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CONNECTIONS BETWEEN PHYSICS AMD ECONOMICS FOR TOKAMAK FUSICN POWER PLANTS
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Abstract. A umplifed physics. engineering. ard costing model of a
tokarnak fusion reactor 1 used to examine quantitatively the connec-
tion between physics performance and powzr-plant economics based
on a DT.-fuelied tokamak reactor. Areas where physics and tech-
nology advances are needed and where physics ‘technology tradeoffs
exist for attractive end-products are quantitatively identrfied.

1. INTRODUCTION

Since growth and extension n the tohamak physics detabase
s mill requited for commercislization, and since the worldwide
tokamak program today i st the threshold for new device de-
sgn and fabrication,!'? as well as extrapolation to devices with
more commercial-hke features * % it s useful to examine quan-
titatrvely the connection between physics performance and eco
nomic competitiveness.  The generic fusion reactor model de-
veloped by Shefheld. gt a1 °7 presents an approach of wd.
ficient balance, depth. mmphcity, and Herbihty for 3uch
studv  The Generomak model’ was modied or use by the Se-
nor Committes 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-lmiter impurity control, wghly efficient steady-state cur-
rent drive, and superconducting magnets. The chotce of blanket -
shield concept. however, impacts many power plant systems and
can strongly influence the final cost of energy °'° A more elabo-
rate exammination of the range of tokamak options can be found in
Ref. 11. which includes the impact of the tokarnak Second-Stabiity
Region (SSR).!? Super-High-Fuld (SHF) tokamaks '? low. aspect
ratio Spherical Torus (ST) tokamaks '* a5 well as the direct and
conservative apphcation of the existing tohamak database '

2. MODEL

2.1 Fusion-Power-Core Physcs and Engineering

The eseantial physics. engineering. and economic parameters
of the Generomak model® ™ sre kisted in Table | The elliptical
plasmy of elongation x = b/o s assurred to operate at the
baliconing-mode stabilty kmits '* as expressed below in terms of
total beta, 7 plesma current. [, mwnor radius. 8. and toroidal
frald at the plasma. B,

A 004l4 a0, (1)
The flus-averaged sa‘ety factor o grven by

. S IR
Qv = O Be-'Ba O ap

(2)
wherte the covflicsent. €' — 1.1, heita this It of nurmerical reauits’’
1o ¢dg * 0.3, wmith Jy being the polrdal beta and ¢ the inverse
aspect rato AH mngle point perameter var.ations of cost with
changes in physcs or engineering operating points preserve (hese
dependencus between n. ¢« ¢, . /1 ond IDa [,

The plasma current. /4. 18 assumed to be driven with a fixed
efhcmncy of Jo Pop) ~ 02 A 1V dehvared 1o the plasms ™ This
assumption for the basecase parsraeters represents & ngnificant
advencement relative to values achieved by present experimontal
methods The normalized currant-drive efliciency '’

3 (n, I(Pmm‘il.‘(A)H,lmi | AR A (RY}

for typical basecase prrameters is higher than best-schieved exper-
imental values for fast-electron parallel-pushing waves This issue
18 examining quantitatively (Sec. 33 1)

TABLE |. Generomak Physics/Engineering 'Economics Model” *
Plasma Porameters

Aspect ratio. A = Ry/a = 1"¢ (40"
Elongstion, x = b/a 2.5
Safety factor,*! g, (23
Tota! beta. ;3 = 004 /. 'aB, [01)
Polordal teld ot coil. 3. (T) [10]
Plasma ion temperature. 7,(kel') '’ 16
lon /electron beta ratio 10
Impurity(alpha-particie) /(elactron) bets ratio 02
Plasmas standofl, a./n 11
Current-drive efficiency, [/ Pep (4711)7) 02
Engineering Parameters

Net electric power, Pp(Aflle) {1.200]

Yisermael-conversion efficiency, ny 0 404
Fuson-power-core dimensions' blanket /gop

 shild thickness, Ab/Agim)/ As(ni) [0 71][0 10} ‘[0 83)

