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To the Reader:

e are pleased to be able to present this Strategic Plan for the Climate Change Technology Program

(CCTP). The technology strategy detailed in this Plan is an essential element of a comprehensive
climate change strategy that includes undertaking short-term actions to reduce greenhouse gas emissions
intensity, advancing climate science, and promoting international cooperation.

CCTP was created by the President in 2002—and subsequently authorized in the Energy Policy Act of 2005—
to coordinate and prioritize the Federal Government’s portfolio of investments in climate-related technology
research, development, demonstration, and deployment (RDD&D). The portfolio totaled about $3 billion in
Fiscal Year 2006.

The Plan expands on the themes presented in CCTP’s Vision and Framework for Strategy and Planning. It
provides the underpinnings for a robust RDD&D effort that can make advanced technologies available sooner
and at a lower cost. It takes a century-long look at the nature of the climate change challenge and the potential
for technological solutions across a range of uncertainties. Most anthropogenic greenhouse gases emitted over
the course of the 21* century will come from equipment and infrastructure not yet built, a circumstance that
poses significant opportunities to reduce or eliminate these emissions. The technologies outlined in this Plan—
hydrogen, biorefining, clean coal, carbon sequestration, nuclear fission and fusion, advanced concepts in
buildings, industry, transportation and electric energy storage and distribution, and others—have the potential
to transform our economy in fundamental ways that can address not just climate change, but energy security, air
quality, and other pressing needs.

The Plan articulates a vision of the role for advanced technologies, defines a supporting mission for the CCTP,
establishes guiding principles for Federal R&D agencies to use in formulating R&D portfolios, outlines
approaches to attain CCTP’s strategic goals, and identifies a series of next steps toward implementation. We
believe this Plan will strengthen the U.S. research enterprise and stimulate U.S. innovation and advance
technology development in myriad ways. It is our hope that this Plan will inspire similar initiatives in other
nations and enhance international collaboration on development and deployment of these technologies.

This document is the outcome of a long process involving governmental working groups, expert review, and a
public comment period that stimulated thoughtful and energetic dialogue. It is our hope that with publication
of the Plan, this dialogue will continue to inform and improve the Program.

The United States is working to ensure a bright and secure energy and economic future for our Nation and a
healthy planet for future generations. Through a combination of near-term actions, enhanced scientific
understanding of climate change, advanced technology development, and international cooperation, this future
can become a reality.

: N a)&m

Carlos M. Gutierrez Samuel W. Bodman John H. Marburger ITI, Ph.D.
Secretary of Commerce Secretary of Energy Director, Office of
Science and Technology Policy
Chair, Committee on Vice-Chair, Committee on Executive Director, Committee on
Climate Change Climate Change Climate Change

Science and Technology Integration Science and Technology Integration Science and Technology Integration
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Foreword

n February 2002, President George W. Bush reorganized the overarching management structure that

coordinates and directs U.S. climate change research and development activities. Under this new structure,
climate change science and climate-related technology research programs are integrated to an extent not seen
previously. The Climate Change Science Program (CCSP), led by the Department of Commerce, was
established to reduce the uncertainties in climate science and develop science-based resources to support
decision makers. The Climate Change Technology Program (CCTP), the counterpart organization to CCSP,
led by the Department of Energy, was formed to coordinate the Federal Government’s portfolio of climate-
related technology research and development activities, including technology deployment and adoption
activities, which were supported by nearly $3 billion in Fiscal Year 2006, and to focus efforts on the subset of
priority activities that are part of the President’s National Climate Change Technology Initiative.

The CCTP’s Research and Current Activities and Technology Options for the Near and Long Term reports provided
detailed looks at, and introduced the public to, an array of technologies with the potential to reduce greenhouse
gas emissions. Our goal with this Strategic Plan is to provide a long-term planning context, taking into account
the many uncertainties, in which the nature of both the challenges and the opportunities for advanced
technologies are illuminated and balanced. Along with its short companion document, CCTP’s Vision and
Framework for Strategy and Planning, the Plan provides an inspiring vision of what may be possible and a basis
for setting priorities for research through its technology strategies and investment criteria. It also highlights
those opportunities that are ripe for advancement.

"The Plan was guided by the leadership of the Cabinet-level Committee on Climate Change Science and
"Technology Integration and its Interagency Working Group of agency deputies. It was prepared by an
interagency team of six working groups, under the direction of CCTP Deputy Director Dr. Robert C. Marlay.
Experts from many different disciplines have made significant contributions to the Plzn. Without their efforts,
this document would not have been possible.

