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GENE ROMAK 
FUSION PHYSICS, ENGINEERING AND COSTING MODEL 

J .  G. Delene 
R. A. Krakowski 

J. S h e f f i e l d  
R. A. Dory 

ABSTRACT 

A g e n e r i c  f u s i o n  p h y s i c s ,  e n g i n e e r i n g  and economics 
model (Generomak) w a s  deve loped  as  a means of per forming  
c o n s i s t e n t  a n a l y s i s  of  t h e  economic v i a b i l i t y  of a l t e r n a t i v e  
magnet ic  f u s i o n  r e a c t o r s .  The o r i g i n a l  Generomak model 
developed a t  Oak Ridge by S h e f f i e l d  was expanded f o r  t h e  
a n a l y s e s  of  t h e  S e n i o r  Committee on Envi ronmenta l  S a f e t y  and  
Economics of  Magnetic Fusion Energy (ESECOM). This  r e p o r t  
d e s c r i b e s  t h e  Generomak code as used  by ESECOM. The i n p u t  
d a t a  used  f o r  e a c h  of t h e  t e n  ESECOM f u s i o n  p l a n t s  and t h e  
Generomak code o u t p u t  f o r  each  case i s  given.  

1. I N T R O D U C T I O N  

The u l t i m a t e  v i a b i l i t y  of any f u s i o n  power o p t i o n  w i l l  depend t o  a 

large e x t e n t  on i t s  economics r e l a t i v e  t o  o t h e r  f u s i o n  power systems and  

t o  a l l  a v a i l a b l e  e l e c t r i c  power producing o p t i o n s  i n  g e n e r a l .  It i s  i m -  

p o r t a n t  i n  a n a l y s e s  t h a t  t h e  methods used  i n  e v a l u a t i n g  a l l  concep t s  b e  

c o n s i s t e n t  and shou ld  n o t  p r e j u d i c e  t h e  r e s u l t s .  This should  i n c l u d e  

b o t h  t h e  economic e v a l u a t i o n  models and t h e  c a l c u l a t i o n a l  model f o r  t h e  

f u s i o n  system. These economic models shou ld  r e f l e c t  accep ted  eng inee r -  

i n g  economlc t r e a t m e n t s  and  u t i l i t y  procedures .  

A g e n e r i c  f u s i o n  p h y s i c s ,  e n g i n e e r i n g  and c o s t i n g  model (Generomak) 

was developed by S h e f f i e l d  and  Dory as t h e  a n a l y s i s  t o o l  i n  t h e  "Cost 

Assessment of a Generic  Magnetic Fusion This  model was 

adopted by t h e  S e n i o r  Committee on Environmental ,  S a f e t y  and Economic 

Aspects  of  Magnetic Fus ion  Energy (ESECOi?l)3 as a s t a r t i n g  p o i n t  f o r  t h e  

f u s i o n  phys ics leconomic  c h a r a c t e r i z a t i o n  models u sed  i n  t h e i r  s tudy .  

During t h e  c o u r s e  o f  t h e  ESECOM a n a l y s e s  r e f i n e m e n t s  were made t o  t h e  

o r i g i n a l  Generomak p rocedures  r e p o r t e d  by Shef f  i e ld .  s 2  These 
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r e f inemen t s  were p r i n c i p a l l y  i n  t h e  areas of c o s t i n g  and economic 

methodology. ESECOM a l s o  had t o  d e a l  with 10 d i f f e r e n t  F u s i o n  t y p e /  

b l a n k e t  concep t s  which were i n t e g r a t e d  i n t o  t h e  o v e r a l l  model. 

This  r e p o r t  d e s c r i b e s  the Ceneromak code  as used i n  Lhe ESECOM an- 

a l y s e s .  Although t h e  model i s  approximate  and  s h o u l d  n o t  be  rised f o r  

d e t a i l e d  f u s i o n  r e a c t o r  d e s i g n  c a l c u l a t i o n s  i t  p rov ides  a s e l f - c o n s i s -  

t e n t ,  q u a n t i t a t i v e  in t e rcompar i son  between a l t e r n a t i v e s  and c a n  p r o v i d e  

a sense of t h e  d i r e c t i o n  of  t h e  c o s t  impacts  of a l t e r n a t e  a c t i o n s .  The 

r e f e r e n c e  f u s i o n  power p l a n t  model i s  f o r  a vanadium s t r u c t u r e ,  lithium 

c o o l a n t / b r e e d e r  b l a n k e t  (V-Li/TOK). The p h y s i c s / e n g i n e e r i n g  model aiid 

economics modeling w i l l  be  d e s c r i b e d  i n  d e t a i l  f o r  t h i s  des ign .  The 

o t h e r  d e s i g n s  as d e s c r i b e d  i n  T a b l e  1.1 w i l l  be d i s c u s s e d  as t h e y  d e p a r t  

f rom t h e  r e fe rence .  The models  a re  c1 produc t  of t h e  d e l i b e r a c i o n s  of 

'Table  1.1. F u s i o n  p l a n t  m o d e l s  

V-Li/TBK - 

RAF-He/TOK - 

RAF-LiPb/RFP - 

V - L i  /RFP - 

Sic-He/TOK - 

V-FLiRe/TOK - 
V-MHD/TOK - 

V-DHe3/TOK - 

RAF-Li/HYB - 

S S -He /HYB - 

A " p o i n t  of d e p a r t u r e "  f u s i o n  r e a c t o r  i n  t h e  tokamak  
c o n f i g u r a t i o n ,  w i t h  v a n a d i u m  s t r u c t u r e  a n d  l i q u i d  
l i t h i u m  ( L i )  a s  t h e  c o o l a n t / b r o e d e r .  