Ratio of TFC mass to EFC, OHC'"! manses 025
TFC current density. Jo (AfA/m?) ‘—.1"}.6—511“—; 1
Capacity factor. py oA 065
Nautron Fluence lifetime (A 1V yr ‘'m?) (20 0}
Recirculating power fraction to BOP 006
Blanket neutron-energy multiplier, A 127

Economic Parameters

Plant lead time/Irfe (yr) 6 30
Indirect cost factor [ YAS
Contingency factor 0158

Construction escalation and interest factor 10856
Spare-parts multiphers, blanket / coil hmiter 111212
Cost of money. nominal,/ constant dollars 009 00283
Inflation rate (% yr) 6
Effective tox rate 04816
Tax depreciation Ife (yr) overall ‘replaceable 10 5
Fixed charge rate, nominal constant 0.165 0 0844
Unit Materia! Costs (3/kg)

- VISCATI'HT.9,Fe 1422 40050 20

- natural lithium 45

- $C codlo/mructure 90 25

« current-drive powr (311 ) 225
Limiter (k3 /m?) 60

(le‘agﬁun-wawnl in brackets were varied in exploring 8

range of possibilitres

(b) Flun.detinition of safety factor with fitting constent (] |

[re. Eq (2))

() The impact of tixing 7 — (n/103) 1Ky ' Pepy o examined

in Sec 331 ftor which a range of temperatutes was examined

and cost options occur ot <25 heV

(d) Based on inket /exnit primary coolant temperatures of 57 823

K. 75% of ideal conetant -pressure thermal efliciency. and J*, (10

K tempersture drop) penalty for IHX

r) TEC is toroidal-freld coil. EFC 10 aquilibrium field coil and
HC s ohmic heating coil

(f) 1 L (AW and) e the neutron wall loading and the rad

ation Ifetime 1o Lo TE MYy md ) then iy TR N R

V034 Ty thye ] when Ty i ) Pl Y Thiser

pression 11 based on an allowance of 90 days yr of unscheduled

maintenance and 38 days per fusion power-core (FI'C) replace

ment




The cost-optimization procedure used'' gives a cost-optimum
confinrement time. rg(OF1'). The required confinement is then
compared with predictions of plasma confinement, re(PH)Y'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 (A A/m?), and the field at the
windings. By (T). is given' in Table | The relationship between
B¢ and By 8 given by the ususl expression for the major-radial
fall-off of magnetic held. With the TFC current density. ... and
the FPC geometry determined, the coil 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 to the plasma, (1 - fcp)Pcp. appears as low-
grade heat. The “available” thermal power. Pry = AINPn +
0.7(P, + fcpPep). is converted to the total electrical power,
Pr1 = nry Pry . with an efliciency nrp determined by the blanket
(i.e.. primary loop) miet and cutlet temperatures Once converted
to electrical power, the fraction f4 x = V.06 of Per is recycled
slong with Pcp back to the power plant, giving a met-eectric
power equal to Pg = Per(l - favx) - Pop-

2.2 Economics

The basic economic methodology and financial parameters
used to determine levelized power costs ware derived from the Nu-
clear Energy Cost Data Base (NEZDB) ?' The NECDB methodol-
ogy was used to calculate the equivalent fixed charge rate (FCR)
on capital, where FCR is » factor that multiplies the initial cap-
italized investment to give the equivalent annusl cost of charges
related directly to the initial investment Both nominal (includes
inflation) and constant-dollar FCRs are given in Table i 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 to the constant-dollar rate  The constant.dollar
(1986). l.velized cost of ehectricity (COE) 1 the equivalent annual
cont of all cost components divided by the annual electric power
production and is expressed as follows