Further, the Plan has benefited greatly from hundreds of comments received during the public comment period
following release of the draft Plan in September 2005. We have been gratified by the quantity and quality of the
comments we received, which reflect the importance of the Program. We were able to accommodate most
comments, but even those we did not accept challenged our thinking and made the Plan stronger. We thank all
of those individuals and groups who took time to make comments. As the Plan is forward-looking, we expect
that public input will be an aspect of future updates to the Plan.

y

Stephen D. Eule
Director
U.S. Climate Change Technology Program

September 2006



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 ..ottt xi
LSt Of TADLES ...ttt es xiii
List of Boxes ....... . . . TS Xiv
List of Acronyms and ADDIeviations ... Xiv
I 1HFOAUCHON . 1
1.1 U.S. Leadership and Presidential COMMItMENL ........cccuevrieeerrineecurireecienreeeeereeeennene 3
1.2 U.S. Climate Change Science Program ... 5
1.3 U.S. Climate Change Technology Program..............ccccccccoeuviiniiininininincnicinccicnes 6
The Potential Role of Technology .........cccccuviiiiiiiniiiiniiniciiicccccccaes 7

1.4 Continuing ProCess...........oiiiiiniiiic s 7
1.5 REEICIICES ...ttt 8
Vision, Mission, Goals and Approaches .................o..eceoeerssceesssiieens 9
2.1 Vision and MISSION .........cccvuiueuririiuerninieieiieietieeseeee s sessssesesens 10
2.2 Strategic GOals..........ccoiiiiiiiiiiciic s 10
2.3 Core APProaches ... e 16
2.4 Prioritization Process ... 20
Portfolio Planning Principles .......ccccveerrenecieinenceininicinneeeeeneeeseeneeesenseesessesescsees 20
Portfolio Planning and Investment Criteria .....ccceveveerrerecrerreneerrerierenreesenneseeenens 21
APPLCAiON Of CIItEITau . vuvvereiieceeicieicreieteietrtstse st eeseieaesese et eses e sesenesenenes 22

2.5 MAnagement..........couiiimiiiiiiiiiiiiiccc et e 23
Executive DIreCtion .......c.cucuiuiiiiiiiiiiciiiiiccccce s 23
Interagency Planning and INtegration ... 23

Agency Implementation ..o 24
External INTEractions ........ccveeeeuemeecueiriiierieieseeeeetseeeseeesesesseseaeseeeeesesesesessessacsns 24
Program SUPPOIt......cciiiiiiiiiic e 24

2.6 Strategic Plan Outhine ..o 24

Synthesis Assessment of Long-Term Climate Change

TechNOlOZY SCENAIIOS.........oooeeeeoceveeesseeeeessseeessssees s 25
3.1 The Greenhouse GASES ...........ccceuriveucuriniuiieiniiieirineeeireeietseese sttt seaeaesees 26
3.2 Factors Affecting Future GHG EmiSssions ..., 27
CO, Emissions from Energy Consumption .........ccccoveeeenecrerreneeerseneecsemseerenseneees 28
CO, Emissions and Sequestration from Changes in Land Use .......ccccouceuevverecrennees 32
Other Greenhouse GASES .........ccuiuiiuiiinicii e 33



U.S. Climate Change Technology Program

3.3 Analytical Context for CCTP Planning ...........cccccocevviiniiinininninciiccnee, page 33
3.4 Exploring the Role for Advanced Techology ..............cccccoeviiiniiinnniniiiniicicicinen 37
Reference Case, Baseline, and Advanced Technology Scenarios ........c.ccccevecueueucees 38
Economic Benefits of Advanced Technologies ..........coccveeerieccrnnicriniceeneneens 40
Timing of Advanced Technology Market Penetration ...........cceecevivieiciniccininccnes 43

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

Low- and Zero-CO, Energy Supply Technologies........cccoeeeueurenecrrnicreenencernenecnns 45
Carbon Capture/Storage and SeqUESLrAtioN ..........ccuiuevruriniriciienicnicsee s 47
Capture and Storage of Carbon Dioxide .......cccoevieivinicieirinicrviniciniccreecnes 47
Terrestrial SEQUESLIAION .....vucviiieiiiiiciiicc e 48
Non-CO; GHG EMISSIONS ..cuiiuiriiieiieiieierieieeeteierie ettt ettt sse s s 49
Summary: Relative Contributions of the Four CCTP Goals..........ccccvvviiuvicnnne 50

3.6 SumMmAry of INSIRLS .....c.coovcuiiicieirccerce e eeeaenees 51
3.7 ReferenCes..........o.ouviiuiiiiii s 53
o Reducing Emissions from Energy End-Use and Infrastructure ................. 57
4.1 TrANSPOITALION .....eeuenrirneiiiireetereieeettseet et e st ese s st e e seseseseeesassenesencs 58
Potential Role of Technology .........cccvieiiicniniiciniiciicccceeeeeeeeenes 59
Technology Strategy ... s 59
CUrrent POTTIOLIO c...cucucecueieieieieirir ettt 60
Future Research DIreCtions .......coceceureeeerrinccueinecueininieinineeseeseeeesseseeesesneesessesescses 62

