Strategic Plan » September 2006

U.S. Climate Change Technology Program

Strategic Plan

Letter to the Reader ..o page iii
FOreword ... s iv
LSt Of FIGUIES ...ttt ettt xi
LSt Of TADLES .......oueiiiiiictectcce et es xiii
List of BOXES ....cocevvreruerenviesrenenenne . . . . . reereeeereneaes Xiv
List of Acronyms and Abbreviations .............. . . . S, Xiv
I 1HOAUCHON .o 1
1.1 U.S. Leadership and Presidential COMMItMENL ........occvevremeeeerincucirineecienniceeereeeennene 3
1.2 U.S. Climate Change Science Program ... 5
1.3 U.S. Climate Change Technology Program..............ccccccccoeuveiniiiniiinnincnincinicincnnes 6
The Potential Role of Technology ..o, 7

1.4 Continuing ProCess...........coiiiiiiiiniei s 7
1.5 REEICIICES ...ttt 8
Vision, Mission, Goals and Approaches ...................eeeeersseesssiieens 9
2.1 Vision and MISSION .........cccvuiueuririiuerninieieiieietieeieesee s sensesesessens 10
2.2 Strategic GOals..........c.coiiiiiiiiiiciic s 10
2.3 Core APProaches ... 16
2.4 Prioritization Process ... 20
Portfolio Planning Principles .......ccccveerrenecirenenceininicinineeeeneeeenseneeesensesesesseseseses 20
Portfolio Planning and Investment Criteria ......cccevereerrenecreereeernenierenreenenseseeenens 21
APPLICAiON Of CIItErTau . vuvvereiiieccicicicreietetetrtstseses e eeseserererese ettt seaesesenenes 22

2.5 Management..........coiiiiiiiiiiiiiiiiiicsc et 23
Executive DIreCtion .........ccciiiiiiiiiiciiiiicccccic e 23
Interagency Planning and INtegration ...t 23

Agency Implementation ... 24
External INTEractions ........ccuveeeeueeeecuerriiierieiereeeeieiseeie s sesesesesseseacsens 24
Program SUPPOIt ... 24

2.6 Strategic Plan Outhine ..o 24

Synthesis Assessment of Long-Term Climate Change

TechNOlOZY SCENAIIOS........oooeeeceeeeeeesseeeeesseese s 25
3.1 The Greenhouse GASES ...........ccerieucuriniucieinitieinineeeereeietseeie st eeseseaseaesees 26
3.2 Factors Affecting Future GHG Emissions ..., 27
CO, Emissions from Energy Consumption .........ccccveeeenecreuneneeerseneeeremseerenseneees 28
CO, Emissions and Sequestration from Changes in Land Use .......ccccouceueuveecrennecs 32
Other Greenhouse GASES .........ciiririiiniciii e 33



U.S. Climate Change Technology Program

3.3 Analytical Context for CCTP Planning ...........cccccccecviinininiincnincniccnes page 33
3.4 Exploring the Role for Advanced Techology ..............cccccocviiniiinnniniiiniiiicinen, 37
Reference Case, Baseline, and Advanced Technology Scenarios ........c.cccevecueureucee 38
Economic Benefits of Advanced Technologies ..........cccccvieereccininicrniniceineeens 40
Timing of Advanced Technology Market Penetration ...........cceecceuvecicivicieinenccnns 43

3.5 CCTP Goals for Advanced Technology ... 44
Energy End-Use Efficiency and Infrastructure ..o 44

Low- and Zero-CO, Energy Supply Technologies........cccoeeeeurenecrvnicreenenccrnenecnes 45
Carbon Capture/Storage and SeqUESLrAtiON ........cccuiervrueiniriciieicsicee s 47
Capture and Storage of Carbon Dioxide .......cccoovieuvunicicirinicrenicniricereecnes 47
Terrestrial SEQUESLIAION ....ovcuiiieciiiiciiccice s 48
Non-CO; GHG EMISSIONS ..cutiuiriiieieiirieienieeeiteiesie ettt ettt sttt sae e s 49
Summary: Relative Contributions of the Four CCTP Goals .........cccceeviiuvinnnne 50