A h e l i u m - c o o l e d  v a r i a n t  of  t h e  " p o i n t  of d e p a r t u r e "  
t o k a m a k ,  w i t h  r e d u c e d  a c t i v a t i o n  f e r r i t i c - s t e e l  (RAF)  
s t r u c t u r e  and L i 2 0  s o l i d  b r e e d e r .  

A h i g h - p o w e r - d e n s i t y ,  r e v e r s e - f  i e l d  p i n c h  (RFP) w i t h  
RAF s t r u c t u r e ,  s e l f - c o o l e d  l i t h i u m - l e a d  b r e e d e r ,  a n d  
w a t e r - c o o l e d  f i r s t  wall  a n d  l imi te r .  

A n o t h e r  h i g h - p o w e r - d e n s i t y  KFP w i t h  a V / L i . / L i  b l a n k e t  
m i n i m a l l y  m o d i f i e d  f r o m  t h a t  of t h e  " p o i n t  of d e p a r -  
t u r e "  tokamak .  

A " l o w - a c t i v a t - f . o n "  tokamak  w i t h  s i l i c o n  c a r b i d e  ( S i c )  
s t r u c t u r e ,  h e l i u m  c o o l a n t ,  and  L i p 0  b r e e d e r .  

A ''pool'' t y p e  tokamak  with v a n a d i u m  s t r u c t u r e  a n d  
m o l t e n - - s a l t  (FLFBe) c o o l a n t / b r e e d e r .  

An a d v a n c e d - c o n v e r s i o n  v a r i a n t  of  t h e  p o i - n t - o f  - d e p a r -  
tiire tokamak  wi.th s y n c h r o t r o n - r a d i a t i o n  e n h a n c e d  mag- 
n e t o h y d r o d y n a m i c  (MIID) c o n v e r s i o n .  

An s d v a n c . e d - f u e l  f u s i o n  r e a c t o r  based on t h e  D-He3 f u e l  
c y c l e  w i t h  d i r e c t  c o n v e r s i o n  of  m i c r o w a v e  s y n c h r o t r o n  
r a d i a t i o n .  

A " b a s e l i n e "  f u s i o n - f  i s s i o n  h y b r i d  tokamak  w i t h  RAF 
s t r u c t u r e ,  l i t h i u m  c o o l a n t ,  b e r y l l i u m  n e u t r o n  m i i l t i p l i -  
c a t i o n ,  a n d  t h o r i u m  m e t a l  a s  t h e  f e r t i l e  m a t e r i a l .  

An " a d v a n c e d  t e c h n o l o g y ' '  h y b r i d  tokamak  w i t h  s t a i n l e s s -  
s t ee?  s t r u c t u r e  , h e l i u m  c o o l a n t ,  a n d  mo 1 t en-sal t 
b l a n k e t  (70LIF-12BeF2-18ThF2 1. 
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t h e  ESECOM as a whole w i t h  s p e c i f i c  c o n t r i b u t i o n s  on 

of B. Grant  Logan, (LLNL) V-MHD/TOK and V-DHe3/TOK; 

t h e  v a r i o u s  models 

Kenneth R. S c h u l t z  

(G. A. Technologies ,  Inc.  ), RAF-He/TOK, Sic-He/TOK and V-FLiBe/TOK; 

David H. Berwald (Grumman Aerospace Corp.) ,  RAP-Li/HYB and SS-He/HYB; 

and Robert  A. Krakowski (LANL) , RAF-LiPb/RFP and V-Li/RFP, Krakowski, 

S h e f f i e l d  and Dory c o n t r i b u t e d  t o  t he  plasma p h y s i c s  and e n g i n e e r i n g  

p o r t i o n s  of  t h e  a n a l y s i s  procedures .  Delene c o n t r i b u t e d  t o  t h e  economic 

methods and a n a l y s i s  p rocedures ,  and modi f ied  and  ex tended  t h e  Generomk 

code i n t o  i t s  p r e s e n t  s t a t e .  

S e c t i o n  2 c o n t a i n s  a d e s c r i p t i o n  of t h e  F u s i o n  Phys ic s  and Engi- 

n e e r i n g  models. Sec t ion  3 d e s c r i b e s  t h e  economic methodology and c o s t -  

i n g  models. S e c t i o n  4 d i s c u s s e s  t h e  b a s i c  d a t a  f o r  t h e  10 ESECOM 

models,  and Sect. 5 d e s c r i b e s  t h e  o p e r a t i o n  of t h e  Generomak code. The 

computer o u t p u t  f o r  e a c h  of t h e  10 ESECOM cases i s  g i v e n  i n  t h e  Appendix 

of t h e  r e p o r t .  A d d i t i o n a l  r e s u l t s  may be  found i n  t h e  ESECOM r e p o r t 3  

and i n  a pape r  on  t h e  c o n n e c t i o n s  between p h y s i c s  and  economics f o r  t h e  

r e f e r e n c e  V-Li /TOK r e a c t o r . 4  
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2. FUSION POWER PLANT MODEL 

The Generomak model i s  f o r  a s t e a d y - s t a t e  r e a c t o r  w i t h  deuter ium- 

tritium (D-T) f u e l  and  i n c l u d e s  t h e  conponents  common t o  e s s e n t i a l l y  a l l  

k inds  of magnet ic-fusion r e a c t o r s .  Although t h e  model i s  approximate 

and should  n o t  be  used  f o r  d e t a i l e d  d e s i g n  c a l c u l a t i o n s ,  i t  p r o v i d e s  a 

s e l f - c o n s i s t e n t ,  q u a n t i t a t i v e  comparison between a l t e r n a t € v e s  and can  

convey i n f o r m a t i o n  a b o u t  t h e  d i r e c t i o n  and  approximate  magnitudes of t h e  

impacts  of a l t e r n a t l v e  d e s i g n  cho ices .  

