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   The /)rcsellt study  revcals  forthcoming break-cven conditions  of  tokamak  p]asma perrormancc for the fusion

energy  development. The first condition  is thc clectric  break-even condition,  which  means  that the gross electric  power
generatior is equal to the circulating power in a  power plant. This is required  for fusion energy  to be recognized

as  a  suitable  candidate  for an  alternative  energy  source. As for the plasma  perforTnance (norTnalized beta vaiue  rsN,
confinement  improvement factor for H-mode  tfff, the ratio  of  plasma density to GreenwaLd dcnsityfhGw), the electrie
break-even  conditjon  requires the simultaneous  achievement  of  1.2 <  itg < 2.7, O.8 <  HH,  and  O.3 <fh(}w  <  1.1 under

the conditions  of  a  maximurn  magnetic  fie]d en  the TF  coil  B,.,. =  16 T, therma] efficiency  n, =  30%,  and  current

drive power Pts･Bi <  200 MW.  It shou]d  be noted  that the relatively  moderate  conditions  of  &  - 1.8, IflFI - 1 .0, andfhGw
-
 O.9, wh/ich  correspond  to the ITER  reference  operation  parameters, havc a  strong  potential to achieve  the  clectric

break-even condition.  The second  condition  is the economic  break-even condition,  which  is required  for fusion cnergy

to be selected  as  an  alternative  energy  source  in the encrgy  market.  By  using  a  long-term world  energy  scenario,  a

break-even  price for introduction of  fusion energy  in the year 2050 is estimated  to ]ie between 65 milUkWh  and  13S

mill/kWh  under  the constraint  of  550 ppm  C02  concentration  in the atmosphere.  In the present study,  this break-even

pricc is applied  to the economic  break-even condition.  However,  because  this break-even price is based on  the present
energy  scenario  including uncertainties,  the economic  break-even condition  discussed here should  not  be consjdered
the sufiicient  condition,  but a  neeessary  condition,  Under the conditions  of  B,... =  16 T, n. =  40%,  plant availability

60%, and  a  radial  bui}d withlwithout  CS  coil, the economic  break-even condition  requires  fu - 5.0 for 65 milllkWh  of

lower break-even price case. Finally, the present study  revea]s  that the demonstration of  steady-state  opcratien  with  IIN
-･
 3.0 in the ITER  prQject leads to the upper  region  of  the break-even price in the present world  energy  scenario,  which

implies that it is necessary  to improve the plasma perfbrmance beyond that  of  thc ITER  advanced  plasma operation.
keywords:
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1. Introduction
1.1 Development  stages  of  fusion energy
   Fusion  energy  is the origin of solar power.  It can  be

considered  the /nost  abundant  energy  source  in the world.

Therefbre,  fusion energy  has been estimated  to be a  good
candidate  for an  alternative  to fossil fuels in about  50 years.
That is why  it has been the subject  of  long-term research

throughout  the wor]d.

   Now,  burning plasma will  ]ikcly be realized  soon  in the
International Thermonuclear  Experimental Reactor (ITER)
[1]. ITER  is supposed  to be the first device in magnetic

confinement  fusion systems  to obtain  the  burning plasma.
which  is almost  self-heated  by fusion products, i.c., alpha

particles. Ib  eomplete  the ITER  project, numerous  issues

on  plasma physics and  engineering  techniques  have been

researchcd,  When  the ITER  project succeeds,  fusion plasma
and  the reactor  technology  required  for fusion power planLs
witl  be fundamenta]ly demonstrated. Howcver, it will  still be

dificult to clear  the path to a  fusion power  plant from the
ITER  project alonc.

   The developmcnt strategy  from ITER  to a  fu1]y rcalized

fusion power plant should  be structured  prudently to maximize
thc merits  ot' the fusion energy  and  its potential contributions.

In this process, the fo11owing four stages  of  development and

their missions  should  be considered  r2.31.
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1, The  stage  for demonstration ofa  fusion reactor  op-

   eration:  [[b establish  plasma physics and  engineering

   lechniques  for steady-stute  operution  ol' burning p]asma

   with  high energy  multip]ication  factor.

     .  high crncicncy  of  paasma current  drive, reduction  of

      heat load to the divertor plates, exhaust  ol' heliuin

      ash.  control  to ayeid  plasma disruption.

     .  steady-sta[e  plasma operation.

     .  engineering  techniques  inevitably required  for con-

      tinueus  energy  production ft'om a  fusion reactor,

     .  prospect  for developing characteristics  and  deviecs

      inevitably required  for a fusion reactor.

     .  technologies  l'or continuous  tritium handling on  a

      pLant scale,

     .  technologies  for reliably  rnanufacturing  the largc

      devices (superconductor coil.  vacuum  vessel,  and  so

      on)  involvcd with  goed  function  as  designcd.

     .  technologies  for remotc  maintenance.

     .  deve]opment ol' materials  and  systems  against  high

      ncutron  flux load.

2. The stage  for demonstration of net  electric power

   generation as a power  plant: To  establish systems  and

   technologies  inevitab]y required  for electric  power gen-

   eration  on  tt plant scale.

     .  stcady-statc  p[asma opcration  with  a  high cnergy

      mu]tipiication  factor.

     .
 plasma perfbrmance similar  to that of  a  commercial

      reactor,  or a certain prospect for it,

     . flexible control  method  required  fOr a  comrnercial

      reactor,  i.e., partial load operation, unexpected  shut-

      dewn  and  so  on.

     .  an  electric  generation systcm  (i.c., clectric  output,

      coolant  temperature, systcm  structurc  and  se  en)

      similar  to that of  a  cornmercial  rcactor.

     - self-sustainment  of  tritium.

     .  techniques  for safety,  maintenance,  and  waste

      management  and  disposal to advance  the economic

      performance.

     .  continuous  ]ong-tcrm operation  almost  sirnilar  to

      that of  a  comrnercial  rcactor.

     .  dcvelopment and  applicability  of  materials  tbr a

      commercial  reactor.

3. The  stage  for demonstration of  economic  and  safe

   perft)rmance: Tb establish  the  safe  and  cconomical  per-

   forrnance required  for a  power plant.

   .  plasma perfOrmancc and  engineering  design equal  to

      a  commercial  plant,

     .  specification  of  removable  dcvices and  systems  to

      advance  the  economics  of  a commercial  plant.

     .  achievement  of  steady-state  operation  wjth  good

      economy.

     .  specification of  merits  and  attraction  of  the fusion

      power plant.
4. The  stage  for commercial  use:  Tb cstablish  the attrac-

  tiveness and  competjtiveness  of  fusion energy.

     . good  public acceptance  promoted by stable,  safe

 and  economical  operation.

.  attractive  fusion power plants making  the best of  the

 advantages  ol' i'usion energy.

    In the case  of  fast breeder rcactor  devc]opment, the

primary development issue was  the scale-up  of  the sodiurn

ceo[Lng  systcm.  Hcnce, thc thcrmal  output  had  to bc increased

step  by step.  Accordingly, specific  devices were  built at each

stage,

    On  lhe other  hand, each  stage  in the devclepment of  the

i'usien powcr  plant will  not  necessari]y  require  the sarne  type

of  incremental invention, because the thermal  output  from

the experimental  reactor  such  as  ITER  is inevitably large and

ean  be gradualty incr'eased whcn  the plasma performance
improves. This  implies that the  experimental  reactor  has

the potential to generate electrie  power simi]ar  to th{}se of

commcrcial  reactors  by replacing  the blanket system  with  an

advanced  one  having a  higher thermal  eCficiency  [21.
    For example,  the Fast Truck Appt'oach recently  propesed,
aiming  at early  realization  of  thc fusion power plant in the

