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CONNECTIONS BETWEEN PHYSICS AMD ECONOMICS FOR TOKAMAK FUSICN POWER PLANTS
R. A. Krakowsk:. Los Alamos National Lahoratory, F641, Los Alanios, NM 87517,
J. G. Delene, Oak Ridge National Lahoratory, Oak Ridge. TN 3783t

Abstract: A umplifed physics. engineering. ard costing model of a
tokemak fusion reactor is used to examine quantitatively the connec-
tion between physics performancs and powzr-plant economics based
on a DT.fuelied tokamak reactor. Areas where physcs and tech.
nology advances are needed and where physics ‘technology tradeofTs
exist for attractive end-products are quantitatively identrfied.

1. INTRODUCTION

Since growth and extension n the tohamak physics detabase
s mill required for commercushzation, and since the worldwide
tokamak program today is st the threshold for new device de-
sign and fabrication.!'? a3 well as extrapolation to devices with
more commercial-hke features ™% it is useful to examine quan-
titatively the connection between physics performance and eco
nomic competitiveness.  The generic fupon reactor model de-
veloped by Shefheld. gt at °7 presents an approach of wd.
ficient  belancs, depth. mmplicity, and Heribiity for auch a
study  The Generomak model’ was modired or use by the Se-
mor Commuttes on Environment. Safety. and Economic Aspects
of Magnetic Fusion Energy (ESECOM)*® Only the ESECOM
“pomt-of-deperture’ case s treated here, which is a self-cooled
kthium-metal/vanadium-alloy-structure blanket with steel shielding,
pumped-limiter impurity control, wghly efficient steady-state cur-
rent drive, and superconducting magnets. The choice of blankst .
shield concept. however, impacts many power plant systems and
can strongfy influence the final cost of energy *!° A mors elabo-
rate exarmination of the rangs of tokamak options can be found In
Ref. 11, which includes the impact of the tokarnak Second-Stabi'ity
Region (SSR).'? Super-High-Field (SHF) tokamaks.'® low- aspect
ratio Spherical Torus (ST) tokamaks,'* as well as the direct and
conservative apphcation of the existing tohamak database '*

2. MODEL

2.1 Fusion-Power-Core Phymcs and Engineering

The essantial physics, engineering. end economic parametsrs
of tle Generomak model®’ ere ksted in Table | The elliptical
plasmy of elongation x = b/o s assurred to operate at the
baliconimg-mode atabilrty kmite.'* as exprossed below In terms of
total beta, (7. plasma current. 'y, mwnor radius. a. and toroidal
fraid at the plasma. B,

A 004/4 al, . {t
The Aux-averaged saety factor & grven by

, (e ey 2
q“ - ( H'v 'B' 1’)_ _'7‘“]'|_) '

(2
whers the confficsent. €'~ 1|, heits this fit of numericat reaults'’
to ¢do - 0.3, with e being the polndal beta and ¢ the inverse
aspect ratwo AH mingle point perametsr varations of cost with
changes in physics or engineering operating points preserve hese
dependencus between . ¢, ¢, . 1 and JdD.u [,

The plasma current. [ s assumed to be driven with a fixsd
eflicency of Je¢ I% 0 -~ 02 A 1V dehversd to the plasma ~ This
assumption for the basecase pararieters reprasents a sigmiicant
advancament relativs to values achievsd by present sxperim.ntal
methods The normalized currant-drive efhiciency '*

3 (v, I(P“'lulllf(/UH((III( I ot (N0

for typical basecase perameters i higher than best-schieved exper-
imental values for fast-electron parallel-pushing waves This wsue
18 examining quantitatively (Sec. 3.31)

