but much smaller proportionsof the
Conversion (9B) . .
(27 E) 20 9% oil and gassupplies.
Comparison of U.S.energy andin-

29%

0,
s Industrial

(29 B))

Transportatio
(29 B))

Figurel.2. Year 2000 U.S. Energy Consumption (EJ)
Source: EIA 2002

ternational ener gy consumption

Figure 1.7 comparesU.S. and inter-
national consumption of primary en-
ergy sources in the year 1999. En-
ergy consumption datafor individua
countries, along with their GDP ex-
pressedin 1997 U.S. dollars, islisted
inTable1.2. TheU.S. ischaracter-
ized by both high-energy consump-
tion and high GDP. Thethird column

inthetableliststhe energy consumption per unit GDP. Based on thisparameter, the U.S. appears|ess
efficient than many industrialized nations, but much moreefficient than most devel oping nations.
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Figurel.4. Relative Contribution of Various Renewable Ener gy Sour ces
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Source: EIA 2002
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Figurel.5. Year 2000 U.S. Electricity Consumption (EJ)
Source: EIA 2002

Oil, US (124 EJ) Ol NONUS
0% '
0 (5664 EJ)

Gas, US
(192 EJ)
1%

Gas, non-US
(5538 EJ)

Coal, non-US 50%
(17998 BEJ)

Coal, US
(6084 EJ)

Figurel.6. World Fossil Energy Proven Reserves(EJ)
Source: EIA 2002
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Tablel1.2. Year 1999 World Energy Useand GDP by Country and Region

GDP (Billion1997%) Energy(EJ) MJper $GDP
NorthAmerica 10,165 122 12.0
United States 9,029 102 11.3
Canada 699 13 18.9
Mexico 437 6 14.7
Western Europe 8,944 70 7.8
United Kingdom 1,384 10 7.5
France 1,499 11 7.2
Germany 2,187 15 6.8
Italy 1,207 8 7.0
Netherlands 407 4 9.9
Other Western Europe 2,260 21 9.3
Indudtrialized Asa 4,821 29 6.1
Japan 4,304 23 53
Audrdasa 516 7 12.7
Total Indugtrialized 23,930 221 9.2
Former Soviet Union 569 41 2.7
Eastern Europe 363 12 32.6
Total EE/FSU 932 53 57.1
DevelopingAsia 3,165 75 23.6
China 1,037 34 32.5
India 473 13 27.2
South Korea 493 8 15.6
Other Asa 1,162 21 17.7
MiddleEast 577 20 35.3
Turkey 186 3 17.0
Other Middle East 391 17 44.3
Africa 499 12 25.0
Central and SouthAmerica 1,452 21 14.4
Brazl 816 9 110
Other Centra/SouthAmerica 636 12 18.6
Total Developing 5,693 129 22.6
Total World 30,555 403 13.2

B-10



FOSSIL ENERGY

Introduction

Foss| energy resourcesare currently the backbone of the U.S. energy system, both for stationary (power
plant and industrial), and non-stationary (transportation) applications. Their continued availability inthe
short termiscritical to the health and growth of the U.S. economy. Their reasonabl e pricesestablish the
ground rulesfor the competition among different fuels. Thedifferent fossi| fuel swill not dwaysfill thesame
rolesinthefuturethat they dointhe current economy becausethey have highly variable resources bases,
but therewill becritical select applicationsfor which each of thefossil fuelswill alwaysremain the best
among all of theaternatives. Ensuring energy security requires making the needed fuelsavailablein quan-
tities(and therefore at prices) that will maintain U.S. economic security.

Thissection outlinesthe current situation with respect to the major fossil fuel groupings, and provides
information on current applied research prioritieswithin DOE’ s Office of Fossil Energy. Reviewing the
situation and the midterm applied program objectivesisimportant in order to understand what we are
currently doing. Thishel psfocusattention onthe many unknownsthat will bethe objectives of any funda-
mental research program.

Coal
Supply and Demand

Of thethreemain fossil fuel sused today (cod, petroleum, natura gas), cod hasthelargest reserves, both
domestically and worldwide (Table 2.1). Domestic usetotaled 24 EJ (23 Quads) [EIA 2001], while
domestic recoverablereservestotaled 6,100 EJ (275 billion short tons) [EIA 2002]. At current rates, the
U.S. hasover 250 years of existing recoverable coal reserves.

Thereareseverd varietiesof cod (lignite, subbitu-

minous, bituminous, and anthracite) with varying Table2.1. Fossil Fuel Reserves (EJ)

qudlities, such asheat and ash content. Bituminous us. Global
and subbituminous coalsare most often used for

dectricity production, whilesomepower plantsuse ~~ Codl 6,084 24, 082
lignite. Anthraciteisof higher quality andusedmore ~ Petroleum 124 5,788
for coking operationsor other industrial needs. Over Natural Gas 192 5,731

89% of coal inthe U.S. isconsumed by electric Source: EIA 1999
generators, with 3% by coking plants and 8% by
other industria users.

Coal ismined from the surface or underground, depending on the geology and topography of the coal
seam. Each mining processhasits advantages and disadvantages. Surfaceminingisgeneraly moredisrup-
tiveto the environment. Underground mining ismore dangerous and expensive. The country can bedi-
vided into threemain coa regions: Appalachia, thelnterior, and the West (Figure2.1). Thelargest produc-
tion of cod isthrough surface miningintheWest (Figure2.2).
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Figure2.1. U.S. Coal Regions
Source: EIA 1999

Sulfur content isakey parameter for cod (Table2.2); thequality varieswith regiond location. High-sulfur
cod isfoundlargely inthelnterior and A ppaachiaand low-sulfur intheWest (Figure 2.3). Whilethisfigure
showsrecoverablereserves, the demonstrated re-
serve baseisroughly doublethisamount.

12

Becauseof emissionsregulaionsand mining codts,
the movetowardsthe use of western low-sulfur,
surface-mined cod hasincreased greetly. Between
the years 1989 and 2001, western coal produc-
tionincreased 71%, whileAppa achian coa pro-
duction declined 8% and Interior production de-
clined 25%[EIA 2002].

10 B Surface

B underground

EJoules
(o))

Table2.2. Average SO, Content of
Different Classes of Coal

IbMBtu ~ g/MJ

Appalachian  Interior West Low Sulfur 0.6 0.26

, , Med Sulfur 19 0.81
Figure2.2. Year 2000 U.S. Coal Production by High Sulfur 45 1.93

Region and Mining Type -
Source: EIA 1999 Source: EIA 1999
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I ssues

Appalachia B i
pp OHigh Sulfur Thekey long-termissuefor useof cod

E Ovietiom Sulfus isthe na!tureand volumeof emissions.

- These include SO,, NO, and the

Interior é Low Sulfur amount of greenhouse gas emitted.

BTotal Coal contains 24.4 g Carbon/MJ,

| whilenatural gasemitsjust 13.7g C/

MJ. Nuclear or renewable sourcesre-

lease essentially net zero greenhouse

gases(depending ontheamount of fos-
sl fuel usedintheir production).

West

Coal-Producing Region

All Regions

: : I| Other contaminantsin coal arealsoa
‘ ‘ ‘ magjor issue. Sulfur emissonsfromall
0 2000 4000 6000 8000  fuelshave been regulated for years,

ExaJoules with recent proposalsfromthe U.S.

government to lower thelimitsby 73%

Figure2.3. U.S. Estimated Recoverable Coal Reserves by theyear 2018. Mercury isanother
Source: EIA 1999 air pollutant, deriving largely fromthe

use of coal. The U.S. government’s

“Clear Skies’ proposa will reduce mercury emissions 69%, from the current 48 tonsto 15 tons. Though
cod combustion producessignificant amountsof nitrogen oxides, itisnot themajor sourceof NO, within
theU.S. All fossil fuels produce NO, , especially petroleum from motor vehicles. However, withinthe
electricity sector, cod isasignificant source of emission of NO, , especialy if power plantshavenotreat-
ment equipment. Current regul ationsand lawsuitsareforcing utilitiestoinstall selectivecataytic reduction

(SCR) or other equipment to reduce NO, emissions.

With large domestic reservesand low cost, cod could contribute much moreto our nation’ senergy supply,
if emissionsissuesareresolved. However, sincecod isasolid, itismoredifficult to usefor transportation
or distributed energy.

Research Areas

Since carbon oxidationisthemajor source of energy derived from coal, and greenhouse gasproductionis
of greater concern, significant mechanismsto reduce or eliminatethe emissions of gaseous CO, isworthy
of long-term research. According to Clean Energy Futures| I nterlaboratory Working Group 2000], there
arenumerousways of removing CO, from the atmosphere and of storing it or keeping anthropogenic
carbon emissionsfrom reaching the atmosphere. Six carbon sequestration methodsweredescribedina
recent report [DOE SC/FE 1999

- Separation and capture of CO, from the energy system before combustion
- Sequestration in the oceans post-combustion

- Sequestrationinterrestrial ecosystems post-combustion

- Sequedtration in geol ogical formations post-combustion

- Advanced biological processes post-combustion

- Advanced chemical approaches post-combustion
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Someof theseoptionsareavailabletoday. CO, injectioninto geological formationsaspart of enhanced ail
recovery hasbeen practiced for decades, although the long-term performance of these formations at
retaining CO, for longer periods has never beentested. Oil and gasfieldsthat retained gaseous hydrocar-
bonsfor thousands of years may be expected to retain CO, equally well. Deep aquiferswithout docu-
mented caprock containment may be abundant but of uncertain capacity to retain CO,. Since 1996,
Statoil in Norway has sequestered annually about 1 million tonnes of CO, in sandstone 1000 meters
beneath the North Sea, which isequivalent to about 3% of Norway’ semissions[Herzog 2001]. Other
near-term optionsareavailable becausethey can provideimportant secondary benefits, such asimproving
ecosystemsduring reforestation. However, most optionsinvolvelong-term carbon management, requiring
considerableresearch to ensuretheir successful development and acceptance. Because carbon capture
and sequestration will require additional energy use, additional power usewill be needed, perhaps pro-
vided by additional coa. David and Herzog show a9-15% energy penalty for carbon capture and seques-
tration from coal-fired power plantsintheyear 2012, with anincreasein cost of $2.9to0 $6/GJ(1.04to
2.16¢/kWh) [David and Herzog 2000]. These coststrand ateinto $18 to $32 per tonne of CO, avoided.
While promising, deep seaand geological storage options have constraints, including environmental im-
pacts, safety, and duration of storage.

Continued improvementsin efficiency and environmental acceptability could enable coal to establisha
growing rolein boththe U.S. and worldwide energy portfolios, while still pursuing thegoalsof aclean
energy future. The DOE Office of Fossi| Energy has devel oped an applied research agenda“Vision 21
EnergyPlex” [FETC 1999], anew approach to 21t century energy production from fossil fuel-based
systems. Thisvisonintegratesadvanced conceptsfor high-efficiency power generation and pollution con-
trol into anew classof fud-flexiblefacilities capable of co-producing e ectric power, industrial-grade heet,
high-valuefuels, chemica sand hydrogen, with virtually no resulting emissionsof air pollutants. Improve-
mentsin combustion, filtration, gas separation, and chemical conversionwill al play arole. Thesetech-
nologieswill build on current research inintegrated-gasification combined-cycle power plantsand fud cell
advancesto createtertiary cycle systemsincorporating fuel cells, gasturbines, and steam turbines. I
successful, thismulti-product approach may achieve efficiencies gpproaching 60-80% after theyear 2015.
Thisincreaseiswell abovethetypica 33-35% efficienciesfrom today’ s conventional coal-fired power
plants.

Gas
Supply and Demand

Natural gasisrelatively abundant, bothintheU.S. and worldwide and relatively inexpensive. Domestic
proven reserves stand at 192 EJ, while consumption in the year 2000 was 25 EJ(23.4 Quads). Global
suppliesarealso large, with estimated reservesat 5,700 EJ (5,300 TcF). Compared with use of other
foss| fuels, natura gasconsumptionisgrowing thefastest (Figure 2.4), increasing 21% betweentheyears
1990 and 2000. Overall, production of ectricity isthefastest growing use of natural gas, increasing 52%
from theyears 1990 to 2000.

Beyond proven reservesof 192 EJ(177 TcF), conventional gas hasadomestic resource base of 670 EJ
(616 TcF). Non-conventional sources, such astight sands, coal-bed methane and Devonian shale, also
have large resource bases and could become morewidely used depending on prices of other competing
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energy sources. Other non-conventional
sources show even more potential. Methane
hydrates, found in permafrost regionsand the
sedfloor, are believed to have massive poten-
tia (Table2.3).

According to the National Energy Policy
[NEPDG 2001], whiletheresource basethat
suppliestoday’ snaturd gasisvast, U.S. con-
ventional productionisprojected to peak as
early astheyear 2015. Increasingly, the na-
tionmay havetorely onnatural gasfrom non-
conventional sources, such as tight sands,
deep formations, deep water, and gas hy-
drates. Also, many resourcesarein environ-
mentally senditive areasrequiring use of less
intrusvetechnologies.

Most gasistransported and delivered through
pipelines. Offshoreand onshorewd Isddliver
gasthrough systemsthat span the country (Fig-
ure2.5). A smal amount of gasisdeliveredto
theU.S. by liquid natural gas(LNG) ships.

Pricesfor natural gaswerefairly steady through the year 2000 (Figure 2.6). However, priceswere ex-
tremely volatileintheyears 2000 and 2001, returning to historical levelsintheyear 2002. High priceswere
attributed partly to thelow pricesfor gasand oil in the year 1998, which reduced the amount of new
drilling. Oncepricesrose, drilling accel erated. Thereissomequestion whether thismarket volatility will be
ongoing or an aberration.

Table 2.3. U.S. Natural Gas Resour ce Base

EJoules
Conventiond (Highand Low Quadlity) 670*
Unconventiond (Codbeds, Tight Gas, Devonian Shales) 560*
GasHydrates 350,000**

* Technically recoverable domestic resource base

** Mean estimate of U.S. hydrate resource base

Source: IWG 2000
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| ssues

Natural gasisrelatively clean, emitting only
13.7 g C/MJ and essentially no SO,. The
main concernistheamount of NO, thatis
emitted during combustionwithair, athough
recent improvementsin technology have
greatly reduced these amounts. Natural gas
isnot as easily stored asaliquid and has
contributed only asmall rolein thetrans-
portation sector.

Sincenatura gasisthe cleanest of thefossl
fudsandreatively availabledomedticaly; it
isexpected to bethe preferential fuel for new Figure2.5. GasPipdinelnfrastructure
growth. Toincrease gasconsumption sig- Source: NEPDG 2001
nificantly, theinfrastructure (pipelines, stor-

agefields, and distribution systems) to sup-

port thisgrowth will need to bebuilt. 9

Natural gascould becomemorewidely used 8 19
asatransportationfuel. If fuel cellsaretobe +8
used, hydrogen must be separated from the ! 15
other componentsof fuel. Thisiseasier gen- 6

erdly withnaturd gas. (Naturd gasisdready o 6
used in hydrogen manufacturing for il refin- 3 ° 5 L§L
ing.) However, advancesinreformersmay in- ;89 4 [, &
creesethefeasibility of liquid fuels, lessening , ™ A AI\

the advantage of natural gas. Alternatively, if W WYA R WA L) 13
liquid fuelsremain preferablefor transporta 2 2
tion (either inconventiond enginesor fud cells) L

and petroleum suppliesdiminish, then natura 1
gas could be converted to liquids. Conver- 0 — L
sonof gastoliquidisavailable, athoughthe '83 '85 '87 '89 '91 '93 '95 '97 '99 '01
processisnot aseconomically feasibleascur- Year

rentuseof ail. Figure2.6. U.S. Average Citygate GasPrices

Source: EIA 2002b
Research areas

Natural gasand oil will both benefit from advanced exploration, drilling, and recovery methods. The
National Energy Policy [NEPDG 2001] outlinesmany of the applied research areasthat will enhanceoil
and gasdiscovery, drilling, and recovery:

advanced, more energy-efficient drilling and production methods;

3-D saismictechnol ogy, toincrease grestly the successrate by enabling geol ogiststo use compuit-
ersto better determinethelocation of oil and gasbeforedrilling begins,
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deep-water drilling technol ogy, to enable exploration and production of oil and gasbeneath the
ocean’ ssurface, at depthsover two miles,

high-powered lasers, to drill for oil and gas; and

highly sophisticated directiond drilling, to enabledrilling of wellsat long horizonta distancesfrom
thedrillingste.

Recent Office of Fossi| Energy applied oil and gasprogram workshopsidentified detailed basic research
needs, applicableto both the oil and gas sectors.

Theworkshop on fundamental applied researchidentified thefollowing areasthat require additiona re-
search:

enhanced il recovery - methodsto modify oil in-stu, fundamental physica and chemica proper-
tiesof reservoir fluidsand rock, dynamic process characterization and monitoring, and multifunc-
tiona chemicals,

reservoir characterization - improved interwell imaging, integrate core, logging and selsmic data,
improve capability for processing real-time datasets,

drilling, completion and stimulation - smaller drilling systems, improved fluid-flow identification,
downhol e separation technol ogy, and diagnostics of tight/unconventiona gas.

Thediagnostic and imaging workshop recommended four applied research and devel opment (R& D)
topics.

understand and overcomethelimits on seismic resol ution, including acquisition and processing,
hardware, and sampling theory;

datafusion or integration, both static and dynamic dataat multiple scalesand frommultiple sources,
including knowledge management and visudization;

pre-stack and el asticinversion, including 3-component dataand processing framework; and
shear waveimaging, integrated sei smic-electromagnetic, and Snglewel | imaging system.
Theworkshop on accessing deep formations defined applied R& D needsfor deep drilling:

advanced smart drilling systems- red timedatatransfer and red timedatainstrumentation, andrig
operator decision support system,

drilling diagnosticsand sensor systems- downhol e diagnosticsdrilling parametersincluding data
validation, weight torque on bit, and state of bore holeanalysis; and

drilling and completionfluids- economictestsand smulatorsto determinedrill fluid contributionto
well-bore stability.
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According to Clean Energy Futures|Interlaboratory Working Group 2000], asignificant amount of
undiscovered domestic conventional and non-conventiona (see Table 2.3) gas sourcesare accumulated
deeper than 15,000 feet inwidely differing geol ogic settings. Severa technology challengesmust beover-
cometo exploit degp resources, including better waysto detect commercia volumesof gasusing surface-
based sensing and use of advanced materiasfor drilling at high temperatures and pressures at extreme
depths. Domestic methane hydratesarefound on land in permafrost regions (such asmuch of Alaska) and
within ocean floor sediments. To achieve safe and environmental ly acceptabl e production, thelocation,
sedimentary relationships, and physical characteristicsof methane hydratesmust be determined. In addi-
tion, production approachesfor disassociating the methane from the cage of water ice moleculesinthe
hydratesmust be devel oped. Hydrates are quasi-stabl e, so rel easing the methane requires either reducing
the pressure or increasing thetemperature (or both) of the material. Among other methods of gas produc-
tion, thefeasbility of using depressurization by adrillingwell in hydratereservoirs[Ji et a. 2001] isbeing
studied.

