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ABSTRACT II. _ AND TPX

Work on the International Thermonuclear The primary characteristics of I'rER2 and TPX6 are
Experimental Reactor (ITER) tokamak has refined given in Table 1. Importantpoints to note are that while
understandingof the realities of a deuterium-tritium(D-T) the nominal 1TERfusion power is 1500 MW, it is capable
burningmagnetic fusion reactor. An ITER-like tokamak of producing, includingthe exothennic blanketgain, more
reactorusing rrER costs and performancewould lead to a than 5000 IVIWthnear the beta limit of [3N - 3.5%
cost of electricity (COE) of about 130 mills/kWh, m-T/MA. Second, ITERcan adopt manyof the advanced
Advanced tokamak physics to be test_ in the Toroidal operating scenarios to be test_ in TPX, including steady-
Physics Experiment (TPX), coupled with moderate state operation with high bootstrap current, though it
components in engineering, technology, and unit costs, cannottake a_antage of a higher plasma ellipticity.
should leadto a COEcomparablewith best existing fission
systems around 60 mills/kWh. However, a larger unit Table I. Primar_charac---_6sticsof ITERand TPX
size, -2000 MW(e), is favored for the fusion system. ITER TPX

II

Alternative toroidal configurations to the conventional Majorradius(m) 8.10 2.25
tokamak,such as the stellarator,reversed-field pinch, and Minorradius(m) 3.00 0.50
field-reversedconfiguration,offer some potentialadvantage, Elongation 1.6 2.0
butare less well developed, andhave their own challenges. Tomidalfield (T) 5.7 4.0

Plasmacurrent(MA) 24.0 2.0
I.INTRODUCTION Pulse length (s) >_1000 (--)1000(,o)

Fuel D-T D-D

The work o_ ITER,inboththeConceptualDesign Breedingblanket Phase2. No

Activity(CDA) _nd,more recently,intheEngineering Nominalfusionpower_ 1500
DesignActivity,"hasrefinedourunderstandingofthe

engineeringand costingrealitiesofa magneticfusion A principalneedforhighperformance,trueforany
reactor burning D-T. In this paper, we look first at the configuration,is to develop modesof operationanddivertor
implications for tokamak reactor economics of using systems that will lead to low helium and impuritylevels in
ITER-based technology, engineering, and costs. Th_

costing model is thatderived fromgeneric reactorstudies" the plasma. A key driverof the present HER design is the
and incorporated in the SUPERCODE. In a second step, requirementto deal with a low rateof helium loss and 15

to 20% helium contaminationof the plasma. In the worst
we consider the cost improvements that w_uld come from

incorporatingadvanced tokamak features," which will ,be case the fuel fraction is nDT/ne- 0.5, and for an attractive
tested in TPX. In addition, we allow for moderate reactor it would be desirable to achieve
improvementin unitcosts and in technology, as discussed nDT/ne - 0.8 to 0.9. The goal of TPX is to demonstrate

in the Ad_an_. ReactorInnovationandEvaluationStudies improved operationwith higher ellipticity than ITER,
(ARIES). Third,we consider the "ulfimate"cost ofaD-T higher betaand confinement, and lower current in
burningfusion reactor in which only the minimum of steady-state, while minimizingimpurity contaminationof

the plasma. For the advanced tokamak reactor it is
essential components (blanket, shield, tritium plant, heat assumed that improved performance at high bootstrapremoval, electricity production, etc.) is retained. Fourth,
we show how fusion COEs might compare with fission currentfraction > 90%, low helium and impuritylevels,
COEs. 8,9 Finally, we comment on some alternative and with optimum plasma shape and beta, can be
confignmtious to the tokamakthatmightoffer advantages, dev_
albeitwithdifferentlxoblems to overcome.



HI. COSTING requirements,current-drive,alphaparticleconfinement,and
inductive volt-seconds. The engineering models include

The COE is determinedfromthe formula constraintsfor toroidal field _ coils, poloidal field coils,

.. l_ed charge ratex Capital eost+ O&M + Fuel TF coil ripple, shielding, divertor build, injection power,
COB -- Availability x Hoursin a yearx Net electri¢ power and neutron wall loading. ! I The primary difference in

+ Decommissioning.3 these modeling assumptions, is the use of a lower helium
ash concentration(5%) andslightly higher elongation (k =

The fixed charge rate is the annual repayment (mortgage 2 at the 95% surface) foradvances beyond the basic ITER
layout. The parametersof reference reactor designs are

cost) on the money borrowed during construction. In given in Table 3.
constant dollars, the rate is _- 0.1. The capital cost
includes interest charges duringconstruction. Operations
andmaintenance(O&M) costs areexpected to be similarto Table 2. Assmnptions used in the plant power balance,and COE calculation.
those of fission plants, though a different mix of skills is .....
required. Fuel costs includedeuterium,plus the annualized Plant Power Balance

cost of the lithium Ixeeding blanketsused duringthe life of Thermal to elec_c efficiency .... 0.45,
the plant. Decommissioning costs of 0.5 mill/kWh are .................................
assessed, similarto thepractice for fission systems. Percentageof plasma thermal 70%

_!7o_-__ mp!ectricity ..... :...... _ __

The availability is the most uncertain quantity; ,,B_t energy_ .................... 0;30 ....
because of the lack of data on component and system
reliabilityand mainmumce requimnents, a goal of 0.75 is Cmnmtdrivepower efficiency, 72%
set. The net electric power is given by wall plug to vlasma efficienc_

i Pe ffi[0.14 Pf + 0.8(1 + gn)Pf]rle - PBop- Paux (2). , Costinl assumptions
Con_ction time (year) ........................ 6 ......