2030's, suggests  a road-rnap  somewhat  different J'rom lhe

usuar;  i,e., the second  and  third stages mentioned  above,

which  usua[ly  correspond  to the dcmo  and  preto-type rcactor

stages,  wou[d  be combined  into a  single  L4,51. 0n  the basis

of  this dex,elopnient concept,  a new  development strategy  is

being discussed, and  would  be re-constructed  in Japan, EU

and  US. XN'hile the conceptual  design oE' SSTR  was  proposed
as  the flrst concept  oi' a demenstration fusLon power plant
in Japan [61, recent  discussion of' develepment strategies  in-

cluding  the Fast Track  Approach has givcn eccasien  for the

proposal of  new  concepts  fOr a  dcmonstration rcactor  such

as  Demo-CREST  [7] and,  the Fusion Demo  P]ant study  at

JAERI  L8].
1.2 What  are  forthcoming  break-even  condi-

    tions ?
   It is considered  that there are  rhree  milestones  toward

the introduction of  fusion energy.  The first one  is for Lhe

energy  production to become equal  to the input energy:  the

usual  break-even condition,  which  has been achieved  [9,1O].
The second  milestone  ls to dcvclop plasma perfbrmance and

reactor  technologies  so  as  to gcneratc  gross electric  power

]arger than the  cLrculating  powcr in a  power plant: i.e., the

electric  break-even cendLtion.  Because this milcstonc  has not

bccn completcd,  fusion energy  is not  currcntly  expected  as

an  aLternative  energy  sout'cc  cven  in the long-term world

energy  scenario, The cempletion  of  the clcctric  break-even

condition  is important for fusion cnergy  to bc rccognized  as  a

suitable  candidate  for an  alternative  energy  source.  The third

milestone  is to generate  electric  power  economically  enough

to be se]ected  as  the alternative  energy  source:  that is, the

economic  break-even condition.  When  the economic  break-

even  condition of  the  fusion power plant is analyzed,  we  have

to compare  the  COE  (cost of  clcctricity)  of  the fusion power

pEant wjth  that of  other  energy  sources.  Of  the four stages  of

thc  prcvious subsectLon,  the electric  break-eyen condition  falls

between the first and  second,  and  the economic  break-even
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condition  fa11s between the third and  fourth. These two  break-
even  conditions  correspond  to forthcoming condltions.

1.3 How  to clarify forthcoming break-even
    conditions  ?

    Tb clarify  .hc electric  break-even condition,  the power
flow analysis  for a  fusion power plant has to be considered,
The method  for this analysis  is firmly established.  The  basic
eonccpt  is sumrr  arized  in Rell [11,12]; the clectric  break-even

condition  can  bc systeinatically  obtained  by using  a  so-called
"system

 anaEysiF, code"  tbr fusion power plants.

    On  the other  hand, it is impossible to predict precisel}
the economic  brJak-cven condition  required  for the introduc-
tion of  fusion energy  into the future world  cnergy  markct.

because the conditions  i'or introducing an  alternative  energy

source  such  as  a fusion energy  depend on  the futurc econom-

ics of  energy  sources.  Envirenmental prob]ems and  political
policy may  also  be influcnccs. However, we  have to consider
a  targct COE  in fusion energy  dcvclopment, because this

target of  COE  is required  to understand  thc final deve]op-
ment  [evel of  eat;h  reactot'  elemcnt  in the fusion power plant.
Hence, the econ,)mic  brcak-even conditions  discussed in the

present paper should  be considered  as  necessary  conditions

derived from  a  p.esent-day understanding  oi' the world  eners,y

situation;  they wLil  have  to be updated  itccordingly.  Moreovcr,

it should  be noted  that the economic  break-even conditions

discussed herc a]'e not  suMcient  conditions.

   Several ecoiomic  analyses  on  fusion power plants havc

been carried  out  [13-15]. For example,  Okano  et  al. carried

eut  an  economic  comparison  of  fusion power  plant with  other

encrgy  sources  including future innovative lechnologies, e.g.,

a  fast breeding rc actor,  a ]ight water  reactor  bascd on  uranium

from sea  water,  a  fossi] fuel plant with  C02  control,  a geo-
thermat  energy  plant, a wind  power plant, an  ocean  therma]

encrgy  conversic･n  plant, and  a so]ar  power plant, as  shown

in Fig. 1 [141. This study  conc]uded  that a  rcasenable  target
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Fig, 1 Normalized COEs  {COEn) and  construction  costs  of

     various  addvanced  power  plants. COEn  is normalized

     by the COE  of  the present-day coal  plants in Japan
     [14].

COE  for thc first generation  of  fusion reactors  shou]d  be               L
]ower than  that i'er a CO!-controlled fossil fuel plant, becausc
the C02-controllcd fossi] ['uel p[ant will  be a more  feasible

choice  from an  euonomic  vicw  point when  the COE  of  fusien

plants exceeds  that of  the C02-controlled fossil fuel plant.
Several similar economic  analyses  of  fusion power plants
have bccn carried:  out,  however, these ana]yses  did not  Iink

the COE  with  the introduction year  or  the consequent  share

of  fusion energy  in the market.

    It is irnportant to  show  the  rcquired  COE  together with

the introduction year, because it would  be  use[ess  te deve]op
a fusion power  plant at a  rcasonable  COE  aftcr  another  al-

ternative encrgy  sourcc  has been introduced as  the backbone
energy  source.  Recently, the potentitt1 of  fusion energy  in a
long-term world  energy  scenut'io  has been investigated, and

the introduction year and  t,hc consequent  share  for the fusion

energy  has been estimated  together  with  the break-cven COE

[16,171. In the present study,  future uncertaintics,  e.g.  energy

demand  scenarios  and  capacity  utilization  ratios  of  options  in
energylenvironment  technologies, arc  considered  in several

diffcrent world  energy  scenarios.  This analysis  was  carried

out  by using  a  long-term world  cnergy  and  environmentai

model  (this model  is used  for IPCC post SRES  activity  [18])
and  cstimated  that the break-even price of  thc fusion encrgy
for introduction in thc year 2050 undcr  the constraint  of  550

ppmv  C02  conccntration  (twice levcl at the Industrial Revolu-

tion) would  be in a  range  from 65 mit]fkWh  to 135 mill/kWh

(1000 mill  =  1 dollar) [17]. The width  of  the break-even price
range  is derived largely froin uncertainties  about  the future

world  energy  scenario.

   In thc  present study,  we  considered  2050 as  the  tar-

get year for introdueing fusion energy,  and  we  clarilied  the

following conditiens  by  using  a  fusion power plant system

analysis  code  (FUSAC) [3]: (1) thc electric  break-evcn condi-
tion required  for fusion cncfgy  to be recognizcd  as  a  suitable

candidatc  of  an  alternative  energy  sout'ce,  and  (2) the eco-

nomic  break-cven condition  requircd  for fusion energy  to  be
selected  as  an  alternative  energy  source.  The present study  is

an  extension  of  the previous report  on  the  e]ectric break-even
condition  L19].

2. Analysis  Method
2.1 Outline

    The rcquirements  for tokamak  plasma  performance te
achieye  the electric  and  economie  break-even conditions are

investigated with  the database derived from the FUsion  power

plant System Analysis Codc  (FUSAC) [31. This system  codc

is based on  the CRIEPI  cost  asscssment  code  (CCA  code)

[14,201, which  was  uscd  to clarify  6N was  the most  effec-

(ive paramcter to reduce  the COE  of  a  tokamak  reactor  [14].
FUSAC  consists  of  three main  parts. The first part is a  OD

plasma analysis  pregram based on  the ITER  Physics DesLgn
Guide]incs  [21]. The second  is a  simple  engineering  design

program to determine thc shape  of  the TF  coi], the  position
and  width  for the components  of  thc tokamak  reactor  (blan-
kets, shiclds,  central  soleneid  coils,  and  bucking cylinder),
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and  so  on.  The engineering  design model  is based on  Ref.

r221. The last part is an  eeonomic  analysis  pregram for the

designed reactor  bascd on  the Generic Magnctic  Fusion Reac-

tor Mede] (Generomak Model)  1] l1. FUSAC  was  improved

particularly for p]asma and  engineering  design based on  the

CCA  code.

2.2 Ptasma  and  power  flow  model

   The plasma parameters are  calculated  according  to ITER

Physics Design Guidelines f211, and  the pewer tlow model

is basically provided with  the Generomak  Model  [1H. An

outline  of  calculations  of  plasrna and  power ilow is illustratcd
in Fig. 2, und  the calcutation  process is bricfly described as

t'ollows [20],

e The rnain  input parurneters arc  thc plasma  major  radius

 Rp, the aspect  ratioA,  the sal'ety factor on  plasma surfacc

  qv, the average  plasma temperature  T,,,,., the normalized

  beta valuc  &, and  the maximurn  magnetic  field on  TF

  coils  Bt.,.. Thc magnetic  field on  magnetie  axis  B, is

  ea]culated  here.

.  The total plasma current  Ip is derived from qv  and  B,. The

  total beta value  a., (= fi,h +  6.) is detined by Ibroyon

  scaling  [23], and  its alpha component  6,, is estimated
  ttcuurding  to Ref. L21]. The plasma volume  Y, and  its

  surface  area  Sp are  also  calculated  here.

.  The clectt'on  and  ion  densities, ti. and  ni, are  derived from

  the  beta value.  The fusion powcr density pf is estimatcd

  b>, the average  p[asma tempcratut'e T,.,, and  ion density

  n,.  The total fusion power Pr is also  calculated  in this

  step,.