3.6 SumMmAry of INSIGRLS .....c.ccovccueiieieiricciecece e nees 51
3.7 REfrenCes. ...t s 53
o Reducing Emissions from Energy End-Use and Infrastructure ................ 57
4.1 TrANSPOITALION .....eeuerrrreniirireeiereieeettseeee ettt ettt ese s st seesesesene e esassenenencn 58
Potential Role of Technology .........cccvieiviicininicciniiciiccrcceeeeeeeeenes 59
Technology Strategy ... 59
CUrrent POTTIOLIO c...cucucucucueieieieirirr ettt 60
Future Research DIr€Ctions ........cccoceueueiririnnineniecciceeeieeieeeeeeseseceeseeesesenesenenes 62

4.2 BUILAINEGS ..oveevvieiciecictreccicteceece ettt 62
Potential Role of Technology ........ccccvierviicininieeinnicrececeeeeeeee s 63
TechnOlogy Stratey ...c.cvveiuciiiiciiiccicc s 63
CUrrent POTTIOLIO c...cucecucucieieieieirir ettt 64
Future Research DIr€Ctions ......cc.cccoeueueueueirinenininceccicceieieeneeieeseseseseceeesesesenenenes 66

A3 INAUSLLY ..o 67
Potential Role of Technology .........cccvciiiiiciiininiiiciicnicccaes 67
TeChNOlOZY StrALEZY ..evvreeeiiicice e nens 69
Current Portfolio.........oiicc e 69
Future Research DIr€Ctions ......c.ccccoceeeueueirinininnteccceccciereeieeeeseseseseseeceesesenesenenes 71

4.4 Electric Grid and Infrastructure.............cccoccviiiininiincniciiccicsecce e 72
Potential Role of Technology ... 73
Technology Strate@y ... 74
Current Portfolio.........ciiicic e 75
Future Research DireCtions ... 77

4.5 SUININATY ..ot 78
4.6 RELEIEIICES ...ttt ettt 80
Reducing Emissions from Energy SUpply.........ccccoooeerrccvcecrscsccceeere 81
5.1 Low-Emission, Fossil-Based Fuels and Power ............cccccooooveivieieeieieieeeccen, 83
Potential Role of Technology ... 83
TeChNOlOZY STrALEZY ..evvreeecriieciecteccre et sees 84
Current POrtfolio.........iiiiccc e 84
Future Research DireCtions ... 85

Vi



5.2 HYAIOZEM ...ttt tseeeeseesteese sttt bt seaeacsenns page 86
Potential Role of Technology ........ccccveieerrinicieineecirniceceereeeeee e sseseaenees 86
TeChNOlOgY StrAtEZY ..ecvvreeeciiieieci e sees 88
Current Portfolio.........cc e 88
Future Research DIr€Ctions ......c.ccocoeeeeueurireninennencciceeiereeneeeesesesesesecccesesenesenenes 91

5.3 Renewable Energy and Fuels ... 92
Potential Role of Technology ... 95
TeChNOlOgY STrAtEZY ..ecvveececriieciicier ettt sees 96
Current Portfolio.........ciiiccc e 98
Future Research DIreCtions .........cccveevviieiienicieiniiciniieeceessiseeseesessesesenses 101

5.4 INUCIEAT FISSION ......viiiiiieccicicicieietetetrene ettt se st seseeaes 103
Potential Role of Technology ... 103
Technology Strate@y ... s 104
Current POrtfolio. ...ttt eeaesesseaeaes 104
Future Research DIreCtions ... 106

5.5 Fusion ENergy ... s 107
Potential Role of Technology ... 107
"Technology Stratey ... 108
Current POTtfoli0......c.ceueuririririi e ene 109
Future Research DIreCtions .......cccevceerrecereinecueinenierninenenseesesseeeessesesesesseseseses 110

5.6 SUIMIMATY ...t 110

5.7 References...........coouiuiiiiciiicicic s 112

6 | Capturing and Sequestering Carbon Dioxide...............ccc.ccooccorvcerrrvcce, 113

6.1 Carbon CaPLULE ........c.ccceueuimeiririririrer ettt ettt esene 114
Potential Role of Technology ... 115
"Technology Stratey ... 115
Current POTtfoli0.....c.ccuiuriiririicccccceteieiee e e 115
Future Research DIreCtions ........ccceveceerreeeereenecuerneiernenieseeeeesseeeessesesesessesesenes 116