Hydrogen production, aong with capture and sequestration of the carbon from natural gas, would enable
natural gasto bealong-term source of energy for the U.S. and worldwide. Sequestration and separation
technol ogy must become more economically feasible, and the political will to reduce carbon emissions
must occur on abroad scale.

Gas-to-liquid research may lower the cost for natural gasto beused asaliquid fuel for critical sectorssuch
astrangportation. Thiswill open up domestic resourcesto replace petroleumif suppliestighten. Also, it can
alow distant natural gasfields, such asonthe AlaskaNorth Sope, to useexisting oil pipelines.

Oil
Supply and Demand

Domestic suppliesof petroleum aresmall compared with thelargeannua use. Current domestic reserves
stand at 124 EJ (22 GBarrels), while consumption in the year 2000 was41 EJ(39 Quadsor 7.2 billion
barrel or 20 million barrel per day) [EIA 2001]. The current worldwide availability of oil reserves (5,800
EJ) compared to therate of consumption (158 EJ) suggestsonly 35 yearsworth of remaining supply. This
iIsamideadingly small number since reserve growth has consi stently paralleled consumption over thelast
century related, toimproved technology and thusrecovery rates. Unquestionably, much of thefutureoil
supply islocatedin politically volatileareas (Figure 2.7 and Figure 2.8). In addition to thereserves aready
identified, the U.S. Geological Service (USGS) estimates undiscovered resources of another 4,000 EJ
(720hillion barrels) [USGS 2002] worldwide.

Crudeail production hasdeclinedinthe U.S. for years. OPEC (Organization of the Petroleum Exporting
Countries) wasthe dominant supplier through the 1970’ s, reducing production in the 1980’ sto maintain
higher prices. Other suppliersentered the market after pricesincreased inthe 1970’ s. Their production has
grown at aslower paceinthe 1990’ s (Figure 2.9).

In addition, other potential sources (such asheavy ail, tar sands, or gas-to-liquids) areavailableat current
or higher pricesand through advancesintechnol ogy. Over 3trillion barrelsof these non-conventiona fuels
areestimated asavailable (17,000 EJ), with the most significant depositsin Canadaand Venezuela. In
addition, coal-to-liquid technol ogiesand oil shae depositsdwarf conventiona oil resources[EIA 2002].
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Oil iscurrently the dominant fuel for
trangportation, providing over 96% of
the energy used in that sector. The
current transportation infrastructure
supports a liquid fuel supply. Any
changeinsupply sourcewouldrequire
amgor trandformationinthetranspor-
tationindustry. Oil isalsousedto a
smaller extent in other sectors(Table
2.4) Didtillatefuel isused for home
heeting andindustria combustiontur-
bines, whileresidual fuel isused for
industrial and electrica boilers. Qil is
also used as a feedstock to petro-
chemicasand plastics.

Issues

Domestic conventiond supplieshave
been insufficient to meet U.S. con-
sumption for several decades. The
U.S. must import over haf of thetotal

oil supply needed, challenging nationa security and jeopardizing thetrade balance. Inthe year 2000, the
U.S. imported 58% of the oil consumed, costing $116 billion. Themajor suppliersareshownin Figure2.7.
U.S. production has been declining since 1970, and aturnaround is not expected. Oil must berecovered
from more complex and inaccess blefiel ds, with the depl etion in more accessiblel ocations. Technology

improvements (such as
steam injection, horizontal

drilling, and 3-D seismogra
phy) have extended thelife
of many oil fields. Some Africa
fieldswithintheU.S. have
not been exploited, but their
use is very controversial
(e.g., Arctic National Wild-
lifeRefuge).
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Aswithal fossil fuels, CO,
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tions, capturing these at the
sourceisdifficult. Rather,
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Figure2.8. Global Petroleum Reserves (5,800 EJ)
Source: EIA 2002
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questrated through withdrawal from the genera
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Figure2.9. CrudeOil Production
Source: EIA 2002

Withdl formsof trangportation heavily dependent
onoail, disruption of the supply may create broad
economic problems. The Strategic Petroleum Re-
serveprovidesshort-termoil supplies, but longer-
termrelief may require more diverse sources of
trangportation fuels.

EJoule

million barrel/day

Research areas

Many of the opportunitiesfor researchinoil pro-
duction arethe sameasdescribed earlier for natu-
ral gas. In addition, thereisresearch ongoingin
improvementsto refinery operationsthat lower the
energy usage, such asuse of inorganic membranesfor improved separation of gasesand recycle of waste
streams. Advanced research and devel opment (R& D) includes computational methodsto improve cata
lyst devel opment and experimental evaluation. Such improvementsand R& D canincreasethe use of
domestic, low-qudlity oilsthat aredifficult or expensiveto refinetoday.
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NUCLEAR FISSION ENERGY

Current Status

TheU.S. has104 commercia reactorsoperating at the present time. All areoneof two variationsof light-
water reactors (LWR)s. There are 69 pressurized water reactors of the type produced by the former
Babcock and Wilcox, Combustion Engineering, and Westinghouse Corporations and 35 boiling water
reactors produced by General Electric. Commercial nuclear reactors currently produce about 20% (8.5
EJintheyear 2000) of the e ectricity generated by American utilities. Asshownin Figure 3-1, thisfraction
increased dramaticaly inthelatter part of the 20th century, but hasbeenrelatively constant in recent years.
Nuclear fission accounted for 1.44% of electrical generationin 1970, 11.0%in 1980, and 20.5%in 1990.
For purposes of comparison, the nuclear el ectric fractionin 2001 for several other industrialized nations
was: United Kingdom - 23%, France - 77%, Belgium - 58%, Germany - 31%, and Japan - 34%.

Themost recently commissioned nuclear plant began commercia operationin 1993. The modest further
increasesin U.S. nuclear generation shownin Figure 3-1 sincethat time have arisen primarily fromtwo
factors: (1) improved plant capacity factors, asshownin Figure 3-2, and (2) small power upgrades at
existing plants. Power upgrades ranging from 1.4 to 6.3% at 57 reactors were approved by the U.S.
Nuclear Regulatory Commission (NRC) between 1977 and 2001. These upgrades added approximately
2000MJs(MW) electrical (MJs,) capacity equivalent, roughly the equivalent of two new nuclear power
plants. The upgradeswere made possiblelargely through the application of state-of-the-art instrumenta:
tion, and auxiliary equipment upgrades. Upgrades comprising another 1600 M J's_ are expected to be
approved during the next 5 years. During thissame period, the Tennessee Va ley Authority isplanning to
carry out the necessary work to restart Watts Bar Unit 1, which has been shutdown since 1985. This
project will add another 1065 MJ's, nuclear capacity. Thus, in the absence of either orders for new
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Figure3.1. Nuclear power contribution toelectrical generation in theU.S. Both thefraction of
utility-generated el ectricity and thetota nuclear eectric generationisshown.
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construction or unexpected difficulties, nuclear electrical capacity isexpected to increase by 2.5t0 3%
over thenext 5 years. Inthiscase, the proportion of electricity produced by nuclear fissionislikely to
remain dightly above20%.

Future growth of nuclear energy isagoal of the present administration and the Department of Energy. A
program called NE-2010 (http://www.ne.doe.gov/planning/NucPwr2010.html) , the Nuclear Power 2010
Initiative, wasannounced in February 2002 to facilitate the building of anew nuclear eectric generating
station by 2010. Such aplant likely would incorporate one of the standardized designsthat have dready
been reviewed by the NRC and assuch will involve only modest extension of current technology. These
designs provide mgor improvementsin safety and in system simplification by reducing dependence on
power-driven complex equipment for emergency core and containment cooling. Direct-cyclehightem-
perature gas-cool ed reactor (HTGR) designsare aso candidates. They areextensonsof HTGR technol-
ogy that have predicted maor improvementsin reliability and simplification through el imination of the
intermediate cooling systemsand the potentia for water-graphiteinteractions.

The DOE d so hasled along-terminternational programintended to lead to the design of the next genera-
tion of nuclear reactors, the so-called Fourth Generation designs. The Generation-1V (http://gen-
iv.ne.doe.gov/) effort isprimarily defined by severd technological and economic goals, notably including,
higher reliability and efficiency, ahighlevel of inherent safety, financial life-cycle advantages over other
technologies, low financial risk, and waste minimization. Theintent isto reduce the net cost of nuclear-
generated e ectricity whileimproving public acceptance of nuclear reactors. The Generation-1V Technol-
ogy Roadmap hasrecently defined the most promising reactor conceptsfor long-term devel opment under
this program, and has defined the research and development required to commerciaizethose concepts.

The Generation 1V Roadmap hasamajor fuel cycle component that islikely to beincorporatedinto the
Advanced Fuel Cyclelnitiative now being devel oped by DOE’ s Office of Nuclear Energy, Scienceand
Technology (NE). Processing of fuel isalargeelement in thispart of the Generation-1V program. The
Generation-1VV Roadmap a so indicated the desirability of devel oping technology that issufficiently flex-
ibleto be used for multiple purposes, such as production of hydrogen, providing processheat, and desdli-
nation.
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Many of theissues preventing theexpansion of nuclear energy aresocial and political. The Generation-1V
framework isdesigned to identify and address many of theseissueswith respect to reactorsto be de-
ployed after 2020. An additional and often major objection to even continuation of nuclear power has
been concern about the need for long-term storage of spent fuel in the absence of adesignated permanent
disposal site. In 2002, the Congress and the President approved the Department of Energy developing a
license application for the YuccaM ountain waste disposal site. The successful implementation of this
decision may improvethe acceptance of nuclear power. Themajor technological issuesrelated to spent
fuel storage havebeeninvestigated, and ongoing researchin thisareaisbeing funded by DOE primarily in
the Officeof Civilian Radioactive Waste Management, although somewill be donein the Environmental
Management Science Program, being transferred to OS, and BES presently does support somebasic
research onissuesrelating to radioactivewasteisol ation.

The other major impediment to the expansion of nuclear energy inthe U.S. iseconomic, probably the
major reason no new U.S. plants have been built for decades and perhapsthe highest hurdle for new
designsto overcome. A recent study by theInternational Energy Agency (IEA) ontherelative competitive-
nessof natura gas, nuclear power, and coad among membersof the Organization for Economic Coopera
tion and Devel opment (OECD) examined various operating costs, capital costs, plant decommissioning
costs, and the costs of wastedisposal. Thel EA concluded that in terms of operating costs, nuclear power
plantsare competitiveagaingt coa and natura-gas-fired generation units. Natura -gas-fired unitsaveraged
2.2-4.1 centgkWh, coa plants 1.9-3.3 centskWh, and nuclear 0.8-3.2 cents’kWh. Thefuel costsfor a
nuclear power plant aresgnificantly lower than thosefor cod or natura gasplants. However, construction
costs, which are strongly dependent onthe cost of capital, are another matter. In capital-intensiveindus-
triessuch aselectricity generation, interest ratesplay akey rolein determining the rel ative economics of
different generation fuel sources. The capital cost of anew nuclear unitissubstantialy higher than that for
acomparablefossil unit. In addition, dueto their higher construction costs, therelative cost of nuclear
power plantsismore sengitiveto interest ratesthan arethe costsof coa or natura gas plants. Using recent
valuesfor French-built pressurized-water reactors, capital costsaveraged $1,636/kW at 0%, $1,988/kW
at 5% interest, and $2,280/kW at 10%interest. Care must betaken when using costs, aswell asconstruc-
tiontimes, in other countries. Government roles, aswell asfinancing approaches, differ sgnificantly and
thereforethese numbersarenot directly transferableto the U.S.

Congtruction costsarea so sengitiveto thetime of construction. Although nuclear power plants have been
builtinaslittleas4 years, the| EA study noted that the average constructiontimefor U.S. plantscompleted
after the Three Mileldand accident was 12 years. Theincreased congtruction timeresulted from the need
toincorporateimprovementsin safety identified by the accident, inefficient management of the construc-
tion, aswell asto copewith thedrastic drop intherate of increasein el ectricity demand following the
OPEC (Organization of the Petroleum Exporting Countries) embargo. Inrecent years, new plantshave
been constructed in Japan and K oreato regul atory standards somewhat similar to U.S. requirementsina
4to4 1/2 year timeframe. ThelEA study concluded that nuclear energy was competitivein morethan
one-haf of the OECD (Organization for Economic Cooperation and Devel opment) countriesanalyzed at
the 5% rate, but was not competitive at 10%. Currently approved and certified reactor concepts hold
promise of shorter construction times, and expedited constructionisagoal of the Generation-1V design
concepts. However, until new reactors can be shown to meet these expectations and are constructed and
begin operation therewill remain cons derable hesitancy and skepticism by the e ectric utility industry asto
whether the environment and lega structureinthe U.S. will allow such expedited construction.
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Themagjor resourceissue associ ated with nuclear power isthe supply of uranium. Current best estimates of
proven uranium reserves are adequate for more than 50 years at the current rate of consumption, with
about threetimesthat amount in so-called specul ative reserves. Thereisalso an extensive potential ura-
nium resource availablein seawater if the technol ogy can be devel oped to economically extract it. In
addition, weapons-grade uranium and plutonium from military stockpilesintheU.S. and Russiaisbeing
made availablefor use asreactor fuel. Thismaterial ishighly enriched, at over 90% U-235. Similarly
enriched plutonium (93% Pu-239) can also be used in mixed-oxidefuel. Conversion of just the highly
enriched uranium will provide about 15% of world reactor requirementsfor morethan 20 years. The
spent-fuel reprocessing that isbeing carried out in Europe and Japan providesfurther feedstock by recy-
cling unburned U-235 and Pu-239, although thisisbeing done on avery limited basis. If thelevel of
reprocessing was expanded, all these sourcesmight provide adequate feedstock for nuclear reactor fuel
for at least 100 years, although the economicsof reprocessing are not currently favorable.

If reprocessing and other technol ogies mentioned above do not expand, but nuclear power does, then
moreuranium must beutilized. Significant levelsof uranium enrichment capacity existintheU.S., France,
Germany, Netherlands, United Kingdom, Japan, Russia, and China. The commercial technologiesused
aregaseousdiffusion and gas centrifuge. The gaseousdiffus on processwas devel oped during WorldWar
I1, and plantsusing this processtend to be ol der, but still account for about 60% of installed capacity. The
more recent gas centrifuge processis more efficient. Compared to gaseous diffusion, it consumesonly
about 20% of the electricity per unit of uranium enriched. Excess capacity hasworked to keep the cost of
enrichment relatively stablein recent years, withthe U.S. closing down some of itsoldest, World War 11
vintage gaseousdiffusion plants. Theremaining U.S. enrichment capacity isadequatefor a most twicethe
current nuclear fuel demandintheU.S.

Futur e Research Needs

Thel EA economic study eval uated and compared existing, not future technol ogies. Expectationsarethat
future nuclear power plantswill see significant efficiency gainsthrough programslike the Generation-1vV
effort. Of course, somegainsmay a so beexpected for competing technologies. Themost sgnificant gains
could beachieved by nuclear power if the safety features of new designsincrease social acceptance, and
if the predicted lower construction costs also can berealized. Design safety issuesare heavily addressedin
each of the Generation-1V design studies.

Another mgjor focus of the Generation-1V designsisincreased thermal efficiency inthe nuclear steam
supply system((i.e., obtaining moreeectrical energy per unit thermal energy). Asaresult, higher operating
temperatures are desired, which increasesthe demands on structural material performance. In March of
thisyear, DOE Office of Nuclear Energy, Science, and Technology (NE) and the Office of Basic Energy
Sciences (BES) sponsored aworkshop to bring together expertsfrom the reactor materialsand design
community with fundamenta materiasscientiststoidentify research and devel opment needsand opportu-
nitiesto provide optimum high temperature nuclear energy system structural materials. Theformet of the
workshop was structured around the reactor concepts proposed as part of the Generation-1V Nuclear
Energy SystemRoadmap in order to define relevant research needs, while at the sametime making an
effort toidentify research needsthat cut acrossdesigns.

Among the many materialsR& D areasidentified at the workshop, thefollowing areas appear to bethe
most critical for advancing Generation-1V concepts:
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Research on advanced ferritic-martensitic and martensitic steelsthat allow for increased
temperature of operation for liquid-metal and supercritical water conceptswhileimproving
toughness at lower temperatures. 1ssuesinclude stability of oxidesin oxide-dispersion-
strengthened materia s, basic microstructural and microchemica changes, and phase stability
at hightemperatures. Thiswill requiretheuseof irradiationfacilities, whicharefew inthe U.S.
and may requiregoing oversess. Thisfirst areashould identify thework necessary to develop
alimited number of themost promising candidatesfor theirradiation researchin thefollowing
fivearess.

Development and fundamental understanding of radiation performance of refractory aloys,
ceramic composites, and coatingsfor high and very high temperature concepts.

Researchtoimproveradiation performance of austenitic tainlessaloysincluding resstanceto
void swelling, embrittlement and stresscorrosion cracking. Thisresearch should aso examine
other aloysemployed in present and near-term deployment plants, aswell asconsider non-
radiation environmentsfor thesematerias.

Development of new high-temperature superaloysthat aretailored for radiation environments
(e.g.,low nickel contentsand controlled phase stability)

Fundamental and applied understanding of the complexity of radiation damagein engineering
dloys including augtenitic, ferritic, ferritic-martengitic, refractory metas, and ceramic materids.

Devel oping amore detail ed understanding of the radiation-induced complex, non-equilibrium
microstructural and chemical evolution which occursat the nanoscale, leading to changesin
plasticity, corrosion and fracture processes.

All six of these areas could benefit from basic research and all six of them could equally benefit from
applied and devel opmental research. Theresponsibility for basic research that underpinsthesesix areas
properly belongsto BES.