 The bootstrap current Ib, is estimated  according  to Ref,

  [211 and.  consequently.  the driven current  JcD is calcu-

  ]atcd. Confinement propertics, such  as  the cenfinement

  in]proi'ement faetor for H-modc  HH,  and  the ratio  of  the

  Greenwald density fnGw are  also  dcriyed here.

.  Thc current  drive power PNBi, the total  thennal output

  Pii,, and  the averaged  neutron  walt  load Pg"'e arc  calcu-

  lated in this  step.  The cun'cnt  drivc ei'ficiency  of  NBI was

  defined by the Mikkelsen-Singer  approximation  [24],

  The total thermal  output  is defined with  thc neutron  and

  alpha  particle components  of  totaM'usion powcr, PN  and

  Pfx'

Pth =  Mn  AgPN +  11aPa  +  rlbcumPNBL  , (1)

where  M,,,fN, n., and  nh.,,. ure  the multiplication  factor

of  neutron  energy  in the blankets, the covering  fraction

of  thc b]anket for the plasma surface,  the collecting  rate

for rhe energy  of  alpha  particle, and  the  collecting  rate

for the NBI  input power, respectively,  ln this study,  fl =

O.9, nya =  O.7, and  nb... =  O.7 are  assunicd.  It is necessar>'

to design the blanket so  as  to fix the multiplication  factor

of neutron  energy  in the blankets; however, details of  the

b[ankets are  uncertain  at prcsent. Hence, the conscrvative

valuc  M,  =  1.1 is assumed  in the prescnt study in con-

sideration  of  the usc  o[' solid  brceders. Li20, Li2Ti03, or

i

Fig, 2 Calculation flow for plasma  performance  and  power
     flow  in FUSAC,

  Jj2ZrO],  with  1OO%  density ut reom  tempcrature  [25].
.  The cireu]ating  power  P.CirC is estimated  by thc Genct'o-

  muk  Model rl 11, and  the  gross clectric  power Ptr'""S is

  also  calculated  in this step.

.  Fina]]y, the nct  electric  power P:et is obtained.

Physjca] and  engineering  parameters are  defined in Ref, L211
and  Rcf. r1 11, respectively.

   This OD  mede]  for plasma property has produced satis-

t'actory resulLs  in the ITER  dcsign and  other  reactor  dcsigns,

when  one  roughly  estimates  the  operational  region  for plasma

parameterti oi' a tokamak  reactor  as  seen  in Ref. [26]. The

parameter ranges  of  the OD system  analysis are  listcd in 
rRible

1. The maxLmum  major  radius  is restricted  to 8.5 m,  sirnilar  to

that of  ITER-FDR  [27], because of  the machine  construction

cost.  The  ranges  fer uspect  ratio, plasma elongation,  plasma

triangularity, plasma temperature,  and  surface  safety  factor

were  selected  based on  experimentai  data and  past reactor

designs.

    0f  course,  the OD  model  cannot  precise[y take  scvcral

effbcts  into account,  such  as  a  realistic  heatinglcurrent drive

profile, liiie radiation  loss power localized in thc edge  region,

bootstrap current  fraction, advanced  operation  with  nega-

tive shear  and  so  on.  When  the operation  point of  a  reactor

design is sc]ected,  a  dctailed analysis  of  plasma perfbrmance
wi[1  be additionally  required  with  specialized  analysis  code

for MHD,  transport, and  current  drive propcrties. Moreovcr,

the optimization  of  a  design parameter set  is not  su{Iicient
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lable 1 The  parameter  ranges  OD  system  analysis.

Major radius  R, (m)
Aspect ratio  A

P]asma e]ongation  K

PIasma triangularity S

PIasma temperature  7L.. (keV)
Plasma  surfacc safety  factor qv

Max, magnetjc  field Bt.,, {T)
Therma] et'ficieney  n. (%)
NBI  system  eenciency  TINBi (%)

 5.5--8.5

 3.0-4.0

 1.5-2,OO.35-･O,45

 12--20

 3.0--6.013,

 16, 19

 30. 4030,

 50, 70

in this parametrc analysis.  For examp]e,  {t is necessary  te

incrcase the plasma elongation  so  as  to get the cleut' merit

of  a }ow aspect  ratio  sma]ler  than  3.0 [28]; howevet', thc

constant  elongation  in a]] aspect  ratios  in Tletblc 1 is applied

to this parametric analysis. Thereforc, the results  discussed in

the pt'esent papci' mainly  focuse on  the  conventional  tokamak

region  (3 g A S  4) in ll)ble 1.

2.3 Guidelines for reactor  technology

   The demonstration plant for the realization  ol' net  c]ectric

power  generation has to be designcd with  reasonably  fore-

seeab]e  cenditions.  In this study,  the foilowing engineering

paramctcrs arc  considered  as  references:  thermal  efficiency

of  e]cctric  conversion  n, =  30%,  NBI  system  efficieney  nNBi
=
 50%, and  magnetie  field on  TF  coils  B,,... =  16 T. These

refcrcncc  paramoters are  based on  the present development

status  and  the ITER  test blanket module  plan. The maximum

magnetic  field ol' TF  coils  B,... =  13 T  with  Nb3Al L29] and
the NBI  system  ernciency  n.,, =  30 

--
 40%  I11 are  applicable

to ITER. The tlierrna]  efficiency  of  eleetric  conversion  is as-

sumcd  to be almost  the same  as  that ofa  typical light wuter

reactor,  because the coolant  conditions  on  the  test brecdins,

blanket proposed in the ITER  program are  similar  to thosc of

a  typical light wfLter  reactor  [301.
    In addition  to  these  parameters, three  ether  cenditions

are  considered  in the present stud},, First, thc  currcnt  dris,c

power PNBt  is limited to 200  MWI  becuuse of  thc limit of

avai]ab]e  NBI  ports and  the necessity  of  having a  sma]1  cir-

culuting  powcr. In the ITER  NBI  design, the in.iection powcr
for a port is ]6.5 MW  Lt1. If an  injection power  of  33.0 M"J.

twice  the ITER  design vulue,  becomes possible, the total NBI

power of 200 M'N  requires  6 ports, which  is consiclered  the

maxinium  port number  in the  present paper. Of  eourse.  the

NBI  power should  bc as  small  as  possible, but PN}ip - 200
MW  is required  to sustain  the plasma  current  for conservatiz'e

p]asma peri'ormEnce. Sccond, a  surncient  space  of  1.4 ni

for the  b]ankets tLnd  shie[ds  is maintained,  because a  tritium

breeding ratio  larg.er than  1,O (TBR 2  1.e) has  to  be secure]v

achicvcd.  Finall}, the plasma current  ramp-up  is previdcd
with  the magnetic  flux swing  ef  the CS  coils,  Thc requircd

magnetic  fiux VC, .,p is detined as ['o]lows:

Yi,,i /iF, 
=

 (Li, + PioCEiimu Rp) IF, , (2)

where  Lp, Rp, and  fp arc,  rcspcctlvcly,  thc plasma inductance,

thc plasma major  rad{us,  and  the p]asma current  with  the

Ejitna eoetlieient  CF,,i..(= O.45) and  permeability of  vacuutp

pa, [26].
   These  engincering  censtraLnts  at'e not  absolute,  but will

depend on  the dcvelopmcnt of  cngineering  elements  and  plas-
ma  eperation  techniques  in the future. When  more  advanced

parameters are  firmly established  in the ITER  prograrn, such

advanced  parameters should,  o[' coursc.  be app]ied.  The scn-

sitivity  analysis  for these engineering  conditions  is discussed

in Sec. 3.3.
2.4 Database  for plasma  operational  points
   With extensivc  analyses  by using  the fusion power p]ant
system  anatysis  code  (FUSAC), a  database for about  1OO,OOO

eperatienal  points has been constructed  with  the conditions

mentiencd  in the previous subsection.  Those data cover  thc

plasma  parameter  ranges  Iisted in Tab]e ]. With this databusc,

investigation of  the  plasina performancc was  carried  out.

The main  elements  of  the databasc are  plasma performance

parameters (&, HH,.ftiGw), plasma configuration  parameters

(mqjor radius  Rp, aspect  ratio  A, plasina clongation K; plasma

triangularity 6), ether  plasma parameters (temperature 7la,,,,

plasma densities n., }ii. plasrna current  J., bootstrap eurrent

lb, and  so  on),  and  engineering  parameters (coil shape  and  its

location, [lux supply  with  CS  ceils  Yl.･s, net  elcctric  power
PLitr, circu]ating  powcr P,ei"C and  so  on),

    The  database  also  centains  economic  paramctcrs,  such

as  the  cost  of  eEcctricity  and  the construction  cost,  These

elements  will  be applied  to the analysis  of  the  economtc

break-even condition  in See. 4.