4.2 BUILAINEGS ...oeevreiicicteecicrcece ettt 62
Potential Role of Technology ........ccccvierrinicrninieciriniciceeeeeee s 63
TechnOlogy Stratey ...c.ovveiuciiiiciiiciccce s 63
CUrrent POTTIOLIO c...cuceecucieieieieirir ettt 64
Future Research DIr€Ctions ......ccccoeueeeueirirennininieccceeeneieeieeeeeesesesceceeesesesenenenes 66

A3 INAUSLLY ..o 67
Potential Role of Technology .........cccccociriiciiniiciciciccccaes 67
TeChNOlOZY StrALEZY ..evvreeeriicicie et enees 69
Current Portfolio.........ccc e 69
Future Research DIr€Ctions ......c.c.cocoeeeueierinininncecccecenereeieeesseseseseceesesesenesenenes 71

4.4 Electric Grid and Infrastructure..............ccooccuviiiiiiiininciniciiccicsecce e 72
Potential Role of Technology ..........cccciiicinininiiiiiciniicccccaas 73
Technology Strate@y ... 74
Current Portfolio ... 75
Future Research DiIreCtions ... 77

4.5 SUININATY ..ottt 78
4.6 RELEIEIICES ...ttt ettt nene 80
Reducing Emissions from Energy SUpply.........cooeerrccvcecrecsicceeeee 81
5.1 Low-Emission, Fossil-Based Fuels and Power ............cccccooooveivieieeicenieececcen, 83
Potential Role of Technology ..........cccociiiciniiiniiiiiicicciccceaes 83
TeChNOlOZY STrALEZY ..evvreeecriicii et ses 84
Current Portfolio.........oiiiiicc e 84
Future Research DireCtions ... 85

Vi



5.2 HYAIOZEM ...ttt tseeseseaeaese sttt aeae st se e sesneacsenns page 86
Potential Role of Technology ........ccccveiuerrenicieinecciriicirecreneeeeee e sseeaenees 86
TeChNOlOZY StrALEZY ..evvreeeiiicice e sees 88
Current Portfolio.........iiiiciccc e 88
Future Research DIr€Ctions ......c.ccococeeueirrenininencncccceeierereneeeeesesesesececesesenesenenes 91

5.3 Renewable Energy and Fuels ... 92
Potential Role of Technology ... 95
TeChNOlOgY STrAtEZY ..evvreeeciiieciiccicrccrte et sees 96
Current Portfolio.........ciiicccc e 98
Future Research DiIreCtions ... 101

5.4 INUCIEAT FISSION ......viiiiiieccicicicieieietetre ettt ettt 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 ... 107
Potential Role of Technology ... 107
"Technology Strate@y ..o 108
Current POTtfoli0......cccueuririririicecceeeieieeee e e 109
Future Research DIreCtions ........ccccveeeerreeerrinecerneiernineeseeeesesseeeeseesesesesseseseses 110

5.6 SUIMIMATY ...t 110

5.7 References...........coouiuiiiiiiiiciiii e 112

6 | Capturing and Sequestering Carbon Dioxide...............cc..ccoccorvccrrsvicn, 113

6.1 Carbon CaPLULE ........c.ccceueuimeiririririree ettt ettt esene 114
Potential Role of Technology ... 115
"Technology STratey ... 115
Current POTtfoli0......c.cueuruiiririiccccceeieteee e e 115
Future Research DIreCtions .......ccccvcerriceerrenecueuneniernineseeeeesseeeessesesesessescseses 116

6.2 GEOlOGIC StOTAZE ... 117
Potential Role of Technology ........ccoieuviicirinicciniicniicnccereeeee s 118
"Technology Stratey ..o 118
CUrrent POTtoli0.....ccueuriririririiccecciceteeee e sene 119
Future Research DIr€Ctions ........ccceeieereeeriniiceccieeeieieeeeeee e ceseceesenenenesenenns 120

6.3 Terrestrial SEQUESTIAtION ........c.ouvvririiiieicieieieieieerrer ettt eae 122
Potential Role of Technology .......cccvieuviicirmniceeiniciriceecereeeeeie s 122
"TechNOlogy STrAtEZY ...cucvieieiiiciciicc e 123
Current POTtoliO .....c.cueuiuriririri ettt sene 123
Future Research DIr€Ctions ......c.cceeeueereeeeineicccicieeeeieieieteees e cceceeneneseneneneens 126

6.4 Ocean SeqUESTIAtION ............couvviiiiiiiiiccc s 127
Potential Role of TeChnology .......cc.cvveuerrineecirineceiriicecieeeereeeeeeeeseseseaenes 128
TeChNOlOY STrALEZY ...vvuieiiccrciece e 128
Current Portfolio.........ciiiciccccc e 128
Future Research DIr€Ctions ......c.cceeeeeereeerininicecciceieieieieenessescceceeseneseseseneens 128