Some additional basic research areasthat warrant considerationinclude:;

irradiation assi sted stress corrosion cracking and agueous corrosion
irradiation induced embrittlement

mechanismsand modeling for the degradation of radioactive waste packages
welding andjoining (Temperbead repair, laser welding, underwater welding)
nondestructive eva uation and condition monitoring

mechanica behavior, predictive modeling and computer smulation

radiation effects

hest transfer

complex multiphasefluid flow

human performance

neutronics

reprocessing methods
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A final issuerdated to both safety and efficiency isreactor fudl performance. In order to minimizerefueling
frequency, some advanced designshave proposed exposi ng fuelsto higher burnups. In addition to reduc-
ing thedowntimefor refueling, these schemesa so reducetheamount of high-level waste created. Some of
thesedesignsinvolvefuelsmorehighly enriched in U-235 than current LWR fuels (possibly increasing
concern about diversion of nuclear materias). Achieving higher burnupwill increasetheeffectsof radiation
damagetothefue (e.g. swelling and cracking) and higher operating temperatureswill further challengethe
stability of thefuel. In order to reach the desired fuel performance goals, advanced oxideor carbidefuels
may berequired. Thereislimited experience with the coated-particlefuel form used in advanced gas-
cooled reactor designs. German-fabricated fuel has performed well inirradiation tests, but experiencewith
U.S.-fabricated fuel hasbeen mixed. Thus, issuesrelated to fuel performance aso warrant further re-
search. Higher fuel burnup and higher fuel temperatureswill also increase the demands placed on fuel
cladding or fuel coatingsthat congtitute the engineered barriersto fission product escape. Significant im-
provementsinfuel performance may not be poss blewithout concomitant improvementsintheradiation
resistance of the structural materialsmentioned above.

Summary

Nuclear energy provides somewhat morethan 20% of electricity intheU.S., 35%in the European Union,
24%inal OECD countries- about 16% of electricity worldwide. Theimportance of this power source
may increase dueto concerns of greenhouse gasemissionsfromfossil-fired (coal, oil and natural gas)
plants used to produce 65% of theworld’ selectricity. For example, according to arecent OECD report,
OECD power plant emissionsof carbon dioxidewithout nuclear power would be about one-third higher
thanthey areat present. Thisisan annual savingsof 1.2 billion tonsof carbon dioxide, or about 10% of
total CO, emissionsfrom energy useinthe OECD.

Itisdifficult to envision ascenario in which the Kyoto Protocol emission target of a700 million ton
reduction in carbon dioxide emissionsin OECD countriesby 2008-2012 (relativeto 1990 levels) can be
achieved without either asignificant reductionineectrica production or anincreasein the use of nuclear-
generated electricity. Thisrealizationispart of thebasisfor the current debate on nuclear power in coun-
triessuch as Germany and Sweden that haveinitiated plansto shut down their nuclear plants, and for plans
intheU.S. and elsawhereto increase nuclear capacity by reviving thenuclear industry. Theinitia stepsin
that reviva aretheextension of useful life of the present generation of nuclear plantsand the deployment of
new plantsinthenear term. Similar effortsto extend thelivesof existing plantsare being pursued overseas
and an Internationa Near Term Deployment plan hasbeen formulated to achievegoassimilar totheU.S.
NE-2010 program as an adjunct to the International Generation-1V planning. For thelonger term, the
Generation-1V International Forum (http://gen-iv.ne.doe.gov/intl.html), withtheU.S. DOE inaleadrole, is
identifying thereactor designs, and accompanying research needsfor the next generation of reactorsthat
will further improvereactor safety, reliability, therma efficiency, and waste management.
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RENEWABLE AND SOLAR ENERGY

Energy sourcesthat arereplenished by nature, with human intervention, and within arelatively short time
period after their usearedefined as* renewableenergy.” Their replenishment can rangefrom being instan-
taneousto requiring decades. In contrast, fossil-based energy resourcesrequire millionsof yearsfor their
formation and cannot be effectively replenished. The U.S. Energy Information Administration generally
includesthefollowing sourcesas* renewabl €’ : conventiona hydroelectric, geothermal, wind, solar, biom-
ass, and waste. Tofurther definethese categories, thefollowing information isoffered:

Conventiona hydroel ectric power isdistinguished from pumped storage hydroel ectric power since
thelatter isanet energy consumer.

Solar includes both solar thermal and photovoltaic (PV) sources.

Biomassincludesorganic matter produced by biologica photosynthesis(lignocel lulosefrom trees,
cornand other energy crops, wood and woody plants, algae and other photosynthetic organisms,
food by-products, etc.) that can be converted to fuelsand chemica sby fermentation or thermal
processing.

Thewaste energy streamincludes methane and other flammable gasesrecovered from landfills,
and various solid wasteformsthat are burned to produce e ectricity or thermal energy.

Hydrod ectric, wind and solar power do not produce any greenhouse gasesat the point of energy generation,
whereas combustion of biomass and waste and fermentation of biomass produces CO,. Aslong asan
equivalent amount of biomassisregrown through photosynthesis, thereisno net increase of CO, inthe
amogphereasaresult of burning or fermenting biomass. Depending on the source and gpplication, geothermd
sourcesmay also rel ease greenhouse gases, aswell as other noxious gases such ashydrogen sulfide.

Renewabl e energy resources can contributeto al the magjor energy sectorsintheU.S,, including eectricity
(25%0), transportation fuel s (28%), residential and commercia space heating (19%), and industrial process
heat (28%). Thecentral goal for renewabl e energy isto become competitivewith fossil energy.

Global Energy | ssues

To properly discusstheroleof renewableenergy for future U.S. energy needsit isnecessary to discussthe
futureglobal energy picture. Theworld population isexpected to grow to 10-11 billion people by theyear
2050, and thisgrowth will be concentrated in the devel oping counties. This population growth, together
with the standard of living goalsfor these devel oping countries, will impact the emission of greenhouse
gasesto an extent that will limit the use of fossil fuelseverywhereintheworld, including the U.S., and
require huge amountsof carbon-freeenergy. The numbersare quite staggering, and have been summa-
rizedby M.I. Hoffert [Hoffert 1998, Hoffert et a. 2002]. Theessenceof thisanalysisisthat apopulation
of 10-11 billion by year 2050, an increasein the average world GDP of 1.6%/yr (historical average),
counterbalanced by adecrease of 1%/yr inthe energy consumption per unit of GDP because of expected
increasesintheefficiency of energy utilization, produces an expected energy consumptioninyear 2050 of
28 TW (or 888 EJ/yr) (1 TW = 31.7 EJyr). Thepresent world energy consumption rateisabout 13 TW
(412 EJlyr). Although fossil fuel resourcesand proven reservesare huge (40,000 EJfor oil plusgasand
180,000 EJfor codl, enabling their possible usefor about 50 yearsfor oil and gasand 275 yearsfor cod),
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their usewill possibly be severely restricted by the problemsof CO, emissions. If the CO, concentration
intheatmosphereisto berestricted to 550 ppmin 2050 (twicethe pre-industria value; the present level
15325 ppm), then by 2050 thiswill requirethe availability of 20-30 TW of carbon-free power. Thisis
appreciably morethan thetotal world energy consumption today! Furthermore, evenif norestrictionson
CO, emissionswereimplemented, but rather the present rate of decreasein carbon intensity of energy
utilization continues (at arate of -0.56 kg C/yr/watt), then 10 TW of carbon-freeenergy will berequired
in 2050 - a so ahuge and daunting requirement.

Theavailablegloba renewableresourcesare estimated to be: (1) hydro: 4.6 TW total, 0.9 TW practicd,
and 0.7 TW dready installed; (2) wind: 50 TW total onland, 2-4 TW practical onland; higher if oceans
areutilized; (3) biomass: 5-10 TW total (not considering land required for food production and utilizing
100% of the cultivatable crop land for energy production), practical: unknown possiblerestriction dueto
water supply; (4) solar: 1.2 x 10° TW totdl; practica: 600 TW (60 TW at 10% conversion efficiency) (to
generate 12 TW of solar power at 10% efficiency would require 0.1% of theworldsland mass). These
numbers suggest that the best long range renewabl e resource that could providetherequired carbon-free
energy issolar, whether implemented as biomass or as photovoltaic or advanced solar conversion technol-
ogy. However, breakthroughsand disruptivetechnology arerequiredto achievesuch alevel of implemen-
tation. A similar casefor the need for daunting amounts of carbon-free power can be advanced based on
sugtainability argumentseven in the absence of greenhouse gaseffects.

Electricity from Renewable Ener gy Sour ces

AsshowninFigure4.1, thetota net electrical production by electrical utilitiesfrom renewable energy
sourceshasremained essentially constant since about theyear 1975, with hydroel ectric power accounting
for nearly 99% of the renewabl e contribution. Valuesfor the various renewable componentsin the year
2000 were: hydroelectric, 0.91 EJ; geothermal, 7.2 x 10 EJ; wind, <1.8 x 10* EJ; solar, <1.8x 10*EJ;
wood, 2.52 x 102 EJ; and waste, 4.7 x 103 EJ. Since the consumption of el ectricity hasincreased by
about 57% sincetheyear 1975, thefractional contribution of renewable energy sourcesto el ectricity
production by utilities hasbeen declining, asshownin Figure4.2.

AsshowninTables4.1and 4.2, nonutility power producers utilize renewabl e energy sourcesto agreater
extent. Intheyear 2000, el ectrical utilitiesgenerated 10.8 EJand nonutility producers2.82 EJof electric-
ity. The absolute and rel ative contribution for al sourcesisshownin Table4.1, and therenewable sources
arecomparedin Table4.2. Sincethe nonutility producers havelesshydropower and little nuclear power,
their relative use of both fossi| fuel sand other renewablesishigher thantheuutilities.

Increasing hydroel ectric generation isthe most rapid way to grow therenewable component of electricity
production. It isestimated that 60 GJ/s of undevel oped hydroelectric power isavailableintheU.S. As-
suming a50% capacity factor, 60 GJsof hydropower would add 0.95 EJ of energy annually, morethan
doubling the current contribution. Tapping into thispotential capacity would involvethree approaches:
upgrading equipment at existing hydropower facilities, adding generating equipment at existing damsthat
arenot so equipped, and devel oping new projects. The development of new hydroel ectric projectsmay
involveatrade-off betweenthe potentia elimination of generating facilitiesthat produce greenhouse gases
and theimpact of new dams onwaterwaysand marinelife.

AsshowninFigures4.1and 4.2, other renewable energy sourceshave not yet made asignificant contri-
butionto eectricity productionby U.S. utilities, despitesubstantia R& D effortsinitiated after the oil shocks
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Table4.1. Electrical Energy Production and Fractional Contribution from Various Sour cesfor
Utility and Nonutility Power Producers

Electrical utilities Nonutility producers Fraction
Electrical energy of total
source Energy (EJ) Fraction (%) Energy (EJ) Fraction (%) electricity (%)

coal 6.09228 56.129 0.98064 34.803 47.107
al 0.26028 2.398 0.13176 4.676 2.246
natural and other gas 1.04328 9.612 115812 41.101 10.637
total fossil 7.39584 68.139 2.27016 80.567 59.989
nuclear 2.53944 23.396 0.1746 6.196 19.028
hydroelectric 0.91044 8.388 0.07812 2.772 6.862
geothermal 0.00072 0.007 0.0504 1.789 0.136
wood 0.00252 0.023 0.13968 4.957 0.381
waste 0.00468 0.043 0.08388 2977 0.252
wind 0.00018 0.002 0.01764 0.626 0.047
solar 0.00018 0.002 0.00288 0.102 0.009

Table4.2. RelativeFraction of Various Renewable Sourcesto Total
Electrical Production from Renewable Sour cesfor
Utility and Nonutility Producers

Electricity source Electricd utilities(%0) Nonutility producers(%o)
hydrodectric 99.091 18.428
wood and waste 0.758 52.498
geotherma 0.114 24.161
olar 0.019 0.737
wind 0.019 4177

of theearly 1970s. Thisresearch reduced substantially the cost of some renewabl e power sources(cur-
rently, 3-5 cents’/kWh for wind and 25-30 centskWh for PV) . A major limiting factor for adoption of
these sourcesisthe cost and practicality of eectrical energy storageand integration into the power grid.

The peak inthe utilitiesrenewabl e energy production curvesin theyear 1987 isdueto apeak in geother-
mal power that year. Thetotal non-hydro renewable contribution to eectricity productionintheyear 2000
waslessthan 1%. A very substantial increaseinthesevauesisrequiredif they areto contribute signifi-
cantly to the reduction in greenhouse gas production in the near future. A combination of technical and
natural obstaclesmust be overcometo makethisaredlity.

The present relativeimportance of renewable energy sourcesincreaseswhen total energy productionis
consdered. Totd geotherma energy production includesgeotherma heat pumpsand direct thermal energy
use. Similarly, the solar energy component includes space and water heating. WWood burned for space
heating is the largest single component. In the year 2000, renewable energy consumption (without
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hydroelectric) was 3.50 EJ, or 5.2% of total energy production. Of this, wood, waste and a cohol was
3.09 EJ; geothermal was 0.30 EJ; solar was 0.066 EJ; and wind was 0.048 EJ. The alcohol was that
blended with gasolinefor useasamotor vehiclefuel.

Resear ch and Development | ssues
Wind

Dueto ongoing improvements, wind isthe renewabl e energy technology closest to being economically
competitivetoday. Intheyear 1999 worldwide wind capacity increased by 36% to 13,400 MJ/s, with
Germany, theU.S., and Spain contributing over 40% of theincrease. Some projectionsindicatethat the
local contribution of wind to eectrical capacity could reach up to 10-20% in someregions. Such asignifi-
cant market penetration would require addressing theimpact of theintermittent output of wind through
modification of systemsoperation, hybridswith other technologies (e.g., gasturbines), and energy storage.
Near-term R& D isneeded for higher towers, lightwel ght bladeswith advanced airfoil designs, direct-drive
systems, advanced power conversion devices, and durableand lightweight structural components. Over-
all, the greatest impediment to widespread use of wind power isalack of sitesthat offer consistent and
adequate volume and velocity of winds. If high reliability isneeded from thewind generation Site, the cost
of abackup system such asagasturbine addssignificantly to the net cost of electricity.

Studiesat the Nationa Renewable Energy Laboratory (NREL ) have shownthat, if windmillsaresited at
5% spacing, whichisabout the optimal spacing of windmillsso that they do not obscure one another, and
if no excluded, environmentally-sensitivelandsor urban areasare covered, then approximately 0.4 TW of
wind power can be producedinthe U.S. Thisamount of energy, though small compared tothe3 TW that
iscurrently consumed domestically from all energy sources, iscomparableto the entire current U.S.
€lectricity consumption.

With respect to electric wind power potential, 27% of the earth’ sland surfaceisrated as classthree,
representing lower availablevel ocity. A classfour rating representsland where sited windmillsare eco-
nomical (~3-5 centskWh of eectricity production) by having amean wind speed at acertain height above
ground. The proposed use of class-three-rated land for windmill Siting requires advancesinwind turbine
technol ogy to maketheselower wind vel ocity areaseconomical inthenext 50 years. Addingupall class
threeand four land surfaces, and considering practical siting constraints, resultsin approximately 2 TW of
electrica power potentid fromterrestrial wind.

The offshoreelectrical power potential of windislarger than 2 TW and, in some cases, suchingtalations
make geopolitical sense. However, going far offshorewould berequired to realize aneeded demand of
10-20 TW of carbon-free power primarily through wind-generated el ectricity. Getting the power gener-
ated offshoreto the land-based regionswhereit is needed to meet demand can result in transmission
losses. In addition, theimpact of removing energy from the atmosphere through the number of windmills
necessary to produce the level of power needed might have a negative impact on weather and other
atmospheric conditions. For example, to producethe 0.4 TW of domestic el ectricity needed from the
availableclassfour wind resource areasin North Dakota, astatewith high potential for using wind energy,
50% of the energy in the atmosphere would have to be removed through an exhaustive install ation of
windmills. Itisnot clear what theimpact of such adrastic measurewould be.



Exploitation of wind-generated electricity onalarge scaleischallenginginthe U.S. for another set of
important reasons. The wind resource is not located where the power demand is. Most of the U.S.
popul ation resides outside of major wind producing areas. Thegrid cannot currently handlethelevel of
power that might be produced by wind. Furthermore, wind isarelatively mature technology, but asan
intermittent source demands an accompanying energy storage system. The use of compressed air storage
inthewindfarmisprobably the best way, from aphysicspoint of view, to provide the storage capacity and
thereby convert an intermittent resourceinto basel oad power. The penalty of including storageisabout 1
cent/kWh, so such an approach becomesinteresting when wind el ectricity isabout afactor of two lower
incost thanitisnow. Hencelarge scale use of wind power poseschallengesin assessing possiblelimita-
tionsthat might ari se dueto extracting significant amountsof energy localy out of the natural atmaospheric
circulation, in handling the potential load with the structure of thegrid, and infinding effective storage
methodsto convert intermittent power to basel oad power.

The effectiveness of wind turbinesdepends on theinteraction of thebladewiththeair flow at itssurface, a
chdlenging probleminbasicfluid dynamics. Turbulenceat thesurfacedeformsthebladelocdly asitturns,

whichinturndisturbsthelocd air flow. Advanced numerica methodsin computationd fluid dynamicsare
needed to accurately predict the fluctuation aerodynamic forces, blade deformations, and vibratory re-
sponses. A second basic research problemisthe structura performance of theturbineblade. New blade
materialsand composite fabrication techniques are needed that combinelight weight, high stiffness, and
long lifetime (> 10° cycles) with low manufacturing costs. Thesegoa scan beachieved throughimproved
understanding of composite material s behavior and fatigue mechanisms. Finaly, thevariability inlocal

wind conditionsleadsto intermittent power production that can be accommodated if itisknown afew
daysinadvance. A better understanding of mesoscal e atmospheric processesisneeded to forecast aver-

age and turbulent wind flow fieldsover complex terraininthelower 200 metersof the atmospheric bound-
ary layer with high accuracy three daysin advance.

Geothermal

Geothermal power iscost competitive at good quality sites, and theinsta led geothermd dectrical capacity
hasincreased from 500 MJ/sin theyear 1973 to the current 2800 M J/s. However, the number of such
stesislimited, with most being located inthewestern U.S., Alaska, and Hawaii. Geotherma wellsarea
versatile energy sourcethat are currently being used to produce el ectricity, to heat greenhousesthrough
direct therma useapplicationsfor geotherma heat pumps, and inaguaculture. Thegeotherma resourcein
the U.S. ishuge, with over 40,000 Quads of energy potential. However, 90% of thispotentia isat low
temperatures (<150°C or <300° F) and muchisinaccessibleasaresult of lack of water, low permeability
soils, and environmental concerns. To accesstheselessattractive resources, basic researchisneededin
explorationtechnologies, drilling, reservoir engineering, and convers on technol ogies. Whilemuch technol -
ogy has been borrowed from the petroleum industry, geothermal resources require new technology for
higher temperatures, hard rock drilling, reservoir estimation, fracturing and other geothermal -specificre-
quirements. Materia sperformance problemsexist dueto the corrosive nature of sseam at somelocations.