TABLE |. Generomak Physics/Engineering 'E conomics Modet” *
Plasma Porameters

Aspect ratio, A = fr/a=1"¢ a0y
Etongation, x = b/a {2.5]
Sefety factor,) q,. 23
Total beta, 3 = 004 /. 'aB, {01)
Polodal held at coil. 34.(T) 110
Plasms ion tempaerature. T, (kel'} ') 10
ton /electron beta ratio 10
impurity(aipha-particle) / (alactron) beta ratio 02
Plasms standofl, a,. /n 11
Current.drive efficiency, I/ Pep (4°11)"! 02
Engineering Parameters

Net electric power, Pr(Af1 e} {1.200])

Yisrmal-conversion efficiency. nry 0 404
Fuson-power-core dimensions' blanket /gop

. shiald thickness, Ab/Ag(m)/As(ril  [071]7010] 0 83)

Ratio of TFC mass to EFC, OHC'' manses 0.25
TEC current density. Jo (AL A/m?| R
Capacity factor, p, /! 065
Nsutron Fluence tifetime (A1 yr 'm?) {200,
Recirculating power fraction to BOP 006
Blanket neutron-energy multiptier, A/ 127

Economic Parameters

Plant lead time/Irfe (yr) 6 30
Indirect cost factor (IR FAS
Contingency factor 015

Construction escalation and interest factor 10856
Spare-parts multiplrers, blanket  coit limiter 111212
Cost of money. nominal/ constant dollars 009 00283
inflation rate (% yr) 6
Eflective tax rate 04816
Tex depreciation ife (yr) overall ‘replaceable 10 S
Fined charge rate, nominal constan! 0.165 0 0844
Unit Material Costs (3/kg)

- V1SCTi ' HT-9,Fs. 1422 40050 20

. natural iithium 45

- $C coils/mructure 90 25

- current-drive powr (311 ) 225
Limiter (k8 /m?) 60

Gj_b;m-wlwﬂl in brachets were varwed 1n sxploring @
rangs of possibilitres
(b1 Flux-definition of safety factor with (itting constant (| |
[rs. Eq (2)]
(¢} The impact of hixing 7 — 1n/lﬂ’”|l,HT I 1y 18 exarmined
in Sec 331 for which a range of temperatures was examined
and cost options occur at - 25 keV
(d| Based on inlet;/eait primary coolant temperstures of 573 823
K, 758%, of ideal conetant-prassure tharmal efticiency. and 3%, (10
K temperature drop) penalty for IHX
rl TFC is tovoidal-freld coit. EFC 18 equiibrium fhetd coit. anit
HC 18 ohmic heating coil
(fE L (AW in? ) is the neution watt toading and the 1ed)
ation hfetime is Jo r (M EE yo i1 then iy [LRrSc S
DA Ly ity when Ty tlar)r b Y Thes e
prassion 18 based on an altowance of 90 deys yi of unscheduleit

maintenance snd 38 days per fusion power -core (FI'C) replece
ment




The cost-optimization procedure used'’ gives a cost-optimum
confirement time, rg(OFP1'|. The required confinement is then
compared with predictions of plasma confinement, re(PHY'S)
For the purposes of this study. a global physics scaling based either
on Neo-Alcator '® or H-mode Kaye-Goldston?® (KG) results is used.

The relationship between current density in the superconduct-
ing toroidal-field coil (TFC). jo (AlA/m?|, and tha field at the
windings. B, (T). is given” in Table | The relationship between
By and By n given by the usual expression for the major-radial
fall-off of magnetic held. With the TFC current density. j,.. and
the FPC geometry determined, the cot/ masses can be computed

The Generomak reactor power balance increases the 14.1-MeV
fusion-neutron power, Pn, by the blanket energy multiplication,
My; 30% of the alpha-p-rticke power, P, and current-drive
power delivered 10 the plasma, (1 -~ fcp)Pcp. appears as low-
grade heat. The “available” thermal power. Pry = AMNPn +
0.7(P, + fepPep). is converted to the total electrical power,
Prr = nry Pry . with an eflicency nry determined by the blanket
(i.e.. primary loop) miet and cutlet temperatures Once converted
to electrical power, the fraction fa'x = V.06 of Pgr is recycled
along with Pcp back to the power plant, giving a net-electric
power equal to Pg = Per(l - favx) - Pep
2.2 Economics