6.5 SUINIMATY ..ot 130

6.6 References............oiiiiiiiiici s 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 ..o 139
Landfills ..o s 139
Potential Role of Technology ..., 140
Technology Srate@y ........ccciiiciiciiic e 140
Current POrtfolio ..e.ccuvccieieceireicirncieiececireeeeeeeiesseese et sseseseses 140
Future Research DIreCtions .........cveeueeecucurenicrreniereneeereeeeseeneesesseseesenens 141
€0l MINES c..oviiiiiiicici it s 141
Potential Role of Technology ... 142
"Technology Strategy ... 143
Current POTtfolio ... eaene 143
Future Research DIreCtions .........cveecueeececrrenecrniniecreenecessenecseenesesesseeseseenens 144
Natural Gas and Petroleum SyStems ........coveeeuevreierreniereenereenneieeesiesesseeseseeens 144
Potential Role of Technology ... 144
Technology Strategy .......cviiiciriiciicc e 144
Current POTtoliO ..ottt 145
Future Research DIireCtions ........ccvveecueenecucireniecinineecieineeersenecseeneesesseeseseeens 145
7.2 Methane and Nitrous Oxide Emissions from Agriculture ............cccccococvvininnnne. 146
Advanced Agricultural Systems for Nitrous Oxide Emissions Reductions ............ 146
Potential Role of Technology ... 146
Technology Strategy ........coeuieicieiciiic e 147
Current POTtoliO ..c.ouevveeeeiicecicccieieirree et eeeaene 147
Future Research DIireCtions ........c.cvvcecueecceeineneecrninicieiniceeisenecreneesesseeseseeens 148
Methane and Nitrous Oxide Emissions from Livestock and Poultry Manure
MAaNAgEMENt ....cooiviiiiiiiiiiiicc 148
Potential Role of Technology ... 148
Technology Srategy .......coeuieiiiniciiicc e 149
Current POTtoliO ..ot eeeaene 149
Future Research DIireCtions ........ccveecueeneceeurenicininicieineeernenecseeneesesseeseseeens 149
Methane Emissions from Livestock Enteric Fermentation .........cccoeveevevrencecunenee 150
Potential Role of Technology ......c.ccocccveeeeeirenicrrnieiercerreceneceneeceneenee 150
Technology Strategy ......cccviiiviricciricic e 150
Current POrtfolio ......coieiiciiniiciiicicccccee s 150
Future Research DIr€Ctions .........cocecceeucucueueiririnennnicceceereneneieeseses e ceesenene 150
Methane Emissions from Rice Fields.......cccccvmeeurnevcieinniennccnneceneccseeeneenene 151
7.3 Emissions of High Global-Warming Potential Gases ...........ccccccccoeevuviiinininnnne. 152
Substitutes for Ozone Depleting Substances..........ccceuveeerrneereereccerreneerreneerennne 152
Potential Role of Technology ... 152
"Technology Strategy ... 152
Current POTtfoliO ..ottt eesesene 152
Future Research DIirections ........ccveecueeneceeurenicrninicieinecernenecseeneesesseeseseenens 153
Industrial Use of High GWP GaSes .....cvveeerrineeuerreicrrcienecerneeeeeneeesesseseaenes 154
Potential Role of Technology ......c.ccccccveveecurnicrninicieccrecreeeeeeceseenee 154
Technology Strategy .....cccuvviiiriicciricicccre e 154
Current POrtfolio ......coiiciiiiciiicicccce s 154
Future Research DIr€Ctions .........coceccecueueueueiririrennnicceceieeneneieeseseseseceesenene 155

Vil



7.4 Nitrous Oxide Emissions from Combustion and Industrial Sources........ page 156
COMDUSTON ettt seseasaes 157
Potential Role of Technology ........cccccovuiiiiiiiiiiiciniciccccccccs 157
Technology Strategy ......ccvviiiriicciriiciiccc e 157

Current POTTIOLIO «..ovevereececcccciccicieterree ettt eeaeaene 157

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

INAUSTEIAL SOULCES .evevrieiiiiiciriecietretictrce ettt ses 158
Potential Role of Technology ......c..ccccceeeerrenicrnnicierccteneceneeeneeeeneenee 158
Technology Strategy ....cvcuvvicieiicciricec e 158

Current POrtfolio ......cviciicciiiciiiciccec s 158

Future Research DIreCtions .........cceccecueucueueieirirnennicccceeeneieeeseseseseeeeesenene 158

7.5 Emissions of Tropospheric Ozone Precursors and Black Carbon...................... 159
Potential Role of Technology ..o 159
TeChNOlOGY STrATEZY ...vvriecieiececreirecie et eees 159
Current POrtfolio. ...t sesseeenes 160
Future Research DIreCtions .........cccvievviieieinicieiniieiiieeecesisesseseesessesesenes 160

