Strategic Plan » September 2006

1-1  U.S. Goal is Sound Stewardship of the Earth’s Climate SyStem ........ccccoovueivieiniininiiniicicc s page 1
1-2  Cabinet-Level Committee on Climate Change Science and Technology Integration .........cccceeeeveeeniunieernerricunnnes 4
2-1  Series Of COTP REPOTTS.....uiuiuiiiiiiiiiiici s nses 9
2-2 ‘Transportation — A Major End-Use Source of GHG EMUSSIONS ......c.ceveeuiueineirieiiiiiciriirieieieneisieeeeseseesesesesssaees 11
2-3  Electric Power — A Major Energy Supply Source of GHG EMiSSIons.........ccocuviriimriciniuniciniieiciieicciesensiessnaes 12
2-4  CO, Capture and Storage — A Means for Reducing CO; EMISSIONS .......covuviiuieiiciiciiiiccciccs s 13
2-5  Landfill Gas Capture — A Means for Reducing Emissions of Other GHGS ........cccocuvieuniuriciniinicinieienicnerieeneaes 14
2-6  Measuring and Monitoring Systems Inform GHG Mitigation Strategies ...........oceeuveeuriureeunimriemsimeinersceeisenseseesnees 15
2-7  Fundamental Discoveries Help Overcome Barriers to Technical Progress ..., 16
2-8  CCTP-Sponsored Workshop Reviewing the Federal R&D Portfolio .........cvviiiiiiiniiniiiiiciccccccns 17
3-1  Emissions of GHGS 11 2000 .......ccccuiuiiiimiciiiieeiicieiseceeceseeseeesessessae s ssesessssssessonans

3-2 Global Mean Radiative Forcing of the Climate System for the Year 2000, Relative to 1750
3-3  Primary Energy Use Projections Using Various Energy-Economic Models and Assumptions ............cceceeecuecuenee 28

3-4  CO, Emissions Projections from Energy Use Using Various Energy-Economic Models
and ASSUMPLONS .....veevuiveeerieenerrieeneienensieeeeans

3-5  Net CO, Emissions from Land Use Change
3-6  Methane Emissions Projections from the EMF-21 Study, With No Explicit Initiatives

t0 Reduce GHG EMUSSIONS ....ouuvuimieieiiiiiiiiiiiiiciiiiii st ss s s sss s sss s s s s ssssssssnnns 34
3-7  Nitrous Oxide Emissions Projections from the EMF-21 Study, With No Explicit
Initiatives to Reduce GHG EMISSIONS........cccucuiiiiciiiciiicciiicieitcie e s s 34
3-8  Radiative Forcing in a Reference Case SCENATIO........cucuiucweuieeiiuieeieieiieiiiieicieiestiesseseese et ssesessessssesaesenaes 35
3-9  Radiative Forcing Levels under Different Degrees of CONSTrAINt .....c.cccuieiecuciriciniieieiicieiciieicsseeesesseesesseseseens 35
3-10  IHlustrative CO, Emissions Profiles and Corresponding COoncentrations ... 36
3-11  Potential Scale of CO, Emissions Reductions to Stabilize GHG Concentrations:
Hypothetical Unconstrained and Constrained Emissions SCENArios..........c.cwucuucuimricrniecineiniciciiesseeeissesssiessnsns 37
3-12 World Primary Energy Demand for Three Advanced Technology Scenarios Under
a High GHG Emissions CONSaint CaSe .......c.eeueueeuiurieiiieieiieiessieessieessesssessessssessesessessessssessssssessssessessssesessssens 41
3-13  World Carbon Dioxide Emissions for Three Advanced Technology Scenarios Under
a High GHG Emissions COnStraint Case ..........ceueuiciimiiiimiiisiesisisssssessssssesssssssssssessssssssssssssssssssssssssssssssssns 41
3-14  Cost Reductions Associated with Three Advanced Technology Scenarios, Compared
to a Baseline Case without Advanced TeChnOlOZIES ..o 42
3-15  Global CO, Emissions Intensity versus Global Energy INtensity ..........cccoeuveevieuricinininiiicinisiccscsscssssssesenes 45
3-16  Global CO, Emissions Intensity versus Percentage of Renewable and Nuclear Energy
N the ENergy SUPPLY MIX....c.oiciiiiiiciiiciiccii it ss s 46
3-17  Carbon Dioxide Captured and Stored, as a Function of Primary Energy (PE) Supplied
from Fossil Fuels for Various IPCC SCENATIOS .......ccvuiviiiiiiiiiiiiiiiiii s 48
3-18  World Non-CO, GHG Emissions Under High Emissions CONStraints ...........c.cceuveueiememeiemsisiemenesenseenesesensenns 50