Geothermal energy makesimportant contributionsto theenergy mix in certainregions, including thewest-
ern U.S. and regions of theAsian-Pacific and central Europe. Some nations, such asthe Philippines,
produce asignificant portion of their el ectricity from geothermal sources. Other nations, such aslceland,
usegeothermal heat directly for space heating andindustria processes. Theuseof geotherma heat pumps
intheU.S. hasincreased significantly inrecent yearsand, infact, holdsthelargest potentia for increasing
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the geothermal component of thetotal energy mix because the development isnot dependent on specid
high-temperature geothermal regions. Nonetheless, large expansion of geothermd utilizationislikely tobe
dependent on reducing both development costs and uncertainty. Mgor costsinvolvedinfinding and
devel oping geothermd energy are associated with explorationand drilling. Reduction of drilling costsisan
important target for applied research. However, the better location of drilling targetswould beanother way
to reduce costs and requires advancement of the basic sciencesinvolved in exploration. Uncertainty in
resource size and performance acts asahindranceto devel opment, sincedevel opers prefer surer targets.
Improving the understanding of reservoir performance mechanismsthrough basi ¢ research woul d be useful
to lower thisuncertainty and thereby increasetherate of development.

Photovoltaics

The solar constantis1.76 x 105 TW, hence, there
isample solar energy potential. Fromthe 1.2 x
105 TW of solar energy that strikesthe earth’ ssur-
face, apractica sting-congtrained terrestria solar
power potentia vaueisabout 600 TW. Thenum-
bersrangefrom very conservative estimates of 50
TW to optimistic estimates of 1500 TW, depend-
ing on theland fraction devoted to power genera-
tion. A good number to usefor onshoredectricity
generation potential isprobably 600 TW. Thus,
for al0% efficient solar farm, at least 60 TW of
power could be supplied fromterrestrial solar en-
ergy resources. For calibration, photosynthesis
currently supplies90 TW globaly to makethebio-
gphererun, sotheamount of power availablefrom
thesunisvery large(seeFig. 4-3).

Theland areathat isrequired to produce 20 TW
of carbon-free power from solar energy is0.16%
of the earth’ ssurface, or 5x 10 m2. Producing
3TWwithal0%efficiency solar cell farmwould
requirecovering 1.7%of thelandintheU.S. The
sizeof eventhisproject (comparabletotheland
devoted tothenation’ sinterstate highways) should
not be underestimated (see Fig. 4-4). For ex-
ample, if a10% efficient solar energy conversion
unit wasinstalled on every homerooftopinthe
entire U.S,, only 0.25 TW of power would be
generated. Nevertheless, thisrequires about a
factor of 100 lessland than current biomasstech-
nology and similarly lesslandthanusingwindto
generate equivalent amountsof power.

Energy Conversion Strategies

Fuel

e Light .
. ——
<Electricity

/ l \ Electricity

Semiconductor/Liquid

RS Photovoltaics

Photosynthesis

Figure 4-3. Energy conversion strategies for
converting solar energy to usableenergy.

Figure 4-4. Boxes showing land area require-
mentsto produce3 TW or 20 TW of photovol-
taic energy at 10% efficiency.
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Theéefficiency of photovoltaic deviceshasbeenincreasing steadily. Nevertheless, current technologiesall
lieonardatively common cost/waett scale. Theunderlying reasonfor thisroughly equa cost/watt trade-off
isthat the photovoltaic materialsnow available suffer from the samefundamental physical limitations.
Large-grain, purematerials, with along lifetime capable of making efficient solar cells, arecostly to pro-
duce. Alternatively, cheaper materiadswith smaller grain sizeshave grain boundariesthat act asrecombi-
nation sites, resultingininefficient solar cells. A smilar trade-off isfound for organic (* plagtic”) photovol-
taics. If pureinorganic single-crystal materials, like silicon and GaAs, are replaced with much cheaper
organic materials, the materia sareinherently disordered and therefore are cheaper but moreinefficient.
Thenet result isthat one can ride anywhere on this cost/watt trade-off scale, but neverthelessendwithina
factor of 20%.

Useof disruptivetechnologiesisone approach to reducing the cost/watt trade-off. Further discussonon
these approachesisfound at the end of the next section on advanced direct solar photoconversion.

Advanced Direct Solar Photoconversion

Cost/Efficiency of Photovoltaic Technology

Direct solar photoconversion is the process
whereby the energy of solar photonsiseither con-
verted directly into fuels, chemicals, or materias
garting from smpleand renewable substratessuch
as water, CO,, and N,, or the photons are con-
verted directly to electricity. Theseprocessesre-
quire photoactive organic, inorganic, or biologica
moleculesor materid sthat can absorb alargefrac-
tion of thesolar irradiance and drivethe chemical
reactionsthat producethefuels, chemical, materi-
as, or electricity. Thelatter photoconversionpro-  Figure4-5. Cost/efficiency of photovoltaic
cessthat produceselectricity canbedistinguished  technology.

from photovoltai c conversion based on solid sate

semiconductor p-n junctions by thefact that molecular photochemical and/or éectrochemical processes
areinvolvedin photoconversion.

Costs are modules per peak W; installed is $5-10/W; $0.35-$1.5/kW-hr

Threebranchesof scienceand technol ogy can be defined for solar photoconversion: photoe ectrochemistry,
photochemistry, and photobiol ogy. They al depend upon photoinduced charge generation (i.e., electrons
and positive holes) followed by efficient positive and negative charge separation at varioustypes of inter-
facesthat ultimately produce oxidation-reduction (redox) chemistry. Photoel ectrochemistry involves semi-
conductor-molecul einterfaces, photochemi stry invol vesmol ecule-mol eculeinterfaces, and photobiology
involveshiological interfaceswith other biologica and non-biological molecules.

Fuelsproduced by solar photoconversion are derived from endoergic reactions wherein the photon en-
ergy isstored aschemical free energy in thereaction products. Extremely important examplesof this
processare hydrogen from photol ytic water splitting, and methane, methanal, or ethanol from thereduc-
tionof CO, by water. Thelater can betermed “artificial photosynthesis’ sincebiological photosynthesis
usesthe samereactantsof CO, and H,O to form biomassand O,. However, theterm “artificial photosyn-
thesis’ isaso gpplied moregenerdly todl fuelsand chemica products produced viasolar photochemistry.
The photoactive moleculesand material sused to create and separate e ectronsand holesand to drive the
appropriateredox chemistry are semiconductors (inorganic or organic) in photoel ectrochemistry, molecu-
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lar structuresin photochemistry, and biological structures(e.g. invivo water-splitting blue-green algae or
invitro reaction centers) in photobiology. Some photoconversion reactions can also beexoergic, suchas
photooxidation of organic moleculesto make higher value productsor to destroy organic pollutantsand
theformation of hydrogen from organicsor biomassusi ng photosynthetic bacteria.

Thebest reported conversion efficiency (rate of H, freeenergy produced/solar power in) for the photolytic
splitting of water by semiconductor structuresisabout 12%. 1t wasachieved using amonoalithic tandem
cell structure consisting of two series-connected p-n junctionsof GaAsand GalnP, with metal catalysts
deposited on the anodi ¢ (oxygen evolving) and cathodic (hydrogen evolving) sidesof thelayered Sructure.
However, the cost of thiscell isvery high, and the use of such high-efficiency tandem cellsisusually
reserved for space applications. Photobiologica production of hydrogen by photosynthetic blue-green
agae hasrecently been achieved without the usud poisoning of the algae by the evolved oxygen. However
the conversion efficiency isvery low (< 1%).

For photoconversion to el ectricity, the conversion systems can be configured so that the separated elec-
tronsand holes produce aphotocurrent and photovoltage, rather than drive chemical reactions. Thebest
systemsto date are based on photoel ectrochemical cells(semiconductor-moleculeinterfaces), producing
power conversion efficiencies that have been ashigh as17% . A recently developed cell that looks
potentially promising isbased onthe dye sengtization of nanocrystdlinetitanium dioxide (anontoxic and
cheap paint pigment) filmsby adsorbed dye molecules. Thispotentialy very cheap cell showsconversion
efficienciesinthelaboratory of about 10%. Another potentialy major advantage of photoel ectrochemical
cellsfor el ectric power isthat they can be configured to store the photogenerated el ectricity by using part
of the photogenerated power to chargeathird electrodeinthecell , which can dischargeinthedark. Such
a cell becomesaphotochargable battery that can deliver power day and night.

Thegrand challengefor direct solar photoconversionisto discover and devel op conversion systemsthat
exhibit combinationsof efficiency and capita cost per unit areathat resultin delivered éectrical or stored
chemica energy at very low cost , and furthermore are stable and robust under operating conditionsfor
10-15 years. To reduce the cost of installed photoconversion systems to $0.20/ peak watt of solar
radiation, acost level that would makethem economically very attractiveintoday’ senergy market, would
requirethat they have acapita cost of about $100/m? together with aconversion efficiency of about 40%
or acost of $2/meand an efficiency of 15 %. The power produced by such systems wouldyield electrica
power at acost of about 1-2 cents’kWh or H, at about 2-4 centskWh free energy equivalent. Such
combinationsof cost and efficiency requiretruly disruptivetechnologiesthat do not exist at the present
time. However, thesegoasdo not violateany fundamental scientific principlesand are not beyond the
reelmof possibility.

Oneimportant strategy to attain these goalsistoidentify approachesthat produce ultrahigh conversion
efficiency. Present photon conversion devices based on asinglethreshold absorber, including solid-state
semiconductor photovoltaics, al operate within aregimewherein the ultimate thermodynamic conversion
efficiency islimited to about 32% with unconcentrated sunlight. Inthisregime, the photogenerated elec-
tronsand holesarein thermal equilibrium with the phonons (quantized | attice vibrations) of thelight-
absorbing material. Thismeansthat the energy of photogenerated el ectronsand holesin excess of the
threshold energy (i.e., the bandgap) isnot utilized for useful work, but rather is converted into heat.
Furthermore, in thisregime photons|ess energetic than the threshol d energy are not absorbed. Recent
research has shown that the equilibration of electronsand phonons (&l so referred to as hot el ectron cool-
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ing) can be slowed by 1 to 2 orders of magnitude in semiconductor quantum dots, quantum wells, and
related nanostructures. Other researchers have shown that conversion efficienciesabovethe 32% limit
may be achieved by theformation of resonant impurity bandsin photoe ectrodes produced from quantum
dot solid arraysthat can absorb two sub-bandgap photonsto create one el ectron-hol e pair, photon up-
conversion whereby ahigher energy photon isproduced from two lower energy photons, and photon
down-conversionwhereby two smaller energy photonsare produced from one energetic photon. Another
approachto achieving high conversion efficiency, dsoyielding atheoretical thermodynamic maximum of
about 65%, isto use multiple bandgap absorbersin a cascaded tandem configuration. Inthelimit of
threshold absorbers matched to the solar spectrum the limit is65%, but two tandem bandgaps as esti-
mated to yield about 40% conversion and 3 tandem bandgapsto yield about 50% conversion.

Another gpproach to meet these cost/watt goalsistofind
chemical methods (referred to asdisruptive technologies
in the Photovoltaic overview) to fool the inexpensive
photoconversion materials (like polycrystalline,
nanocrystalline, and organic materias) into performing as
if they wereexpensivesinglecrystass, without actualy in-
curring the coststo grow theexpensivecrysa sthemsalves.
Thisapproachinvolveschemicaly treating theseinexpen-
sivematerialswith “solar paint” so astofool their grain
boundariesor interfacesinto thinking they arepart of the  Figure4-6. Solar paint passivatesgrain

periodic crystal that thismaterial istryingtoemulate(e.g.,  boundariesin inexpensivephotovoltaics,

seeFig. 4-6). Arelated strategy isto produceso-called  causingthem toperform likeexpensive
interpenetrating networks. Useof such networksrelaxes — singlecrystal materials.

theusual constraintinwhichthe carriersthat areexcited

must exist long enough in their excited statesto traverse the entire distance of the cell. Instead, the
materialsconsist of anetwork of interpenetrating regions. There aretwo examples of these approaches
that arejust emerging; neither of them areeconomicaly or technologicaly viabletoday, but they seemlike
good approachesinthelong runto achievethedifficult cost goasof 1-2 centsor lessper kWh. Intheend,
thisapproach will haveto be as cheap as painting your house and mass-produced like sheets of plastic or
photographicfilm.

Direct formation of fuelswill aso require development of inexpensive, robust, and efficient therma and/or
photochemical catalystsfor theformation of such fuelsfrom abundant, inexpensive, recyclablechemicas.
Important targetsincludethedirect photochemica splitting of water intoH, and O,, catalyststhat individu-
ally reduce water to hydrogen and oxidize water to oxygen which could be used either in anintegrated
fashion with photoel ectrochemical devicesor inamodular fashion with PV systems, and catalyststhat
alow effect thereduction of CO, to organic fuels (such asmethanol or methane) or which utilizeH, with
CO, toform hydrocarbon fuels.

All thevarious possible strategiesfor high efficiency, low cost, high stability and long lifetime solar
photoconversion systems must be examined and compared to find the optimum system(s) to achievethe
important goal s described abovefor producing stored chemical freeenergy infuelsor eectricity from
renewableresources. Thisisparticularly vital Since photoconversionisadirect solar conversion process
that utilizesthelargest available renewabl e energy resource and hasthe potential to operatewith ultrahigh
converson efficienciesand with very low cost materias.
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Biomass
Biologically-based strategiesfor providing renewabl e energy can be grouped into two major categories:

thosewhich usefeatures of biologica systemsto convert sunlight into useful forms(e.g. power,
fuels) but do not involvewholeliving plantsaswe know of today, and

thoseinvolving growth of plantsand processing of plant componentsinto fuelsand/or power.

Given the current state of knowledge and uncertainty, it isfar too soon to declare either of these“the
winner” (or loser), and therearelegitimate“ homerun” possibilitiesin each category. Itisrecommended
that both categoriesbe pursued aggressively with roughly equa aggregate research effort considering the
U.S. portfolio of energy-related research asawhole.

Among current and foreseeable plantsand plant materid, lignoce lulosic biomasshasthe greatest potential
for energy productionand oil displacementinlight of scale, cost, energy baance, and ecological consider-
ations. Thusitisappropriateto focus cons deration of research involving plant-based energy systemson
cellulosic hiomass. Thisshould be donewith an appreciation for the merit of well-justified research on
plant typesthat are not foreseeable at thistime, or to devel op propertiesthat circumvent the limitations of
current non-lignocellulosic plants. 1t may beobserved that the potentia importance of biomassin meeting
human needs currently met by non-sustai nabl e resources depends on both technical and societal factors, a
feature common to most renewabl e energy sources.

Thedomain of plant-based energy production can be categorized into work focused on plant production,
and work focused on conversion of plant products. Both arevery important and aroughly equal aggre-
gated effort seems appropriate, considering the U.S. portfolio of energy-related research asawhole.
L ong-term improvements can be expected in the devel opment of both biomassresourcesand the conver-
sion technologiesrequired to produce el ectrical power, fuels, chemical, materials, and other bio-based
products. For example, theworld' sfirst biomassgasification system, inwhichwood chipswere converted
to gastofireaboiler, was successfully operated. Asmolecular genetics matures over the next severa
decades, its application to biomass energy resources can be expected to significantly improve the eco-
nomicsof al formsof bio-energy. Improvementsin economics, inturn, will likely lead to increased efforts
to develop new technol ogiesfor theintegrated production of ethanol, el ectricity, and chemical products
from specialized biomassresources. Similarly, improvementsinfuel cellscan beexpected toincreasethe
value and demand for biogas. At the sametime, near-term biomass marketsin corn-ethanol and the co-
firing of coa-fired power plantsprovide opportunitiesfor learning-by-doing.

R& D challengesand opportunitiescan beclassified into three broad areas. Thefirst concernsterrestrial
plantsand aga systemsinfresh and salt water. Productivity of plantsin adverseenvironments(sdineand
degraded soils, high aridity ecozones) isvery limited, yet to mitigateincreasing human use of good soilsand
maintain ecosystem values such asbiodiversity requires sustained long-term efforts. Theremay aso be
possibilitiestoincreasetheefficiency of photosynthes sand photosynthate storage. Recent work hasstarted
to e ucidate not just the mechanism of photosynthesi sbut to a so understand the molecular architecture of
light harvesting and water splitting. Genomicsfirst of Arabidopsis, and now underway for tree species
(Pinusand Populus, already acandidate energy crop), and cereals (Oryza spp) will enable many aspects
of the genometo be both understood and possi bly mani pul ated to increase biomass productionin total, of
selected plant polymersand intermedi ates, and eventual ly to control both the composition and themacro-
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molecular architecture. Work on Rubisco the enzymethat transportsalmost 2/3 of al carbon dioxideinthe
atmospherethrough theleavesof plantseach year, may be oneareathat could pay off aswell. Withamore
broad genetic understanding of plantsboth physiology and pathway work can benefit from technology
transfer from societieslargeinvestment in biomedical technologies. 1n depth understanding of plant cell
wall architecture, and of the mechanism and control of storage polymersin plants, detailed molecular
mechanismsby which cellulose, other plant cell wall polysaccharides, and other key polymersare synthe-
sized and deposited would facilitate novel materials, chemicals, and fuelsfrom the biosphere.

The second area concerns post-harvest conversion of plant materialsto fuels, chemicals, and materials.
Currently the mgjor biomass conversionsuseelther thermochemical or bioconvers on approaches. Gasifi-
cation to mol ecul es such as carbon monoxide and hydrogen, the components of synthesisgas, can gener-
atedesired fudl's, chemicalsand materialswith suitable catalysts. Biologica conversionsrequire prior
reduction of the plant cell wall polymersto smplemolecul esthat are often monomersto the plant polymers
such asglucose, xylose, and phenyl propane unitsfrom lignocelulosics, or complex and novel oligomers
from starches or other storage compartmentsof plants.

Biotechnology offersasuperb array of new and rapidly devel oping tool sto advance our basic understand-
ing of plants, enzymesand organisms. Theadvancesduring the past half-decadeintheomics’ (genomics,
proteomics, and metabol omics) al so show great promisefor continuing our understanding of theways
microbial cellslive, multiply, and produce needed chemicalsand materids. Inaddition, X-ray crystallog-
raphy, neutron diffraction, molecular mechanics computer modeling, and el ectronic and atomic spec-
troscopi es serve scientiststo probe protein structure and el ucidate chemical function. The“pull” from
biomedical research needswill provide asteady stream of research innovationsand toolsavailablefor use
inother gpplications.

A third areaof effort isin biomimetic construction of materid sthat today areunavailablenaturaly but could
have preferred engineering properties at macroscal esin textiles, the built environment, and many other
areas. An opportunity isthe devel opment of new carbohydrate based nanoscale materials. Featuresunique
to certain carbohydrate compoundsinduce them to self assembleinto nanostructural materia sthat could
haveuseashighly sdlective, structurally defined catdysts, and other applications. However, thereislittle
known about how the structural features present inindividual moleculestrand ateinto the ultimate shapes
adopted by supramol ecular structures. Once understood, carbohydrate based systems could devel op
with predictable propertiesasnew nanomateriasfor thefuture.