7.6 SUIMIMATY ..ot 162
7.7 RELEIOIICES........cocuviiiiicceceete ettt 164

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

8.1 Potential Role of Technology ... 166
8.2 Energy Production and Efficiency Technologies ...........c.ccccovecvnecieeninceernenccnnes 168
TeChNOlOGY STrALEZY ...vvrieciiececteirecic ettt 168
Current POrtfolio. ...t 169
Future Research DIreCtions .........cccvieuviieueinicieiniieriieeeeeesisesessesessesesenes 169

8.3 CO, Capture and SeqUeStration.............ccouiueiriiueirinieiiiniciice s 169
Geologic SEQUESIATION .....cuviniiiiiiiiiir e 170
Technology Srate@y ... 170

Current POTTIOLO «.veveereiiicceeiceeieee ettt 170

Future Research DIreCtions .........cveeueeeceeurenicrneniereeeersenecseeseenenseeesenens 171
Terrestrial SEQUESTTATION ....cvueururucuceiecieiereieirirerene ettt sesenens 171
"Technology Strategy ..o 171

Current POrtfolio ..ot eeeaeaene 172

Future Research DIreCtions ........ccveeecueenececineniecrninicieeneeeerneseeseineesesseeseseeens 173

Oceanic SEQUESLIAtION .......cuviiviiircriicr s sanes 174
Technology Strategy ... 174

Current POrtfolio ......cviciiicciiciicccrceee s 174

Future Research DIr€Ctions .........ccecceceucreueiririreneneneeccceieereeeeeeseses e eeenenene 174

8.4 Other Greenhouse GASES ..........ooceuriniiueiniiieirinieirineeieneeie sttt sseeaesees 176
Technology Strate@y ... s 176
CUrrent POTTIOO ....cueueeeiiririrt ettt 176
Future Research DIreCtions ........ccccveerreeeeremnecuenneiernieeeereeensesessesesesessesesenes 177

Strategic Plan » September 2006



U.S. Climate Change Technology Program

8.5 Integrated Measurement and Monitoring System Architecture................ page 179
Technology Srate@y ... s 179
Current POrtfolio.........ciiiiiiciccccc s 180
Future Research DIreCtions ........ccccvcevviieirinicieiniieiiieeeeeesssesessesessesesenes 181

8.6 CONCIUSIONS .....oviiiiiiccccccctetete ettt eeaes 182

8.7 REL@IEINCES........cocuriiiiiccecietete ettt 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 .veeetieiciiciciecer et seaeaes 187
Research Supporting Emissions Reductions from Energy Supply ......ccoovcevveeaceee 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
GreenhOUSE (GASES ....cuvveneciiiacieireeeeteetiete ettt ettt seaeacs 195
Cross-cutting Strategic Research Areas .........ccevevecurenicieneneernenecreenieenreeeseeneees 196

9.2 Fundamental SCIENCE ...........ccccuvviiiiiiiiiiiiiici e 196
Physical SCIENCES ...cucvvrieiiiiriieiiicieitcrce et nes 196
Biological SCIENCES......cuviiiciiiiiiiicici e 198
Environmental SCIENCES ......ccocueuiviuiuriririririiiiccccieeieteieeeee e seseneens 199
Advanced Scientific COMPULATION ..c.cvveureevrerecrerrenieeirieeereeseeresseeeesesseaesessesesesseees 200
FUSION SCIENICES ....vevuieieieceiicciicicee e 200

9.3 Exploratory ResSearch ... 201
INOVEL CONCEPLS -.vcvivivriiririiitstaceeaeieierereeets ettt esebe ettt seseeseteaeseseseseseaeens 201
Advanced COnCEPLS .....cuviiuiriicriiiiii e 202
Integrative CONCEPLS ...cvuiuiuiuiiciiiiiiii s 202
Enabling COnCePLS ...cuvuevereeeeirinecietritietsieeeseesesesessestiessaeaesessesesesseseessssescsessescseses 202
Integrated Planning and Decision-Support Tools........cevveueerecucrrenicrrinicrennecnennen 203

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

9.5 REfEIENCES.......coviieiiiici et 206

Iﬂ SUMMAry and NeXt SEEPS........ccccccoooevveerseeseeeessssseeeesssseess s ssssssenes 207

101 SUMMATY ..o 207

10.2 NEXE STEPS.....cuvimiiiiiiiiiiiiic 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 ...............ccc....... 217
A.2 Climate Change Technology Program Example Activities ............ccccoovecueurenenes 218
A.3 CCTP Participating Agencies, Budgets, and Requests...........c.cccccouceuvnicreunenncs 218

Appendix B - National Climate Change Technology Initiative Priorities -
FY 2007 REQUESL .......o.oeee sttt sss s sa s s saestns 221