Pfisthefusionpower, 8n is theexothermic blanket_,, __P!ant___fif_e___ear__).............,--......30______-.....__

and rle is the effective thermo-eleclric conversion Average__tor .... 75%
effici¢_.cy. PBop is the power used in the balanceof planL .......................................................
Paux is theauxilia:ypower(MWe) usedtosustainthe In.t+ conting_c3v_f_.tor.......................46%b ............
plasmaconfigtuafionandrun the fusmn_tor. F, Cd_e _ (FCRO) ........0._ .,

Effective_ _ money_I: ................OA !35 ............
A self-con4s_ntreactordesignisobtainedusingthe

SUPERCODE. The SUPERCODEsystems codeincludes __n____ 1) ............................0;05 ...............

tokamakphysics and engineeringmodels, coupled through Di_,t cost 10thof-a-kind•
an optimization driver. In these calculations we utilize
global plasma physics modeling typical of reactorstudies

and engineering/costing analyses that were developed to aAssumesa high-temperaturehefium cooling system.
model the ITER-CDA device. We have a_o incorporated bTaken from the ITER CDA for indirect + contingency
standardpower reactormodels3 and for all cases here, use cost.
theminimum COE astheoptimizationfigure-of-merit,cConstantdollar.

Table 2 lists some primaryreactormodeling assumptions, dWeinput the fixed chargerate(FCRO)independentfrom

The _ models aredifferentfromthose used in the ARIES this value. The cost of money is used only for estimating
study, because we normalize ourcost scalings with the thecapitalizationfactor(fcapO).
ITER-CDA design. For all cases shown, we employ eA 20% cost reduction is applied to the tokamak reactor
global, volume-averaged transport models with profiles plantequipment(correspondingto a 94% learningratiofor
adjusted to match parabolic shapes for temperatureand each doublingof the numberof units).
density.One areaof ourmodeling thatdoes differ fromthe
usual reactor models is the incorporation of a fixed-
boundary magnetohydrodynamic (MHD) equilibrium
calculation that provides the relationship between the
plasma current, the current profile, and the plasma
geometry. The physics modeling includes constraints for
impurity levels, power balance, beta limit, MHD



.... Table 3. ITER-I/_ reactorparameters
Advanced-- It can be seen thatadvanced tokamakreactorshave the

ITER . like physics potential to be competitive, though furthergains will be
physics _N < 6 needed for them to compete with the projectedbest fission

I3N < 3.$ _= 2.0 systems. However, they would be of larger unit size than
_=1.6 90% BS the fission systems. It should also be noted that there is a

,,,,..... , , , fraction wide range of COE from existing U.S. fission reactm's
1200 1800 2000 _ 50 to > 100 mills/kWh, so there is no absolute guide on

MW_e) MW(e) MWfe) acceptablecost. Further,this analysis takes no account of
COE (mi_Wh) __!32 ....]_02.......... 63 the potential advantage of fusion reactors in safety and........

Overnightcapitalcost 8.21 9.41 5.95 -- through the use of low activation materials leading to a
() 993 billionS) muchlowerradioactivelifetimeand waste impact.

frechcula_ (%) 28.5 25.6 I1.7

Coremass (ktonnes) 43.9 49.1 24.4 - Table 4. Comparisonof fission and fusion
MPD _kW_) 27.3 36.7 79.6 FY 1993 $ Fixed chm'ge rate = 0.097. FAV =
Majorradius(In) 8.1 8.1 6.50 mills/kWh .....

Aspectrafio 2.55 2.39 1.95 Capital O&M Fuel + Total
Plasma.current(MA) 22.0 26.3 13.3 Decom
Field on axis (T) 4.83 4.83 4.53

IIIIIII I |

B max-TF coil (T) 11.4 12.3 11.3 ITER.1200 a 116 9.5 6.5 !323.0 3.0 4.0 ............
-- ITER-1800a 88 8 6 102

Fusionpower (MW) 2960 4290 4120
Iniectionpowe_(MW) 216 279 ....32 _ ITER-2000 50.5 7.5 5 63
B_ fraction 0.37 0.3_ 0.90 Advalr'eda'b'¢ ....