3-19  Cumulative Contributions between 2000 and 2100 to the Reduction, Avoidance,
Capture and Sequestration of Greenhouse Gas Emissions for the Three Advanced

Technology Scenarios, Under Varying Carbon CONStraings ...........ecueeeieunieinimniciieisiicieiessesesssesesssessessssssesees 51
4-1 Transportation Sector Energy Use by Mode and TYPe .....cccuiuveuieiiiriciiirieiiieierieeieeieseseiessie e essessessssensssenes
4-2 Hydrogen Fuel Cell BUs ...t
4-3  Refrigerator Energy EffICIENCY ......ccocoiiiiiiiiiiiiiiiic s
4-4  Compact Fluorescent Light Bulb.......c.cccccciiiiiiiiiiiiiciciccncicctese e sse e aenae

4-5  Patriot House: Energy Efficient House
4-6  Four Possible Pathways to Increased Industrial Efficiency

4-7  Oxy-fuel Firing for Glass ManufaCturing .........c.cocviiniiiiiiiiiiii s
4-8  SupercONdUCHNG MOTOT ...c.ouiuiuiiiiciiiii s
B9 HTS WITE ettt s e s eeasaena

Xl



U.S. Climate Change Technology Program

XII

4-10
4-11

5-1
5-2
5-3

5-5

5-6

5-7

5-8

5-9
5-10
5-11
5-12
5-13
5-14
5-15
5-16
5-17
5-18
5-19
5-20
5-21
5-22

6-1
6-2
6-3

7-1
7-2
7-3
7-4
7-5
7-6
7-7
7-8
7-9
7-10

8-1
8-2

8-3

8-5
8-6

A Distributed Energy FUUIe..........ooviiiiii s page 75
Technologies for Goal #1: Reduce Emissions from End Use and Infrastructure..........ccccoceveciviciniinicincenincininincnne. 79

World EleCtriCity GENETATON. ......ucuuvuurieeieeiieiaciiieieieie ettt sae sttt sse st sse st ssaesassnas
World Primary Energy Supply
Coal-Based Energy COMPLEX ......couiuiiiiiiiiiiiiiciiciiicits s sss s sse s ss s sasssnnes
Advanced Gas TUIDINE .....c.cuiuiciiiieiieiciiec ettt
Hydrogen FUel Cell ...
Possible Hydrogen Pathways ...........ccviiiiiiiii s ssss s ssses
Hy DESPEINSET .ottt ettt s
Growth Of WINA CaPaCILY ..eececeeceeericeeiniieeiriieieieeieeieae ettt sess et sesesestaesessesesessesesesessesesssscsessacsesenees
U.S. Biomass Resources
ULS. SOIAI RESOUITES ecuviveciriiiaiiiiieiiiii ettt ettt saes
ULS. WINA RESOUICES e.vvvvvieiiiiiiiiiiii ittt st a et sa s s s s s s senss
U.S. Geothermal RESOUICES ......c.cuviuiiiiieiiiiciiceie ettt
BIOENETZY CYCLE ettt ettt saes

Biomass as Feedstock for a Bioenergy and Bioproducts Industry
PROTOVOIEAIC FIIM .ttt sttt bbbttt sttt aeas
OffShore WINA Farm ...coceiiiciiiciiicc ettt
INUCIEAr POWET PIANT.....coviiiiiiiiiciiiiiii it sses
Nouclear Reactors Under Active Construction Worldwide .........c.cocceiiciriniciniciicccerceieeceeecceeseeneenes
Future Nuclear POWer CONCEPLS  ...ccoveueucuiueueueieiiininiriittticseieieteseteteae st tsetstecseseseseseseseasssesesssssesessstacsesesesesssesssssenns
National Compact Stellarator EXPEIIMENT «....c..ccueueecurieecuriieieiieieiieietseesessesesesseeesessesesessesesessasesessssesesssesesssscsesns

ITER International Magnetic Fusion Experiment
Technologies for Goal #2: Reducing Emissions from Energy Supply