Strategic Plan » September 2006

1-1  U.S. Goal is Sound Stewardship of the Earth’s Climate SyStem ........ccccovuvcvieinninininnnicicce s page 1
1-2  Cabinet-Level Committee on Climate Change Science and Technology Integration .........ccceeeeveeeniuneeernerricunnnnns 4
2-1  Series Of COTP REPOTTS.....viuiuiiiiiciiiiici ittt 9
2-2  ‘Transportation — A Major End-Use Source of GHG EMUSSIONS ......cvueviuiueiniurieiiiriciiirieiseieiesseeesesseeesesesesssaes 11
2-3  Electric Power — A Major Energy Supply Source of GHG EMiSSions...........cocuvieuirniciniunieiniiieinisicsceesessienssnes 12
2-4  CO, Capture and Storage — A Means for Reducing CO; EMISSIONS .......cvvviiruimiiciriciiiiicieccse s 13
2-5  Landfill Gas Capture — A Means for Reducing Emissions of Other GHGS .......cccocuvicuniniciniieicinicicsicnerieeneaes 14
2-6  Measuring and Monitoring Systems Inform GHG Mitigation Strategies ...........cccoeuveeuriuriemnemeiemniusieneceensensisssnanes 15
2-7  Fundamental Discoveries Help Overcome Barriers to Technical Progress ..o, 16
2-8  CCTP-Sponsored Workshop Reviewing the Federal R&D Portfolio .........cvuiuieiiviiiiiiiccccccns 17
3-1  Emissions of GHGS 11 2000 .......ccccuruiiirinicieiicieiieieiecceeeceseeseeesesseseae s esssess e ssssesessssssessnsans

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 ............cceceeeeuecuenee 28

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

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 ....ouuvviuiiieiiiiiiiiiiiiciciii s ss s ss s sss s s s ss s ssssssnses 34
3-7  Nitrous Oxide Emissions Projections from the EMF-21 Study, With No Explicit
Initiatives to Reduce GHG EMISSIONS........coiuciiiiiiiiiiciiiicieiicietctee et easaene 34
3-8  Radiative Forcing in a Reference Case SCENATIO........cccuuiuweiiueiiiieeieirieeiiiteieeeie st sssse et sssessessesessessssesassesaes 35
3-9  Radiative Forcing Levels under Different Degrees of CONSTraiNt .......cccuceiecuiiriciniieicriiiciieicseceessesseesssesesnens 35
3-10  Ilustrative 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............cuueuueuiuricrrimeinemnisicisicssessissessesesssees 37
3-12 World Primary Energy Demand for Three Advanced Technology Scenarios Under
a High GHG Emissions CONSAINT CaSe .......c.weueueeeuiurieiieeieiieeiessisessieessesssessesstsessesessessesessessssssesssssssessssesessssens 41
3-13  World Carbon Dioxide Emissions for Three Advanced Technology Scenarios Under
a High GHG Emissions COnStraint Case ... sssssssssssssssssssssssssssssssssssssssssns 41
3-14  Cost Reductions Associated with Three Advanced Technology Scenarios, Compared
to a Baseline Case without Advanced TeChnOIOZIES .........ccciuiiiiiiiiiiiiciiicicc s 42
3-15  Global CO, Emissions Intensity versus Global Energy INtensity ..........cccocuvieieruricinimniniiicisiccescsscessssseseens 45
3-16  Global CO, Emissions Intensity versus Percentage of Renewable and Nuclear Energy
in the ENergy SUPPLY MIX. ..o 46
3-17  Carbon Dioxide Captured and Stored, as a Function of Primary Energy (PE) Supplied
from Fossil Fuels for Various IPCC SCENATIOS .......cvuiviiiiiiiiiiiiiiiiiii s 48
3-18  World Non-CO, GHG Emissions Under High Emissions CONStraints ..........cc.cccuriueieueemeinemsiniimecessemseessssesensenns 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 ...........ecueieeieunininimniciienieceiessisesssessesssesessssssesees 51
4-1 Transportation Sector Energy Use by Mode and TYPe .....cueuiuieiieiiinieineirieiicieriieeeeeie et sessesessssessssenes
4-2 Hydrogen Fuel Cell BUs.....ccciiiiiiiiiicicic s
4-3  Refrigerator Energy EffICIENCY ......ccocoviiiiiiiiiiiiii e
4-4  Compact Fluorescent Light Bulb.......c.ccccccuiiiiiiiiiiiiiiicnicccecicse e sse s enee

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.coveviiiiiiiiiiiiii s
4-8  SupercONUCHNG MOTOT .....vuiuiiiiiiiciiiiiciii bbb
Fo9 HTS WITE ettt eeacaena

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.........ccoviiiiii s page 75
Technologies for Goal #1: Reduce Emissions from End Use and Infrastructure..........cccocevecuriciniinicincinincinicincnnee. 79