3. Electric Break-even Condition for Practical
   Energy  Source
3.1 The  plasma  performance  required  for net

    electric power  and  its characteristic$

   Thc normalized  beta value  <rsN), the  confinement  im-

provcmcnt factor for H-mode  scaling  (HH), and  the ratio  of

Grecnwald density limit (fnGw) are  considered  the representa-

tivc parameters t'or plasrna performance. These paramelers are

dcfined as  foliows:

fiN =  fi'"i1(ct,ii 
,)'

HH  =  TE 1 TliriSVS{]･･2] ,

fflaw = il,ftlGw  ,

(3)

(4)

(5)

"'here  Ip, ap,  B,, and  n,  are  the total plasma current,  thc

p]asma minor  radius,  the  toroidat magnetic  field on  lhe mag-

Tietic axis,  and  the averaged  eLeetren  densit>,, respcctively.  Thc
sca]ing  ]aw of ener.ory confinement  time  for H-mode  TW,:iPS(y2)

is defined as  L311
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TtSXI9S[-,･2)=O.0562I;)-')]B,O-]-Sp-O-hg

      × ft Pb41MO-10R],07s0 
5RK-.7･g

 , (6)

where  P, fiig, Rp, M,  &  and  rc are  the loss powcr  (MW),
the Iine average  density (10ig m'3)  the plasma ma.ior  radius

(m), the ruel mass  number  (amu), the inverse aspecl  ratio,

and  the plasma elongation,  respectively,  The definition of  thc

Greenwald density is t32i

                nc}w=L,1(rra//,)･  (7)

The rcquirements  for a tokamak  rcactor  to generate net  e]ec-

tric power were  investigated for thcsc plasma  pcrformancc

parameters.

    Thc plasma perfot'mance purameters fiN, HH,  and  ,fri(iw
required  for P."et =  O, 400 and  1OOO MW  arc  plettcd in Figs.

3. These  resu]ts  assume  B,,.,. =  16 T. nyNBT =  50%, ilc =  30%,

PNBT S  200 MW,  K=1.9  and  6=  O,45. Thc clcclric  break-even

{P.""t =  O MW)  condition  for normalized  beta has a  rangc  of

1.2 S fi. S 2.7 as  shown  in Fig. 3(a1). The width  of  6N plots
{'or each  net  electric  power derives mainly  from the  inajor

radius;  that is, the plots for rsts- =  1.2 and  I3N =  2.7 in the case

of  PLiCt =  O MW  correspond  to Rp =  8.5 m  and  Rp =  6.0 m,

respective[y.  For P."et -- 1OOO MW,  I3N ) 3.0 is required,

    In the prescnt papcr. thc NBI  power is restrictcd  to 200

MW.  When  this restriction  is ehanged,  the requirernent  for a
tokamuk reactor  to generate net  clectric  pewer' will  be also
changed.  The dependence ot' the PNBi restriction  on  the fiN
requircment  tbr PLiC[ =  IOOO  MW  is shown  in Fig. 3(a2). As

thc restriction  of  NBI  powcr increases from PNB] g  1OO MW

to PNBi g 300 MWI  the  Lower Iimit of  operational  rcgion  of

ISN is reduced  from 6N -･ 3.5 to l3N - 2,8. PNBi - 300 MW
may  become  practical in the futLu'e, but thc fo]]owing resu]ts

are  provided under  the  condition  ef  PNBi S  200 MW,  because

of  the  engineering  consideration  of  the NBI  port nurnber

discussed in Sec. 2.3.

    Regardlcss ef  the net  e]ectric  power P,"Cr, it shou]d  be
noted  in Fig, 3<bl) that at  [east HH  )  ().8 is required  for net

electric  power generation with  thc restriction  oi' PNBi g 200

MW,  The operational  range  ef  P.""r =  1OOO MW  apparently

shrinks in the region  ef  HH  )  1.5 in comparison  with  thal ot'

P."CL =  O, 400 MWL  because the HH  eperuting  points of  PI.i"' 
=

1000 MW  with  HH  2  1.5. which  have  a large fi, and  a sma]1

plasma current,  result  in a  ]arger bootstrap currcnt  than the

total plasma current,  Therefore, such  operating  poLnts with  a

bootstrap current  fraction greater than  one  are  excluded  in the

present paper. Whcn  an  advanced  p]asma is considered  i'or a

reactor  desig.n, e.g,  as discussed in the CREST  (1]N -- 5.0 and

,it, - O.8) [33], the applicatien  e[' the prescnt result  should  be

careful]y  made,  because thc OD  p]asrna model  used  in the

present paper canno[  precisely detLl "ith  an  ads,anced  opera-

tion with  ncgative  magnetic  shean  The operational  region  of

HH  also  depends on  the PNBi restriction,  The effect  of  the

PNm  rcstriction  on  the HH  requircd  for l]Stt =  1000  MW

is shown  in Fig. 3(b2). According  te this figure, the larger

;z
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O.81.01.21.4  1,6 1.8
  HH

2.02.22.4

    O O,5 1 1.5 2

                   fnGw

Plasma performance  required  for each  net  electric

power  l]:et =  O, 400, 1000  MW,  The upper  band edge

is for Rp =  6,O m  while  the lower band edge  is for Rp =

8.5 m,  {al) the required  fiN for each  net  electric  power,
(a2) the  dependence on  &Bi restriction  of  the  required

PN for PL7et = 1000  MW,  (bl) the  required  HH  for each

net  electric  pewer,  Cb2) the dependence of  egei restric-

tion  on  the  required  HH  for R;e` =  1000  MW,  (c) the
required  thGw  for each  net  electric  power.

the restriction  ef  PNBi, thc lower the ]imit of  the operationai

region  for HH,

   A  largeJVtc:w is required  as  P,"et becomes large as  shown

in Fig. 3(c); this tendency  is similar  to that of  fu. The electrie

break-even (PAiCr =  O) coiidition  is provided with  the fi/action

o{' Greenwald density within  the  range  of  O.3 g fhGw g  1,1.

When  PSitr =  1000 MW  is the target, at least f}tGw ) O.9 is

rcquircd,  The  restriction  ot' PNBi also  affects  the opcrational

regien  offrtGw  as  shown  in Figs, 3(a2) and  (b2), but the effect

is not  sccn  so  clear[y  forfnGw.
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The  relationship  between plasma  performance  param-
eters  required  for P,"et =  O, 400. 1000 MW.  The upper

band  edge  is for Rp =  6,O m  while  the  lower band edge
is for Rp =  8.5 m.  {a) the relationship  between  fiN and

foGw, (b) the relatienship  between  thGvv and  HH,  (c} the
relationship  between  HH  and  "N.

   The relationshLps  among  plasma performancc pat'am-
eters,  &･, HH,  asLd  .fucN, ure  shown  in Fjg. 4. ,bLs  sho",n  in

Fig, 4{a), fiN and.faGw  have to be increased  together  ln ordcr

to increase net  electric  power, However,  in Figs. 4(b) and  4(c).

clear  rela(ionshjp  does not  emerge  between HH  und  the other

parameters, such  as  6N andjuaw,  though,  it should  be noted

that there is no  operational  point in the  range  o{' HH  g O.8.

Therefore, the accomplishment  of  HH  -･ t.O is ines'ittible i'or

rea]izing  net  e]ectric  power from a fusion power p]ant, under

the condition  of  l'ts-- g  200 MW.

   Aceording to Figs. 3 and  4, increases in both rsN andfnci"

Fig.5The  effect  of  average  plasma  temperature  7L.. on  Ca}
fhGvv and  (b) liN for each  net  electric  power  Pd'e' = o,
1000  MW,  The upper  band edge  is for R, 

=
 6.e m  while

the lower band edge  is for Rp = 8.5 m,

are  inevitably required  to increasc the net  e]ectric  power, but

Ifff does neL  have this tendcncy. Conseguently,  the  net  e]ectric

power  Pl.]C' =  O MW  requires  the siniultaneous  achievement

of  1.2 g  fi. 2.7, O.8 S  HH  and  O.4 S fn.. S 1.1, under  the

enginecring  conditions  mentioned  in Scc. 2.3. It should  be

noted  that the re]atix,ely  moderate  plasJna pcrformance of  6N
=  1.8, HH  =  1,O and.fhq"-  =  O.85, which  corresponds  to the

ITER  reference  plasma performance  ibr inductive operational

scenario,  can  realize  P5iet =  O MW  and  has the potential to

obtain  PdiC` <  400 MW  with  R, S 8.5 m.  When  PSCi =
 ]OOO

MW  is the  target.  simu]tancous  aehievement  of  fits- -> 3.0, HH

)  1 .0 and,faGw  )  1.0 is rcquired,

   Thc plasma  tcmpcrature  7/.,. has an efrect on the required

plasma performance parameters, especia[ly  on  juGw as  shown

in Fi.o. 5. because the plasma density decreases when  plastna
temperature  inereases at a constant  fusion power. In };ig. 5(a),

.fnGw required  for PS"i =  O )v{W and  lOOO MW  decreases with

increasLng plasma temperature.  On  the other  hand, in Fig.