Terrestrial Sequestration: WoOdy CrOPS .........ccuuiuiciiiiiiiiiciiiicsscssss s ssssssssssssssssesssssssssssnns 124
Role of the Ocean in the Carbon Cycle ... s 127
Technologies for Goal #3: CO, Capture, Storage, and SEQUESTTALION ........cccuvuieurieririmieeicirieieeieeseesseessenees 131
MEthane PIPING ......ccuiiiiiiiiiiiiii bbb 141
Coal Mine VEntilation SYSTEIM ......cccucurcucureiueiriiieieieictsieeesseeaesetseaesessesesesesesesesesessesesessesssessesssessesesesssscsessscsessenees 143
Advanced Airborne Natural Gas Leak Detection SYSteIl .........ccvueuimiciiimiiniiiiciiccic s 145
Precision Agriculture and No-till PIanting ..o 147
Suring Ambico Manure Management SYStEIIL ..........cccuiurieuiuriiiimiiiiieieseiessiisesessesessssssss s ssssssssssessssessesssens 149
Astron Remote Plasma Source for Reducing PFC Emissions from Semiconductor Manufacturing. ...........cccueeee. 153
Sulfur Hexafluoride (SF) COVET GAS ...ouiveurrerririririiiiieeeieieieietesetstsesssssssssssssssssesesesesesssssssssssnsanns

Nitrogen Oxides from Combustion Sources

Understanding Black Carbon from CombuSHON ... s 161
Technologies for Goal #4: Reduce Emissions of Other (GASES .......c.cuvcurivreeuiueicurieeiiiiiensesseensieseessesessessssensesenes 163
Earth Observation Satellites Such as CALIPSO ..o sssssssssses 165

Measurement and Monitoring Technologies for Assessing the Efficacy, Durability,
and Environmental Effects of Emission Reduction and Stabilization Technologies

NASA “A” Train Satellite Constellation SYStEIml .......cccceiiuiueiiiiiiiiniici s
Integrating System Architectural Linking Measurement and Monitoring Observation

Systems to Greenhouse Gas RedUCHON ACHONS .......veucureeeureeucrrieieteiieieeeeseieieseeeseseeeeesessteesessesesessesesesssscsessences 179
Hierarchical Layers of Spatial Observation Technologies and Capabilities ..........ccoocvviriviviciiiniicniciciciennes 180
Technologies for Goal #5: Measure and Monitor EMISSIONS.........ccciuieuriurreiiieieiriieieieesesseeseeseessesessessesessesenes 183



Strategic Plan » September 2006

9-1  Fundamental Science Helps to Enable Technology INNOVAtON ........c.cevcuieeicinieciciriciiicceeeeeceeiee page 185
9-2  Laser-Assisted Welding Imaging SYSteIm........ccceuiuiuiiiiiiiiniiiiiicicciciiiic e sses 187
9-3  Use of Synchrotron Radiation for Materials Research.........cccoocuviviiiiiiiciiiniiiciicccecccnes 189
9-4  Magnetic Fusion Energy SIMUIAtONS ........c.cccuiueiiinieiniirieiiieieiiieiciciesetseieseie et ssessssessesessessessssessesnes 193
9-5  Laser-Based Surface Analysis to Measure Trace IMPUrities........coveveuiueiciriniiiniciiriciisieeeicice s 195
9-6  Nanoscale Materials Science Enables New Molecular Functionality ...........ccocviciiivicininiciininccccccccnnes 198

9-7  Free-Air CO, Enrichment Facility .......ccccccoovviiiiiiiiniiiiniiiicccccncn,
9-8  Stable Enzymes Embedded in Biomimetic Nanomembrane

10-1  Earth as Seen from SPaCe ..o e 207

10-2  Comparative Analysis of Estimated Cumulative Costs Over the 21st Century
of GHG Mitigation, With and Without Advanced Technologies, Across a Range

of Hypothesized GHG Emissions CONSIAINTS ........c.cueueeeumiuieeuieemesieemscisesesessiaessesessessesssesesessessssesssssssesesessesssees 209
10-3  Climate Change Technology Development and Deployment for the 21st Century ..........ccceeeeeeeveecincurincenceeiennees 211
10-4  Westinghouse AP1000 Advanced Nuclear Reactor ... 212
10-5  Coal-Based FutureGen Energy-PLex .......c.cciiiinieiiiniciiieiciiicieieieiie sttt ss s ssesssaesassenes 213
10-6  Switchgrass as Cellulosic Feedstock for Bio-Based Fuels...........ccoccuiuiiivciniiininiciiicicscccccccceens 214
10-7  White Light From Inorganic, Multi-Color Light-Emitting Diodes as Advanced Lighting Concept..........cccccuuueee. 215
10-8  Asia Pacific Partnership on Clean Development and CHMAte .........coceeuiueicinieeniinieineiienieieeeienenseensesesenseees 216
TABLES
|
1-1  Federal Agencies Participating in the U.S. Climate Change Technology Program ........ccccccccevviciniiicincnnnnce. page 6

