The World Energy Problem - What Should We be Doing?
FPA Annual Meeting, Washington 2005

“Energy Options for the Future,” John Sheffield, Steve
Obenschain et al, J. Fusion Energy, 23, 2, 63, 2004.

“Survey of World Energy Resources,” WEC 1995 and 2004.

“Possible Strategies for a Broadened Fast Track Approach to
Fusion Energy,” Dale Meade, SOFE 2005.

“Path to a direct-drive 1gnition facility for fusion energy...,” Steve
Obenschain, HAPL Workshop, LLNL, June 20-21, 2005.

“The Fast Track to Fusion Power The Fast Track to Fusion
Power,” Chris Llewellyn Smith, IAEA 2005.

“Energy: Science, Policy, and the Pursuit of Sustainability,” Bent
et al editors, Island Press 2002, Chp2 “Future World Energy
Needs and Resources,” John Sheftfield.



Projected World Energy Demand in Gtoe

(Gigatonnes of o1l energy equivalent per year)
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Fossil Energy in Gtoe/a

WEC 1995 & 2004

Type Annual Use | Recoverable Additional (%?) Speculative
Gtoe/a

COAL 3.10 643 968 2900

OIL + 3.50 148 Conventional

NGLs

OIL 0.22 % of 1118 Shale Oil, Bitumen and Heavy Oil

Unconv.

GAS 2.23 146 Methane Hydrates | 3000 - 18800

TOTAL 9.05 937 + %1118 968 5900 - 21700

Note proved recoverable: Coal: 567 (1995) and 643 (2004).
Oil: 141 (1995) and 148 (2004).
Gas: 121 (1995) and 146 (2004).




Renewable Energy Resource Base
in Gtoe per year

Resource Current Use # Technical
Potential
Hydropower 0.23 el 1.3
Biomass Energy 1.19 th > 6.6
Solar Energy 0.002 th >37.5
Wind Energy 0.005 el 15.2
Geothermal En. 0.014 el +th (119)°
Ocean energy n.e. n.e.
TOTAL 1.44 > 60

(a) Present world energy use is about 11 Gtoe per year

(b) Stored energy in Gtoe. Annual recovery will be less than solar.
n.e. Not estimated

The electricity part may be converted to equivalent primary
energy with an average factor of 2.6x.



Nuclear Energy Resources

The WEC 2004 estimates ~ 13 Mt of uranium
recoverable at < $130/kgU.

In conventional reactors equals 130 Gtoe.
With breeder reactors equals 6,500 Gtoe.
Annual consumption is around Gtoe.

With breeders, higher fuel costs should be acceptable.
Uranium from seawater?

In addition there 1s thorium



So. What is the Problem??

There are enormous untapped energy resources
- fossil, nuclear, and renewables - but they are
not uniformly distributed!

All energy use causes pollution.

Nuclear proliferation is a concern.

Financing is an issue.

These raise substantial geopolitical concerns.
Fusion energy will be part of the solution.



Meeting the Needs of the Developing World

« "My hope is to move beyond the Kyoto debate and to
collaborate on new technologies that will enable the United
States and other countries to diversify away from fossil fuels
so that the air will be cleaner and that we have the economic
and national security that comes from less dependence of
foreign sources of o1l.” President Bush in L.A. Times

e ... the availability of easily moveable, cheap fuel 1s essential
for the developing areas to ... stabilize their populations at a
sustainable level. In the near term fossil fuels can fulfill this
role.” John Sheffield in Energy: Science, Policy etc.

* Ergo, in the developed world, we should improve energy
efficiency and increase the percentage of renewable and
nuclear energies — including deploying fusion as soon as
possible!!



Distant Future with No Fossil Fuel Use

* 11 billion people using 2.5 toe/cap.a. => 27.5 Gtoe/a.
« Assuming 2x improvement in efficiency, average

~ 5.0 toe/cap.a today (U.S. use about 8 toe/cap.a)
Example

Renewables 13.5 Gtoe/a
= 0.6 hyd + 2.4 biom + 4.2 wind + 0.3 geoth + 6.0 solar.

Nuclear 14.0 Gtoe/a (equivalent raw energy?)
= 7.0 fission + 7.0 fusion
~ 5800 GWe + 5800 GWe



Fast Track to Fusion

A FESAC report describes how fusion
energy might be developed in 35 years. It
would be possible to go faster than this
plan — see European and Japanese plans.

* There are good opportunities for
accelerating Fusion Energy —based on
successes in both Inertial and Magnetic
Fusion



Pace of Fusion Deployment

Physics Today, page 27, August 2005, quoted Ray Orbach as
saying , “with any kind of luck ... Fusion power plants would
come on line by 2050... and by the end of the century, 10%-20%
of the world’s energy could be produced by fusion.”