, I » FCR+ Cyp 4 Cay

COE(nilla/kWel) = Pg + B.760 - pf . (4)
where | is the initial capitalized investment. C'r it the annual fuel
cont. and Copy is the annual operating and mantenance (OkM)
cost In the case of designs evoking high neutron first-wall loading
snd concomitant frequent blanket replacement, the capacity factor.
py. is adjusted downward to account for the additional lime needed
for more frequent FPC changeout |Table |, footnote (f)). the cos.
of blanket replacement is treated 83 » 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 optinvstic basecase (Table |) are presented
here, with the imphcatioms for SSR. SHF ST, or conventional
tokamak reactors being given in Ref 11

3.1 Optimization of Maximum Coll Field ( H, )

The TFC ltweld was variad for a given set of plasma physics pe-
ramaeters. and the the minmum.COE point was determined Thu
procedure was repaated whenever a mam physics or engineening
parameter was changed from the basecase value  Typical 1esuits
are axpressed on a plot of COE as 8 function of the fusion.power-
cate (FPC) mass power density. MPD(kWe tonne] s 13 shown
i Fig i These curves are typical of this superconducting sys-
tern and the coil scalings used (Table 1) As the magnetic freld i
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Fig. 1. Dependence ~* ZOE on mass power density. MPD(kWe tonne).
for the basecase tolamak and two (J = 0.1, 0.2) SSR tokamak cases

increased from s lower value for » 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; the COE decreases rapidly,
since in this region the FPC is &8 main component in the total di-
rect capital comt. As B, increases abrve ~10-11 T, however the
decreasing TFC current density causes the coil size and mass to
increase. which orives 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 densiiy as 1,
is increated can shift and even broaden tlis minimum to higher
valums of MPD and lower COE.*'! (Sec 3.34)

3.2 Sensitlvity to Main Paysics Paramaters (. . +. ~. )

The basecase pararmeters are consicared opumisiic. mith
present axperience suggesting ~ - 2.0 and . 3.0 i order
to assure o higher confidence of disruption-free operation The
dependance of COE on J and A » shown on Fig 2. which also
trachs the degree of plas:nas elongation required (Eqs (1) and (2)]
The sensitivity of COE on g, for /1 = 0. 1. but constraining A and
according to Eqs. (1) and (2). w shown on Fig. 3 |f the basecase
value of « 1 decreased from 2.5 10 2.0 with 8 simultaneous increase
n qy fron 2.3 to 3.0. while mantaining f at G.1, a 16 5% increase
in COE (52.8-+61 5 mills 'kV/eh) resuits The safety factor ¢ .
may also be increased by @) reducing /3. with 4, ~ 4 postible for
A = 0,057 with 2 10% COF panalty or b) by reducing A with ¢,
= 4 ot A - 2.7 vith 8 13% incresse in COE
3.3 Basecase Singw-Poln! Maramater Varlations

3.).1 _Currert Drive (/o 1), 7). The simplest single. paint
parameter veriation usal (o examine the y/mpact of the current.
drive ofticiency on COE vered I¢ Pty The impact on COE
relative to the basecase uw shown on Fig 4 Efficiencies
greater than that sssumed for the basecase are achieved with
diminishing returns in COE, whareas current-drive efhiciencies much
below 0.2 A W portend 3e/rus sconomic covsequences  Cases
where 1, 1% 1, was held constant lor the typical basecase reactor
paramaeters correspond to « notmalized current.drive efhiiency of
3 o 25 A mN (denmity i 18T 0t umits) tins ethioency s
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Fig. 2. Dependence of COE on plasma aspect ratio. 4. and beta,
g for g = 2.3 with Eq. (20) enforced Lines of constent plssma

elongation, =, are also shown. The 7 = 0.2 SSR tohamak case is also
included.