L ooking back, amgjor issueisthat our dependence on nonrenewabl efeedstocksfor fuels, chemicals, and
materialshasbeen adirect function of our inability to mani pulate complex polymeric molecul esthat com-
pose plant resourcesto products other than food, feed, fuel, fiber and non-engineered wood polymers.
Much about the current knowledge about plant cell wall structure, function, components, and physica and
chemical properties has been derived as away to obtain specific product performance targets — not
necessarily to design at themolecular level themyriad of productsthat plant resourcescould provideif the
sciencebasewerein place. Some chemical and materia stechnologiesthat aretill inthemarket placeare
morethan 100yearsold. In plants, theinterpenetrating networksof polymersand their complex biological
synthesissuffer from great natural variability dueto weather, geographic conditions, soil quality, water
availability, and ahost of other factors. Toolsto unravel such complexity and providethe needed science
base are now available and should be used to enabl e renewabl e resourcesfor fuel's, chemicalsand mate-
rialsto serve society’ sneedsfor thefuture.
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The*“greenrevolution” increased remarkably the productivity of severa grainsthusdecreasing concernsof
theworld’ sability tofeed agrowing population. Infact, in 20 years, cumulativeworld agricultura produc-
tionincreased by 91% in devel oping countriesand by 32% in the developed world. Significant increasein
productivity was obtai ned through conventional geneticsand avariety of inputsto fertilizethe soil and
control pests. Thisrevolution includes environmental |egacies of degraded and contaminated soilsand
water bodies.

The*greenrevolution for the next 50 years’ needsto address productivity and selectivity of desired
productstoincreasetheefficiency of land and water use, while maintaining and improving soil, water, and
ar quality for futuregenerations. Thiscan only happenwith asignificant increase of the science basefrom
which breakthroughswill emerge. It will requiretheintegration of the body of knowledgefrom related
areas such asgenomes (sequencing and functional), devel oping and mining databasesfor information on
propertiesand functions, and “omics’, currently mostly developed for human life sciences, and applying
thesetoolsto plant science, enzymes, bacterial, fungal, and microbia consortiaand photosystems, and
other organismsat amuch increased paceaswell. Integrative, quantitative, experimental, and computa-
tional approacheswill bring new knowledge, novel methods, and innovativetechnologiesto engender a
better understanding of complex biological systemsand processesfor renewablefuels, chemicals, and
materialsfor the 21% century.

Promising research directionsin the production of biofuel sincludelow-cost production of enzymes, devel -
opment of microorganismsfor consolidated processes, improved performance of thermochemica pro-
cessing, and advancesin producing low-cost energy cropsand controlling their composition. Many of
these areaswill benefit from advancesin geneticsand biochemistry. Theyield of many field cropsappears
to beapproaching upper limits. By contrast, it seemslikely that the application of modern technology can
lead to several-fold increasesin the amount of biomass produced by woody species per unit areaper unit
time. Advancesinthisareaare expected to come, in part, from advancesin understanding the basi s of
plant growth and devel opment. Im-
proved understanding of the mecha-
nismsthat control therateof cell divi-
sonsand expansg onmay providenove
opportunitiesto engineer plantsthat
grow morerapidly (Figure 4.7). In
addition, advancesin characterizingthe
enzymesand processesresponsiblefor
the synthes sand deposition of cell wall
polysaccharides may facilitatethede-
velopment of genetically modified spe-
cieswithincreased ratesof cellulosic
biomass production or the devel op-
ment of plantsin which more of the
cell wall biomass can be utilized for

biofud production. Amgorchalenge _ _ o
inimplementing researchinthisareais Figure4.7. Increased expression of asingletranscription

that thelong |ead-time between initia- factor hasamajor impact on biomassaccumulation.

tion of agenetic engineering experi- L eft: wild type. Right: transgenic.
Courtesy of Mendel Biotechnology.




ment in woody biomass production and the compl etion of the experiment ison the sametimescaleasa
typica scientific career. Thus, nove career pathsfor scientistswill need to be created before opportunities
inthisareawill be evaluated. One of the most promising approachestoday isthe hydrolysisof fibrous
biomass and subsequent microbia conversion of sugarsto ethanol. Theproliferation of microbia genome
sequenceinformationisasignificant new resourceinthisarea. A major opportunity isthe development of
technologiesfor conversion of non-cellulosic cell wall polysaccharides, such aspectins, to biofuels.

Hydropower

Advanced hydropower technol ogy improves on availabletechniquesfor producing hydroelectricity by
eliminating adverse environmental impacts and increasi ng generation and other operationa efficiencies.
Current technol ogy often has adverse environmental effects, such asfish entrainment and the ateration of
downstream water quality and quantity. Thegoa of advanced hydropower technology isto maximizethe
useof water for hydroe ectric generation while liminating these adverse effects.

R& D challengesinclude quantifying the biological response of fish affected by hydropower projectsand
modeling theforcesinsideturbinesto predict stresslevelson fish. Better computational fluid dynamics
modelsmay enablethedesign of “fishfriendlier” turbines. The devel opment and demonstration of retrofit
technologiesisalso needed, so that the large number of hydropower plant licensesthat are currently
scheduled to expire after 2020 are abl e to take advantage of these advancesduring therelicensing pro-
cess.

Summary

The contribution of renewableenergy sourcesremained relatively small intheyear 2000 and present data
trendsshownin Figures4.1 and 4.2 are not encouraging. The U.S. Energy Information Administration
projectsadight reduction in thefraction of energy supplied from renewabl e sources between theyears
2000-2020. Although absol ute usage of renewabl e energy sourcesis predicted to increaseduring this
period, total energy consumptionisexpectedtoincreaseat afaster rate, withlarger increasesin natural gas
and oil consumption. Substantial technica breakthroughsarerequired if therenewabl e energy technolo-
giesareto makeasignificant contributionto U.S. energy production, particularly for e ectricity, and the
effort to reduce greenhouse gasemissions.
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FUSION ENERGY

A number of nuclear fusion reactions have been considered to provide afuture source of energy, but the
most feasiblein the near termisthefusion of two hydrogenisotopes, deuterium and tritium (DT). The
promiseof DT fusonenergy liesinitspotentia for an essentialy unlimited fuel supply by extractingthe
required deuterium from terrestria water supplieswhilebreedingtritiuminthereactor itsdf. Thechalenge
of fusonliesintheneed to build and operate one of themost complex engineering Structuresever designed
whichmust essentialy containastar inthelaboratory. Thisentailsunderstanding the physicsof very high
temperature gases (plasmaphysics) aswell asdevel oping the material sand engineering features needed to
utilizethisenergy.

Thetechnical issuesthat need to beresolved in order to makefusion power apractica redity fall intotwo
broad classes: (1) the creation and maintenance of aburning plasmawith an energy density highenoughto
permit net energy production, and (2) building and maintaining astructurethat will permit thisenergy tobe
extracted and converted to eectricity. There aretwo aternate schemesunder investigation for containing
aburning plasma: magnetic andinertia fusion energy (MFE and I FE). In the M FE concept, the plasmais
confined and controlled by theinteraction between the charged particlesthat comprisethe plasmaand
powerful magnetic fields. IFE involvesthe use of either charged particle or laser beamsto compressa
small fuel pellet to asufficiently high density for fusionto occur. Most of the pertinent issuesrelated to
fusion reactor technol ogy are discussed in documents maintained by the Virtua Laboratory for (fusion)
Technology (VLT), a theUniversity of California, San Diego (website, http://vit.ucsd.edu/).

MFE plasmascience and technology has made significant progressin recent yearsasaseries of experi-
mental machineshave been built and successfully operated. Thelarger of these machinesincludethe Joint
European Torus (JET) in the United Kingdom, the Tokamak Fusion Test Reactor (TFTR) (recently shut-
down) and Doublet-111D inthe U.S., and the JT-60U in Japan. Based on the results obtained from oper-
ating these machines, including some experimentsthat involved burning tritium at JET and TFTR, thereis
increasing confidencein the plasmafuson community that aburning plasmaexperiment isfeasible, and the
international community ismoving ahead with plansto build such amachinefor thispurpose. Thismachine,
theInternationa Thermonuclear Experimental Reactor (ITER), hasbeen the subject of aninternationd
design activity since 1988 and adecision isexpected thiscoming year on whereto sitethe construction
(seehttp://www/iter.org/). Candidate Sites have been offered in Canada, by the European Unionin France
and Spain, andin Japan. TheU.S. wasinitially an active partner inthe | TER project, but stopped partici-
pating in 1999. However, the DOE under the current administration isdiscussing rejoining the project as
the decision on construction approaches.

| FE science and technol ogy has a so made significant progressin recent years. Experimentson previous
and existing facilities such asthe Nova, Omega, and Nikelasersand other foreign facilitieshave given
confidencethat larger facilitieswill produceignition and energy gain. ThelFE program inthe Office of
Sciencebenefitsgreatly fromalarger inertia fusion program administered by the National Nuclear Secu-
rity Administration (NNSA). Inparticular, NNSA iscurrently building afacility, the National Ignition
Facility (NIF) to study burning I|FE plasmas. A similar facility, the Laser Mega-Joule (LM J), isunder
congtructionin France.
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Theissueof the next step experimental machinefor investigating burning plasmaswasthetopic of atwo-
week meeting in Snowmass, CO in July 2002. This meeting involved morethan 280 U.S. and foreign
scientistsin what was called the 2002 Fusion Summer Sudy. Objectivesof the Fusion Summer Study
were

to review scientificissuesin burning plasmasfor MFE and | FE confinement,

to provideaforumfor critical discussion and review of proposed M FE burning plasmaexperi-
mentsand assessthe scientific and technol ogical research opportunitiesand prospective benefits
of these approachesto the study of burning plasmas, and

to provideaforumfor the IFE community to present plansfor prospectiveintegrated research
facilities, assesspresent status of thetechnica basefor each, and identify atimetable and technical
progress necessary for each to proceed.

Themeeting summary (available at http://web.gat.com/snowmass’) strongly endorses building such an
MFE burning plasmaexperiment, and identifiestheissues and benefits associated with ITER and two
aternate machines called FIRE (Fusion I gnition Research Experiment) and IGNI TOR. Asnoted above,
the burning plasmaexperiment for | FE conditions (http://www.lInl.gov/nif/) iscurrently under construction.

Although the successful control and maintenance of aburning plasmaisnot assured, increasing atentionis
now being placed on devel oping the materialsand technology to usethe DT fusion sourceto produce
power. Theselatter issuesare afocus of the material onthe VLT website mentioned above. Thehigh-
energy neutronscreated inthe plasmawill produceradiation damage problemsin the structural materias
that are Similar to, but more severethan, those experienced by in-core componentsinfisson reactors. In
fact, materials development research in thefusion reactor program hasin many casesparalleled that of
advanced fissonreactor programs. Themgor differencesbetweenthe DT fusionand fisson environments
arethe neutron energy spectrum. DT fusion neutronsareall bornat 14.1 MeV whilethefission source
exhibitsaspectrum with apeak near 2 MeV. The neutron spectrain both cases cover awide range of
energy asaconsequence of scattering reactions. However, the presence of higher energy fusion neutrons
hastwo mgjor impacts:. (a) higher energy primary atomic recoilsand (b) high nuclear transmutation pro-
duction since many such reactions have energy thresholdswell above 2 MeV. In particular, therate of
heliumand hydrogen generation by (n,a) and (n,p) reactionsisontheorder of 10to 100timeshigher inthe
DT fusion case. Therequired damagelevelsfor componentsin the highest flux positionsin DT fusion
reactorsarea so greater thanthat infission reactors.

Thelack of anintense 14 MeV neutron source requiresthat the fusion program obtain radiation effects
dataprimarily fromirradiation experimentscarried out in fission reactors. Asaresult, much of the previous
experimental and modeling work inthefusion material sprogram hasbeen aimed at determining theimpact
of thehigher energy DT neutrons. Modern computationa smulationssupport theview that the net effect of
spectral differencesbetween fission and fusion may berather small. Thisconclusionisalso supported by
someexperimenta eva uationsthat indicatesthe use of acommon correlation parameter (atomic displace-
mentsper atom, dpa) seemsto account for spectral effectsarising from differencesin primary displace-
ment damage production. However, the computational results provideinformation on theradiation dam-
age sourcetermonly for times up to ~100 picoseconds, and do not account for the differencesthat may
arisefrom transmutation products such as helium and hydrogen. Thus, additional researchisrequired to
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confidently extrapolate thefission reactor datato DT fusion conditions. A good summary of thefusion
materiasresearchissuesand opportunitiesisreferenced below [Stoller et al. 1999].

Because of the system compl exities, the need for material sresearch extends beyond radiation effectsin
structural materials. For example, plasmadiagnostic systemsrequire materialswhose el ectrical perfor-
mance may be degraded by irradiation, and the performance of optical materialsused aswindowsand
mirrorsin both MFE and | FE systems may also beradiation sensitive. Superconducting materialsare
another example. Low cost, low degradation under irradiation and high temperature are desired proper-
ties. Inaddition, tritium must be bred by transmutation of lithium inablanket region near thestructurd first
wall. Both solid (ceramic) and liquid (liquid metalsand molten sdlts) breeding materiashave beeninvesti-
gated. Relevant research issuesinclude the devel opment and use of coatingsto prevent the buildup of
tritiuminthe blanket structure, corros onissues, and the technology to extract tritium from the breeding
medium.

If thetechnical issueswith devel oping fusion energy are solved, further improvementsmay berequired for
thistechnol ogy to be economically competitive. For example, arecent study [Deleneet al. 2001] com-
pared the projected cost (intheyear 2050) of e ectricity from fusion with several other options, including
coal, natural gas, nuclear fission, and wind. Two tokomak fusion designsincluded wereARIES-RSand
ARIES-ST [Bathke 1997]. The other systems evaluated were generally advanced variants of current
technol ogies: pulverized cod with fluegasdesulfurization, pressurized fluidized-bed cod combustion, com-
bined cycle coa -gasification, combined cycle natural-gasfired turbine, advanced light water fissonreac-
tor, advanced liquid metal fission reactor, and awind turbine. The estimated baselinelevelized cost of
electricity fromthefusion designswas 2.5 x 102 centsMJto 2.7 x 102 centsM J (91 and 97 milsgkWh)
for thetwo fusion designs. Thiscomparesto arange of 8.3 x 102 centsyMJto 1.9 x 102 centsM J(30to
67 mils’kwh) for the other technol ogies. A range of assumptionswasinvestigated inthisstudy, but el ectric-
ity from thetokomak fusion designswas consistently higher.

In summary, substantial levelsof basic and applied research and development arerequired beforethe
promiseof fuson canberedized. Theresultsof current plasmaphys csexperimentsincrease confidencein
thescientific feasibility of maintaining aburning plasma, and progress hasbeen madein understanding the
engineering i ssuesassoci ated with extracting and using thefus on energy produced. However, fundamenta
research related to materials performance, research onissuesrel ated to tritium breeding and extraction,
and additional system design and integration studies are needed. Finally, technical feasibility doesnot
ensure the economic viability of fusion. The perceived environmental advantages may offset some eco-
nomic penalty, but history suggeststhat pricewill remain astrong selector in the energy marketplace.
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DISTRIBUTED ENERGY, FUEL CELLS, AND HYDROGEN

Itisprojected that by the year 2020 an estimated 6 trillion MJ (1.7 trillion kWh) of additional electric
capacity, corresponding to about 200 generating plantswithal GW power capacity, will berequiredin
the United Statesto meet new demand and replacelost capacity from retired power plants. (Figure6-1.)
Thisisalmost twicethe growth rate of thelast 20 years. Estimatesfor the worl dwide consumption of
electricity show an increase from 12 billion MJ/s used in 1996 to possibly 22 billion M J/'s by 2020.
Devel oping countries, where an estimated two billion peoplelivein rural areaswith no accessto power
grids, are projected to account for most of thisincrease. Distributed generation technol ogiesare expected
to captureaconsiderable part of thismarket with an estimated increased capacity of over 20,000 M J/s
(20 GW) per year over the

next decade.

Theterm “distributed power N e
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dustries), cannot tolerate an

interruption of service. Dis- Figure6-1. Electricity generation by fuel for theyear
tributed power generationsys- 1970-2020 (billion kWh).

tems can be used in stand-

alonegtuations, such asremotelocationswhere no power grid existsor inindustrieswheretight control of
the quality and level of power isrequired. Heat generated by the power system can also be used in
cogeneration applications, such as providing heating and cooling for buildings. Power sourcesfor such
applicationsneed to be cost effective, dependable, efficient, reatively mobile, and haveaminimal environ-
mental impact. Gasturbinesand reciprocating engines are already being used for distributed power
generation and thelr efficiency may beimproved further by continued materid sand systemsdevel opment.
Emerging technologies, including microturbinesand fuel cells, offer promisefor providing additional op-
tionsthat could meet the efficiency and environmenta criteria

Critical issuesin the envisioned technol ogies are the availability and nature of thefuel, its production,
storage, transport, and efficient conversioninto electrica energy. Fud typesmay bedivided broadly into
carbon-freefud (i.e., hydrogen) and carbon-containing fuelssuch asreformer gas or hydrocarbons.
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Hydrogen asafuel [adapted in part from IWG 2000]

Itisrecognized and accepted that once ddivered to the energy conversion device, high purity hydrogenis
theideal fuel. Despiteitsabundancein nature, hydrogen isnot aprimary energy source, and must be
produced from aprimary energy source such asfossil hydrocarbons or coal, nuclear fission or fusion,
hydrod ectric, or renewabl e technol ogies. Depending on the source, itsproduction may or may not involve
CO, emissions. When hydrogen is produced from carbon-containing primary energy sources, e.9. by
steam reforming of hydrocarbons, CO, appears asaby-product. Subsequent sequestration could resultin
low emissionsof CO,, compared to combustion, depending on theefficiency of the hydrogen production
process. Nuclear power could be used to generate hydrogen, either through electrolysis of water or
through thermochemical processesinvolving high temperaturereactors. Hydroel ectric power iswell suited
for the utilization of the off-peak plant capacity. Hydrogen from biomass or solid wastes could result in
very low CO, emissions, depending on theamount of fossil fuel used for fertilization, cultivation, and
transportation of the bioenergy feedstock. Zero-carbon dioxide hydrogen production conceptsinclude:

hydrogen by electrolysisof water, with electricity produced by nuclear, hydroelectric, solar or
wind power plants,

photoel ectrochemical- and photobiol ogical-based processesfor producing hydrogen fromwater;
and

thermochemical conversion using advanced high-temperature nuclear or solar reactors, coupled
to chemical reaction cycles.