6.2 GEOlOGIC StOTAZE ..o 117
Potential Role of Technology ........ccoieuiiciriniciciniiciriicsceeeeeeenenes 118
"Technology STratey ..o 118
CUrrent POTtoli0...c.c.cueueieiiriricceccicieteieeee e e 119
Future Research DIr€Ctions ........c.cceeuvereeieeniiecceieeeieieieeeee e ceseceesenesenesenenns 120

6.3 Terrestrial SEQUESTIAtION ........o.ouvvririiiieeieieieieieie sttt esene 122
Potential Role of Technology ........ccvievviicirniceinicrceeceeeeeeie s 122
"TechnOlogy STrAtEZY ...cuovieiiiiiciciricicce e 123
Current POTToliO ...c.cucueviieiriririi ettt sene 123
Future Research DIr€Ctions ......c.c.cevveeereeceeiieecciceeieieieeene s cceceesenesenenenenns 126

6.4 Ocean SeqUESTIAtION ............couvviiiiiiiiic s 127
Potential Role of TeChnology .......ccvveuerrineecrrinecieiniicrnceeeeneeeeeecneseseaenes 128
TeChNOlOgY STrALEZY ...cvvuieiiicecicieccce e 128
Current Portfolio.........ciiiiccc e 128
Future Research DIr€Ctions ......c.cceeeerereeencniicccciceeeieieireneses s ceeceeseseseneneanens 128

6.5 SUINIMATY ..ottt 130

6.6 References............oiviiiiiiiii e 132

Strategic Plan » September 2006

VI



U.S. Climate Change Technology Program

Reducing Emissions of Non-CO, Greenhouse Gases.................. page 135
7.1 Methane Emissions From Energy and Waste ... 139
Landfills w.coviiiiiciciiiccc s 139
Potential Role of Technology ..., 140
Technology Strate@y ... 140
Current POrtfolio ..e.ccvccieeeceiniicirnicieieeietreeceeeeiesee et ssesesesees 140
Future Research DIreCtions .........ccveeeueeecucrrenicrnenicieneeeseeneesenseesesseseesenens 141
€0l MINES c..oviiiiiiiciici it 141
Potential Role of Technology ... 142
"Technology Strategy ... 143
Current POTtfoli0 ..ot 143
Future Research DIreCtions .........cveecueenececrrenicrnenicienneeesseneecsennesesesseseseseeens 144
Natural Gas and Petroleum SyStemms ........ceveecuevreierriniereereneenneneereeseesesseseseseeens 144
Potential Role of Technology ... 144
"Technology Strategy .......ccviviiiciiiiciicccr e 144
Current POTtIOlIO ...ouevveeeeeiicecicccieeeeeree et eeeeaene 145
Future Research DIireCtions ........ccveecueenececurenicrniniceeineceisenecreineesesseeseseeens 145
7.2 Methane and Nitrous Oxide Emissions from Agriculture ...........ccccooocuvininnnne. 146
Advanced Agricultural Systems for Nitrous Oxide Emissions Reductions ............ 146
Potential Role of Technology .........cccccvceiriniciiiniciriccrceececeeenee 146
Technology Strategy .......coeuiveiiiniciiicc e 147
Current POTtoliO ...ouevieeceeiicccicccieieieirre et eaene 147
Future Research DIirections ........c.cevcecueenececurenicrninecieineccsenecseineesesseeseseeens 148
Methane and Nitrous Oxide Emissions from Livestock and Poultry Manure
MAaNAgEemMENt .....ccoviviiiiiiiiiiiic s 148
Potential Role of Technology .........cccccviccirinicrinicinccreceeceeeene 148
Technology Strategy ........coeuieiciniciiicc e 149
Current POTtOlIO ...euevereeceeiccecicccieieietrree ettt eesesene 149
Future Research DIireCtions ........ccveveecueeecucunenicininicieinecetsenecseneesesseeseseeens 149
Methane Emissions from Livestock Enteric Fermentation .........cccoeeveceevrencecunenee 150
Potential Role of Technology ......c..cccccveeceurenicrnnicieccrecereceeeeneenee 150
Technology Strategy .....cccvuiciviriiciriicc e 150
Current Portfolio ......coieiiiciiniiiiiiciiicccccee s 150
Future Research DIr€Ctions .........cceececueueuereiniririnenencccccieeneneieeseses e 150
Methane Emissions from Rice Fields.......ccccvneeunineccieininicininccnncceneecneneeneeneee 151
7.3 Emissions of High Global-Warming Potential Gases ............cccccccoeevuviiiinninnnne. 152
Substitutes for Ozone Depleting Substances..........ccccuveeerrenicreeneccerrineerreneerennens 152
Potential Role of Technology ... 152
Technology Strategy ..o 152
Current POTtIOliO ...oveveeeeeiiccccccieietetere et eeeaene 152
Future Research DIreCtions .........ccceceeeeueueirinereninncccceeereieieeeeses e 153
Industrial Use of High GWP Gases .....coveerrneeerrenicrriicieneeerneeeeneeneeesessesenenes 154
Potential Role of Technology ......c..ccccceeeeeirenicrrnieiereccrrecereceneeeneenee 154
Technology Strategy .....cccuvviiuviniiciricce e 154
Current Portfolio ... 154
Future Research DIr€Ctions .........ccecceeueueueueinirinininnicccccereneieieeseses e 155