5(b), the normalized  beta value  required  for net  electric  powcr
does not  have a  clear  dependenee on  the  plasma  temperature.

As  a  resujt,  higher plasma temperature  is the key to relieying

.t'nc/w requirements  at  constant  I'usien powcr. The  upper  limit

oi' the plasma temperature  dcpends on  thc  divertor conditions

i'rorn an  engineering  point orview,  because incrcasing plasma
teinperature  resu]ts  in excessivc  hcat load on  the divertor
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Fig.6 The  dependence  of  r  on  the  required  l3N for each  net

     electric  power  Fll'er 
=

 O. 1000 MW.  The upper  band edge

     is for R, =
 6,O m  while  the lower band edge  is for Rp

     =  8.5 m.

p[atcs. A  careful  investigation of  dis,ertor conditions  is needed

to  seleet  the upper  ]imit of  the plasma temperature.  When  a

plasma Iemperature  71,,, - 20  kcV is permitted, the e]ectrie

break-ei'en condition  is casy  to achieve  with  ,thciw <  O.5, and

P:ltL 
=

 tOOO MW  is a]se  attainable  with  ,f'nGw 
-
 1 ,O, Generally,

fiN can  be reduced  by either  increasing plasma elengation  or

the toroida] magnetic  field. The effect  of  plasma elongation

on  l3N is shown  in Fig. 6. An  increase from K=  1,5 to K=  2.0

results  in rcducing  Sts by abeut  O,5 for both the PLiet =  O MW

and  PJ'ei 
=

 1OOO MW  cases.  In the system  code  used  hcrc, thc

plasma beta vtLlue  is defined  by fi =
 fiNlpf(apB,). and  a de-

crettse  in thc required  rs.N- is caused  by the increase of  plasma
current  Ip. because oi' the increase in plasnia elongation  with  tt

constant  surface  p]asma safcty  factor. When  P,"Ct =  ]OOO MW

is desired, &- 2 3.5, which  is larger than  the idcal MHD  beta
limit [23]. is required  for the rc =  1.5 casc.  On  the other  hand,

rc =  2.0 has the  potential to  obtajn PLiCt =  1000 MW  with  fiN
g 3.5. From  these results,  K)  2.0, which  has been considered

in the recent  design studies  oE' commercia]  reactors  such  as

CREST  L33] and  ARIES-M  r341, is cenfirmed  as  a  reason-

able  goal for tokamak  fusion plants. This issue has, howevei'.

a very  important  relationship  with  the enginccring  dcsign,

i.e., blankct and  shield  dcsign, control  coit  lecation, and  so

on,  bccausc of  the positional instability. Accordingly, careful

consideration  is required  when  a  plasma elongation  K  
--
 2.0 is

selected in a reactor design. It should  be noted  that the aspect

ratio  of  3 S  A S  4 is assumed  in the  present papcr, and  thc

upper  ]imitation of  Kis  general]y modcratcd  in thc rcgion  of

a low aspect  ratio.

3.2 Plasma performance  diagram on  Q  vs,  a
    (energy muttiplication  factor and  fusion

    power) space

   Jn tl]c previous subsection,  the various  conditions  for a

tokamak  reactor  to demonstrate net  electric  power are  inves-

tigated under  engineering  conditions.  When  the  first tokamak

reactor  te demonstrate net  electric  generation is designed,

these results  should  be tuken  into consideration.  At that time,

gn
z600050004000

nf 3000

?2

20001OOOo

600050004000nf30002000

Fig.7
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Q
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Plasma  performance  diagram  on  Qvs.  e  space  for (a)
R, =  8.5 m,  (b) R, =  Z5  m,  {c) R, = 6,5 m,  Each  line of

fiN, HH. and  thGw delineate the  respective  attainable

boundary,The fiiGw boundary has  two  lines for plasma
operation  temperature  h.. =  16 keV  and  20 keV.

one  of  the initial tasks wil]  be to select  the plasma major

radius  which  has a suracient  capacity  to produce the target

fusion powen  Thcrcfore, it is essential  to comprehend  the

re]ationshlp  betwcen the  requirement  of  plasma  performance
for a  given fusion power and  the major  radius.

   Figurcs 7 describe the attainubtc  region  with  severat

plasma pcrfbrmances of  rsN, HH,  and  juGw, on  e  vs.  Pf (en-
ergy  multiplication  factor and  fusion power) space  for each

rna.ior radius  Rp ol' 8.5 m,  7.5 m,  and  6.5 m.  These figures are

depictcd under  the engineering  conditions  of  PpaBi g  200  MWI

17e = 30%, rlrvBi =  50%,  and  B,... =  16 T. Each [igure consists
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ef  two  plots. One  is the  ptot for net  clectric  power P,"e[ on

e vs.  Pf; the othcr  is for plasma performance parameters
on  e  vs.  Pf. The formcr relationship  is evident  for the given
engineering  paiameters. The latter is derived in the prcvious
subsection.  Simpry speaking,  Fig. 7 comprise  supeipositiong

of  the ubove  t-･o plots, With these figures, a  bricf estimation

of  the  plasma  performance  required  tbr a  tokamak  reactor  to

generate net  elcetric  power can  be madc,  The  plasma per-

formunce lines for fiN, HH,  and  fiiGw in Fig. 7 dclineate the

attainable  boundaries of  the respeetive  plasma performancc.
For  example,  .fiiG", >  1.0 is always  nccdcd  for the domain

abeve  the line of  faGw =  1.0, but not  fbr the domain belo"'

line. It should  be noted  that the  domain bc]ew the ]ine of

faaw =  ].O, where  all thc operational  points offhc]w  g  ],O are

contained,  also  includes opcrational  points with  .faG", >- 1.0.

Similarly, the othcr  plasma parameter lines shown  in Fig. 7

delincate respec,tive attuinable  boundaries, In these figurcs,

the operational points for each  net  electric  power only  with

PNBi S 200 MVV  are  plotted for the engineering  conditions

discussed in Sec. 2.3.

    The attainable  region  with  Rp =  8.5 m  is depicted on  e
vs,  Pr space  in Fig. 7(a). This figure shows  that  a  moderate

normalized  beta value  of  LIN -- 1 .5 has the potential to achieve

PSei =  O MW  with  HH  
-
 1,O andfn..  g 1.0, When  PSCr =

 600
MW,  which  corresponds  to P, -- 3000 MW  with  n, =  30%.

is the target wit]i Rp =  8.5 m,  the  rcquired  fiN bccotnes about

&  -- 3,O. In Fig. 7, two  attainable  boundaries of.friGw  are

delineated for plasma temperatures  of  T,.,, =  g6 keV and T,.,, =

20 keV  In the c:Lse  ol' Rp =  8.5 tn, the condition  of  Greenwald

dcnsity is more  severe  than tn case  ef  sma]ler  major  radius.

Specificatly, an e]ectric  power larger than  P!i"i =  2eO  MW  can-

not  be attained  with  fnGw < 1.0 undcr  the  condition  of  7L,, g

 16 keV. Furtherinore. it should  be noted  that the construction

cost  for Rp =  8..`/ m  is relatively  high,

    Aceording io Fig. 7<b), the requircment  Ibr fu to achieve
Pgy -- O MW  wiih  Rp =  7.5 m  becomes  fairly demanding, i.e.,

 rsrw -- 2.0. This figure shows  that the  progrcss of  the ITER

 program as  pEanned at prcsent will  enable  achicving  electric

 break-even U],"et =  O MW)  with  a  major  radius  Rp 
=

 7.5 m.  In

 addition,  Fig, 7(b) shows  that it is possible to  atrain  P."tL 
--
 600

 MW  with  Pf - 3000 MW  using  flN S 3,5, which  is considered

 to be the ideal MHD  beta limit, This p]asma perfOrmance of

 llN -･ 3.5 can  be examined  with  ITER.