2.1 Ease Case Model 

The b a s e l i n e  Generomak r e a c t o r  model r e p r e s e n t s  a n  e x t r a p o l a t i o n  of 

p r e s e n t  phys i c s  and technology i n s o f a r  as h i g h  b e t a  (10%) and improved 

c o i l  technology a r e  assumed. The model i t s e l f ,  h m e v e r ,  c a n  be  u s e d  t o  

i n v e s t i g a t e  a l t e r n a t i v e ,  more near- term assumptions.  

B a s i c a l l y  t h e  p h y s i c s  c a l c u l a t i o n  i n v o l v e s  a n  i t e r a t i o n  on t h e  

t o r o i d a l  f i e l d  and plasma r a d i u s  f o r  f i x e d  i n p u t  v a l u e s  of power l e v e l ,  

t o t a l  plasma 8 ,  plasma aspec t  r a t i o ,  e l o n g a t i o n  of t h e  t o r o i d a l  c r o s s  

s e c t i o n  and maximum f i e l d  i n  t h e  c o i l .  Plasma volume, n e u t r o n  w a l l  

l oad ing ,  and plasma c u r r e n t  a re  t h e n  c a l c u l a t e d  u s i n g  t h e  converged 

v a l u e s  of plasma r a d i u s  and  t o r o i d a l  f i e l d  r e q u i r e d  t o  g i v e  a s p e c i f i e d  

n e t - e l e c t r i c  power o u t p u t .  

A d e t a i l e d  d e s c r i p t i o n  of t h e  Generomak model c a n  be  found else- 

where ,% w i t h  the e s s e n t i a l  phys i c s  and e n g i n e e r i n g  parameters  € o r  t h e  

b a s e  case l i s t e d  i n  T a b l e s  2.1 and 2.2. A f u r t h e r  d i s c u s s i o n  of t h e  

Generomak procedures  and r e s u l t s  o f  s e n s i t i v i t y  c a l c u l a t i o n s  can be  

found i n  Refs. 3 and 4 .  A schemat i c  drawing of  t h e  r a d i a l  b u i l d  of t h e  

f u s i o n  power co re  (FPC) ( i . e . ,  plasma chamber, f i r s t  w a l l ,  b l a n k e t ,  

s h i e l d ,  c o i l s ,  and s t r u c t u r e )  i s  g i v e n  i n  Fig.  2.1. The e l l i p t i c a l  

plasma of e l o n g a t i o n  K = b /a  i s  assumed t o  o p e r a t e  a t  t h e  ba l loon ing-  

mode s t a b i l i t y  l i m i t s  g i v e n  by t h e  Lausanna group5 and expres sed  a s  f o l -  

lows i n  terms o f  t o t a l  b e t a ,  8 ,  plasma c u r r e n t ,  I minor r a d i u s ,  a ,  and 

t o r o i d a l  f i e l d  a t  t h e  plasma, B 
4 '  

4 '  
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Tab le  2 .1 .  Generomak plasma pa rame te r s  
f o r  Tokamak b a s e c a s e  

Aspect r a t i o ,  A - R T / a  = 1/c  

Elongat ion ,  K = b/a 

S a f e t y  f a c t o r ,  q 

T o t a l  b e t a ,  8 = 0.04 I /a B 

Plasma i o n  tempera ture ,  Ti (keV) 

Ion e l e c t r o n  b e t a  r a t i o ,  

I m p u r i t y  ( a l p  ha-pa r t  i c l e )  / (e l e  c t  ron) b e t a  r a t  i o  

Plasma s t a n d o f f ,  % / a  

Current -dr ive  e f f i c i e n c y  ,' I$/P,d (AD) 

J, 

$ 4  

'ei'i 

Plasma c u r r e n t ,  I$ (MA)  

4.0 

2.5 

2.3 

0.1 

10 

1 .o 
0.2 

1.1 

0.2 

2.75 B$a€ (1  + K * )  

qJ, ( 1  - E2)2 

0.8 F r a c t i o n  of a l p h a - p a r t i c l e  power t o  l imi te r  

'Although t h e  main approach  used t h i s  e f f i c i e n c y ,  subsequent  
s t u d i e s 3 ,  
cu r ren t -d r lve  e f f i c i e n c y  , y = T~,I,RT/PcD . on t h e  Li -V/TOK examined t h e  impact  of  f i x i n g  a "normalized" 

ORNI.--DWG 88-4368 ET0 

I 
I-- 

Fig. 2.1. Schematic  diagram of  Generomak fusion-power-core model. 
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Tab le  2.2. Generomak e n g i n e e r i n g  pa rame te r s  
f o r  tokamak basecase  

Net e l e c t r i c  power, PE(MIJe) 
Thermal c o n v e r s i o n  e f f i c i e n c y  , ' ~ T H  
Fusion-Power-Core d imens ions  