Itisimportant to consider thecompletefuel cycle(i.e, the*well-to-whedl” efficiency [SNRA 2001, GM
2001],inthegeneration and use of hydrogen from fossil sources) when evaluating theoverall environmen-
tal andfossil fuel savingsfor el ectrochemical energy conversion and when making comparisonswith ad-
vanced combustion engines. Thedectricity consumed in the hydrogen generation by eectrolysiscould
aternatively bedirectly delivered tothegrid. Hydrogen asafud thenretainsmeritinmobile or inremote
applications, whereagrid isnot present, or where pollution reductionisan overriding concern. Further-
more, hydrogen has been proposed asamethod of storing energy of intrinsically intermittent electrical
power sources, such aswind and solar power.

Hydrogenisproduced today inlarge quantities, primarily for useinthechemica and ol refiningindustries.
Modest amountsof hydrogen aredistributed by pipelineor truck toindustria users. Hydrogen production,
storage and distribution methods are commercially available, but dramatic improvement, particularly of
existing storagetechnol ogiesfor transportation, isneeded if hydrogenisto becomeamajor energy carrier
inthefuture. Advanced storage conceptsinclude complex hydrides, e.g., danates[Zauskaet a. 2000],
carbon adsorption and carbon nano-tube encapsul ation. Many of the more promising conceptsarestill in
the basic research stage, but are of questionable economic value, or arecontroversial [Yeet al. 2002,
Zuttel 2002]. Distribution systemswould also have to be deployed that are capable of containing and
pumping thelow molecular weight fuel, utilizing materia sthat resist hydrogen embrittlement.

Key criteriafor successful use of hydrogeninthetransportation market isthe energy density of thestorage
system, ascompared to other fuels. Table6-1 [Berry and Aceves 1998, Pettersson and Hjortsberg 1999]
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Table6.1. Estimated Storage Perfor mance of Hydrocarbon in TanksDesigned for 640-km
Rangein a 34-km/l Gasoline Equivalent Car

Vessd type Volume  Weaght H, E/NV E/m Reference
(1) (kg) kg)  (MJ)  (MJIkg)

344 bar pressure H, 237 37 5 2.5 22 Berry 1998
LiquidH, 135 31 5 4.4 19 Berry 1998
344 bar cryogenicpressureH, 126 66 5.17 4.9 94 Berry 1998
600 bar carbon/polymer H, -- - - 35 7.5 Dillon1997
“Metd hydride’ H, 66 184 5.7 10 3.7 Klos 1998
Methanol 62 46 -- 1 15 Klos 1998
Gasoline 39 29 -- 17 23 Klos 1998
Compressed natural gas -- - - 6-10 13-20 T-Raiss 1996

Source: Pettersson and Hjortsberg 1999

showsthe projected volume and weight needed for atypica automobile using different hydrogen vessels
and other fuels. Gasoline has the best performance in mobile applications. Asyet, any of theknown
hydrogen storage methods do not compare, being either too heavy or to voluminous, or both.

In principle, theintroduction of ahydrogen economy might proceed by agradual transitionfrom exclusive
fossil fuel useto significant inclusion of non-carbon primary energy sources, reducing CO, and other
emissonsand full dependenceonfoss| fuels. At full market penetration, al conventiona useof foss| fuels
would be replaced by hydrogen derived from renewabl e, nuclear, or carbon-sequestered fossi|-fuel sources.

Hydrogen asafuel hasbeen researched for nearly 25 yearsand iscurrently strongly promoted [ Shell
2002] for mobileapplications. Significant technical and economic uncertaintiesremain asobstaclestoits
broad deployment inthe U.S. economy. At aminimum, before hydrogen can achieveapremierestatusin
the energy economy, dramatic advanceswill berequired in hydrogen storage and carbon-free production
technol ogies, whilefocused research programsaimed at innovation in thisareashould beformulated in
reglistic economic contexts.

Heat Engines

Heat engines, including variousreci procating types, gasturbines, and microturbines constitute awel |-
known and well-devel oped technology. They are presently thelowest-cost distributed generation tech-
nology. Since heat enginesoperate on Carnot cycle or other heat/pressure cycles, higher operating tem-
peraturesaswell asheat recuperation canimprovetheir overall efficiencies. The development of novel
materiasor coatingsthat can withstand combustion temperatures significantly abovethe present limits
remainsan areawhere basic materia sresearch and devel opment can produce significant benefit.

Heat enginesare quite adaptableto aternativefuelssuch aslandfill gas, propane, and gases derived from
gasification of coal, biomass, and varioustypesof waste. They can beused inavariety of applications
because of their small size, low capital costs, easy start-up, reliabletherma output, good load-following
characteristics, and heat recovery potential. Inaddition, developmentsover the past several yearsin



exhaust catalystsand combustion design and control haveresulted in significantly reduced pollutant emis-
sons. They aresuitablefor many distributed power generation applications, and congtitute alarge portion
of the combined heat and power (or cogeneration) market that currently accountsfor about 7% of the
electricity produced inthe U.S. Typical installed costs are $250-450 per kJ/sand, in large size, can
operate at amaximum efficiency of approximately 50% thermal.

Although heat engines have been characterized asbeing maintenance intensive, they have been produced
for well over ahundred years, and therefore already have the support of awell-established base of sales
and serviceoutlets. Their easeof useand ready availability has, infact, at timesdiscouraged the search for
alternative technology. The major drawbacks of combustion enginesaretheir relatively limited lifetime
(typically about 5000 hrsfor reciprocating engines, e.g.), noise, and various pollutants, which need to be
improved significantly for extended, continuousdistributed service.

Fuel Cdlls

A fuel cell produceselectric energy through an electrochemical reaction that combinesahydrogen or
hydrocarbonfuel and air or oxygen to producewater, carbon dioxide (for hydrocarbon fuel or hydrogen
derived fromacarbon-containing primary fudl), and heat. Becausethey are not Carnot-cyclelimited, fuel
cellscan behighly efficient, clean, quiet, andreliable. Thefuel cell consstsof an anodeinto whichthe
hydrogen or hydrocarbon fuel isfed, acathodethrough whichthe oxygen (or air) enters, and an eectrolyte
that separatesthe two electrodes. Polymeric electrolytesfor the PEM fuel cellstransport protonsin
association with several water molecules. Solid oxide electrolytesfor the SOFC fuel cellsexclusively
transport oxygenions. Whiletheions passthrough the el ectrol yte, the el ectrons must take aseparate path
around theelectrolyte, creating acurrent that can be utilized. The PEM fud cells, operating around 100°C
arestrictly hydrogen cells, where the hydrogen hasto be supplied as such, or produced by reformers.
They are presently intensaly devel oped [Ballard 2002]. Thesolid oxidefud cells, operating at tempera-
tures up to 1000°C can usenot only hydrogen but d sofossil fuelsdirectly. Thisisasubstantial advantage
inadistributed generation scenario when ahydrogeninfrastructureisnot yet developed. Inadditionto
water and heat, thefuel cell reactions produce carbon dioxide, not or minimally diluted by nitrogen—in
contrast to combustion engines—that can be captured for recycling or sequestration.

Therearefivemajor typesof fuel cells, each designated by thetype of eectrolyteused: alkaline (AFC),
phosphoric acid (PAFC), polymer or proton-exchange membrane (PEM FC), molten carbonate (M CFC),
and solid oxide (SOFC). Each of thesearedightly different inthe materialsused for the different parts of
thecell, thetemperaturesat which they will operate, and the source and type of fuel that they will accept.
Thedominant variants presently arethe PEMFC and the SOFC, based on known cost and performance
cellingsintheother fuel cell types. For the PEMFC asystemthat includesa*“fuel reformer” can generate
hydrogen from any hydrocarbon fuel, including natural gas, ethanol, methanol, and gasoline. Cellscan be
constructed to servevirtually any power requirement, from mJsecto MJsec, with littlevariationin effi-
ciency.

Many potential applicationsfor fuel cellsare envisioned. More than 200 PAFCs have already been
installed all over theworld at stationary sites such ashospitals, nursing homes, hotels, office buildings,
schools, airport terminals, etc., wherethey provide primary power or backup at acost savingsof 20-40%
over conventiona energy service. Inaddition, several arebeing used at landfillsand wastewater treatment
plantsin thiscountry wherethey use the methane gas produced at the siteto generate power. Unfortu-



nately, the PAFCs cost about $3000 to $5000/kW, and 10-15 years of manufacturing devel opment have
falledtoimpact thiscost.

Sincefud cellsproducelittle or no noise, havelow emissions, and can operatedirectly or indirectly on
propane, natural gas, or other fossil fuels, aswell aslocally derived hydrogen, they areideally suited for
distributed power generation applications. They cannot only producethe needed el ectricity but also use
heat fromthefud cell to provide hot water or space heating. Thelow-grade heat (~80°C) from the current
PEM fuel cell technology may a so be used to provideair conditioning viaades ccant cooling cycle. The
high temperature of the SOFCsa so allowsthe exhaust gasto driveaturbine, in contrast to the PEM FC.
Potentia transgportation applicationsincludeoff-road utility vehicles, buses, trains, and even boats. Aspart
of thenational FreedomCAR Program, al the mgjor automotive manufacturers (including Ford, General
Motors, Honda, and Toyota) have a PEM fuel cell powered vehicle either in development or testing.
SOFCs, under astrong devel opment technol ogy program through the Nationa Energy Technology Labo-
ratory (NETL) [NETL 2002], can offer higher overdl efficienciesthan PEM cdlsand, whilemobile appli-
cationsare also possible, they are envisioned chiefly for stationary distributed generation from afew
kilowatts up to the megawatt range[NETL 2002].

Inspiteof theattractive system efficiencies, environmental benefits, and energy security that fuel cellsina
distributed power generating economy could provide, they haveyet to captureasignificant portion of the
energy market. A critical issueinthisdelay isthe cost of thefuel cell systems. Presently, SOFCsand
PEMFCsthat have demonstrated extended performance (i.e., in excess of 10,000 hrsof continuous
operation) areexcessively costly. Thecurrent capital costsof suchfuel cells($3000-10,000 per kJ/s) must
bereduced considerably beforethey can become economically competitive with existing energy technolo-
gies. Thisgituationisnot aconsequence of engineering or marketing inadequacy. Rather, therequirement
of sgnificant cost reduction hasimposed the devel opment of fuel cell systemsthat useinherently low-cost
materialsand processing techniques. The devel opment hasbeen hampered by aninsufficient sciencebase
that canaccurately predict materialspropertiesand compatibilitiesinfuel cell environments.

Research Needs

Therearemany research opportunitiesinthedevelopment of novel fuel sources, efficient fuel cdlls, engines
and turbinesfor distributed energy applications. Fundamental research isneeded toimprove the under-
standing of the chemical, physical, and mechanical propertiesof materiasusedinfuel cells, andin hydro-
gen generation, transportation, and storage. Advancementsin these areas could lead to new designsand
possibilitiesfor usinglower-cost and eas er-to-manufacture materiad's. Significant advancesare needed for
stack materia's, oxygen cathodes, and membranes, including metal's, ceramics, and polymers. Thesecould
lead to the devel opment of durable PEM FCsthat operate at higher temperatures, and SOFCsthat oper-
ateat lower temperatures.

Hydrogen direct combustion devices can benefit from continued fundamenta research. Needed areengine
and turbinemateria sthat resist corros on and operate efficiently and reliably at higher temperatures, more
durable and lower cost sensors and instrumentation, and better performing hydrogen-natural gasfuel
blends.

A breakthrough in hydrogen storagetechnol ogieswould profoundly impact thefeas bility of thehydrogen
€conomy.



Theareaswhereinnovative basic materia sresearch, sensitiveto economic factors, can beformulated to
lead most effectively to energy improved technology may bebroadly listed as.

materia sphysicsand chemistry of functional surfacesand interfaces, including structural, el ectro-
chemicd, cataytic, and corrosion protection functions;

predictivetheoriesof composition and structureof ceramic and polymeric materidsfor high oxygen
ion or proton conduction, constrained by cost;

materialsphys csand chemistry of mixed € ectron/ion conductors;
materia sphysicsand chemistry of ultrahigh capacity, lightweight hydrogen storage materials;
materia sphys csand chemistry of novel hydrogen production technologies; and

limitsof strength of materiasfor hydrogen pressure vessels, both theoretical and after processing.

Summary

Didtributed power generationisstill initsinfancy. For advanced distributed power generation systemsto
becomearedlity for generd power production gpplications, sgnificant manufacturing cost reductionsand
further improvementsin materialsperformanceareneeded inal of the systemslisted above. Theseim-
provementswill depend principally on innovative devel opment of high-performance and yet |ow-cost
materials, aswell asonidentification of cost-effective manufacturing techniques. Whilethe near term
optionsfor distributed generation applicationsincludereci procating enginesand gasturbines, inadistrib-
uted power generation economy operating on hydrogen or carbon containing fuels, fuel cellsin combina
tion with microturbines can ultimately provide the needed environmental benefits, reducethecritical de-
pendenceonfossi| fuel, and provide the necessary energy security.

Theredization of these materia s-limited advanced technol ogiesdependsccritically ontheinformation that
basic material s sciences studiesneed to provide.

Refer ences

Balard 2002 (http://www.ballard.com/)

Berry, G. D.,andAceves, S. M. 1998. “ Onboard storage dternativesfor hydrogen vehicles’. Energy &
Fuels. 12 (1) pp. 49-55.

Dillon, A. C., Jones, K. M., Bekkedahl, T. A., Kiang, C. H., Bethune, D. S., and Heben, M. J. 1997.
“Storage of hydrogen in single-walled carbon nanotubes’. Nature. 386 (6623) pp. 377-379.

Genera Motors Corporation. 2001. GM 2001. W&lI-to-Whedl Energy Use and Greenhouse GasEmis-
sions of Advanced Fuel/ \ehicle Systems—North American Analysis. Executive Summary Report.
April. ( http://www.powertrain.se/pdf/63.pdf)

B-56



Interlaboratory Working Group. 2000, Scenarios for a Clean Energy Future. ORNL/CON-476 and
LBNL-44029. Oak Ridge National Laboratory: Oak Ridge, TN and Lawrence Berkeley Nationa Labo-
ratory: Berkeley, CA. November. (http://www.ornl.gov/ORNL/Energy Eff/CEFhtm)

Klos, H. 1998. “ Technica and economical practicability of carbon nanostructures hydrogen storage sys-
tems’. 12th World Hydrogen Energy Conference 2. pp. 893-898.

National Energy Technology Laboratory. NETL 2002. Solid Sate Energy Conversion Alliance (SECA).
(http://Avww.netl.doe.gov/)

Petterson, J., and Hjortsberg, O. 1999. Hydrogen storage alternatives — a technological and eco-
nomic assessment. KFB:Kommunikati onsforsknings-beredningen, Stockholm. December. (http://
www.h2forum.org/reports/H2store99.pdf)

Shdl 2002. (http://mwww.shell.com/homehydrogenen/downl cads/vandervear  hydrogen.pdf)

Swedish National Road Administration. 2001. SNRA 2001. W&lI-to-Wheel Efficiency for alternative
fuelsfromnatural gasor biomass. Swedish National Road Administration Publikation 2001:85. Borlange,
Sweden. October. (http://mwww.vv.se/publ _blank/bokhylla/miljo/2001 85/2001-85.pdf)

T-Raiss, A., Banerjeg A., and Sheinkopf, K. 1996. “Metal hydride storage requirementsfor transporta-
tion applications’. 31st I ntersociety Energy Conver sion Engineering Conference 4. pp. 2280-2285.

Ye, Y. et a.1999. Appl. Phys. Lett. 74(16). p.19.

Zaluska, A. et a. 2000. Journal of Alloys and Compounds. 298. p.125.
Zittel, A., et al. 2002. International Journal of Hydrogen Energy. 27. p. 203
Other Resources

Fud Cdls2000. TheOnlineFud Cdl Information Center. (www.fuelcdls.org)

GasResearch Ingtitute. 1999. “ The Role of Distributed Generation in Competitive Energy Markets.”
GRI-99/0054. Distributed Generation Forum. March. pp. 1-15.

Heinzel, A. 2001. “Materia sfor Fuel-Cell Technologies.” Nature. 414. pp. 345-52.

Liss, W. E. 1999. “Natural GasPower Systemsfor the Distributed Generation Market,” GRI-99/0198.
Gas Research Institute:Chicago, IL. Power-Gen International ‘99 Conference. New Orleans, LA.
November 30.

Steele, B.C.H.,and A. Heinzdl. 2001. “ Materia sfor Fuel-Cell Technologies.” Nature. 414. pp. 345-52.

Thomas, S. and M. Zalbowitz. Fuel Cells— Green Power. LA-UR-99-3231. LosAlamos National
Laboratory: LosAlamos, NM. (www.education.lanl.gov/resources/fuelcells)

U. S. Department of Energy. Advanced Reciprocating Engines Program. Distributed Ener gy Resour ces.
Washington, DC. (www.eren.doe.gov/der)

U. S. Department of Energy. Federal Energy Technology Center. Distributed Generation — Securing
America’s Futurewith Reliable, Flexible Power. Morgantown, WV. October. (www.fetc.doe.gov)

B-57



U. S. Department of Energy. Federa Energy Technology Center. Fuel Cells—Opening New Frontiers
in Power Generation. Morgantown, WV. November. (www.fetc.doe.gov)

B-58



TRANSPORTATION ENERGY CONSUMPTION

The U.S. trangportation sector includes highway, air, rail, shipping, pipeline, and off-road transport, aswell
asother categories such asrecreational boatsand military fuel consumption. Intheyear 2000, the sector
consumed about 28.8 EJ(27.3 Quads) of primary energy, which trandatesinto 28% of total U.S. energy
consumption. The sector isalso the nation’ sprimary oil consumer at 27 EJ(13.3 million barrelsper day
[mbd]) intheyear 1999, or about 67% of total U.S. consumption. Transportationisamost exclusively
dependent on petroleum; over 97% of all energy used in the sector comesfrom oil. Transportationis
respons blefor amost one-third of U.S. carbon emissions, substantial amountsof most air pollutants, and
two-thirdsof U.S. oil consumption (Table7.1). Inthesameyear, the sector emitted 502 million metrictons
(MtC) of carbon, or 32% of the U.S. total carbon emissions. Intheface of strong continuing demand for
transportation services, dow turnover of fleets, gasolineg' sdominance of light-duty vehiclefueinginfra-
structure, and low energy pricesthat provide only modest incentivesfor improved efficiency, U.S. trans-
portation energy consumption and greenhouse gas (GHG) emissions are expected to grow robustly over
the next few decades.