    In ease  of  the Rp =  6.5 m  in Fig. 7(c), the fiN requirement
 for P,"Cr =  O MW  with  R, =  6.5 is about  rsN -- 2.5, which  is

 [arger than  that d)f  the ITER  reference  parameter, When  Pf 
--

 3,OOO MW  is the target with  Rp = 6.5 m,  it is necessary  to at-

 tain I)N >  3.5, which  may  require  some  stabilizing  effects,  e.,g.

 using  a  eonducting  waN  in the blanket. However, if it is pos-
 sible,  its construction  cost  is considered  to be moderate  ancl

 the perspective l'or demonstrating its economic  per['ormancc

 is relativcly  casy  to obtain.

    According lo the comparison  of Fig. 7, fiN depends on

 the major  radius  Rp, The  dcpendence of  the rcquired  l3N on
 Rp  corresponds  to the width  or  operational  plots for &  in Fi.a.

 3(aL), On  the other  hand, the attainable  boundary of  HH  is

almost  puralle] to the rcstriction  of  PNBi, which  means  that thc

restriction  of  PNBT has a  great impact on  HH. Moreover, Fig. 7

reveal  that improvemcnt in HH  at a  constant  &  eannot  always

increase the net  e]ectric  power. It is alse found in Fig. 7 that

the,fhG", requirement  depcnds on  the  plasma temperature.  Pf

) 3,OOO MW  cannot  be attained  with  frtGw <  1.0 undcr  the

condition  of  T,.,, S 16 keV.

    Taking the above  results  into acceunt,  we  found that the

major  radius  Rp -･ 7.5 m  may  be reasonablc  fbr early  realiza-

tion of  a demonstration p]ant, as  mentioned  in Sec, 1, because
both  of  the e]ectric  brcak-even condition  (Sg -- 1.8, HH  

--
 1.0,

fnGw -･ O.9) and  PS" ̀- 600 MW  condition  (A･ -- 3.5, HH  
-

1.2, .fiiGw -- 1.0) can  likcly be investigated within  the ITER

program parameters LL]. This major  radius  is similar  to that

oi' SSTR  t61, and  it also  eorresponds  to the design point od'

Demo-CREST  [7]. Furthermore, PS'Cr 
-
 1000 MW  with  R, =

7.5 m,  under  the conditions  of  fiN -- 3.5, HH  - 1.2, and.f'nGw
-- 1.0, may  become  possible by replacing  the blankct of  n. =

30%  with  an  advanced  one  of  n, )  40g{], In other  words,  the

perspective of  economic  perfOrmance may  be examined  with

a sing]e  device of  Rp =  7.5 m.

    Of  course,  the choice  of  the  ma.jor  radius  for a  demon-

stration  reactor  depends en  the basic policy of  the  reactor

design. In the present paper, we  adopted  the conservative

engineering  conditions mentioned  in Sec. 2.3. Hence, a  dif-

ferent policy from ours  rnay  lead to a  different optimization

as  for the ma.1'or radius,

3.3 Consideration
3.3.1 About  the  reference  engineering  condi-

       tions

    The demonstration plant should  not  bc always  limited

to eonservative  cngineering  conditions,  e.g., 11. -- 30%,  TINBi

g 509b, and  B,.,. S  16 T, if one  assumes  the  developmcnt

 of  sufTicient  engineering  technologies in addition  to that of

 advanced  plasma. However, it is also  necessary  for the dem-

 onstration  plant design to select actually  foreseeable engmcer-

 ing conditions,  since  early  construction  of  a demonstration

 p]antjust after  or  during the ITER  program is being seriously

 eonsidered,  as  the fast track approach  LS]. That is why  we

 emphasize  conservative  engineering  conditions  in the present
 paper. At the same  time, it is essentia]  for attractive  fuslon

 powcr plants in the future to improve the  engineering  condi-

 tions, such  as  a  high thcrmal  eMciency  n, 2 4e%  as  proposed

 in the commercial  plant concept  of  CREST  [33]. In this sec-

 tion. the  effects  of  engincering  conditions  arc  investigated

 and  their contributions  to mitigating  the plasma performanee
 required  for net  electric  generation is discussed.

 3,3.2 The  effect  of  thermal  efficiency

    Improvement  in thermal  ecaciency  for e]ectric  power

 plants is prcferablc for achieving  net  electric  power genera-

 tion. This  issuc is applicable  not  on]y  to fusion power plants

 but a]so  to other  electric  power plants, It is easy  to show  that

 improvement in thennal  ernciency  mitigates  the p]asma  per-

 formance conditions  required  for a certain  nct  electric  power.

 In the case  of  a thermal  eMciency  n, = 40%,  the  attainttbLe

 boundaries  of  each  plasma performance on  Q vs. Pf space
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 are  de]ineated in Fig. 8, under  the same  conditions  as  in Fig,

 7(b). The attainabie  boundaries of  rs.,- and  HH  in Fig. 8 are

 almost  the same  as  those in Fis,. 7(b). In comparison  with  Fig.

 7(b), the ptots of  each  net  electric  power for n. =  40%  can  be

 rea]ized  with  a smaller  fusion power than that for n. =  30%.

 Basically, the difference between Fig, g and  Fig. 7(b) lies in

 the  p]ots of  each  net  ctectric  power.

    The electric  break-even (PtiC[ =  O MW)  condition  for n,
 =  40%  is attainab]e  with  A, -- ].5 and  HH  -- 1.0, which  is less

 demanding than that planned t'or the ITER  operation scenurio,

 Therefore, when  n. =  40%  is achieved,  it wil]  become pos-

 sib]e  to design a demonstration p]ant with  a  major  radius  Rp g

 7.5 m.  On  the other  hand, the nct  electric  power of  P,"Ct -- 900

 MW  with  n, =  40%,  which  corresponds  to a fusion power Pf

 
=  3000 MW  wnh  e  =  35, js attainable  with  X3N -- 3.5 and  HH

 
--
 1,2. In comparison  with  the case  of  n. =  30%  of  Fig, 7(b),

thc net  electric  power increases from 600 MW  to 900 MW.
This implies that the first demonstration plant with  Rp =  7.5
m  and  n. =  30%  holds the promise of  potentially generating a
net  electric  power of  P."Ct =  900 MW  with  6N S 3.5 and  HH  {

 1 .2 by  replacing  the blanket. Such upgrading  capability  is one
of  the merits  of fusion reactors  and  should  be noted  when  the

development strategy  of  fusion energy  is discussed.
3.3.3 The  effect  of  NBI $ystem  efficiency

    It is also  important for a  t'usion reactor  to improve the
NBI  systern  efficiency  for small eirculating  power, At present,
the NBI  system  eflicicncy  of  nts-6i =  30  -- 40%  is supposed  to

be achievable, if the ITER  prograin is implemented as  planned
[1]. The  attainab]e  boundaries of each  ptasma performance
with  the same  conditions  as  in Fig. 7(b), exccpt  nNBi =  30%,

at'e shown  on  2 vs.  Pf space  in Fig, 9, The attainable  bound-

ary  of  each  plasma performancc is roughly  similar  to that in
Fig. 7(b). The operatjonal  plots of  eaeh  nct  electric  powcr

for a high Q value  near  e - 50 in Fig. 9 ure  almost  the same

as those in Fig. 7(b). On  the other  hand, as  the e  value

decreases, the  required  fusjon power for each  nct  electric

power increases  more  than that of  the nNBi =  50%  case  in

Fig, 7(b), whieh  resu]ts  jn an  increase ot' the &  requiTed  for
each  net  electric power.  The electric  break-even condition  can

not  be attained  with  &  <  2.0, as  described in Fig. 9. In other
words,  improvement  in nNBT to mitigate  the &  required  for

net  elcctric  power is more  important  for a  low-e reactor  than

for a  high Q reactor.  Thcrcfore, a  high-efficiency NBI  system

should  be developed for construction  of  a  demonstration plant
with  a  smarl  9, Of  course,  thc NBI  system  eenciency  nNBi has

an  efft}ct on  the construction  cost  of  a fusion power plant, and
improvement in NBI  system  ecaciency  is a]so  important fbr a

eommercial  reactor with  a  high Q  va[ue.