0 b l a n k e t  t h i c k n e s s ,  Ab(m) 
0 b l a n k e t / s h i e l d  gap ,  Ag(m) 
0 s h i e l d  t h i c k n e s s  , A s ( m )  

c o i l s  (EFC,OHC) 

a 
R a t i o  of TFC mas2 t o  masses of o t h e r  

TFC c u r r e n t  d e n s i t y ,  jm(MA/m2) 

A v a i l a b i l i t y  

0 p l a n t ,  Pf 
0 a u x i l i a r y  ( c u r r e n t - d r i v e )  power 

FPC ''Smear" d e n s i t i e s  ( tonne/m3) 

<> S l a n k e t  
0 s h i e l d  
0 c o i l s  
0 s t r u c t u r e  

S t r u c t u r a l  volume f r a c t i o n  of  c o i l  
F luence  l i f e t i m e  (:s$yr/m2) 

0 l i m i t e r  ( h e a t )  
0 b l a n k e t  and a u x i l i a r y  h e a t i n g  

( n e u t r o n s )  
e 

R e c i r c u l a t i n g  power  f r a c t i o n  t o  BOP 
Blanket  neutron-energy g a i n ,  M N  
Number of  b l a n k e t  modu les / sec t ion  
Number of T F C  s e c t o r s  

1,200 
0.404 

0.71 
0.10 
0. a3  

0.25 

b 
0.65 
0.325 

2.3 
7.0 
7.9 
6.0 

0.50 

10.0 
20.0 

0.06 
1.27 
6.0 
20.0 

a 
TFC i s  t o r o i d a l - f i e l d  c o i l ,  EFC i s  e q u i l i b r i u m  f i e l d  

L f  Iw(MrJ/m2) i s  t h e  neu t ron  w a l l  l o a d i n g ,  and t h e  r a d i -  
t h e n  pf = 0.7534/ [1+0. 10341w/ 

T h i s  e x p r e s s i o n  i s  based  on 

c o i l ,  and OHC i s  ohmic-heating c o i l .  

a t i o n  l i f e t i m e  i s  IwT(NWyr/m2) 
(Iw') when I w / ( I w ~ )  >1.54 yr-I .  
90  d a y s / y e a r  o f  unscheduled  main tenance  a n d  38 d a y s  p e r  FPC 
changeout .  

The f r a c t i o n  of  t h e  g r o s s  e l e c t r i c  power r e c i r c u l a t e d  
w i t h i n  t h e  f u s i o n  power p l a n t  f o r  a l l  uses e x c e p t  c u r r e n t  
d r i v e .  The sum of  t h e  BOP power and  c u r r e n t  d r i v e  power, 
PCD, g i v e s  t h e  t o t a l  r e c i r c u l a t i n g  power. 

b 

c 



8 < 0.041 /aB 
0 0  

7 

The magnitude of t h e  

s i n c e  d i s r u p t i o w f  ree 

t h i s  c o e f f i c i e n t  t o  be 

Troyon c o e f f i c i e n t ,  8aB / I  = 0.04, i s  o p t i m i s t i c  

o p e r a t i o n  of present -day  tokamak d e s i g n s  r e q u i r e s  

0.035 or  less. Expressed i n  terms of edge-plasma 

0 +  

where Be = I /5a i s  t h e  p o l o i d a l  f i e l d  a t  s a f e t y  f a c t o r ,  

t h e  s u r f a c e  of a c i r c u l a r i z e d  plasma of r a d i u s  a and E = 1 / A  = a / R T  i s  

t h e  i n v e r s e  a s p e c t  r a t i o ,  t h e  f lux -de f ined  s a f e t y  f a c t o r  i s  expres sed  a s  

9, E B + E / B ~ ,  0 

( 1  K2)/2 q$ = l . l q  . 
(1 - €2)2  a 

The c o e f f i c i e n t ,  C = 1.1, l i m i t s  t h i s  f i t  of numer ica l  r e s u l t s 6  t o  

i s  

assumed t o  be d r i v e n  w i t h  lower-hybrid RF a t  a f i x e d  e f f i c i e n c y ,  I / P  0 CD' 
of 0.2 A/W d e l i v e r e d  t o  t h e  plasma. Th i s  assumption r e p r e s e n t s  a s i g -  

n i f i c a n t  advancement r e l a t i v e  t o  va lues  p r e s e n t l y  achieved  f o r  t y p i c a l  

react or  par ame t e r s . 

4 0.3, wi th  Bo being t h e  p o l o i d a l  be t a .  The plasma c u r r e n t ,  I "e 0' 

Pumped-limiter impur i ty  c o n t r o l  i s  assumed, and t h e  r e l a t i o n s h i p  

between c u r r e n t  d e n s i t y  i n  the  superconduct ing  c o i l ,  j (M A/m2) and t h e  

f i e l d  a t  t h e  windings,  B ( T ) ,  i s  g iven  by2 
m 

m 

(2.3) 

The r e l a t i o n s h i p  between B and B i s  g iven  by t h e  f o l l o w i n g  e x p r e s s i o n  

d e s c r i b i n g  t h e  r a d i a l  f a l l - o f f  of magnet ic  f i e l d :  
Q m 

+ Ab + Ag + A s  -I- Ad) B RT - (aw 

B , (2.4) - 2 5  @ II 

m RT 

where a l l  dimensions a r e  d e f i n e d  on Fig.  2.1. With t h e  c u r r e n t  den- 

s i t y ,  jm, and FPC geometry de te rmined ,  t h e  t o r o i d a l - f  i e l d - c o i l  (TFC) 

mass is computed; t h e  p o l o i d a l - f i e l d - c o i l  (PFC) mass i s  t aken  as 25% of 

t h e  TFC mass f o r  t h e  tokamak c a s e s .  