World EleCtriCity GENETATON. ......ucuuvueurieeieciiiiaeiieeieieiieseae et sae e sse st st sse st sae s s senas
World Primary Energy Supply
Coal-Based Energy COMPLEX ......couiuimiiiiiiiiiciiiiici s ss s sss s ssssssassssasssnnes
Advanced Gas TUIDINE ..ottt
Hydrogen FUel Cell ...t sees
Possible Hydrogen Pathways ...t ssss s sssees
Hy DESPEINISET ottt ettt
Growth Of WINA CaPaCILY ..eeecveeeeeiriceeinicieiriieieieieieeieae sttt sese st sstse e ssese s s ssesesssscsesssacsesenes
U.S. Biomass Resources
ULS. SOIAI RESOUITES .cuvvveciriieiaiiiiiieiiiitie ettt ettt saes
ULS. WINA RESOUICES o.vvvvviiiiiiiiiieisii ittt sa et st a b s s s
U.S. Geothermal RESOUICES ......c.cuviuiiiiiciiiicieiieie ettt
BIOENETZY CYCLE ettt ettt

Biomass as Feedstock for a Bioenergy and Bioproducts Industry
PROTOVOIEAIC FIIM .ttt sttt bbb bbbttt
OffShore WINA Farm ...cccuiciiciiiiciicc et st
INUCIEAr POWET PIANT.... .ottt
Nuclear Reactors Under Active Construction Worldwide .........c.cococeiiciiiniciiinicinicccerceieceecceeeecneenes
Future Nuclear POWer CONCEPLS  ...ccovueueucuiueuereieiiiriniriiiiccseieieieseteteaessestsetstecsesesesesesessasssesesssssessasstscsesesesessaesssssenns
National Compact Stellarator EXPEIIMENT «.......ccueveucuriiucunieeieiieteiieieieeseeseseseasesesessesesessesesessasesessssesessssesesssscsenes

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

Terrestrial Sequestration: WoOody CrOpS ...t sssssssesssssssssssnns 124
Role of the Ocean in the Carbon Cycle ... s 127
Technologies for Goal #3: CO, Capture, Storage, and SEQUESTTALION ........ccccucuiciriuririmiieicirieiieieeseseesssessenees 131
Methane PIPING .......ccuiiiiiiiiiiiiiii bbb 141
Coal Mine VEntilation SYSTEIM .......cocueuveuerreiueiriiiereieieieieeeseieeesseseeesessesesesesesessesesessesesesstessessesssessesesesssesesssscsesenees 143
Advanced Airborne Natural Gas Leak Detection SYSteIml .........ccoueuiuiiiiimiiiiiiiiinic s 145
Precision Agriculture and No-till PIanting .........cccciiiiiiniiiiiiiiiiiccssssssssssssssss s 147
Suring Ambico Manure Management SYSEIIL ..........cccuiuriuiuiiiieeiieieieseissseisssessesessssssssse s sssssssssessessssessessssens 149
Astron Remote Plasma Source for Reducing PFC Emissions from Semiconductor Manufacturing. ..........ccccueeee. 153
Sulfur Hexafluoride (SF) COVET GAS ...cuivrriuerririeiririiieeeeieieieietesetssstsssesesssssssssssesesesesesssesssssssssnsaens

Nitrogen Oxides from Combustion Sources

Understanding Black Carbon from CombUSHON ... 161
Technologies for Goal #4: Reduce Emissions of Other (GASES .......c.cvwcuriureeuiueicirieeiiieiiesessieeeieseessesesessesessenenes 163
Earth Observation Satellites Such as CALIPSO ..o sssssssses 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 .......ccciiiuiuiiiiiiiiiiii s ssses
Integrating System Architectural Linking Measurement and Monitoring Observation

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



Strategic Plan » September 2006

9-1  Fundamental Science Helps to Enable Technology INNOvAtion ........c....ccuvieeeuniecineiriciniiniceeeeienceeenns page 185
9-2  Laser-Assisted Welding Imaging SYSteIm.........c.cccuiuiuiiiiiiiiiieiiiicicicieticicie i seses 187
9-3  Use of Synchrotron Radiation for Materials Research..........cooocuviiiiniiiiciiiniiiiciicniccccccenes 189
9-4  Magnetic Fusion Energy SIMUIAtONS ........c.ccceuiueieuriieiniiieiiieieiniieicicienesstie e ssesesse st ssessssessesessessessssessesenes 193
9-5  Laser-Based Surface Analysis to Measure Trace IMPUrities.......coveveuiuricirininiiniciniiiciiieeisiece s 195
9-6  Nanoscale Materials Science Enables New Molecular Functionality ..o, 198