Plasmaen_ gain_(2 13.7 15.4 1.31 PWR-best 42.5 10 8 60.5
_-89 P H factor .... 1.92 1.7e 2.22 -- ex_ence d
Totalbeta (%) 5.10 5.6C 9.0!._ Fission- 28.5 9.5 8 46

Neutronwallload 1.72 2.3_ 3.48 pm._'tedbeste
_VlW/m2) Fusion base _28 _7 -5 _40

2000a,f
IV. COMPARISONOFFUSION AND FISSION COE ............. "

Analysis of the I_'formunce and costs of fission
a6yearsconstructiontime- basicITER (K = 1.6etc.),

reactorsismaderegularly.Thepresentbestexperiencefor

-1200 MW(e) _-water reactors(PWRs)has been 10thof a kind costs.
assessed by Delene, and projections of best future bH-mt_e factor 2, Troyon factor 6, 5% helium, 90%

bootstrap current, 20% cost reduction for fusion-related
performancefor -600 MW(e) reactorshaxe beenmade by items. -_s
the U.S. Council for Energy Awareness." A comparison ¢COEscales roughly as Pe_

of projected fusion costs with the fission experience and dj. Delene, 1990, 1200-MW(e), 8-year construction lead
projections is given in Table 4. time.

eU.S. Council for Energy Awareness, 1992, 600-MW(e),The ITER-1200 is a 1200-MW(e)fusion reactorbased
5-year construction time, optimistic assumptions, and

directlyon an ITER-likedesign with an intermediatefusion cheapuranium.
power run at the beta limit of J3N= 3.5% m-T/MA. The fFusion base means all components except magnet
ITER-1800 is a similar design mn at the beta limit, systems.
IncreaseAcosts for handling the higher power and more
frequent component replacement are included. The
ITER-2000Advanced is a desif_ madesmaller throughthe
use of advanced tokamakfeaturesand incorporating20%
lower unit costs. The fusion base reactor is a D-T system
at 2000 MW(e) stripped to the minimum of components,
thatis, no magnets, andignited.



V. ALTERNATIVETOROIDALCONHGURATIONS configurations, the development of a divertor system for
impuritycontrol andhelium removalis crucial.

Importantissuesfor a tokamak are demonstrationof
plasma disruptioncontrol to simplify the engineering and VI. CONCLUSIONS
operation at moderately high-power density with a low
level of power recirculated to the plasma. Alternative While the ITER experiment is large comparedto the
configurations, such as the very low aspect ratio tokamak core of a fission reactor, it is on the path to a potentially
(spherical toms), the stellarator,reversed-fieldpinch, and competitive fusion reactor. The scale and cost of ITERare
field-reversedconfiguration,are otherinteresting but less- set in part by a conservative approachto making the first

develol_ mutes to the realization of an alternative integrateddemonstrationof controlled fusion; and, in part,
reactor.'- Each features some improvements over the they reflect the present development of physics,
tokamak, but involves other issues in terms of reactor technology, and engineering. Moderate improvements,
viability. Some key factors are listedinTable 5. The expectedto accrue fzomfuturedevelopments,shouldleadto
stellarator is disruption free and is the only inherently a more cost-effective fusion reactor. However, to be
steady-state configuration, but must demonstrate reactor- competitive with fission systems the unit size of the

relevant confinement at high temperatme,s and beta in an reactorwill be greater-2000 MW(e), rather titan _ 1000
engineeringlyacceptablecoil configuration. The spherical MW(e) for fission. Alternativetoroidalconfigurationsmay
torus and reversed-field pinch have high enough beta to offer furtherimprovements. All of these fusion reactors
permitthe use of modest scale cotver tomidal coils. They have potential advantages in regardto safety, and all lower
do notdisrupt,in experiments, and wouldoperateat higher radioactive lifetime and waste impact. For all fusion
power density. The spherical toms has good access for systems, the development of a data base supporting the
maintenance,but mustdemonsuatc a plasma performance required availability is crucial. ITER and TPX will be
thatleads to acceptable levels of rec_ulafing power to the importantfacilities in establishing this information.
coils and plasma currentdrive. The reversed-field pinch
mustconfirm the favorable confinement scaling at higher ACKNOWLEDGMENTS
currentand demonsuate an efficient current-drivescheme.

The field-reversed configuration has the simplest coil Research sponsored by the Office of Fusion Energy,
configurationand the highest beta and power density. Its Departmentof Energy,undercontractDE-ACOS-84OR21400
key issues are to demonslzatereactor-relevantconfinement with the MartinMariettaEnergy Systems, Inc.
scaling and an efficient current-drive scheme. For all

Table 5. Reactorfeatm-es
III

Area Advanced Advanced Reversed-field Field-reversed

..... tokamak stellarator , ,,, pinch configuration
T_ OK OK at largesize Connor-Tayloror Need 10xbetterthan

H > 2 Need E-field in Canents-Diamond presentscaling
,, tomm_n ? ScalinS ,

Helium H T ? E-fieldeffects? 7 OK?

removal Directlosses
veru rad l'r -likc? ? Axialgood

¢fistaw.e Nmk_

S_idy State Et_iency7 " Good " F-Opumping? Proton-driven
R/a> 3 Disruption? in D-3He?
R/a_<1.8 Efficiency?.
Beta _ 10%,OK, R/a> 3 <_5 % OK DO = 0.2 Good

Large for R/a < 1.8 Experiments Tilt mode?
needed

• C,meficNeeds
m A way to enhancehelium losses
-- Low after-heat,low activationmaterials
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