I n  the base case ( I + / P c p  f i x e d  a t  0.2 A/W) a plasma t empera ture  of 

about  10 keV is  assumed wi th  an impur i ty  b e t a  t a k e n  as B z  = 0.2 B e ,  
where Be i s  t h e  e l e c t r o n  b e t a  t aken  e q u a l  t o  t h e  i o n  b e t a ,  B e  = B i .  The 
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i o n  b e t a  then ,  i n  terms of the t o t a l  b e t a ,  becomes* 

Bi = 0.455 I3 

The a lpha  power is g iven  by 

Pa = 25.6 <Bi>* Bo4 Rab (MW) 

For t h e  D-T f u e l e d  p l a n t ,  t h e  neu t ron  power i s  PN = 4 Pa. 

power i s  the sum of the a l p h a  and neu t ron  power 

PF = P a  PN 

( 2 . 5 )  

The f u s i o n  

The Generomak r e a c t o r  power ba lance  i s  d e s c r i b e d  i n  Fig.  2.2, 

wherein the  14.1-MeV fus ion-neut ron  power, PN, is inc reased  by the  blan-  

k e t  energy m u l t i p l i c a t i o n ,  PiN9 g i v i n g  a t o t a l  thermal  power Pt = $YN + 
Pa + PCD. T h i r t y  percent  of t h e  a l p h a - p a r t i c l e ,  Pa, and c u r r e n t - d r i v e  

powers del..ivered t o  t h e  plasma, ( l - fCD)PCD, i s  assumed t o  appear  as low- 

grade hea t  not  u sab le  by t h e  thermal  cyc le .  Of  t he  t o t a l  c u r r e n t - d r i v e  

ORNLLDWG 88-4369 ETD 

PLASMA THERMAL 
CYCLE 

POWER 

POWER 

0.7 f 

- -  
I 

(I-fCD) 'CO 
LOW-GRADE 

HEAT 

Fig .  2.2.  Generomak power-plant energy ba lance .  
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power, t h e  f r a c t i o n ,  f C D ,  is  d e l i v e r e d  t o  t h e  plasma, t h e  remainder  a l s o  

be ing  l o s t  as low-grade h e a t .  For a l l  cases  cons ide red  by ESECOM, 

FCD = 1. The t o t a l  thermal  power a v a i l a b l e ,  t h e r e f o r e ,  becomes 

= MNPN + 0.7(Pa + f C D  PcD) , 
'TH 

The "ava i l ab le"  thermal  power i s  conver ted  t o  t h e  t o t a l  e l e c t r i c a l  

- with  an e f f i c i e n c y  nTH. Once conver ted  t o  e l e c -  power, 

t r i c a l  power, t h e  f r a c t i o n  fAUX 0.06 of PET is  r e c y c l e d  a long  w i t h  PCD 

back t o  t h e  power p l a n t ,  g i v i n g  a n e t - e l e c t r i c  power f o r  sale e q u a l  t o  

'ET - 'TH'TH ' 

Pe = PET(l  - fAUX) - 'CD 

The thermal  e f f i c i e n c y  used i n  t h e  ESECOM a n a l y s e s  w a s  determined by t h e  

b l anke t  ( i .  e., primary loop)  i n l e t  and o u t l e t  t empera tu res  and was t aken  

as  75% of t h e  i d e a l  thermal  e f f i c i e n c y ,  qI, f o r  a cons t an t -p res su re  

thermal  t r a n s f e r  process.  I f  t h e  i n l e t  and o u t l e t  t empera tu res  are 

r e s p e c t i v e l y  , t hen  T i ,  0' 

(2. l o )  TO 

To - Ti Ti 
I n  - , n l = l -  TE 

where TE = h e a t  r e j e c t i o n  t empera tu re  t aken  i n  t h e s e  a n a l y s e s  as 

307 K. For systems r e q u i r i n g  a n  i n t e r m e d i a t e  h e a t  exchanger ,  c? 3% pen- 

a l t y  ( r e d u c t i o n )  i n  nm i s  a p p l i e d  t o  the  e f f i c i e n c y  which cor responds  

t o  about  a 30 K t empera tu re  drop  a c r o s s  t h e  IHX. A 1.5% p e n a l t y  f a c t o r  

was a p p l i e d  f o r  double-walled steam g e n e r a t o r s .  

The computa t iona l  a l g o r i t h m  used i n  t h e  Generomak model, r e q u i r e s  

as inpu t  t h e  plasma b e t a ,  t h e  Troyon c o e f f i c i e n t ,  SaB /I t h e  plasma 

a s p e c t  r a t i o ,  A = 1 / ~  = R / a ,  t h e  plasma e l o n g a t i o n ,  I C ,  t h e  d e s i r e d  ne t -  

e l e c t r i c  power, Pe, t h e  maximum t o r o i d a l  f i e l d  a t  t h e  c o i l ,  Bm, and t h e  

b l a n k e t l s h i e l d  type  (€ . e . ,  d e n s i t i e s ,  materials,  r a d i a l  s t a n d o f f s ,  u n i t  

c o s t s ,  and nTH). From t h i s  i n p u t  a s e l f - c o n s i s t e n t  s e t  of FPC 

pa rame te r s  (B+,a,I+,q+), masses, t o t a l  r e c i r c u l a t i n g  power, BOP s i z e ,  

and c o s t s  are computed. 