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

10-1  Earth as Seen from SPACE ..o s 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.cueureeuiuieeriremeiieeneisesesessesessesessessessssesssessessssessssssessesessessses 209
10-3  Climate Change Technology Development and Deployment for the 21st Century ..........cccveeveeueccvncmrencisceeiennees 211
10-4  Westinghouse AP1000 Advanced Nuclear Reactor ... 212
10-5  Coal-Based FutureGen Energy-PLex .......c.ccuiiiiinieiniiiciiiciieicieieieiieieiesse et sessess s s sessessessssessssenes 213
10-6  Switchgrass as Cellulosic Feedstock for Bio-Based Fuels...........ccoeuiuiiiiiiiiciniiiciiiicicsicccccececs 214
10-7  White Light From Inorganic, Multi-Color Light-Emitting Diodes as Advanced Lighting Concept..........cccceuuueee. 215
10-8  Asia Pacific Partnership on Clean Development and CHMAte .........cocveuiueicinieiniiricineieicinieieeeieneeseesesenenseees 216
TABLES
|
1-1  Federal Agencies Participating in the U.S. Climate Change Technology Program .........cccccccceuecuvicinivinincnnnnce. 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.............cccuvvceiuiciniivincuniicinennicinisieineieans 43
4-1 CO, Emissions in the United States by End-Use Sector, 2003.........ccccccveuricunneee
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 ........ccccoevoiiiirincinicccnincenne 63
4-4  CO, Emissions in the United States from Industrial Sources in 2003 .......ccoevvirirerireeeeeeeieieieieeseeesereeeeeeesesenns 68
7-1  Target Areas for Reducing Emissions of Non-CO; GHGS........ccouiiiiiiiiiiiiciiiiniicccicnccsse s 138
7-2 U.S. and Global Methane Emissions from Energy and Waste .........ccccoviviiiiiiiiinninicce s 139
7-3  Change in U.S. Methane Emissions from Energy and Waste.........ccccoceiniiiiicinininiiciceeceecceenes 140
7-4  U.S. and Global CH, and N,O Emissions from AriCUlture ...........cecuimeiciiinininiciiiniecsssens s 146
7-5  U.S. and Global Emissions of High-GWP Gases ........ccccccvvuriiiiiniiiiiiiiicss s 151
7-6  U.S. and Global N,O Emissions from Combustion and Industrial SOUIces .........covuveverereieeueererniesinirrinenereeeenes 156

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

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

GEOlOZIC SEQUESIALIONL.....oueiieiieriesieiie s 170
9-1  Cross-Cutting Strategic Research AT€as ... 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..ceveurivreeuimemeurieememeieesersiessseseessesemessssessesenes 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 CONSIrAINLS ......cceueeuiuereemniurieiieenensieeeesssensessssessaessessssensens 210

X



U.S. Climate Change Technology Program

2-1 CCTP Portfolio Planning and Investment Criteria

2-2 CCTP WOTKING GIOUPS...cevuivieiniiiieiiieieitieiseastsestae e sseas e sesse s sse st sae st sse s s st sae s taesessesae s saessssesaessessssessssnas

3-1  The SRES SCENATIOS ...cuvuieieiriiirisit ettt s sa e a st a s s saeen 31
3-2 How Big is One Gigaton/Year of GHG Reduction? ........cc.ccccviuiiiiriniciiiniciccccn s sssnnes 38
5-1  Renewable Energy and Fuels TechnolOgies ..........cciiiiiiiiiiiiiiiiiciiiciciiesiici s ssssans 92

6-1  Weyburn II CO, Storage Project
6-2  Metal Organic Frameworks ..........ccccccceuuenee.

6-3  Carbon Sequestration Leadership Forum

6-4  CO, Storage in Stacked FOIMAatioN .......ccccuiiiiiiciniiciiiciiieiic ettt eee
6-5  FULUIE GEIL oottt bbb
6-6 €Al SWEILING ... e
6-7  Physiological Mechanisms of Growth, Response, and Adaptation in Forest Trees .......ccccoovuviviniviicincincicicinn. 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 ........ccueveieieieieieee e s 137
8-1  Geological Sequestration of Carbon DIOXIAE .........cvvueuiuiiiiiiiciiiiicice e eee
8-2 AGIIHIUX e
B3 AMIETIIUK 1.ttt et

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 .......ovuiuiuiiiiiiiiiiiiiciii 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
CSLF
CSP
CSRP

CT
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
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Life-Cycle Climate Performance
Light-Emitting Diode

Landfill Gas

Liquefied Hydrogen

Laser Induced Breakdown Spectroscopy
Light Detection and Ranging

Low Nutrient, Low Chlorophyll
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XV



U.S. Climate Change Technology Program

XVI

MSPI
MtC

NOAA

NRC

NRCan
NREL
NSC
NSCR
NSF
NSTX
NVFEL

ocC
0CoO
ODS
OMB
ONR
ORNL
OSsTP

PEM
PFC
PM
PNNL
POU
PPPL
PV
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Present Value

Quad
R&D

RD&D
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SCR
SF,
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SOFeX

SOIREE

SOy
SQUIDS

SRES

T&D

TgC

Tg CO,

Tg CO,-eq.

UNDP
UNEP
UNFCCC

USAID

USDA
USGEO

VAM
VOC

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
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Southern Ocean Iron Enrichment
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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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