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Caveats andrAcknowledgements

» lhe conclusions;and OpINIeNS Presented  akne my: own and
@0 NeL represent any: Gne; else.

» AllFerrors off commiSsIon| 6r 6mission are ming, and the
Ustial caveats apply:

» ['owelal tiemendoeus debt to ever 200N ndividualsiwine
provided! data andl eExpertise in specialized areas of
energy: technoelogy, supply;, and consumpLion ever a tWo
vear period. Witheut this grass) roots ™ community.
Contrbution) Efifort and sUPPrt, thisiwoerk would not
aVve DEEN! PosSiIE:
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lleday s/ DIsclssion
Eramingl el the Isstesiand the dUESHGNS.

\/

\

SUmmary: off preliminany results.

*

[DISCUSSIonI i the means! off analysis:

» Ovenview! o hydregen: supply: techinologies analend-
use technolegies inf LA-US MARKAL.

» Use oifgoal-pregramming as al teEChnIgUe; fior:
Identiiiying selutions to; multi-eGhjective proklems:

» Seme preliminary. results and conclusions.

\

Some; Wrap:up comments;and next steps.
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Issties Surreunding Hydregen

+ FHyaregen hasiallewerdensity than gaseline;, anaisimore
ammable:

» e lave net solved or reselved vVarious technicallISSUes
associated With transporting), storng o distiibutingflarge
guantities o this Eneray. carrier economically: In
additien, fiuel cellftechnologies (the end-use technelegy)
currently nave limitations, stch that FCs are not an
eguivalent technology: te (or PErfect substitute; fior) the
Internal combustioniendine:

» Hydreden, like other previously: proposedt alternative
fuels, competes against a well-establishedl infirastructure.

» hlydregeni canibe produced by any MUMIER Of MELNOAS
USing any: nUmMDbEr of fieed stecks. HewWevVer, VEry fiew.
preducelewer' emissions or ake Clese; to belng
econemically’ compettiver with gaseline:
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ISSUES 1o HYArogEN ECOROMIN -

QUestions in thepolicy dewate;over ydrogen and
transitioningl tera NYdregen ECONomy:
» Will"Rydrogen; ever e al cost-competitiversubstitute fior gaseline?

» Are some sources off hydregen: Iess carbon-intensive than
others?

» Are some sources off hydregen more secure tham others?

GOl o this WOork:

» Jjo Identiiy/ the ydreden supply: chains thiat DESE MOVeE
the US towards these three goals, simultaneously.

» e sliggest a timing.

» 0 identify. the; sustained! or IoNa-run Price fok al barrel of
eIl and other conditions: Under WhIChyarogen
transitions IRt the market:
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Preliminary Restitsrand)/or Concllsions

e paradigmiiior the 'supply: chain o central
preduction)/transpertation/lecal distrhibution iss propably net aoing te
INItiate market penetration: off hydregen.

Smallfandiiecal will probablyinitiate; the hydrogen econemy, I-e:,
ferecourt or by-product production will S eap-itog = ether methods:

[rUe; reductions eif emissions, partictliarly €05, ane only geing toroe
POSsIBIEIWREN NV AIroGER IS producedi withreither renewable or nuclear
technologies:

Jihose technoelogies alser previde the greatest energy: Security: beEnefits—
and, Eneragy. Security: Seems torbe algreater drver thamn environmental
considerations.

Withrthis view, assuming that' thie; costs) off ydregen-fueled venicles fall
o current cost levels e NybridiVERICles, We: can: probably EXpect the
development off a ydAregen Segmentiin: the transpertatieon market
EINNINGas early as 2010;
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Attrbutes ot Model o LA=US MARKAL

» Expandedi technology: choice set off over 4500 technolegies:
»  Expanded: set ofi reseurces including conventional (e.gk, coal, oil,),

FEnewables (€.g:, wind, selar, MSW), andrunconventional (e.g:,
methanehydrates, shale oil):

»  Detailed process specification used in nine of tenlindustrial Sectors.
> Use off materials infindustrial Sectors andinuclear fiuel cycle:

» Expanded depiction off electricity, generation; capturing petential
IntEractions; between| centrally dispatched generatieniand distributed
JENEration.

- Complete nuclear el cyclencluding spentinucieasfiel aisposal
and reprocessing.