9 9 '  
T 
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2.2 Depar tu re s  f rom Refe rence  Model 

The Generomak model c o n t a i n s  p r o v i s i o n  f o r  t h e  a l t e r n a t i v e  fus ion -  

r e a c t o r  b l anke t  t y p e s  s t u d i e d  d u r i n g  ESECOM and f o r  a l t e r n a t e  c u r r e n t  

d e n s i t y  op t ions .  In t h e  i n s t a n c e  of  t h e  Reverse  F i e l d  P inch  (V-Li/RFP 

and RAF-LiPb/RFP), advanced conve r s ion  (V-MHD/TOK) and advanced f u e l  (V- 

He3/TOK) v a r i a n t s ,  some m o d i f i c a t i o n s  were made t o  t h e  phys ic s  and  eng i -  

nee r ing  e q u a t i o n s  i n  o r d e r  t o  model t h e  d e v i c e s .  The b a s i c  p h y s i c s ,  BOP 

technology and c o s t i n g  a n a l y s e s  procedures ,  however, remain t h e  same be- 

tween cases. 

RFP Var lan ts .  Low f i e l d  r e s i s t i v e - c o p p e r  c o i l s  were assumed f o r  

t h e  RFP w i t h  t h e  "secondary" PFC t a k e n  as a f a c t o r  of 8 times t h e  TFC 

mass (vs  0.25 f o r  t h e  r e f e r e n c e  tokamak). The p o l o i d a l  b e t a  ( B e )  was 

nominally f i x e d  a t  0.2, w i t h  t h e  t o t a l  b e t a  (k3) = B0/2. An o s c i l l a t i n g -  

f i e l d  c u r r e n t  d r i v e  (vs  lower-hybrid c u r r e n t  d r i v e  f o r  tokamaks) was 

assumed wi th  concomitant  reduced u n i t  c o s t  ($0.50/W vs $2.25/W) f o r  t h i s  

low frequency d r ive .  

The TFC c u r r e n t  d e n s i t y  f o r  t h e  r e s i s t i v e  c o i l s  was h e l d  c o n s t a n t  

a t  10 MX/m2 t o  s i z e  t h e  mass, power consumption, and c o s t ,  and t h e  

plasma c u r r e n t  i s  g i v e n  by 

I = 5 B 9  (0/F)  , (2.11) 9 

where t h e  r e v e r s a l  parameter ,  F = B / < R  > i s  -0.12 and t h e  p inch  param- 

e t e r  0 = B /<Bo>  i s  1.6, and <B > i s  t h e  a v e r a g e  t o r o i d a l  f i e l d  w i t h i n  

t h e  plasma [<B > >> 1 B 1 f o r  RFPs] . 
9 +  

0 9 
9 9 

Advanced Conversion and  Advanced F u e l  V a r i a n t s e 3  The main improve- 

ments i n  t h e  advanced ene rgy  conve r s ion  and advanced f u e l  cases come 

from d i r e c t  e n e r a  conve r s ion  u s i n g  e x t r a c t e d  plasma s y n c h r o t r o n  micro- 

wave r a d i a t i o n .  The synchro t ron  r a d i a t i o n  p roduc t ion  r e q u i r e s  h i g h e r  

plasma t empera tu res  and  h i g h e r  magnet ic  f i e l d s  s o  e x t e n s i v e  modif ica-  

t i o n s  t o  p o r t i o n s  of  t h e  Generomak model were r e q u i r e d .  

The i o n  t empera tu re  i s  40 keV f o r  t h e  advanced conve r s ion  v a r i a n t  

and 7 5  keV f o r  t h e  advanced f u e l  v a r i a n t  compared t o  10-15 keV f o r  t h e  

base  case. The the rma l  power i s  less a t  t h e s e  h i g h e r  tempera tures .  The 
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thermal  power 

advanced f u e l  

Base case (10 

i n  MW u n i t s ,  f o r  t h e  base  case, advanced convers ion ,  and 

cases a r e  g iven  by, 

keV) : 

pt = 25.6 (1 + 4 MN) <Bt> ’  Bo4 Rab (2.12A) 

Advanced convers ion  ( 4 0  keV): 

Pt = 7.2 (1 f 4 MN) < B i > 2  Bo4 Rab e (2.12B) 

Advanced f u e l  ( 7 5  keV): 

Pt  = 1.35 (1 + 0.04 M N )  < B i > 2  Bo4 Rab . (2.12C) 

The small neut ron  term (0 .04)  f o r  t h e  advanced f u e l  results €rom 

t h e  low amount of neu t rons  (wi th  t h e  advantage of less a c t i v a t i o n )  gen- 

e r a t e d  from t h e  D-ISe3 f u s i o n  r e a c t i o n .  

The f r a c t € o n  of t h e  i o n  b e t a  t o  t o t a l  b e t a  i s  l e s s  a t  h i g h e r  i o n  

t empera tu res  because t h e  a lpha  p r e s s u r e  c o n s t i t u t e s  a h ighe r  f r a c t i o n  of 

t h e  t o t a l  be ta .  The v a l u e s  used were 

base case :  B i  = 0.455 B t  ( 2 . 1 3 A )  

MHD case: B i  = 0.41 B t  (2.13B) 

(2.13C) Adv. Fuel  Case: B i  = 0.38 B t  

The advanced f u e l  ca se  i s  based on s o l i d  s t a t e  energy conversion.  