The basic economic methodology and financial parameters
used to determine levelized power costs ware derived from the Nu-
clear Enargy Cost Data Base (NEZDB) ?' The NECDB method2l-
ogy was used to calculate the equivalent fixed charge rate (FCR)
on capital, where FCR is a factor that multiphes the initial cap-
italized investment to give the equivalent annual cost of charges
related directly to the initial investment Both nominal (includes
inflation) and constant-dollar FCRs are given in Table : The nomi-
nal dollar rate produces levelized costs that include inflation Evan
though the constant-dollar FCR is used. the calculations of revenue
requirements leading to this rate include inflation and are subse-
quently ac usted 1o the constant-doliar rate  The constant.dollar
(1986). luvelized cost of electricity (COE) s the equivalent annual
cost of all cost components divided by the annual electric power
production and is axpressed as follows

COE(nulls/kWeh| = ! 'Pi(_R&‘T:“’_ P(r""' (4l
whare | is the initial caprtahzed investment. C'r it the annuat fuel
cont. and Cops is the annual operating and mantenance (OkM)
cost In the case of designs evoking high neutron hirst-wall loading
snd concomitant frequent blanket replacement , the capacity factor.
py. is adjusted downward to account for the additionat iime needed
for more frequent FPC changeout |Table | footnote (f)]. the cos.
of blanket replacement is treated as a fuel charge The reference
capital cost model, economic scaling. indirect cost factors, etc
are discussed in Refs. 9 and 11.

3. RESULTS

Resul*s only for the optinustic basecase (Table |) are presented
here, with the implications for SSR. SHF, ST, or conventional
tokamak reactors beng given in Ref 11

3.1 Optimization of Maximum Coll Field ( H,. )

The TFC f1eld was varid for a given set of plasma physics pa-
rameters, and the the minmum.COE point was determined This
procedure was repeatad whenever a main physics o engineering
patameter was changed from the basecase valus  Typical results
are axpressad on a plot of COE as a function of the fusion.power-
cats (FPC) mass power density. MPD(kWe tonns} ss 13 shown
in Fig i These curves are typical of this supsiconducting sys-
tem and the coil scalings used (Table t) As the magnetic field
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Fig. 1. Dependence ~* ZOE on mass power density. MPD(kWe tonne).
for the basecase tohsmak and two (J = 0.1, 0.2) SSR tokamak cases

increased from a lower value for a fixed beta, the plasma power
density and first-wall neuiron loading increases, the rlasma vol-
ume is reduced, and the FPC shrinks in size, mass and cost for
this constant net-electric-power system: tha COE decreases rapidly.
since in this region the FPC is & main contponent in the total di
rect capital cost. As B, increases abrve ~10-11 T, however the
decrassing TFC current density causes the coil size and mass to
incraase, which drives a decrease in MPD and a rapid increase in
cost; a COE minimum and MPD maximum results  Use of an ad-
vanced superconductor capable of higher current density as fl,,
ts increaced can shift and even broaden this minimum to higher
valums of MPD and lower COE.*'! (Sec 3.34)

3.2 Sensitlvity to Main Paysics Pacamaters (¢, . . ~. 1)

The basecase parameters are consicired opumistic. mth
present axperience suggesting « - 2.0 and ¢, Jttin order
to assure a higher confidence of disruption-free operation The
dependance of COE on 3 and A s shown on Fig 2. which also
trachs the degree of plas:ma elongation required (Eqs (1) and (2))
The senstivity of COE on q, for /7 = 0.1, but constraining 4 and «
according to Eqs. (1) and (2). s shown on Fig. 3 If the basecase
value of « 1u decreased from 2 5 to 2.0 with a simultaneous increase
in gy froen 2.3 to 3.0, while maintaining (J at 0.1, a 16 5% increase
in COE (52.8-.615 mills ‘AVWeh) results The safety factor ¢,
may also be increased by &) reducing 7. with y, - 4 postible for
A = 0.057 with 8 10% CCOE panalty or b) by 1educing A, with y,
= 4 ot A - 2.7 vith a 13% tncresse in COE