3-1 Estimated Timing of the First GtC-eq./Year of Reduced or Avoided Emissions

(Compared to the Reference Case) for Advanced Technology Scenarios.............cocuvvcuiueiciniirineinicincnnicineeieieieens 43
4-1 CO, Emissions in the United States by End-Use Sector, 2003.........cccccceeurucunnnee
4-2  CO, Emissions in the United States from Transportation, by Mode, in 2003
4-3  Residential and Commercial CO, Emissions in the United States, by Source, in 2003 ........ccccuvvviueurincrncccnncenne 63
4-4  CO, Emissions in the United States from Industrial Sources in 2003 .......ccoevririrerireeireeeieieieieiseeeseeeeeeeesesenens 68
7-1  Target Areas for Reducing Emissions of Non-CO; GHGS........ccouciiiriiiiiiiciiiiceicssc s 138
7-2 U.S. and Global Methane Emissions from Energy and Waste .........cccoovviviiiiininininiee s 139
7-3  Change in U.S. Methane Emissions from Energy and Waste.........ccccoeiniiiniicinininiiicicceccceees 140
7-4  U.S. and Global CH, and N,O Emissions from AriCUlture ..........ccocueimiiciiimnininiciciicnsiessesescs s 146
7-5  U.S. and Global Emissions of High-GWP Gases ........ccccccovuiriiiiiiiiiiicss s 151
7-6  U.S. and Global N,O Emissions from Combustion and Industrial SOUICes .........coeveverereieueeeierrnriririninesereeeenes 156

8-1  Proposed R&D Portfolio for Measurement and Monitoring of Energy Production

aNd Use TECRNOLOZIES .......uvuiuiiiiiciiiiii s 168
8-2  Proposed R&D Portfolio for Measurement and Monitoring Systems for

GEOlOZIC SEQUESIAOL.....ovevieiierieiieeieie s s s 170
9-1  Cross-Cutting Strategic Research ATeas ... sssnes 197

10-1  Estimated Cumulative GHG Emissions Mitigation (GtC) from Accelerated Adoption
of Advanced Technologies over the 21st Century, by Strategic Goal,
Across a Range of Hypothesized GHG Emissions CONSIrAINTS .....c..ceveureueeeuimeieurimeeemeeeenessisessseseessesenessssesesenes 208

10-2  Estimated Timing of Advanced Technology Market Penetrations, as Indicated by the First
GtC-Eq./Year of Incremental Emissions Mitigation5, by Strategic Goal,
Across a Range of Hypothesized GHG Emissions CONSIrAINTS ......c.ccuieuiueieeuimrieiieemersiieeenssenessssessaessessssensens 210

X



U.S. Climate Change Technology Program

2-1 CCTP Portfolio Planning and Investment Criteria ... sssessesnns page 21
2-2 CCTP WOTKING GIOUPS...cucvuiveeeiiiineiieeieieieteestacitiessesseas et st sae st sae s s sse s s saesssae s setsesessesaesssaessssessessessssessssenas 22
3-1  The SRES SCENATIOS ...cuvuieieieiiieiria ittt s sa s sa s a e seees 31
3-2 How Big is One Gigaton/Year of GHG Reduction? ........cc.ccoouviuiiiriiiniiiniccci s sssnnes 38
5-1  Renewable Energy and Fuels Technologies ..........cciiiiiiciiiiiiiciiiciciiciiescie s ssssans 92
6-1  Weyburn IT CO; StOrage PrOJECt.....c.i ittt esae
6-2  Metal Organic FramewWOTKS ..........cccviiiiiiiiiiiiiiicic s nes
6-3  Carbon Sequestration Leadership FOTUM .......cccviiiiiiiiiiiiiicc s
6-4  CO, Storage in Stacked FOIMAatiON .......cccoiuieiiiiiiiiciiiicieieieic ettt see
6-5  FULUIE GEIL oottt bbb

6-6  Coal Swelling....
6-7  Physiological Mechamsms of Growth, Response and Adaptatlon in Forest Trees

7-1 ~ What are the “Other” Greenhouse gases? ... saes 135
7-2  Global Warming Potentials of Selected Greenhouse Gases ... 136
7-3 Methane t0 Markets ........cciieieieiieiii e 137

8-1  Geological Sequestration of Carbon Dioxide ...

8-2 AGIHIUX e
B3 AMIETIIUK 1ottt ettt
8-4  DiagnosticC TEChNOIOZIES.......cuuiuiuiieiiiicici et
8-5  World Ocean Circulation EXPEIIMENT .....c.cccueuieueinicueirieieiieiennieiessiseeeseeesesessesese s seescaesesseaesessesesessesesessescsessesces
8-6  Concepts for Global CO, and Black Carbon Measurements ..........ccccoceuveuieeiiiniciiiniiiiccsee s 178

8-7  NOAA Regional Carbon MONItOIING .....covuiuiviiiiiiiiiiiicic s 181