Only the  microwaves ( synchro t ron  r a d i a t i o n )  from t h e  plasma are assumed 

t o  be converted.  The f i r s t  w a l l ,  b l anke t ,  and l imi te r  h e a t  is c a r r i e d  

out  us ing  hea t  p i p e s .  The gross e l e c t r i c  power h e r e  i s  given by 

(2.14) 

where Pu = 0.491 Pt i s  the  produced microwave power. 
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The l imiters f o r  b o t h  advanced v a r i a n t s  a r e  assumed t o  have a n  a r e a  

e q u a l  t o  25% of t h e  f i r s t  w a l l  

A t t  = 0.25 % (m2) (2.15) 

I n  the  advanced convers ion  case, ha l f  of t h e  a l p h a - p a r t i c l e  power 

i s  e x t r a c t e d  as synchro t ron  microwave r a d i a t i o n ,  and, of t h e  remaining 

h a l f ,  one- th i rd  i s  r a d i a t e d  t o  t h e  f i r s t  w a l l  a t  t h e  edge. The power t o  

t a r g e t  i s ,  t h e r e f o r e ,  g iven  by 

0.33 Pa 

A t  t 
P t t  = (2.16) 

I n  t h e  advanced f u e l  case, t h e  power t o  t h e  t a r g e t  i s  composed of plasma 

conduct ion power, Pc = 0.138 P t ,  and bremss t rah lung  power, 

Pb = 0.333 Pt. The heae f l u x  t o  t h e  target  h e r e  i s  

(2.17) 

I n  t h e  base case  t h e  power t o  t h e  target  was taken  as  a c o n s t a n t  

(10 Mw/m2) and 80% of the a l p h a  p a r t i c l e s  were assumed t o  g e t  t o  t a r -  

g e t .  The power t o  t h e  t a r g e t  i s  used t o g e t h e r  w i t h  t h e  t a r g e t  exposure 

l i f e  t o  c a l c u l a t e  replacement  rate.  

C o i l s  and Curren t  Density.  Three c u r r e n t  d e n s i t y  o p t i o n s  are 

a v a i l a b l e  i n  Gencromak. These are  

Option No. 1 

Option No. 2 

(2.18A) 

(2.18B) 

jm(MA/m2) = 7 1  [ l  - (Bm/41.6>2] Opt ion  No. 3 (2.18C) 

The s t a n d a r d  o p t i o n  f o r  ESECOM a n a l y s e s  w a s  o p t i o n  No. 1, which w a s  

the  r e f e r e n c e  o p t i o n  used by S h e f f i e l d . *  Option No. 2 [ a l s o  used by 



13 

S h e f f i e l d  (Ref. 2, Fig. 4 ) ]  g i v e s  a somewhat more a g g r e s s i v e  c u r r e n t  

d e n s i t y .  

The magnet ic  f i e l d s  must be h i g h e r  i n  t h e  advanced conve r s ion  and 

advanced f u e l  c a s e  because  of t h e  lower power d e n s i t y  a t  h i g h e r  i o n  tem- 

p e r a t u r e .  C u r r e n t  d e n s i t y  Opt ion  No. 3 w a s  u sed  f o r  t h e s e  v a r i a n t s ,  

which make u s e  of t h e  l a t e s t  magnet technology advances.  This i s  

d i s c u s s e d  i n  d e t a i l  i n  an appendix t o  t h e  ESECOM r e p ~ r t . ~  Th i s  approach 

subd iv ides  t h e  TFC i n t o  s e v e r a l  conduct ion  c i r c u i t s  and a l lows  each  

" subco i l "  t o  be t a i l o r e d  acco rd ing  t o  l o c a l  magnet ic  f i e l d s .  The aver -  

age c u r r e n t  d e n s i t y  g iven  by Option No. 3 assumes t h a t  t h e  TFC is  

d i v i d e d  i n t o  fou r  s u b c o i l s ,  each o p e r a t i n g  a t  e v e r - i n c r e a s i n g  c r i t i c a l  

f i e l d s .  Higher s t r e n g t h  c ryogen ic  s t e e l  i s  assumed and t h i s  s tee l  i s  

e s t i m a t e d  s e p a r a t e l y  from t h e  winding pack f o r  the coils. 

S t e e l  s t r u c t u r e  not  a s s o c i a t e d  w i t h  r e a c t i n g  magnet l o a d s  w a s  

assumed t o  be 50% of t h e  c o i l  volume I n  t h e  base  case .  I f  Option No. 3 

is  used (advanced conve r s ion  and advanced f u e l ) ,  t hen  t h e  mass of t h i s  

s t r u c t u r e  i s  e s t i m a t e d  as 1/9 of t h e  mass of t h e  r e s t  of t he  f u s i o n  

i s l a n d .  