3.3 Basecase Singw-Poln! Maramater Varlations

3.).1 Current Drive (/g ;1) 7). The aimplest single.point
parameter veriation usa ‘o examine the /mpact of ths current.
drive efficiency on COE varied /o }' ;v The impact on COE
relative to the basecase s shown on Fig 4 Efficisiicies
greater than that assumed for ths basecase are achisved with
diminishing returns in COE, whereas currant-diive sfficiencies much
below 02 A W portend snrus aconomir consequences Cases
where /. 1) 1 was held constant for ths typical basecase reactor
paramaters correspond to « notniahzed currant-drive sffiency of
3 27 A M (denmity in 10" 0t wits) tine sfhiciency s
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Fig. 2. Dspsndencs of COE on plasma aspect ratio. 4. and beta,
J.for g, = 2.3 with Eq. (20) enforced Lines of constant plasma

elongation, x, are atso shown. The 7 = 0.2 SSR tohamak case is aiso
inctuded.

In re-evaluating the current-driva issue for iixed values of 5
rather than [,/ Fe . the magnetic field at the TFC was first varred
The minimum-COE design point shifts from He, = 10 T to ths
range 8.9 T for thesa constant.-y cases. With H., - 9 T and
other basecase parameters retained, both 5 and 7 were varied A
minimum COE for a given 5 occurs at 7' = 25 keV.'! Furthermors,
the minimum-COE point shifts towards lower T as 4 1s increased.
this behavior being indicative of the tradeoff between the cost of
current-drive and the need to increase power density (1.¢ , reduce
T and increase n) and to reduce FPC sits and cost. The COE
for the basecase would increase by 42% if 7 was imited to 0.5
Reoptimizing the basecase plasma temperatures (7' -~ 25 heV)
with v = 0.5 reduces ths COE to within 15% of basecase
Maintaining the basecase COE requires a 25-keV plasma operating
with 3y ~ 1.2 which is about three timas better than achwved in
present experiments '* 1t s noted that incorporation of bootstrap
current can have a dramatic, positive effect '

2.2.2 Magnetic-Fleid Ulifization (7). The COE s found to
increase with decreasing beta as - | 1" where 1  is 1n the range
0 13-0.20 hence, a factor of -2 reduction in bsts for ths basecase
parameters increases COE by 15"  As expectsd. a strong COE
dependence on betw for the basecase scahing of ). with i,
(Tahls 1) s shown These effects of beta variations weie obtened
by changing ~ for fixsd 4 -1 and y,
the Troyon coethicient, dali, i1,
this latter parameter s reportsd below

2 .1 while keeping constant
0 04 the result of varying
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Fig. 4. Sensitiv 'y of COE for the basecase tokamak on stabiity hm.
e, OBsa/le. current-drive efticiency, o/ F'c-)) curient-diive powe
coets, coil units costs, blanket shield ‘structural unit coots, and btanket
thickness

1)) Stabty Limits ( Bag/la. <)  The deperdence of
COE on the Troyon ballooning-mode himit'* s shown in Fig 4
Pushing stability-related beta hrmits beyond ths numerical Troyen
Hmiws leads only to small reductions in COE but minor shortfalls
in this imit dramatically incieases cost A reduction in the Troyon
couflicient from 004 to 0.0) with a concormitant rsduction in 1
from 0.10 to 0.075 will increase COE by about 7%s Ganerally. the
tohamak basecas= les optimally at ths "knee” in the curve given
on Fig 4