In re-evaluating the current-drive issue for fixed values of 4
rather than [ P, the magnetic fiald at the TFC was first varred
The minimum-COE design point shifts from H,, = 10 T to the
range 8.9 T for thesa constant-4 cases. With H., - 9 T end
other basecase parameters retained, both y and T were varied A
minimum COE for 4 given v occurs at 7' = 25 keV.'' Furthermore,
the minimum-COE point shifts towards lower T as 4 is increased.
this behavior being indicative of the tradeo!l between the cost of
current-drive snd the need to increase power density (i1.e., reduce
T and increase n) and to reduce FPC size and cost. The COE
for the basecase would increase by 42% if 7 was imited to 05
Reoptimiting the basecase plasma temperatures (77 -~ 25 keV)
with v = 0.% reduces thu COE to within 15% of basecase
Maintaining the basecase COE requires a 25-keV plasma operating
with 3 ~ 1.2, which is about three times better than achwved in
present experiments '* it s noted that incorporation of bootstrap
current can have a dramatic, positive effect !

2.2.2 Magnetic-Fleid Utifization (7). The COE 1 found to
incranse with decreasng beta as - 1 ', where ;i 1n the range
0 13-0.20 hence, a factor of -2 reduction in beta for the basecase
parameters increases COE by 15"  As expected. a strong COE
dependence on betw for the basecase scaling of ). with H,
(Table 1) 1n shown Thase effects of beta variations were obtained
by changing ~ for fixed 4 {and g,
the Troyon coefhcient, oM, 0.1,
this latter parameter 18 reported below

2.4 while keeping constant
00 the result of varying
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L)) Stabity Limits ( 3Haa/la. 7). The deperdunce of
COE on the Troyon ballooning-mode hmit'* is shown in Fig 4
Pushing stability-related beta imits beyond the numerical Troyon
Hmits leads only to small reductions in COE but minor shortfalls
in this imit dramatically increases cost A reduction in the Troyon
coullicient from 0.04 to 0.03 with 2 concomitant reduction in 1
from 0.10 10 0.075 will increase COE by about 7% Generally. the
tohamahk basecass lres optimally at the “hnee’ in the curve given
onFig 4

3.).4 Adsonced Superconducting Magnets.  The COE nmum
mum in Fig 1 for the superconducting tokamak basecase s deter
mined in Isrge part by a balence between a) larger magnetic fields
(fer the fined 7 = (1 ]) for increased plasma power density and re
duced FPC size and b) the ever-increasing magnet costs caused by
decreanng cntical current dennties and higher conductor hields A
more aggressive coil design has suggested o scaling actording to
JelAMA A v "t i et The impact of
this mote advanced superconductor in shown on Fig 5 a1 the curve



labelled S('(a), with the minimum-COE design 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'(b) 13 the result of using an
even more aggressive magnet design procedure and assumptions *
By dividing a given TFC into four subcoils, each operating at ever-
ncreasing value of the critical freld. it can be shown (Appendix A,
Ref. 9) that the average current density in the winding pack is given
by Jec(MA m?) = Ti[1 - (Be 416)°]. 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 is shown
on Fig. 4 for the basecase

31.3.5 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.?? These single-point varations 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 1/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 radistion lifetime of the
first wall and blanket structure. J,.7(AJV yr m?) determines tha
plant factor as well as the operating cost, with 20 Af§) yr/m?
being assumed for the basecase. The sensitivity of COE to /.7
is expected to be greatest fo those systems that increase [, and
FPC power density to achmve reduced cost A serious degradation
of ecoiromic parformance for /. r - 10 Milyr n? is found !
with an 11% increase in COE at [, = = 10 MW yr m?

3.).7 Blanket Thickiens and Unit Cogt.  Th: nominal thick-
ness of the Li-Li.V blanket (26 > 0.71 m) wai varied for fixed
shield (A3 = 083 m) ard gap (Ag == 0.10 m) \hickness  The
results of this single-point varniation are shown on Fig 4. If the
blanket ‘shreid /structure. coil. and current-drive power were each
"free,” the respective decreases in the baseline COE would be 187,
0"s. and 8% If the blanket unit cost alonr we e reduced by 50%
(from $190 to $95/kg installed). a decrease «f 6% in the COE
would be expected