Vil



7.4 Nitrous Oxide Emissions from Combustion and Industrial Sources........ page 156
COMDUSTON .ttt s e s et eseaesesseasaes 157
Potential Role of Technology ..o 157
Technology Strategy .....ccvvicivinicciriicccce e 157

Current POTTIOLIO ..o.oveveereeieccccciciccieieetrres et eeaesene 157

Future Research DIr€Ctions .........coceceeeeueuereueieiririnnenicccceeereneieeseses e 157

INAUSTEIAL SOULCES .ecvevrieiiieiciriecieirecictrce ettt nes 158
Potential Role of Technology ......c.cccccceeeeueurenicrnniciereectrneceneeeeeeneeneee 158
Technology Strategy .....ccuvviiueiicciricc e 158

Current POrtfolio .....cviciiiciciiciiicrccrece s 158

Future Research DIr€Ctions .........ccecceceecueueininininennicccceeeneieieeseses e eeecsenene 158

7.5 Emissions of Tropospheric Ozone Precursors and Black Carbon...................... 159
Potential Role of Technology ..o 159
TeChNOlOGY STrALEZY ...vvrieiieteccrerecie ettt 159
Current POrtfolio. ...ttt sesseaeaes 160
Future Research DIreCtions .........cccveevviiieirinicueiniieniieeeeesiseseseesessesesenes 160

7.6 SUIMMATY .....ooviiiiiiii bbb 162
7.7 RELEIOINCES........cocuviiiiiccecietete ettt ettt 164

8 | Enhancing Capabilities to Measure and Monitor Greenhouse Gases ..165

8.1 Potential Role of Technology .............ccccccccueiiiiiiiiiiiniiicnicccccce 166
8.2 Energy Production and Efficiency Technologies ...........c.cccoovecevneccienincernenccnnes 168
TeChNOlOGY STrALEZY ...vvreeireccreirecc ettt 168
Current POrtfolio. ...t sesseaenes 169
Future Research DIreCtions .........cccvievviierriniciciniieiiieseeeessisessessesessesesenes 169

8.3 CO, Capture and SeqUeStration .............c.cvviueiriiucurinieiiiniiiceeeeessessenes 169
Geologic SeqUESIIATION .....cuviuieiiiiiii s 170
Technology Strate@y ... 170

Current POTTIOLO ...oveereiiicceeiceteie ettt e 170

Future Research DIreCtions ..........ceeeueeeceeurenicrnenicieiieereeesesseesesseseesennens 171
Terrestrial SEQUESTTATION ....cvueururucucececieiereiriririsen ettt teesese e reseaeen 171
Technology Strategy ... 171

Current POTtoliO ...ttt eeeaene 172

Future Research DiIreCtions .......coceceecueeeueueueinirineninireeeeeeeeieieeeeseseseseseeesenens 173

Oceanic SeQUESLIALION ......cuviriviiircriicr s saees 174
Technology Strategy ... 174

Current POrtfolio ......cviciiicciiiciiicicccc s 174

Future Research DIreCtions .........cececcececucueueinirirenennicccceeeneieieeseses s eeecsenene 174

8.4 Other Greenhouse GASES .........ccoceuririiieinieieirinieirineeieineeietseseee sttt ssesaesees 176
Technology Strate@y ... 176
CUrrent POTTIOHO ....ueviriiririree ettt e 176
Future Research DIreCtions ........ccceveeeureeeeremnecenniiereeeseeeeesseeeeseesesesessesesenes 177