3.3.4 Agsenced Superconducting Megnets.  The COE num
mum in Fig 1 for the superconducting tokamak basecase s dete
mined in lsrgs part by 8 balance between a) larger magnetic fields
(for the fined 1 — (1) lor increased plasma power dsnsity and re
duced FPC size and b) the ever-increasing magnet costs caused by
decreaning critical currsnt densitiss and lugher conductor helds A
more aggreswve coil design has suggested” s scaling according ta
JelALA v ik Dt i et The impact of
this mors advanced supeiconductor is shown on Fig 5 as the curve



labelled SC'(a), with the minimum-COE dengn point being 2-3%
lower than the basecase and shifting from B, = 10 T to --11
T. Shown also on Fig 5 as curve SC'(h) s the rasult of using an
even more aggressive magnet design procedure and assumptions *
By dividing a given TFC into four subcoils, each operating at ever-
increasing value of the critical freld it can be shown (Appendix A,
Ref. 9) that the averags current density in the winding pach is given
by Jec(MA m?) = TH[1 - (Bg /41.6)°). Important (~13%) re-
ductions in COE are p edicted if the aggressive design proposed in
Ref 9 is adapted. The impact of coil cost alone on COE s shown
on Fig. 4 for the basecase

3.3.5 Economy of Scale. The dependence of COE on net
slectric power for the tokamak basecase was determined and
compared with pressurized-water (frasion) reactor (PWR) power
costs 72 These single-point variations did not adjust the magnetic
field to hold neutron wall loading constant. which for given beta
will give at most a few percent “diffuseness’ to the correlations
The economy-of-scale curves are approximately described by ex-
ponentiai functions (COE x |/Pg) with 1+ being 049 for the
basecase and 0.45 and 0.39, respectively, for the medium- and
best-cxperience PWR cases; tne basecase lies between these PWR
cases

3.3.6 Blanket Radiation Lifetime. The radiation lifetime of the
f'rat wall and blanket structure. [, 7(A/V yr in? | determines tha
plant factor as well as the operating cost, with 20 Afil yi/m?
being assumed for the basecase. The sensitvity of COE to /.7
is expected to be greatest fon those systems that increase [, and
FPC power density to achmve reduced cost A serious degradation
of ecoiromic performance for [, r - 10 Ml yr m? is found "’
with an 11% increase in COE ot I v = 10 A/ yr w?

3.).7 Blanket Thickwens and Unit Cogt.  Th: nominal thick-
ness of the Li-Li.V blanket (26 > 0.7t m) wai varied for fixed
shield (As = 0.83 m) and gap (Ag == 010 mi) \huckness  The
results of this single-point variation ars shown on Fig 4. I the
blanket ‘sheeld ‘ structure, cod, and currsnt-drive power wers each
“free,” the respective decrsasves in the baselins COE would be 18/,
07¢. and 8% |f the blanket unit cost alonr we e reduced by 50*s
(from $190 to $95/kg installed). & decrease (f 6% in the COE
would be expected

33,8 Piant Lead Thme. One of the grsatsst uncertainties in
escimating COE for u fusion power plant 13 the time required to
licerise and construct. this lead time was fixed at aix years for the
hasacase. Results were normalized to give the reference case for
a six-year lesd time A one-year changs in lead time s estimated
to produce about a 3%, change in constant-dollar COE The COE
sentaitivity to lead time expressed :n nominal dollars (including an
assurmed 6”4 /yr inflation rate) is approximately 9%+ yr f the startup
dete is chonged and the order dats remains constant

1.).9 Jefety Assurence Cost Credity, Ths gsnsrally low nsu-
iron wall loading and local power density that characterizss the
Li/Li1/V tohamak basecase should perrmit a higher level of safsty
assurance® and the potential for some capital-cost credit associated
with aliminated scfety systerns and reduced usage of niore costly
nuclear standards The maximum (1ed't would bs obtained if most
nuclear-grade restrictions wers rer ved, and the cost credit fac-
tors suggested in Ref. 9 were applied Figure 5 shows the resultant
maximuni reduction in the basecase COE s 25% Thus reduction
represents a significant poiental savings that must. however be
balanced aguinst the incisaswd capial cost associated with the