Table7.1. Contribution of theTransportation Sector to National |ssues
and Problemsfor theYear 1999

National I ssue Amount % of U.S. Amount
Climate Change— Carbon Emissions 502.0 MtC 33
Air Pollution—CO 84.6 Mt 80
Air Pollution—NOx 11.6 Mt 54
Air Pollution—VOC 7.7 Mt 44
Air Pollution—PM-10 0.5 Mt 3
Air Pollution—PM-2.5 0.5 Mt 7
Air Pollution—S0, 0.7 Mt 4
Oil Dependence—0Oil Use 27.1 EJ(25.65 Quads) 67

Source: EIA 2001 (CO,and oil dependence), EPA 2002 (other air emissions)

Overview of the Sector

Highway travel dominatesthe U.S. transportation sector, consuming 75% of thetotal energy used by the
sector. Inthe highway sector, light-duty passenger travel isdominant, accounting for 74% of highway
energy consumption, and 56% of total transportation energy consumption. Figure 7.1 showsthe modal
breakout of energy consumption. The characteristicsof thevariousfleetsin the sector and recent trendsin
energy use provideimportant cluestolikely future energy useinthe sector and the potential for reducing
GHG emissions. Somecritical pointsabout the transportation sector include:

New light-duty passenger vehicles have been adopting fuel-efficient technol ogies over the past
decadeand ahalf, but consumer shiftstoincreasing vehiclesize, weight and especially perfor-
mancehavenullified potentia fuel economy gainsfrom thesetechnologies.
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Freight Trucks \ 1go4

Important new technologies have
entered thefleet, including port fud in-
jection, four- valves/cylinder engines,
variablevalvecontrol, Sructural rede-
signforimproved safety and reduced
weight, growing useof high-strength
stedl and stedl substitutessuch asalu-
minum and plagtics, and low-rollingre-
Sstancetires.

Pipeline Fuel Lubricants 1%

Marine

Alr Light-Duty Vehicles

Counteracting trendsindicate the
consumer shift tomoreinefficient ve-
Commercial Light - hicles, including the growing sales

Trucks share of light-duty trucks (including
Sport Utility Vehicles), which now

Figure7.1. Year 2000 Transportation Ener gy Use by comprise 46% of light-duty vehicle

Mode (27.3 Quads/28.8 EJ) sales, upfrom 17%in theyear 1980;
Source: EIA 2001 horsepower to weight ratios 45%
higher thaninyear 1980, anincrease

in weight over year 1980 vehicles
[Heavenrich and Hellman 1999 ; greater sharesof four-whed driveingtdled on 47% of year 1999
modd light trucks, and other luxury features.

Asaresult of adecade of low gasoline prices, consumer surveysshow that today’ sauto purchas-
ersgenerally arenot interested in fuel economy.

The* potentid technology” portfolio for automobiles has been enhanced substantially by govern-
ment/industry joint research and devel opment programs[NRC 1999]. Theimpacts of thisre-
search areboth direct and indirect, including stimulation of competitive developmentsin Europe
and Japan.

Freight transport now consumes about 30% of U.S. transportation energy, with freight energy use,
but not grosston-miles, dominated by heavy truck carriage (over 50% of energy use, about one-
quarter of ton-miles) [Davis 1998, table 2.13], the most energy-intensive mode asidefrom air
freight. Air freight and freight truck energy usearethemost rapidly growing freight modes because
of theU.S. economy’ sshift towards higher value (and moretime-senditive) goods. A countervailing
trend isgreater use of multi-modal shipments, advanced by therationalization of U.S. freight
railroads and the benefits of improved computerized information systems.

Examplesof Promising Technologies

Thetrangportation sector hasawidevariety of availableand emerging technol ogiesthat offer the potential
to reduce significantly the energy use and GHG emissions associated with transportation services.

Cédlulosic Ethanal. About onebillion gallonsof ethanol produced from corn are currently used annually
inU.S. transportation markets asablend stock for gasoline[ Davis 1998]. Although the efficienciesand
fuel choicesused over thefud cyclein producing ethanol vary widely (e.g., fuel choicesfor powering the
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distillery can be corn stover, natural gas, or coal ), recent studies show that the use of ethanol providesa
moderate GHG advantage of about 20% over gasoline. Processesto produce ethanol from cellulose—
from woody biomass or municipa wastes—for use asagasolineblending agent or neat fudl offer reduction
of greenhouse gases by about 80% compared to gasoline[Wang et a. 1999]. Land requirementscould
ultimately limit cellulosic ethanol production. About 15 billion gallonsof ethanol (1.2 EY1.3 Quads) could
be produced annually by converting municipal and agricultural wasteswith minimal land requirements
[Lynd 1997]. If about 35 million of theroughly 60 million acresidled by Federa programswereused for
energy crops, about 25-32 billion gallons, or about 2.8-3.8 EJ (3-4 Quads) of ethanol could be produced
annually (assumptions: 8.4 dry tong/acre/year crop productivity, 107.7 gallons of ethanol/tonyield) [Lynd
1997]. If only 10 billion galonsof ethanol were produced annualy, thiswouldleave 200 million dry tonsof
biomassfor other uses, such asbiomass power.

Hybrid Electric DriveTrains. A hybrid eectric drivetrain combinesan internal combustion engineor
other fuel ed power sourcewith an e ectric drivetrainincluding an el ectric motor and battery (or other
electrical power source, e.g., an ultracapacitor). Potential efficiency gainsinvolve recapture of braking
energy (with motor used asgenerator, captured electricity stored inthe battery); potentia to downsizethe
engine, using themotor/battery as power booster; potentid to avoididling lossesby turning off theengine
or storing unused power inthe battery; and increasing average engine efficiency by using the storageand
power capacity of theelectric drivetrain to keep the engine operating away from low efficiency modes.

L ower Weight Structural Materials. The use of dternative materia sto reduce weight has been histori-
caly constrained by cost considerations, manufacturing processtechnology barriers, and the difficulty of
these material sin meeting automotive requirementsfor criteriasuch assurfacefinish quality, predictable
behavior during crash tests, or repairability. Thelast few years have seen significant devel opmentsin
overcoming such barriersthrough design changes such asaspace frame-based structure; advanced new
manufacturing technology for plastics, composites, ceramics, and duminum; and improved modeling tech-
niquesfor evaluating deformability and crash properties.

Direct I njection Gasolineand Diesel Engines. Direct-injection lean-burn gasoline engineshaveal-
ready been introduced in Japan and Europe, but have been restricted here by a combination of tight
emission standards and high sulfur content in gasoline. Catalytic converters capable of reducing NO,
emissonsfromlean-burn enginesarevery sensitiveto fuel sulfur content, and no smpleremedy hasbeen
found. Direct-injection diesel engineshavelong been availablefor heavy trucks, but recently havebecome
suitablefor automabiles and light trucks, with reductionsin noise and emission problems. These new
enginesare about 25-30% morefue efficient, on aper gallon basis, than conventional gasoline engines
(roughly half of the gain from higher engine energy efficiency and half from the higher energy density of
diesel fudl). Diesal enginesare about 15% more efficient on the basis of carbon emissionsover thefuel
cycle. Federa Tier 2 emission regulationsrequirelight-duty diesel vehiclesto attain thesame (low) NO,
level sasgasolinevehicles, aswell asstringent particulatelevels. These standardswill require new active
aftertreatment that may reducethefud economy benefit Sgnificantly. Federd emission sandardsfor heavy-
duty enginesthat become effectivein theyear 2007 aresmilarly challenging. Thesenew federa standards
present achallengeto diesal’ sviability. Federal ruleswill requirediese fuel to belessthan 15 ppm sulfur
after theyear 2006. Further improvementsin diesdl technology offer substantial promisein heavy-duty
applications, especialy for heavy trucksbut alsoincludemarineand rail applications.
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Fuel Célls. Fuel cellshavebeen caledthe*Holy Grail” of clean powertrain technol ogy, with promise of
Zero or near-zero criteriapollutant emissionsand very high efficiency. Therecent optimism hasbeendriven
by strong advancesin technology performance, including rapidincreasesin specific power that now alow
afud cdl powertrain tofit into the same space asaconventiona enginewithout sacrificing performance
[Griffiths 1999]. However, fuel cellsremain extremely expensive, and long-term costs are by no means
clear. Further, important technical roadblocksremain, such asoperationin extremeweather conditions.
Another central issueisfuel choice. Fuel cellsneed hydrogen, either carried on board or produced by
reforming methanol or gasoline. Carrying hydrogen may yield the chegpest and most fud-efficient vehicle,
but no hydrogen di stribution and refueling infrastructure exists. A gasoline vehicle overcomestheinfra-
structure problem but isthe most expensive and | east efficient vehicle. Devel oping an adequate gasoline
processor remainsacritical task, with significant improvementsrequired in processor weight and size,
cogt, responsetime, efficiency, and output of carbon monoxide, which can poisonthefud cell slack [NRC
1999]. Whilemethanol could bean dternative, it iswater solubleand toxicto humanswithinvisibleflame
that also requiresasubstantialy improved fuel processor and, asyet, hasnored infrastructurefor distribu-
tion. Additionaly, hydrogen andliquidfuel versonsarelikely to bemoreexpensveinitialy than an equiva
lent conventional automobile. Hydrogenisan energy “carrier”, not an energy feedstock, and must be
produced from other energy resources. Hydrogen production from fossi| feedstockswould require carbon
sequestration to avoid net GHG emissions. Further, the cost of producing hydrogen must be weighed
againg any improvement in efficiency.

Aircraft Technology. Severa major technol ogies offer the opportunity toimprovethe energy efficiency
of commercial aircraft by 40% or more. The Aeronautics and Space Engineering Board of the NRC
[NRC 1992] concluded that it wasfeasibleto reducefuel burn per seat milefor new commercid aircraft
by 40% by about the year 2020. Of the 40% reduction, 25% was expected to come from improved
engineperformance, and 15% from improved aerodynamicsand weight. A reasonable preliminary god for
reductionsin NO,_emissionswas estimated to be 20-30%.

Potential Resear ch Directions

Inthelong term, additiona advanceshold the promiseof largereductionsin energy use, GHG emissions,
and air pollution from thetrangportation sector. Opportunitiesliein new, revolutionary propulsion systems
and dternativefuelsand in the gpplication of information technol ogiesto manage and integrateintermodal
transport systemsin innovative and moreefficient ways. Advancesin information technology may create
new opportunitiestoincrease system-wide efficiency and substitute communication for transportation to
enhanceeconomicwell being and theoveral qudity of life. Promising areasfor continuing researchinclude:

Hybrid, Electric, and Fuel Cell Vehicles. Developing commercially viable, mass-market el ectric-drive
vehicles(EV s) would freethe automobile from dependence on carbon-based liquid fuel swhile smulta-
neoudy reducing vehicular emissions. Hybrid eectric vehicles (HEV'S) combineaninternal combustion
engine (ICE) with an electrical power source (battery and el ectric motor). Fuel-cell-powered el ectric
vehicles (FCEV s) have been demonstrated with and without batteriesfor onboard storage of el ectrical
energy. If fue cell technology could be sufficiently advanced and theinfrastructurefor supplying hydrogen
fuel developed, apotentialy pollution-free propul sion system woul d be avail abl e (depending upon how the
hydrogen isproduced). On-board hydrogen and biofuel s offer the optionsfor zero net GHG emissions
from persona transportation, should that berequired for stabilization of atmospheric carbon. WhileHEV's
areaready onthe market, their incremental costsaretoo high to enablelarge-scale market penetration.
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HEVs, EVs, and FCEV sl faceformidabletechnica hurdles, many of whichthey share. Developing low-
cost, rapidly rechargeable batteriesisacritical factor inthe successof HEVsand EVs. FCEVswill also
require cost reductions (by nearly an order of magnitude) aswell asimprovementsin hydrogen storageand
reliability. Carbon savingsfrom EV sdepend directly on the primary energy sourcesused to generatethe
electricity that chargesthe batteries. Potential advancesin electricity generation technology could make
EV svery-low-carbon vehicles. However, the choice of fuelsused by dectrical utilitiesand how they are
produced will determinetheextent of CO, reductionsover those of conventional vehicles.

Freight Vehicles. Freight vehicles—heavy trucks, railroad locomotives, and ships—arethe second larg-
est energy consumersin thetransport sector after light-duty vehicles. Heavy trucksand locomotivesare
almost universally powered by highly efficient (40-45%) diesel power plants. Theefficiency of diesel
enginescould beimproved further to 55% by use of technol ogies such asadvanced thermal barrier coat-
ings, high-pressurefud injection; turbocharging; and reduced-friction and lightweight, high-strength mate-
rids. Fud cellsarean especialy promising technol ogy for locomotives, where problemsof size, fuel stor-
ageand reforming aregreatly reduced. Emissionsof NO, and particulatesremain the greatest barriersto
ultrahigh-efficiency diesdls, whilefor fuel cells, cost and the state of devel opment of mobilefud cell sys-
tems present the biggest challenges. Because freight vehiclesand their power plantshave useful lives
measured in decades, thetransition to low-carbon technol ogieswoul d require decades.

Alternative Fuel Vehicles. Alternativetransportation fuel sare those that require substantial changesin
conventiond infrastructure, whether infuel production, distribution, and retailing or invehicles. Mogt ater-
nativefuelscurrently under cons deration are being explored for their ability to reduce pollutant emissions
or displace petroleum and would have modest GHG reduction potentia . Fuel s such ascompressed natural
gasand propane can reduce carbon emissionsby 10-20%, on afull fuel-cyclebasis, over conventional
gasolineor diesd fuel. Far more promisingin reducing GHG arebiofudls, such asbiodiesdl produced from
soy or rapeseed oilsor ethanol or methanol produced from cellul osi ¢ feedstocks. Vehicletechnology for
using ethanol and biodiesel isat arelatively advanced stage of devel opment. The chief barriersto wide-
spread use of thesefuel sare cost and limitations on feedstock production.

Air and High-speed Ground Transport. Commercid air travel isthefastest growing energy-using mode
of transport. Itisalso themodethat hasachieved the greatest improvementsin energy efficiency duringthe
past threedecades. Y et commercial air transport isal so the most petroleum dependent. Opportunitiesto
replace kerosenejet fuel appear to be many decades away. In the meantime, petroleum displacement in
high-speed intercity transport may be achievableby integrating high-speed rail systemswith thecommer-
cid air network. Operating at 180 to 300 mph, magnetically levitated or steel whedl rail carscould substi-
tutedectricity for kerosenein short-distance (<500 miles) intercity travel, at thesametimerelieving both
air traffic and highway congestion. Such benefitswill depend, crucially, onthelevel of train ridership.
Although air transport hasaready more than doubled itsenergy efficiency over the past quarter century,
opportunitiesremainfor at |east another 50% improvement during the next 25 years. Propfan technology,
improved thermodynamic efficiency of turbineengines, hybridlaminar flow control and other aerodynamic
improvements, and greater use of lightweight material s could accomplish this50% improvement. These
approachesare currently under devel opment by NA SA and aircraft and engine manufacturers. A poten-
tially important issuefor civil aviation isthe possible advent of anew generation of far more energy-
intensive supersonic high-speed civil transports. The unique requirements of supersonic and hypersonic
aircraft could eventudlly drivethe development of dternativefuelsfor commercid transport.



Having the best and most efficient commercia aircraft technology will reduce carbon emissionsand petro-
leum use, whichiscritica toretaining competitivenessintheU.S. aircraft industry. The principal impedi-
ment to continued efficiency improvement andlower carbon emissionsislikely to betherdatively low cost
of jet fuel, providing an inadequate incentive to adopt new, more complex, and possibly more costly
aircraft technology. Land useand infrastructureinvestment options offer powerful strategiesfor reducing
the energy- and carbon-intensity of today’ stransportation sector. Advancesininformation technology and
avariety of policy leversoffer the potential to devel op urban spatial structuresthat decrease the demand
for travel while maintaining accessibility. The exploding growth of e-commerceand theinternet economy
could fundamentally reshapethe nation’ sdemand for energy services. Vehicletechnology for using ethanol
and biodiesel isat arelatively advanced stage of development. The chief barriersto widespread use of
thesefuelsare cost and limitations on feedstock production.

Summary

Energy useand carbon emissionsfrom transportation have grown steadily and appear likely to continueto
grow without new policiesor sharp changesinfud pricesand availability. Thedirect physica causesof this
growth have been:

Travel demand has continued to grow strongly asincomesand population haverisen; for example,
personal vehiclemilestraveled (vmt) grew by 2.8% per year during the years 1974-1995.

Light-duty fuel economy has stagnated over the past decade.

Vehicletechnology haschanged over time, but much of thetechnol ogy hasbeen used for purposes
other than higher efficiency.

Severa factorswill strongly influencefuturelevelsof transportation energy useand GHG emissions. On
thefavorable side, avariety of technology optionscurrently are availableto reduce energy useand emis-
sions, and asubstantial portfolio of advanced technologiesisunder development. Obtaining largeemis-
sionsreductionswill require counteracting anumber of factors, including:

inexpensivefuel and consequent disinterest infuel economy among light-duty vehicle purchasers;

fuel efficiency trade-offswith vehicle characteristicsthat areof interest to vehicle purchaserssuch
asaccel eration performance, vehicle size, and consumer features such asfour-whedl drive, etc.;

timerequired for redesign, retooling, and fleet turnover becausethefull benefitsof new technolo-
giestakeyearsto develop;

high costs and/or important technological and market risks associated with some of the most
promising fuel economy technologies, and

uncompetitivefeatures of aternative modesof personal transport (travel time, security, comfort,
etc.)
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RESIDENTIAL, COMMERCIAL, AND INDUSTRIAL
ENERGY CONSUMPTION

Inaddressing theissuesregarding theresdentia, commercia andindusdtrid energy consumption, theresearch
focus should be established with an eye on the future energy landscape and requirements, and not be
limited by the current prevailing technol ogies and demand patterns. In looking forward, Society will be
confronted with significant new challengesin thenext 50 years. Theavailability of arich, high quality,
scientific research base carried to the pre-competitivelevel will bethe best strategy for coping with future
energy requirements. A new way of thinking by policy makersand scientific program managerswill be
needed to establish aviablelong-range research agenda. The activitiessupported will not only haveto dedl
with their own intrinsic dimensions but with theimpact of extrins ¢ advances of science and technology
moregenerally inanincreasingly integrated manner than inthe past. The development of applicationsand
hand off toindustry will requirefeasibility and cost-effectivenessdemondrations, following thebasicresearch
phase.

The objective of theworkshopisto comeup with several aggressive and imaginativeresearch directions
that will havethe potentia for asignificant impact on reducing residentia, commercid andindustria energy
consumption with commentary on the methodology used intheidentification of theseresearch directions.
Severd tentative suggestionsarelisted in thisbackground paper for consideration as possible new research
directions. Thefocusof theworkshopisto serioudy devel op bold, new research directionsthrough briefings,
discussionsand brainstorming.