- Nine difierent emissions types (€0;, SO;, NOL, N5O) €O, VOE, CH.,
particulates) anaimercury) tracked throughithe EConomy-
» Inclusion off denmandl rESPeNSE: to! PriCesi and INCOMES| INCOrPosates a

iESPONSE that results in' a Iower total cost ol Satisiying ENeray:
demand.
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HVdregenr Production in EA=US IMARIKAILL

» Eorty/ different fuel/technoelogy/distribution: pathways
nave been depicted in LA USTMARKAILL

» Jlechnoeloegies depicied Include:

» Centraliwithrdistribution: by pIpeling, cryodenic tanker trick, and

das tubge traller to)stations:
- (Gasification) off biomass, petreletm coke, coal, andl petioleum residue
- Electrolysis
»  Steam methane refierming
> Phote-biclogic
» Nuclear: HIGR=GIll to electrolysis and plasma anc; HIGR-PH to, SMR, Sulfur-iodinge;

Modified HIGR-GIlF to) SMR), Modified Steam Cycle HIGR toiSMR), andi Steam
Electrolysis.

» Forecourt (or de-centralized)

- Steam referming off natural gas, methanel, and gaseline
»  Electrolysis using all seurces, of electricity, (€.9., grid), Wind-specific, and solar-specific.
» Photobiologic.
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HYdregenr End-tses) Clrrently: Identified in
LA-US MARKAL

’ PosSSIBIlItIES for deVElopmEnt off NEW
Markets o expansion| of curent Uses as aj chemical
feedstock; fiux-materal, or similar applications:

. HYdregen pewered (en-board
eformers andlexternal SoUrces) FEs Venicles competing
adainst ICES) existingl andladvancead diesel, ICE fiex
alconol, dedicated ENGs; hybrids, and similar
alternatives;

Euel cells er the generation: of
electrcity: and Neat fior Varnousend-Uses: I thEese SECLorS,
Currently, these FCsiane asstumed! tor e fossil-iueled,
HOWEVEK any: SOUKCE; off hyarogen; could be used. And, I
the market developed, these end-uses, could rely on
central preduction)/pipeline distributed sources.
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Feedack ILoops

» [Feedback Ieeps) play aniimpotant roelein
prometing/impeding| tecnnelogy, penetration:

» Examples aevelepediin LA-US MARKAILL

» Complete nucliear fuel cycle designed ter consider the
guestion o hew! ar spent Ruclear fiuelfpolicy (or Iack
thereen) WillNimpede or promote NEW: RUCIeal
techinologiesias SOUICES.

» Caren captlure andlsequestration), andrmethane
iecovery feedback leeps help determine the; share of
carbon-Intensive fuels in the Iong-term Energy: mix.
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Expanded NUCIear Representation
withrMaterials FIows

Fabrication

UOX Fabrication

Gaseous
Diffusion

Depleted U

MOX Fabrication

Gas Centrifuge
HEU downblending Laser Isotobe
(UNH process) P

Other Fuel Forms:
Metal, (An)N, (An)C, ..

Recovered
Irradiated LEU

LEU from Russian
Surplus HEU

Mining / Milling m

UREX/UREX+
HLW TRUEX or
vitrification similar
SF conditioning / Aqueous separation
encapsulation of Cs, Sr, |, Tc

Natural U as UF,

Reactor Grade Pu
(3 vectors)
US Surplus
Weapons Grade Pu
On-site dry

Off-site interim
SF storage

Minor Actinides
(MA)
Transuranics
(TRU)

High Heat Release
(HHR) FP

Materials credit at
end of forecast

Separated actinide Pyrometallurgical
and FP storage separations

Transport costs
assessed but
not shown.
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Red boxes represent
level of resolution of
previous MARKAL
model.

(B ~ 38 MWd/kg)
(B ~ 55 MWd/kg)
(B ~ 49 MWd/kg)

Fast Reactor
Concepts

Implemented

Planned / Possible



Schiematic of Hydrogen infltA=US MARIKAILL

U122 Enimg,
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ERVirenmMEenRtalfanearSecUrity Costs o)
Selected Technelegiestin 2050

@ Environmental
costs

@ Security Costs
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Fliel Costs or Selected iechnologies
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ljotal COSLS:

ReEformulated Gasoline Vs, Fue

[ CEll

Hybird, Reform gasoline

Reformulated gasoline ICE |

Electrolysis, grid electricity, |

distributed | |

Electrolysis, grid electricity, central

Electrolysis, solar, distributed

0 2050
@ 2025
a 2005

Electrolysis, wind, distributed
Algae, distributed
Nat. gas, distributed

Nat. gas, central
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SOME Iheughts Erom: the Data

Basedl on| total costs, Incltding seme externalities, hydregeniis in the
‘Dall park:

Distributed generation) off iydregen: s |ess costly: thiam central
deneration; couplediwithrtransmission and distribution. Iie cost
diffierence, even with! the econemies) ofi scale off central production,
can be explained by fiuelflosses along the supply: chiain and the costs
primarily: of transmissien;

Renewable seurces (Wind, PV, phete-bielodic) definitely appear te
ave potentialiin the mid- ter Ionger-terms:

INGE Included on these graphis) IS the Use of advanced nuclear  fior
the preduction off ydrogen. IINe complexity of ISSUES sureunding
thisipathwayiilitstirate the valte offmoere detailed analytical
framMEWerks:

HoOWeVer, other alternative figels suchias biodieselfare also Very:
economically: competitive with' gasolineand are closer substitutes,

ANl expanded! diSCUssion of the derivation off these RUMBErs and

additional comparisons cani be iounain:

Greening,, LA, 2005; “Hydrogen Striategies Under Uncertaimty: Risk-averse Choeices for Hydregen” Pathway.
Development.“ IAEE Newsletter, 14(First Quarter)i 22-26.
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WhatiisiGoeal Programming?

Goal programminglis armatnematical programming teo) off the class
efierred toras MCDM. For'more on| the applicationiei MCDM
Methods ter the selution| off Energy/environmentaliplanning

problems:

Greening), LA, and Si Bernow. 2004. “Design! off Coordinated Energy and
Environmental Pelicies: Useroff Multicriteriar Decision Making.“ Energy: Policy, 32: 721-35.

Mathematicall programming methoeds are thelmoest data iIntensive
and the mest widely used of all
(MCDM):

GPlisial prescriptive; methodl based on minimizing the distance; frem a
doal fier each attribute represented in the ebjective function.

As withrether MCEDMs, Weighntings represent: the preferences of
CEecision Mmakers.,

Selution; eita GP can’ provide the Pareto eptimallaltermative:
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minz = »

Viathematicalr Fermulation ol a
G0l Prodiam

k- 100

(u;n; + v;p;)
=1 bi

stf)+n—p=b,i=1..0xe(C

Sepiember: 19, 2005

where

uiand viare preference weightings;

n; and p: represent negative and positive deviations from a target value, b;;
and

f(x:)1s a linear function (the original objective function).

Greening,
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POtENtAl Shale ol PErsonal irdnspoltation ERErgy: Provided
PV IHYARedEN: Goal Prodramming in Conpaisen te Cost
Minimizatien

B AEO 2005 Base case

H GP example, equal
weightings

@ GP example,
security

l GP example, envir




Added Commentsion: Preliminany: Results

» Usingla goal pregramming formulation; Ayarogen iuel
cellsidorenter the selution: hat s, because other d0oals
Besides cost minimization have beenincluded inithe
analysis, a Droader set off Viable alternatVvesiare
considerea

» Prior o, 2020} as the market for hydrogentinitiates,
distributed generatlon Using renewables or en-board
eforming Isfthe technology: off CRBICE.

- Withitheradvent of “advancedinuclear tecnnologies:
centiral productioniviarnuclear generation (Precess Neat:
frem HIIGRS)| IS Cost comPetltlve WIthrmetnane referming
and dominates this Set el CheICes: IHowWeVer, this analysis
@oes not INClUde; preferences tewards Eprocessingland
PEManent: disposall el nuclear waste.
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Eoncltsions

> Minimizing tetalffinancial Costs dees net captlre
dllNacetsi o NEW! tEClnology adoption. Other
[aCtOKSIVErY Oitenr drive; the COICE; o) Market
PERNELration:

» Goal pregramming IS GNe ofi a Set: off teels that
can beemployed terincorpoerate other
Prelerences or factorsHntoe; anlanalysis;

» WIthoUt INCOrporation off prefierences fior SECUrILY,
and emissions! riedlctions INte; ardecision-making
PIOCESS, SUch tecnnelegies as nydregen
propably - Wonit be adopted spentaneous|y.
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