More-massive (lov power-density) fusion power core
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TABLE 1. Effect oi Single-Point Varlations/
Uncertainties on Basecase Cost'®'
Change
_{in COE) _
Troyon Coeffic ent, 3Bga/l, = .04
¢ Reducsd from 0.04 10 0.03 -7
Jd = .07%
8 Proportional to 1/« - 30
Jd= 04 x =25
JBea/l, = 2016
Plasma Safety Factor g, = 2.3V
8 incrasse to ¢y 4
~ Rerlucs J to 057 410
- Decream A tc 27 <13
Piasms Elongation. x = 25"
o Reducs elonga‘tion to 2 with A = 3 +8
Blankst Rodiation Life, 20 MW yi .7 'V
¢ Decranse to 10 MW yr/in? -1
Current Drive Efficrency,
=27 A/m3W (I4/Pcp =02 AW}
o Limtyto05A m’W Y
8 Limit v 1005 A/ m? W and incraase
plaama temperature to 25 keV 414
8 include effect of Bootstrap Current N
Basecose with conservative parameters'® +38
Eliminate Nuclesr Grade Requirements -25
Coil Current Density. ja. = 20.5 Al A mé ¥
8 Improved sggremive design 13

Jee =58 MA/m?, Hee = IRT
Plant Lead Time Y = 6 yr (V!
8 Reduce laadtime by 1 yr -3
Blankst Unit Cost, 190 8 /kg '+ ¢
& Reduce by %0°,
Achievs Second Stability Region -16
(a) Changes indicatsd are based on single-point variations fiom 1tie
basecase parameters listed in Table | (:1/i.n [, O.0)
Ob, w- 20 A 4. T thV 1o By w2 Vb
(h) Basecase value

(c| Based on futl /,
rents
(d) Instatied cost

157 MA buing sustained by bootstiep cur




4. SUMMARY AND CONCLUSIONS

Table H summarizes the impact on COE of changes in
the main basecase parameters. The magnitude of these COE
changes mav not appear significant in comparison with the overall
uncertainty in power plant costs. However, the relstive cost
effects shown in Table 11 should persist irregardless of the absolute
cost. These relative cost differences convey real inughts about the
sconomic effects impacts of these uncertaintres. As one example
of the i wact of these uncertainties, a 10% COE uncertainty s
aquivalent to a change in annual revenue of ~35 MS% yr for the
referenced 1200-MWe power plant. To provide both a contrast
and perspective, four other approaches (i.e.. SSR, SHF, ST,
and conventional) to the tokamak power plant were examined'’
but not described explicitly here.  The COE projected for @
power plant based on present!® and yet-to-be-achieved’? physics
spans & range from 44 to 72 mills. kWeh, with an optimistic
extrapoiation of the present-day database’!' predicting a value
of ~53 mills kWeh; this latter value of COE s competitive
with alternative energy sou.ces. particularly with advanced fission-
power systems.  Althcugh not examined directly. the results
given on Figs. 4 and 5 give some indication of the impact
of racent advances?®?* in increasing the critical temperature
for ceramic superconductor; the major impact of these higher-
temperature superconductors would be in (a) operating at higher
fields and current densities (Fig 5) and (b) reducing the
thickness of blanket and shweld (Fig. 4) because of enhanced
radiation tolerance; under the optimistic assumption that both
effects are additive. a cost reduction of ~26% in COE could
result.  In summary. high be:a, efficient and economic current.
drive schemes, und; or high-performance superconducting magnets
represent rnajor leverage issues in dictating the extent to which
physics must be pushed to maintain an sconomic edge for fusion
power through the tokamak route.
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