Strategic Plan » September 2006



U.S. Climate Change Technology Program

8.5 Integrated Measurement and Monitoring System Architecture................ page 179
Technology Strategy ... s 179
Current POrtfolio.........ciiiiicicccc s 180
Future Research DIreCtions ........ccccvievviicivinicieiniieiiieeeeeseseseseesessesesenes 181

8.6 CONCIUSIONS .....oviiiiiiicccccceteteter ettt eeaes 182

8.7 REL@IEINCES........cuuiiiiiicccccete ettt 184

EM Bolster Basic Science Contributions to Technology Development..........185

9.1 Strategic Researchi............ccoccviiiiiiiiiiiiicc e 186
Research Supporting Emissions Reductions from Energy End-Use
AN INMTASTIUCTULE .vueeeiieicriccteecetc ettt sesseaeaen 187
Research Supporting Emissions Reductions from Energy Supply ......ccoocccuveeaceee 190
Research Supporting Capture and Sequestration of Carbon Dioxide.................... 193
Research Supporting Emissions Reductions of Non-CO, Greenhouse Gases......195
Basic Research Supporting Enhanced Capabilities to Measure and Monitor
GIeenNOUSE (GASES ....cucvvrenieciiriacieirecaeteitiete ettt ettt b et seaeacseseacs 195
Cross-cutting Strategic Research Areas .......occeveeccrrenicreineeernenecrenneeienreeeseeneees 196

9.2 Fundamental SCIENCE ...........cccviiiimiiiiiiiiiiic e 196
Physical SCIENCES ...ucvvrieiiiiiieiiiciciicrce e nes 196
Biological SCIENCES......cuviiiiiiiiciiiccii e 198
Environmental SCIENCES ......cceueueueriuririririniriitccccieereieietetees e seneaeens 199
Advanced Scientific COMPULATION ..c.vveuieevrerecreireerietrieeetetseesesseeeesessesesesseseseseeees 200
FUSION SCIEINICES ...ttt 200

9.3 Exploratory Research ... eesesenens 201
INOVEL CONCEPLS c.vcvivivriiiriiieetaceeeeierereseae sttt taeaese bbbt te s seseestseaesesesesesesenn 201
Advanced COMnCEPLS .....cuviiuiriieiiiiiiic e 202
Integrative CONCEPLS ...cvuiuiuiuiiiriiiiiciir s 202
Enabling COnCePLS ...cueurvevimeueurenicietritietsieieteaseseuessestiesseesesessesesessensacssssesesessescseses 202
Integrated Planning and Decision-Support Tools........cevveeeeereeerrenicrrnecrenneenennes 203

9.4 Toward Enhanced Integration in R&D Planning Processes ...........c.ccccovucunnee. 204

9.5 REfEIENCES.......covinieiiiiiciiici et 206

Iﬂ SUMMAry and NeXt SEEPS........ccccccoooveveerssseseeeesssesseeeessssseeessssssses s 207

101 SUMMATY ..o 207

10.2 NEXE STEPS.....cuimimiiiiiiiiiiii s 213

10.3 CLOSINEG. ...t 216

Appendix A - Federal Research, Development, Demonstration, and Deployment
Investment Portfolio for Fiscal Years 2005 and 2006, with Budget Request

Information for Fiscal Year 2007, U.S. Climate Change Technology Program.................. 217
A.1 Climate Change Technology Program Classification Criteria ..............cccc....... 217
A.2 Climate Change Technology Program Example Activities ............ccccooveeeeurennnes 218
A.3 CCTP Participating Agencies, Budgets, and Requests...........c.cccccoueurnicueurennes 218

Appendix B - National Climate Change Technology Initiative Priorities -
FY 2007 REQUESL ...ttt s sses bbb sa s s sasans 221



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

2-2 CCTP WOTKING GIOUPS...cucvuiveeeiiiineiieeieieieteestacitiessesseas et st sae st sae s s sse s s saesssae s setsesessesaesssaessssessessessssessssenas

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 II CO, Storage Project
6-2  Metal Organic Frameworks ..........cccccocueuuenee.