2.3.0 Piant Lead Time. One of the grestest uncertainties in
estimating COE for u fusion power plant 13 the time required to
licerise and construct. thu lead time was fixed at six years for the
basacase. Results were normalized to give the reference case for
a six-year lead time A ons-year change in lead time 19 estimated
to produce about 8 3% change in constant-dollsr COE The COE
sensitivity to lead time expressed in nominal dollary (including an
assumed 67 /yr infistion rate) in approximately 9%+ yrf the startup
date ia chenged and the order date remaina constant

1.).9 Jefety Assurence Cost Credity, The generally low neu-
iron wall loading and local power density that characterizes the
Li/Li/V tokemak basecase should permit a highar level of safety
sssurance® and the potentis! for some capital-cost credit associated
with aliminated scfety syasterns and reduced usage of more costly
nuclear standards The maximum credt would be obtained f most
nuclear-grade restrictions were re ved, and the comt credit fac-
tors suggested in Refl. 9 were applied Figure 5 shows the resultant
maximum reduction in the basecase COE s 25% Thus reduction
represents & significant poient:al savings that must. however be
balanced aguinst the increaswd capial cont sssociated with the
‘hore-massive (lov-power-density) fusion power core "
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Fig. 5. Impact of superconducting (5C) coil performance on basecase
sconomics, with SC(a) being an advanced design from Ref 7 and
SC(b) b«'n, an advanced design from Ref 9 The impact of apply
inherent safety credits to specrfic accounts is also shown

TABLE 11. Effect oi Single-Point Varlations/
Uncertainties on Basecase Cost'?’

Change
—{in COE)
Troyon Coeffic'ant, 3B4a/l, = 04"
¢ Reduced from 0.04 to 0.03 -7
J = 075
¢ Proportional to 1/« -30
g = 04 x =25
JBea/l, = 1016
Plasma Safety Factor. g, = 23"
o Increase to g, 4
- Rerluce 3 to 057 10
= Decream A tc 27 <13
Pissms Elongation. x = 2 5%
¢ Reduce dlonga‘tion to 2 with A = ) +8
Blanket Rodiatien Life, 20 MW yr.m? '®
¢ Decrease to 10 MW yr/i? 411
Current Drive Efficiency,
7 =27 A/m?W (Ie/Pep = 0241
o Limtytwo05A/mwW .42
o Limit 7 10 0.5 A/m? W and increase
plasma temperature to 25 keV + 14
¢ Include effect of Bootstrap Current N
Besecose with conservative parametery'” +138
Eliminate Nuclesr Grade Requirements -25
Coil Current Density. o, = 20.5 Al A:mé V)
® improved sggremive design 1)

Jee = B8 MA/Mm? Hy - IRT
Plant Lead Time Y = 6 yr (¥
¢ Reduce laadtime by 1 yr -3
Blanket Unit Cost, 190 8 /kg '*7!
s Reduce by 50°,
Achieve Second Stability Region -16
(a) Changes indicated sre based on single-point variations from the
basscase perameters listed in Table | (:(4f.0 [, .01
01, )= 28 A= a4 T 10keV o Poyy 02 400
(h) Basecase value

() Based on full /,
rents
(d) instalied cont

15.7 MA being sustained by bootstrap cur




4. SUMMARY AND CONCLUSIONS

Tabte !l 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 relative cost
effects shown in Table |1 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 1 wact of these uncertaintres, a 10% COE uncertainty is
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 wer= examined''
but not described explicitly here.  The COE projected for a
power plant based on present!® and yet-to-be-achieved'? physics
spans a range from 44 to 72 mills. kWeh, with an optimistic
extrapoistion of the present-day database’ !’ predicting a value
of ~53 mills/kWeh: this latter value of COE 13 competitive
with alternative energy sou.ces. particularly with advanced fission-
power systems.  Althcugh not examined directly. the resuhs
g'ven 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 S) and (b) reducing the
thickness of blanket and shield (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 beta, efircient 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 economic edge for fusion
powrer through the tokamak route.
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