For ease of anadysis, theenergy consumption of theresidential, commercid andindustria sector hasbeen
dividedinto two subgroups. Thefirst subgroup combinesthe commercid and residentia energy useinthe
buildings sector, while the second subgroup summarizesthe energy usefor thediverseindustria sector.
Much of thisinformation wastaken fromthereport, Scenariosfor a Clean Energy Futures|Interlaboratory
Working Group 2000].

Buildings(Commercial and Residential) Sector

Overview of Sector: Energy isusedinbuildingsto provide avariety of servicessuch as space heating,
gpace cooling, water heating, lighting, refrigeration, and el ectricity for e ectronicsand other equipment. In
the U.S,, building energy consumption accountsfor alittle morethan one-third of total primary energy
consumption and related greenhouse gasemissions. Thecost of ddlivering al energy servicesin buildings
(suchascoldfood, lighted offices, and warm houses) was about $234 hillionintheyear 2000[U.S. DOE
2002]. About 69% of building sector energy useis electricity, and this sector uses about 68% of all
electricity generated nationally. Natural gasaccountsfor 23% of total energy inthissector, and el ectricity
and natural gasaccount together for about 92% of building sector primary energy use. Oil consumptionis
only 2% of thetotd, althoughitisasignificant heating fuel inthe Northeast.

Buildings Sector Primary Energy Usein Year 2000: Figure 8-1 and Figure 8-2 show the percentage
breakdown of primary energy useby end-useinresidentia and commercial buildings, respectively. The
breakdown of carbon emissionsby end-usetracksthe primary energy breakdown closely. Space heating
isby far thelargest identified end-usein theresidential sector, accounting for just about onethird of the
primary energy. Water heatingisnext, followed by space cooling, refrigerator/freezersand lighting. The
adjustment (9%) isfor miscellaneous uses not identified and to reconciletota stothe EIA (Energy Infor-
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residential buildingsby end usefor year 2000. commer cial buildingsby end usefor year 2000.
Total primary energy use = 21.0 EJ (19.9 Total primary energy use = 17.4 EJ (16.5
Quads). Source: U.S. DOE 2002 Quads). Source: U.S DOE 2002

mation Agency) Sate Energy Data Report. Inthe commercial sector, lighting accountsfor about one
quarter of tota primary energy use, and isfar and away thelargest identified end-usein thissector. Space
heating isnext, followed by office equipment, cooling, and water heating. The* miscellaneoususes’ cat-
egory containscooking, transformers, trafficlights, exit Sgns, district services, automated teller machines,
telecommuni cations equi pment, medical equipment, and other unidentified end-uses. It dsoincludesan
adjustment term to ensure that the total commercial sector energy use adds up to thetotalsreportedin
EIA’s Sate Energy Data Report.

Thisenergy portrait inyear 2000 will of course not remain static in the next two decades, and that has
important implicationsfor energy policy design. EIA projectsinits Annual Energy Outlook 2002 Refer -
ence Case Forecast [EIA 2001], for example, that energy demand for personal computing and office
equipment servicesinthecommercia sector will increase over 4% per year. By contrast, EIA also projects
sharp decreasesin homeenergy usefor refrigeration and freezers, dueto implementation of standardsand
technologica improvements. These projected shiftsmean that by year 2020 energy demand for refrigera-
tionwill havefdlento 5% of tota use (versus 9% now), whileenergy usefor commercid office equipment
will increaseitssharefrom 9to 14% of that sector.

Classification of Resear ch Directions. Major transformations are possiblein the energy features of
buildingsastheresult of gpplied technology R& D andin theunderlying basic sciences. Inasmuch asmost
of these are best applied to new construction, their market penetration will probably occur after theyear
2020.

Equipment and Appliances: By definition, the energy used in buildingsis consumed by equipment that
transformsfud or el ectricity into end-uses, such asdelivered heat or cooling, light, fresh air, vertical trans-
port, cleaning of clothesor dishes, information management, or entertainment. Theoverdl efficiency of this
transformation dependslargely on the efficiency of theequipment itself.
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Numerous opportunitiesexist to devel op equipment that ismuch moreefficient than that currently avail-
able.

It may be possibleto virtudly eliminate space heating in many climatesby meansof building shells
withvery highresistanceto heet lossor gaininvolving highinsulationwals, celings, and floorsand
triple panewindowswith trangparent heat-reflecting films; wide use of passivedesigns, and mass-
produced components(walls, ceilings) with very low infiltration rates.

Microtechnology could greetly increase heat and masstransfer rates, with highly efficient applica
tionsto chemical and thermal systems. One potential buildings application, microheat pumps,
could bedistributed throughout the building as part of thewallsor window. Thisdistributed ap-
proach would allow selected rooms or even parts of roomsto be heated or cooled as needed.

Multifunctiona equipment and integrated systemsoffer the opportunity for asgnificantincreasein
efficiency improvement. For example, anintegrated water heating/space cooling systemthat uses
heat pumping to meet space heating, air conditioning, and water hegting needs could be 70% more
efficient than the combined efficienciesof systemsin usetoday.

Dramatic declinesintheenergy consumed by supermarket refrigeration systemscould be achieved
with distributed system designs. Such systems of the future would locate compressorscloseto
display cabinetsthereby avoiding theloss of refrigerant charge. Use of the waste heat by heat
pumpsfor space conditioning would lead to further efficiency gains.

Asenergy conversion technologiesevolve, many buildings could become net producersof energy
asroofsincorporate photovoltaic panelsand fuel cellsand microturbines generate more power
thanisrequired on site. In addition, fuel cellsand microturbines produce waste heat that can be
employed to serve building thermal |oads. These power technol ogies could transform the entire
demand and supply chainintermsof energy generation, distribution, and end-use.

Building control systemsof thefuturewill likely incorporate smart technology to closely match
energy and water supply and ambient conditionswith the needs of building occupants. Building
loadsand central plantssupplying theloadswill be moreintegrated and optimized to enhancethe
efficient usetheenergy streamsinto and out of thebuilding.

TheBuilding Envelope: Thebuilding envel ope providesfundamenta therma load control for abuilding.
Wials, roofs, and floorsblock or delay theflow of heat between abuilding’ sinterior and exterior. Windows
can aso block heat flow, provide daylight, transmit solar energy, and provideaview of theoutside. High-
capacitanceinternal walls, ceilings, and floors can provide thermal storagethat reduces energy use by
storing solar energy and reduces peak |oads by balancing energy use over a24-hour period. Improve-
mentsin the energy performance of these building elementsreduce energy usein buildingsand thereby
reduce Green House Gas (GHG) emissions.

Decreasing thebuilding thermd |oad reducestheneed for heating and cooling energy. Thefollowingemerging
building envel opetechnol ogieswill significantly reducebuilding energy use:
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super insulation, based on vacuum principles

new-formulahigh-efficiency foaminsulation that uses no chlorofluorocarbons (CFCs) or hydro-
chlorofluorocarbons

advanced gasfilled, multiple-glazing, |low-emittancewindows and € ectrochromic glazing

roof systemsthat promote salf drying, thereby preventing moisturefrom degradingitsinsulation
passive solar components

durable high-reflectance coatings

advanced thermal storagematerids

Intelligent Building Systems:. The processof designing, constructing, starting up, controlling, and main-
taining building systemsisvery complex. If itisdone properly, thefina product deliverscomfort, safety,
and ahealthy environment and operates efficiently at reasonable cost. If any part of thisprocess breaks
down, the product failsto deliver these benefits. Thelost health and productivity in office environments
alonecostsU.S. businesseshundredsof billionsof dollarseach year. In addition, operating these* broken”
systemsisestimated to cost at least 30% of commercia building energy use (morethan $45 billion). The
key to designing and operating buildingsefficiently istheability to manageinformation, deliver itinatimely
manner to the proper audience, and useit effectively for building design and operation. Moreintelligently
designed and operated buildingsuse energy moreefficiently and thusreduce GHG emissions.

Sensorsand Controls: To best optimizethe energy efficiency, air quality, and personal comfort of an
entirebuilding, monitoring of theinterior spaceiscritica. An essentia requirement for effectivemonitoring
will bethe development of low-cost, low-power sensors. Poor office environmentscost U.S. businesses
morethan $400 billionayear in productivity lossesand increased hedlth care costs. To achieve maximum
energy efficiency, awhole-building perspective isneeded that integrates sensors, controls, and communi-
cationsto anticipate changesin theenvironment and respond dynamicaly whilemaintaining comfort and air
qudity. Firgt-order estimatesindicatethat such an approachwill reduce annua energy consumptionby 2.1
EJ(2 quads), reducing energy costsby $55 billion and carbon emissionsby 35 MtC [Christian 2002].

Industrial Sector

Overview of Sector: Theindustrial sector isextremely diverse and includes agriculture, mining, and
manufacturing industries. In year 2000, theindustrial sector (manufacturing industriesonly) consumed
about 37 EJof primary energy, accounting for closeto one-third of the primary energy consumedinthe
U.S. that year. Asshownin Figure8-3, the most energy-intensive subsectorsinclude chemicas, petroleum
refining, forest products (pulp and paper), steel, mining, aluminum, metal casting, and glass. Thelarge
€l ectricity component representsthe energy lost in conversion to el ectricity by the electricindustry in
serving the other industries.

Among sourcesof energy, theindustria sector heavily favorsnatural gasand electricity, asshownin Figure
8-4. Lossesin energy generation, distribution, and conversion, are substantial; lessthan half of thetotal
energy input to industry for heat and power isactually delivered to the process.

Figure 8-5 provides abreakdown of the share of CO, emissionsby industria subsector. Carbon dioxide

emissionsfromindustrial energy useaswell asprocess emissionsfrom cement manufacturewere 478
MtC, accounting for 31% of total U.S. CO, emissions[EIA 2001].
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Classification of Research Directions:
Overarching Themes

Durables

Industrial equipment offerssignificant opportunities
for improving energy efficiency. Inthelonger term,
however, the most substantial gains in energy
efficiency will comefrom changesin systemsrather
than changes in individual devices. Four major
technological pathways for improving industrial
energy efficiency havebeenidentified (Figure 8-6).
Following a brief discussion of these pathways,
opportunitiesfor basic scienceresearch in specific
industrial subsectorsareidentified.
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Figure 8-5. Carbon emissions by industrial
subsector for the year 2000 (478 MtC).
Energy Conversion and Utilization. Industrial  Source: EIA 2001

energy efficiency could beimproved by incorporat-

ing the best technol ogiesin asystems approach (e.g., advanced turbine systems, improved combustion
technologies, and optimal use of thermal energy inasystemsapproachto plant design). Inthelonger term,

further gainsmay comefrom the use of fuel cellsand gasification of biomassand in-plant residues.

Industrial Process Efficiency. Revolutionary new processes could gresatly reducethe energy intensity of
producing primary metals, chemical's, and other products. Numeroustechnical hurdlesinvolving funda
mental science must be overcomefor the successful development of such processes. Incremental im-
provementsto existing technol ogy (bothindustry-specific and crosscutting) yield substantial cumulative
energy savings.
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Figure8-6. Technology Pathwaysfor Industrial Ener gy Efficiency

Enabling Technologies. Advancesin information processing and control, material s science, and com-
bustion technol ogies could significantly improve existing processesand could lead to fundamental break-
throughsin the devel opment of revolutionary processes. The greatest opportunitiesfor energy savings
include nove information processing techniques, intelligent control systems, and advanced modeling and
smulation. Thedevel opment of better fundamenta physica and chemical dataon combustion phenomena
and other industria reactionsand processeswill berequired for advanced model sand control schemes. In
addition, industry needs moreefficient combustion technol ogiesand long-lifeindustrial materials capable
of withstanding high-temperature and corrosive environments.

Resource Recovery and Utilization. Through technological advances, manufacturerscould select raw
materialsthat will eliminate waste discharge or undesirable by-products. Substantial energy savingsand
greenhouse gasreductions are possibl e through fundamental changesin theway raw materialsare ob-
tained, the propertiesthey exhibit, and theway they are used in the design process.

Classification of Resear ch Directions: I ndustry-Specific

Significant reductionsinindustrial energy intensity (and greenhouse gas emissions) could be achieved
through R& D in the underlying basi ¢ science of major industrial processes and crosscutting areas. The
importance of eachindustrial subsector to thetotal energy consumption ispresented in Figure 8-3.
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Aluminum. Theproduction of primary auminum using conventiona e ectrolytic cell technology isenergy
intensive, with an averaged ectricity requirement of 15kWh per kilogram of output. Although scrap-based
auminum production usesonly 5% of theenergy usedin primary production, thereisacontinuing need for
primary aluminum production. The devel opment of advanced cell concepts such asnonconsumablean-
odesand wettable cathodes, aswell asnovel aternativesto eectrolysis(e.g., carbothermic reduction), is
underway and could result inlarge energy savings (>25%) and dramatic greenhouse gasreductions. The
basi ¢ science needed to further these devel opmentsinclude fundamental knowledge on high- and low-
temperature salt chemistry, solubilitiesand conductivitiesin salt melts, and high-temperature vapor kinetics
and gasdiffusion characteristics. Downstream processes (including casting, forming, finishing) could be
improved through research on aloy devel opment, improved measurement and prediction of physica and
mechanica properties, and the devel opment of thermal-physical datafor solidification modeling.

Chemicalsand Petroleum Refining. The overal U.S. chemical industry consumed about 7.6 EJ of
primary energy inyear 2000; themost energy-intensive segment isorganic chemicals, followed by plastics.
Nearly 50% of the energy used within theindustry istransformed into chemical products. Petroleum
refining, the most energy-intensive manufacturing industry inthe U.S., accounted for another 3.2 EJ of
primary energy consumptionin 2000.

The development of new, energy-efficient processesfor performing the separationsand reactionsinthese
industries depend on devel opmentsin basic science, including:

Separations. High-priority research applications include separations from dilute solutions,
bioprocesses, and gaseous mixtures. Distillation R& D needsinclude predi ctive methods of mass
transfer under various conditions and understanding basic physical kineticsof masstransfer be-
tween phasesand hydrodynamicsof fluidswithin the column. Thegreatest improvementsin sepa-
ration technol ogies are expected to come from new materials (such asresins, membranes, and
selective adsorbents) and in the design of new hybrid systems (such ascomplexation filtration,
magneticfiltration, field-enhanced filtration and didtillation, reactive extraction and distill ation, and
membranereactors).

Reaction Engineering. New process chemistries based on new feedstocks and reaction media
will require new equipment and reactor designs(e.g., sonic, micro, photochemical, short-contact).
Other needsinclude experimental methodsto observe heterogeneous catal ytic transformations
and new cellsand chemistriesfor chlor-alkali.

Alternative Feedstocks. New chemistriesarerequired to efficiently convert biomass, unused by-
products, and abundant material s such as one-carbon compoundsinto useful raw materialsfor
chemical processes.

New Reaction Media. Fundamental studiesare needed to advance the development of chemistry
indternativereaction media.

Catalysis. New catalystsare needed for reaction pathwaysfocused on ultrahigh selectivity, higher
molecularity, longer life, salf-reparability, and higher regio- and stereospecificity. Oxidation cata-
lystsfor carbon/carbon and carbon/hydrogen bond activation are al so needed.
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Interfacial Science. A fundamental understanding of the chemistry at interfaces of multiphase
systemsisneeded to develop new chemistries, reactions, and separations processes.

Forest Products. Intheyear 1998, the U.S. pulp and paper industry consumed 3.0 EJof primary energy.
Most of the opportunitiesfor basic scienceresearch arein the areaof sustainableforestry. Thegoal of
work inthisareaisto devel op treeswith reduced lignin and increased cellulose content, whichwould save
energy and chemicalsby reducing pul ping and bleaching requirements. Specific needsinclude better char-
acterization of cellulosetoimproverecovery of celluloseand polysaccharides, sequencing of activege-
nomeof model plant species (Arabidopss), identification of genescontrolling quantitative and quditative
traitsin tree species, and understanding of critical limitationsto accel erating plant growth. In addition,
better understanding of the corrosion mechanicsin heat recovery environments could lead to significant
energy savingsthroughimproved heat recovery inpulp mills.

Glass. GlassproductionintheU.S. consumed nearly 0.2 EJin year 2000. Themajority of energy isused
inrdatively inefficient, fue-fired furnacesto melt glass. Basic R& D needsincludethedeve opment of high-
temperature, corrosion-resistant, long-lasting materia sfor processing equipment; new methods of heat
recovery; and chemistry and toolsfor identifying gasesand propertiesin order to improve environmental
control of thefurnace.

Metal Casting. Domestic foundries consumed about 0.4 quad of energy in 2000. Advancementsin
materia stechnol ogiescould help theindustry optimizeitsprocesseswhile producing superior castingswith
highly controlled properties. R& D needsincludethe devel opment of better chemical and physica dataon
the propertiesof metasintheliquid and semisolid states, knowledge of aloy-microstructure-chemistry-
property relationships, and clean metal stechnol ogies. Techniques are al so needed to more accurately
predict product propertiesasafunction of the casting process used.

Mining. Opportunitiesfor energy savingsexist intheareas of exploration and resource characterization,
aswell asinmining processesthemsalves. R& D needsinclude resource characterization technol ogies,
better understanding of thetimeresol ution barrier in geophysics (to improvetheaccuracy of deep sensing
of rocks, minerals, elements, and structures more than 1,000 feet beneath the surface), and better under-
standing of hydrodynamicsof mineral /water suspension and minera and sol ution propertiesand behavior
of fineparticlesin solution.

Stedl. TheU.S. stedl industry consumed 1.7 EJof primary energy in 2000. Integrated (ore-based) stedl-
making ismore than twice asenergy-intensive as secondary (electric arc furnace) steelmaking. Aswith
aluminum, thelimited availability of suitable suppliesof scrap dictate acontinuing need for ore-based
steedmaking. Theaverage energy intendity for theindustry overal iscurrently about 17.5 million Btu/ton.
Theindustry isseeking revolutionary iron and steel making processesthat will reduce energy intensity by
eliminating cokemaking and blast furnaceironmaking. Such processeswill requireadvancesin fundamen-
tal knowledge and control of the physica and chemica phenomena. In concert with many other industries,
thested industry aso needsbetter dataon thethermophysica and thermochemica propertiesof materias,
enabling the development of predictive modelsand simulations. Similarly, processmodel sfor improved
control systemscould lead to higher energy efficiency inal industria processes.

Crosscutting. Technol ogies used throughout industry, such as combustion, materials, and sensors/con-
trolautomation, require enabling technol ogical advancesthat canimproveexisting processesand canaso
spur devel opment of totally new industrial processesand technologies. The hightemperaturesand corro-
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sive environments of many industrial processes (e.g., ironmaking) havelimited the extension of many
recent technol ogical advancesinto theseindustries, and advanced material swith superior propertiesare
needed. Wireless sensor systemsand novel information processi ng techniques could have widespread
benefits, ascouldimproved burner designsand heat recovery techniques.
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