Assuming 80% availability and an electrical efficiency of 50%,
producing 2.75 to 5.5 Gtoe/a would require 2300 to 4600
GWe of fusion power to be operating.

The fastest rate at which fusion plants can be constructed, with
trittum available and producing net energy, 1s about 5 years

Easier to achieve goals 1f first plants were operating earlier,
say 2040-2045 and there was more time to debug them.



FESAC/DOE 35 Year Plan for Developing Fusion Energy
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2. JA / EU roadmap to Fusion DEMO
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Electra’s main amplifier
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Two-sided e-beam pumping: 500 kV, 100 kA, 140 ns FWHM




Since the last PAC: spectacular progress towards HEDP and Fusion!

Unique ion pulse compression in
plasma: from concept to simulation to
50X compression data in 12 months
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Unique accelerator
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Oct workshop to
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Unique world class
capability in electron
cloud physics: from
transport data in four
HCX quads to self-
consistent simulation
in 9 months




Z-Pinch Inertial Fusion energy

Goal: Develop an economically-attractive power plant using high-yield z-pinch driven
targets (~3 GJ) at low rep-rate (~ 0.1 Hz) with recyclable transmission lines (RTLs)

Recent results:

1. RTLs
simulations (5 MA/cm works)
experiments (5 MA/cm works)
pressure testing (20 Torr works)

4. Z-PoP planning
vacuum/electrical
connections
overhead automation
animations/costing

2. LTD repetitive driver
0.5 MA, 100 kV cavity fires
every 30 seconds
1.0 MA, 100 kV cavity tested
full IFE driver architectures §

5. Z-IFE targets for3 G
gains ~ 50-100
double-pinch/dynamic hohlraum
scaling studies

3. Shock mitigation

6. Z-IFE power Plant

theor;_/ ¢ RTL manufacturing/costing
e?(perlm.en s wall activation studies:
simulations

30-40 year lifetime
power plant design




Low Energy KrF-driven target produces gain with
high laser intensity and implosion velocity

460 KrF Pellet Design

Laser Energy 460 kJ e
Max Laser Infensity 24110 "Pem 2 :
Laser Power (peak) 440 TW Radius
Absomption fraction 0.1

Hydro Efficency 10.2% Lo=
implosion Velosity 4.0x10 " omis

Peak Fusl pR 1.8 glem 2

Peak IFAR <860

Gain 79 n.oo
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New (2005) vision and plan for laser fusion energy
Smaller lower-cost Fusion Test Facility (FTF) based on new pellet designs

Basic laser fusion technology 4 N
_ * Krypton fluoride laser Tezagy/ethe\?lg nl &.p hysics
Phase | * Diode-pumped solid-state laser 3D simulations
1999-2006 « Target fabrication and injection * 1-30 kJ laser-target exp.
* Chamber materials and optics \_ Y,
. 4 )
Develop full-size components Ignition physics validation
Phase I - Bowaraln e besmline » Calibrated 3D simulations
2007-2013 + Target fabfinjection  LPI experiments
» Power plant & FTF design \_ y
Fusion Test Facility (FTF)
Phase "_I ¢ 0.25 MJ laser-driven implosions @ 5 Hz
FTF operating ® Pellet gains of ~20
~2018_ ® 20-30 MW of fusion thermal power
® Develop chamber materials & components.

(Upgrade path to 0.5 MJ and ~150 MW fusion power,
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Z-Pinch IFE Road Map

Z-Pinch IFE DEMO
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. -Pinc
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= ' '
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(18 MA) Z-Pinch IFE CE completed - $4M for FY04
~ $400k /year In progress - $4M for FY05
(SNL LDRD +)
NIF

Single-shot, NNSA/DP

Repetitive for IFE, OFES/VOIFE




EU Fast Track Strategy
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SOL characterization, power
deposition-width scaling

Metallic high-Z first wall with
reactor like power loading

Co-deposition/hydrogen
Retention

Low ZEFF operation
ELM/Disruption survivability
Neutral physics, penetration

effects on SOL, pedestal

Lya photon trapping
effects on detachment

C-Mod Molybdenum Divertor,
with Tungsten Test Tiles



Projections of Advanced Inductive Scenario Indicate the Possibility of
Fusion Power Enhancement and Ignition in ITER
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Unique Properties of ST Combine to Enable Compact,
Fully Remote Maintainable CTF
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Key Points

* Speed up development of radiation-
resistant materials, 14 MeV neutron
source, and liquid wall tests.

* Build IFE and MFE component test
facilities.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