6-3  Carbon Sequestration Leadership Forum

6-4  CO, Storage in Stacked FOIMAatiON .......cccocuiciiiiiiiiciiiiciieeiiccee et eeee
6-5  FULUIE GEIL oottt bbb
6-6 €Al SWEILING ... e
6-7  Physiological Mechanisms of Growth, Response, and Adaptation in Forest Trees .......ccccoovvviviviiiiicincincicininnn. 125
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 DIOXIAE ........cvvueuiuiuiiiiiiciiiciiccee et eee
8-2 AGIHIUX e
B3 AMIETIIUK 1ottt ettt

8-4  Diagnostic Technologies
8-5  World Ocean Circulation Experiment
8-6  Concepts for Global CO, and Black Carbon Measurements

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

ACRONYMS AND ABBREVIATIONS
|
ABR Advanced Burner Reactor CCCSTI  Committee on Climate Change Science
AFCI Advanced Fuel Cycle Initiative and Technology Integration
AFV Alternative Fuel Vehicles CCP Carbon Capture Project
AGAGE  Advanced Global Atmospheric Gases CCS Carbon Capture and Sequestration
Experiment CCSP U.S. Climate Change Science Program

ANL Argonne National Laboratory CCTP U.S. Climate Change Technology

APS Aerosol Polarimetery Sensor Program

AUV Autonomous Underwater Vehicles CDIAC gar bon Dioxide Information Analysis

entre

BC Black Carbon CEM Continuous Emissions Monitor

BES Office of Basic Energ—y Sciences, CETC Natural Resources Canada CANMET
U.S. Department of Energy Energy Technology Center

BESAC Basic Energy Sciences Advisory CEQ Council on Environmental Quality
Committee CFC Chlorofluorocarbon

BP British Petroleum CH, Methane

Btu British Thermal Unit CHP Combined Heat and Power (system)

CMM Coal Mine Methane

XIV



CMOP
co,
COL
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CSP
CSRP
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CvD

DAI
DG
DOC
DoD
DOE
DOI
DOS
DOT
DPC

ECBM
EIA
EJ
EMF

EOR
EPA
ESP
Euratom
EU
FACE
FACTS

FC
FCT
FES

FFRDC

GDP

Gen IV
GEO
GEO-SEQ

GEOSS

GHG
GIF

GOSAT
Gt

GtC

Coalbed Methane Outreach Program
Carbon Dioxide

Construction and Operating License
Carbon Sequestration Leadership Forum
Competitive Solicitation Program

Carbon Sequestration Regional
Partnerships

Computed Tomography
Chemical Vapor Deposition

Dangerous Anthropogenic Interference
Distributed Generation

U.S. Department of Commerce

U.S. Department of Defense

U.S. Department of Energy

U.S. Department of the Interior

U.S. Department of State

U.S. Department of Transportation
Domestic Policy Council

Enhanced Coal-Bed Methane
Energy Information Administration
Exajoule (10*Joules)

Energy Modeling Forum, Stanford
University

Enhanced Oil Recovery

U.S. Environmental Protection Agency
Early Site Permit

European Atomic Energy Community
European Union

Free-Air CO, Enrichment

Flexible Automated Control Transmission
Systems

Fuel Cell
Fuel Cell Turbine

Fusion Energy Sciences, U.S. Department
of Energy, Office of Science

Federally Funded Research and
Development Center

Federal Highway Administration
Federal Trade Commission

Fourier Transform Infrared Spectroscopy
Fiscal Year

Gross Domestic Product

Generation IV

Group on Earth Observations
Geological Sequestration

(project)

Global Earth Observation System of
Systems

Greenhouse Gas

Generation IV International Forum
(nuclear power)

Greenhouse Gas Observing SATellite
Gigatonnes (10° tonnes or

metric tons)

Gigatonnes (10° tonnes or
metric tons) of Carbon

GtC-eq.