3.3.4 Selection of high  magnetic  field
    Selection of  a  high magnetic  fietd in reactor  design is

one  of  the reasonable  ways  te  improve  economic  performance
as  seen  in the design concept  of  A-SSTR2  [351. The eflk)ct ot'

increasing Btm,. from ]3 T to 19 T on  the normalized  beta

va]uc  I3N for respective  PEiCr is shown  in Fig. 1O. In the case
of  B[ma. =  13 T, the operational  region  of  PLiCt =  O MW  for &
S  1.8, which  corresponds  to the ITER  reference  parameter, is
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The  effect  of  a... on  the  required  I]N for each  net

electric  power  l]:et =  O, 400, and  1,OOO MW,  The  up-

per band  edge  is for Rp =  6.0 m  while  the lower  band
edge  is for Rp = 8.5 m.

narrow.  Altogcther, a  reactot'  ciesign with  Bt.,,. =  13 T  and  IiN
--
 1.8 requires  a  relative]y  ]argc major  radius  Rp )  8.0 m  for

nct  clectric  power; such  a 1arge reactor  size  seems  unattractive

in terrns ot' its economic  performance as  ttn electric  power
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plant. In additioiT,  the  operational  region  oi' P."Ci =  1OOO  M"'

is not  achievable  under  the conditien  of' the ideal MHD  bcta

limit, 6N- S 3.5,

   With the inercase ef  B,.,.. from 13 T  to 19 T, thc mini-

mum  va]ue  for PIN is reduced  by about  1,O. While the opera-

tional regions  for P.""t =  O, 400, and  1OOO MW  shrink  in the

part of large &. In the present study, a bucking cylinder

and  CS  coils  are  located within  the central  torus  region  and

an  additional  torus space  of  l.4 m  is kept to accommodatc

blanket and  shie[d  installation. The  reasen  for the shrinking                                             L
operational  region  in the case  of  B,.,. =  19 T is that magnetic
stress  on  TF, CS. and  the bucking cylinder  becomes too large

to ensure  the to/'us space  fOr thcsc structures  with  a  major

radius  Rp g  7.5. Consequently, the  operation  region  t'or each

PSCL for B,.,. =  19 T becomes  nan'ow  in eomparison  with

thc casc  of  Bi.,, =  13 T. Therefore, the seleetion  of  a  high

magnetic  field requires  a  sophisticated  radial  build adopting

advanced  technictues in the central  torus region.  For exarnple,

if the technique  of  current  ramp-up  without  CS  eoi]s,  which

was  recently  invc/stigated in JT-60U r36], is firmly estab]ished
in the  ITER  program, a reactor  with  high magnetic  field such

as  B,... -- 20 T  rnay  become  a practical candidate  fOr a  dem-

onstration  plant and  a  commercial  plant,
3.3.5 The  condition  of  btanket design

    The averagcd  ncutron  wall  loads P,a,)'e for PSr ̀ =  O, 400,

and  1000 MW  are  shown  in Fig. 11. This figure is under

the same  conditions as in Figs. 3. The width  of  each  P,"er is

mainly  cuused  b), the plasma major  radius,  The minimum  plot
of  Pa')'e in each  PIe ̀ correspends  to the plasma majur  radius oi'

Rp - 8.S m.  Siinilarly, the maximum  values  correspond  to Rp

--
 6.0 m,  This figure implies requirements  for the inaterials  of

the first wal]  and  the tritium breeding ratio  (TBR). When  Pf --

3,OOO MW  is the target,  material  for the first wall  sustaining

an  ayerage  neutron  wall  load 1 ,O MW/m2  S  Pt')'e S 3.5 MW/m!'

is required.  TBR  > 1.0, which  has to be surely  demonstrated

in the demonstration plant after  ITER, is essentiai  for a  fusion

power plant. This figure also  implies the design condition  of

the neutron  wal]  load for the breeding blankct for cach  nct

electric  pewet' level.

    According to this figure, when  a demonstration plant
with  Pf =  3000 MW  and  R, =  7.5 m  preposed in Sec. 2.3 are
                                 i

the target, Pa)e should  be about  2.0 MWIm'.  This PV'Vt 
-

 2,0

MW/m!  is not  as severe  as  P,",)e -- 4.5 MW/m2  seen in CREST

L33], both for the materials  of  the first wall  and  for TBR.

4, Economic  Break-even  Condition  as  a  Nec-

   essary  Condition
4.1 Economic  analysis  model  for fusion

    power  plant
   In the present study,  the costs  of  all elemental  des,ices

in a  fusion plant are  calculated  by multip]ying  a unit  cost  per
weight  constant.  This calcu]ation  method  is widely  admitted

and  used  in cos:/ studies.  It is considered  that the cost  will

depend largely on  the volume  or  weight  of  components  at the

time  when  the ]'equired  processing techniques  for buildin.o

fusion componer/.ts  have matured.  Costs of  all the other  equip-

;z600050004000

nf 300020001OOOoo123P:ve4567[MWIm2]

Fig. 11 RZYe and  R for each  net  electric  power  FVet under  the

      same  conditions  as  in Figs. 3. The upper  band edge

      is for Rp =  6.0 m  while  the lower band edge  is for Rp
      =  8,5 m,

ment  are  calculated  by nonlinear  scaling  to a  standard  cost

value  either  by volurne  or  by power. The  COE  is calculated

from the fo11owing equation  [12,37]:

       Car +  Com +  Csrc +  Cfuei
COE  =

                         +  Chis+ Cbec'
P, 8760.4vc

(8)

Thc annual  capital  cost  C,, is ca]culated  by multiplying  the

direct cost  and  factors such  as an indirect cost multiplier, a

capitalization factor, and  a  fixed charge  rate, The  annual  main-

tenance  cost  C.,. is calculated  as  a  fraction of  the value  of

the direct capical  cost.  The annual  fue] cost  Cf.,i is calcu]ated

as  a  value  proportional to thc plant ttvailability.  Cdi, and  Cd.,

represent  the cost  of  disposal and  the cost  of  decommission,

respectively.

   This cost  analysis  model  is installed into the system

analysis  code  FUSAC,  and  economic  performance parameters

(COE, construction  cost,  and  so  on),  are  also  calculated  in the

database mentioned  in subsection  2.4. This database is also

applied  to the analysis  of  the cconemic  break-even condi-

tion.4.2

 Economic  break-even condition  in a

    world  energy  scenario

   The typieal value  of the economic  break-even condi-

tion is considered  as  the break-even price for introduction of

fusion energy  into the  long-terrn world  energy  seenario,  as

introduced in See. 1. Considering future uncertainties,  e.g,

energy  demand scenarios  and  capacity  utilization  ratio  of

options  in energylenvironment  technologies, some  of  authors

have advanced  an  analysis  for the break-even price of  fuslon

cnergy  using  a long-term world  energy  and  enyironmental

inodel  (this model  is used  for IPCC  post SRES  activity [18]),
and  estimate  that the break-even price of  the  fusion energy

for introduction in the year 2050 under  the constraint  of  550

ppm  C02  concentration  (twice the level during the Indus-

trial Revolution) is in the rangc  from 65 rnilllkWh  to 135

milVkWh  as  shown  in Fig. 12 [17]. If the cost  of  electricity
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ppmv  C02-concentration constraint.  A  break-even
price of  65 milVkWh  is assumed  for the nuclear  fu-
sion  [17].

(COE) fOr fusion energy  can  achieve  the ]owest break-even

price of  this range,  i.e. 65 milllkWh  in 2050, as  a result  of

smooth  introduction of  the fusion energy,  a  20%  share  of  al]

produced c]ectricity  in 2100 can  be expected  to be supplied  by

fusion energy,  as shown  in Fig. 13. This  range  of thc break-

even  priee is estimated  undcr  p]ant availability  of  60%  for

the first fusien power plant. This availability  is ]o", because

uncxpccted  outages  of  operation  ean  be expected  for the first

fusion power plant. Of course,  annua]  cost reduction  of  COE
for 25 years after  the first introduction is assumcd  bccause of

improving p[ant availabiEity,  operation  cost  and  so  on.

    Electricity by fusion energy  in 21eO  decreases with

delay of the introduction year, For example,  push{ng back the

introduction of  fusion energy  to 2070 will  result  in its having

only  about  4%  share  in 2IOO, The  earJier  the introciuction

of  fusion energy,  the  more  important the  role  in thc long-

term  world  energy  scenario  that fusion cnergy  will  play in

21OO. The eoncentratien  of  C02  in thc atmosphere  has been

recognizcd  as  a critical  environmcntal  issue to date, and  C02

emission  has to be decreased by the year 2050, so  as  to keep

the C02  levcl at 550 ppm  (Iess than  twice  its level during the

Industrial Revo]ution)  by  the year 2100  [18]. Fusion  cncrLo.y

has the potential to reduce  C02  emissions  [38], and  when

its introduction in 2050 is realized,  fusion energy  can  also

eontribute te keeping the C02 lei,e] in 2100 at 550 ppm  or

below. The key point for maximizing  the ro]e  ot' fusion ener.g)'

is how  early  fusion energy  will  bc ready  for e]ectric po"'er
generation at a COE  lower than the break-even price. Delayed

intreduction at a ]ower cost  is not  effeet.ive  for tnaximizing  the                                          -

role  of  fusion cnergy.  Hence, early  demonstration of  c]cctric

power generation  en  a  plant scale  is also  important. That is

why  we  chose  the year 205e as  the target ycar tbr introducing

fusion ener.oy  into the energy  market.

4.3 Ptasma  performance  required  to achieve

    the  economic  break-even condition
   The  database  constructed  by FUSAC  is alse  applied  to

this parametric ana]ysis  to c]arify  the plasma performance
required  to achieve  a  2050 break-even price in the range  of  65
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14 (a) Normalized beta value  6N vs.  COE  for 16T  with

   the  break-even  price of  fusion energy,  The  broken
   iine shows  the  extension  without  CS  coils  CCS-less),
   (b) Confinement  improvement  factor HH  vs,  COE  for

   16T  with  the  break-even  price of  the  fusion  energy,

mi11/kWh  to ]35 mi]]lkWh,  The  result. of  the economic  break-

even  condition  for a  tokamak  fusion power plant with  Btinax =

16 T, P3iet =  1OOO MW  and  plant availability  ef  60%  is shown

in Fig. 14. Each operational  space  in Fig. 14 is cotnposed
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of  the plets for possible operation  points. Those operational

points are  calculated  under  the same  conditions  as  in the

previous section  except:  (1) thermal  eenciency  n, =  40%; and

(2) the feasibility of  a  simplified  radia]  build without  CS  coi]s

(for which  full non-inductivc  currcnt  ramp  up  is required).  In

the prcscnt study,  when  thcrc is not  sufficient  space  to loeate
the CS  coils  with  the saine  B,.,. and  coil  cun'ent  density Jtfe as

the TF  coil,  the rtt/dial build is designed without  CS  coils.

   Note  that to  achieve  the  most  severe  case  ef  the  break-

even  price 6S inilVkWh,  BN >  5.0 with  smal]er  major  radius

Rp <  6.0 m  is required.  As  shown  in Fig. 14, a  simplified

radiaj  build without  a  CS ceit  (CS-less region)  is required

to attain  the lower boundary ol' COE  with  5.5 m  <  Rp <  6,5
m.  This is because the  current  densities of  TF  and  CS  coils

are  not  large enoagh  to make  surncient  space  for a  CS  coil

in the  central  torus  region.  In this result,  the  overall  current

                              ,

density of  the TF  coil  is J,f, -- 1O MAImL,  which  is almost  the

same  as  in the ITER  design r271. 0n  the other  hand, fiN more

than 2,5 has the potential to achieve  the upper  region  of  the

break-even price (- t35 milYkWh)  in thc  long-term world

energy  scenario,  while  this S" is not  surncient  to guarantee

the ecenomic  break-eyen condition. This 6N yalue is supposed

to be attainable  by the ITER  advanced  plasma performance
aiming  at steady-state  operation  Lll, which  implies that the

completion  of  ITER  advanced  plasma with  fiN - 3.(} may  lead

to the possibjlity of  introducing the fusion encrgy  in the world

cnergy  scenarlo.

    Figure 14(b) shows  thc HH  rcgion  rcquii'ed  to achieve

the  break-even pi ice. Thc highcr thc HH,  the lowcr the COE

because high HH  reduces  the cost  i'or the current  drive sys-

tem.  Howevev, ip eontrast with  IiN, the required  HH  region

is almost  the  same  through  thc range  of  5.5 m  <  R], <  8,5 m.

The  niost  irriport/int suggestion  in this tigure is that thcrc is

no  path with  HH  <  O.9 to introductjon or the tokamak  fusion

reactor  inte the ]eng-terin world  energy  scenario.  The .thGw
required  to achieve  the break-even price (net shown)  has no

clear  dependence on  COE,  This is main]y  becausc both the

required  density and  the density are  decreased as  the major

radius  increases under  the condition  of  almost  the surne  fusion

power  Pi .

    Figure 15 shows  the dependence of  B,,..., on  COE  in casc

of  5.S m  <  Rp <  6,5 m.  These  data reveal  that an  incrcase of

Bt,.,. is very  effective  for a decrease of  the required  &  under

the condition  oJ' inc]uding a  CS-less radial  build. On  the other

hand, increasing B,.,, increases the lowest ]imit ol' COE  under

the condition  of  the same  critical  current  densjty: Due  to the

increase of the coil volume  or device sizc, the lower ljmit of

the COE  range  oi' 19 T increases up  to 90 mil]tkWh.  

rfo
 get

the rnerit  ot' a  high magnetic  field, the current  density of  the

superconducting  coils  also  has to be improved. When  TF  eoil

current  density of  about  20 MAIm2  is feasible at the same

cost  as  a  10 MAIm2  coil,  the merit  of  the  high magnetic  field

is clearly  obtainc･d;  that is, the decrease of  required  6ts/ with

the same  COE  as  13 T  is possible, as  shown  in Fig. 15. For

examp]c,  use  of  ;L high-temperature supcr  conductor  at  a  lo"'

temperature  is etfective  ut increasing the  current  density ef

?sg:-v180160140
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Fig, 15 Dependence  of  B,.,. on  COE  for 5.5 m  S  Rp S  6.5

      m  and  .4f,  - 10 MWtm2  of  TF  and  CS  coils.  The  COE

      region  for 19T  with  4f, -- 20  MWtm2  is also  shown,

      The  CREST  design  point is located  in the lower  11mit

      of  the  13T  case.

TF  coils,  When  advanced  plasma  wi{h  I]pt -- 5.0 is possible,
a  super  conductor  of  13 T  is almost  suf{icient  to achicve

the Iower regjon  of  the break-even price (6S milllkWh).  The

dcsign for the commercia[  p]ant CREST  L331, where  R, 
=
 5.4

M,  ile =  4l%,  BL... =  13 T, is near  the break-even price of  65

mill/kWh.

5. Summary
   Forthcoming break-even conditions  of  tokamak  plasma

performancc in fusion cnergy  dcvelopment are  analyzed.  In

this  analysis,  an  aspect  ratio  of  3.0 S A S 4.0 (i.e., the con-

ventional  tokamak  eonfiguration)  is uscd.  We  consider  2050

the target year  for introducing fusion energy,  and  we  clarify

the  following conditions:  (1) the  electric  break-even condition

required  for fusion energy  to be recognized  as a suitable  can-

didate i'or an  a]teunative  energ.y  source,  and  (2) the economic

break-even condition  required  ibr fusion energy  to be selected

as  an  u]ternative  energy  souree  in the world  energy  scena}'io.

Thc e]cctrie  break-even condition  requires  the  simultaneous

achievement  ol' 1.2 <  llN < 2.7. 0.8 <  HH,  and  O.3 <.thG", <

1.1 under  the  condition  of  B,.,. =  16 T, n. =  30%, and  Pli-Bi

<  200 MW.  It shou!d  be noted  that the relatively  moderatc

conditions  of  &  -･ 1,8, HH  -･ 1.0. and  .thG-, -- O,9, which

correspond  to the ITER  reference  operation  parameters, have

a  strong  potentia] to achieye  the elcctri ¢ break-even condi-

tion. The economic  brcak-eyen condition  requircs  tiN - 5.0

for the ]ower  break-even price {65 mill/kWh}  case  under  the

eonditions  of  B,.. =  16 T, n. =  40%,  plant availabMty  609b,

and  feasibiHty of  a  simplified  radial  build without  a  CS  eoil.

The demonstration of  steady-state  operatien  with  1]N -- 3.0 in
the ITER  project leads to achievement  of  the upper  region  of

break-even  price in the world  ener.oy  scenario.  This implies

that  it is necessary  to improve the  plasmu perlbrmance beyond

thc ITER  advanced  plasma operation  in order  to achieve  the

lower break-even price, This &  requirement  will  be somewhat

mitigated  with  higher B,.,,; however, the  current  densities of

915



The Japan Society of Plasma Science and Nuclear Fusion Research

NII-Electronic Library Service

The  JapanSociety  ofPlasma  Science  and  Nuclear  Fusion  Research

Journal el' l']asi'nu tmd  Fusion Resvurc'/X'oL81, No.11pt'ovembcr2005

TF  and  CS  coi[s  have  to be simultaneously  improved to obtain

the clear  merit  of  a  higher magnetic  field,
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