GWP

HCFC
HFC
HHS

HNLC
HSHL
HTS

HVACR

HVDC

TAEA
ICF
IEA
IEOS
IFE
IGCC
IMSS
IPCC

IPHE
ITER

kWe
kWh

LCCP
LED
LFG
LH,
LIBS
LIDAR
LNLC

MEA
MFE
MiniCAM

MOF

mpg
mph
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Gigatonnes (10° tonnes or
metric tons) of Carbon Equivalent
(emissions)

Global Warming Potential

Molecular Hydrogen

Hydrogen Sulfide

Hazardous Air Pollutants
Hydroclorofluorocarbon (refrigerant)
Hydrofluorocarbon

U.S. Department of Health and Human
Services

High Nutrient, Low Chlorophyll
High Spectral Resolution LIDAR
High-Temperature Superconductivity
(e.g. wire)

Heating, Ventilation, Air Conditioning,
and Refrigeration

High Voltage Direct Current

International Atomic Energy Agency
Inertial Confinement Fusion
International Energy Agency

Integrated Earth Observation System
Inertial Fusion Energy

Integrated Gasification Combined Cycle
Image Multi-Spectral Sensor
Intergovernmental Panel on Climate

Change

International Partnership for the
Hydrogen Economy

International Thermonuclear
Experimental Reactor
(Latin for “the way”)

Intelligent Transportation Systems
Interagency Working Group

Kilogram
Kilowatt

Kilowatt (electric)
Kilowatt-hour

Los Alamos National Laboratory
Life-Cycle Climate Performance
Light-Emitting Diode

Landfill Gas

Liquefied Hydrogen

Laser Induced Breakdown Spectroscopy
Light Detection and Ranging

Low Nutrient, Low Chlorophyll

Monoethanolamine
Magnetic Fusion Energy

Mini Climate Assessment Model (Pacific
Northwest National Laboratory)

Measuring and Monitoring

Microporous Metal Organic Frameworks
miles per gallon

miles per hour
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MSPI
MtC

NOAA

NRC

NRCan
NREL
NSC
NSCR
NSF
NSTX
NVFEL

oC
0CoO
ODS
OMB
ONR
ORNL
OSsTP

PEM
PFC
PM
PNNL
POU
PPPL
PV

Multi-angle SpectroPolarimetric Imager
Megatonnes Carbon
Megawatt electric

Nitrous Oxide

North American Carbon Program
National Academy of Engineering
National Academy of Sciences

National Aeronautics and Space
Administration

National Economic Council

Nuclear Energy Plant Optimization
(Program)

National Climate Change Technology
Initiative

Nuclear Energy Research Advisory
Committee

National Energy Technology Laboratory
Ammonia

National Ignition Facility

National Nuclear Security
Administration, U.S Department of
Energy

Nitrogen Oxides

National Oceanic and Atmospheric
Administration

National Research Council or Nuclear
Regulatory Commission

Natural Resources Canada

National Renewable Energy Laboratory
National Security Council
Non-Selective Catalytic Reduction
National Science Foundation

National Spherical Torus Experiment

National Vehicle and Fuels Emission
Laboratory

Organic Carbon

Orbiting Carbon Observatory
Ozone-Depleting Substance

Office of Management and Budget
Office of Naval Research

Oak Ridge National Laboratory

Office of Science and Technology Policy

Polymer Electrolyte Membrane
Perfluorocarbons

Particulate Matter

Pacific Northwest National Laboratory
Point Of Use

Princeton Plasma Physics Laboratory
Present Value

Quad
R&D

RD&D

RDD&D

SCR
SF,
SNAP
SOFeX

SOIREE

SOy
SQUIDS

SRES

T&D

TgC

Tg CO,

Tg CO,-eq.

UNDP
UNEP
UNFCCC

USAID

USDA
USGEO

VAM
vVOC

W/m?
WCRP
WG
WMO
WOCE

Quadrillion Btus (10" Brus)

Research and Development. Also used
generically to mean RD&D and RDD&D

Research, Development, and
Demonstration

Research, Development, Demonstration,
& Deployment

Request for Information

Selective Catalytic Reduction
Sulfur Hexafluoride
Significant New Alternatives Program

Southern Ocean Iron Fertilization
Experiment

Southern Ocean Iron Enrichment
Experiment

Sulfur Oxides

Superconducting Quantum Interference
Devices

Special Report on Emissions Scenarios

(of the IPCC)

Transmission and Distribution
"Teragrams of Carbon
Teragrams Carbon Dioxide

"Teragrams Carbon Dioxide Equivalent
(emissions)

United Nations
United Nations Development Program
United Nations Environmental Program

United Nations Framework Convention
on Climate Change

U.S. Agency for International
Development

U.S. Department of Agriculture

United States Group on Earth
Observation

Ventilation Air Methane
Volatile Organic Compounds

Watts per Square Meter

World Climate Research Program
Working Group

World Meteorological Organization
World Ocean Circulation Experiment
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