C u r r e n t  Drive E f f i c i e n c y .  The base  case assumpt ion  i s  f o r  a con- 

s t a n t  c u r r e n t - d r i v e  e f f i c i e n c y ,  I + / P C D  = 0.2 A/W. This  r e p r e s e n t s  an  

a g g r e s s i v e  t a r g e t  r e l a t i v e  t o  c u r r e n t l y  achieved  va lues .  An a l t e r n a t i v e  

f i x e d  normalized c u r r e n t - d r i v e  e f f i c i e n c y ,  

(2.19) 

may b e  s p e c i f i e d  f o r  tokamak cases. If t h i s  o p t i o n  i s  used ,  t h e  v a l u e  

of y and t h e  ave rage  plasma t empera tu re ,  T ,  may be v a r i e d ,  t h e r e b y  pe r -  

m i t t i n g  lower-dens i ty ,  h igher - tempera ture  p o i n t s  t o  be examined. The 

o r i g i n a l  Generomak model f i x e d  T a t  10 keV and approximates  t h e  DT 

f u s i o n  r e a c t i v i t y  by, 

<ou> ( m 3 / s )  = 1 . 1  x 10-24 T* . (2.20) 
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and t h e  plasma d e n s i t y  by, 

(2.21) 

A more a c c u r a t e  expres s ion  f o r  f u s i o n  r e a c t i v i t y  was s u b s t i t u t e d  for  

Eq. (2 .20)  f o r  use wi th  t h e  y o p t i o n ,  

( 2 . 2 2 )  
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3. ECONOMIC METHODS AND PROCEDURES 

This  s e c t i o n  c o n t a i n s  d e s c r i p t i o n s  of t h e  p rocedures  used  € o r  t h e  

economic c h a r a c t e r i z a t i o n s  and e v a l u a t i o n s .  The o r i g i n a l  Generclmak Eco- 

nomics model and c a l c u l a t i o n  procedures1P2 were used  as a s t a r t i n g  

p o i n t ,  and changes t o  t h e  o r i g i n a l  model a r e  d i s c u s s e d  below. 

The c o s t i n g  methodology and u n i t  c o s t s  used i n  Generomak a re  gen- 

e r a l l y  more s e v e r e  t h a n  used  i n  e a r l y  f u s i o n  r e a c t o r  d e s i g n s a 3  Even 

w i t h  t h i s  more s t r i n g e n t  ( r e a l i s t i c )  c o s t i n g  model, c o n d i t i o n s  can  be  

i d e n t i f i e d  where f u s i o n  i s  c o m p e t i t i v e  w i t h  a l t e r n a t i v e  energy sources .  

3.1 Leve l i zed  Cost Procedure  

The b a s i c  economic methodology and f i n a n c i a l  parameters used  t o  

de te rmine  l e v e l i z e d  power c o s t s  were d e r i v e d  from t h e  Nuclear  Energy 

Cos t  Data  Base (NECDB).7 The NECDB w a s  deve loped  by Oak Ridge N a t i o n a l  

Labora tory  f o r  t h e  Department of Energy, OfEice of Nuclear  Energy and 

c o n t a i n s  a recommended c o n s i s t e n t  methodology and b a s e l i n e  d a t a  and 

assumpt ions  f o r  per forming  compara t ive  power g e n e r a t i o n  c o s t  a n a l y s e s  

between f i s s i o n  and a l t e r n a t i v e  energy sources .  The NECDB i s  a n  ongoing 

program w i t h  p e r i o d i c  r e v i s i o n s .  The NECDB-3 (1984) v e r s i o n  used  h e r e ,  

was t h e  most r e c e n t  p u b l i s h e d  e d i t i o n  a t  t h e  t i m e  t h e  ESECOEl a n a l y s e s  

began. The p r o v i s i o n s  of  t h e  1986 Tax A c t  have  n o t  been f a c t o r e d  i n t o  

t h e  a n a l y s i s  b u t  a r e  n o t  expec ted  t o  have  a s i g n i f i c a n t  impact  on  t h e  

compara t ive  r e s u l t s .  

The methodology uses a y e a r b y - y e a r  u t i l i t y  revenue  r equ i r emen t s  

procedure  t o g e t h e r  w l t h  l e v e l i z a t i o n  t e c h n i q u e s  t o  e s t a b l i s h  a s i n g l e  

e q u i v a l e n t  c o s t  of e l e c t r i c i t y  ( C O E )  o v e r  t h e  economic l i f e  of t h e  

p l a n t .  The procedure  i s  ma themat i ca l ly  c o n s i s t e n t  w i t h  b a s i c  eng inee r -  

i n g  economic p r i n c i p l e s  and w i l l  produce c o n s i s t e n t  comparisons among 

a l t e r n a t e  energy t e c h n o l o g i e s ,  i n c l u d i n g  f u s i o n  energy .  

The NECDB methodology was used  t o  c a l c u l a t e  t h e  e q u i v a l e n t  f i x e d  

charge  ra te  (FCR) on  c a p i t a l .  This  ra te  as w e l l  as t h e  c o s t  o f  money, 

i n f l a t i o n ,  and t a x  assumpt ions  a r e  shown in T a b l e  3 , l .  The FCK i s  a 

f a c t o r  t h a t  m u l t i p l i e s  t h e  i n i t i a l  c a p i t a l i z e d  inves tment  t o  g i v e  t h e  
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Tab le  3.1. Reference  
economic parameters 

P l a n t  l i f e ,  y e a r s  

P l a n t  l e a d  t ime, y e a r s  

I n d i r e c t  c o s t  f a c t o r  

Contingency f a c t o r  

Fac to r  f o r  e s c a l a t i o n  and i n t e r e s t  
du r i n g  cons  t ruc  t i o n  

Nominal c a p a c i t y  f a c t o r ,  % 

Spare p a r t s  m u l t i p l i e r s  

e b l a n k e t  

0 c o i l  

l i m i t e r s  

E f f e c t i v e  c o s t  of money 

@ nominal d o l l a r s  

9 c o n s t a n t  d o l l a r s  

I n f l a t i o n  r a t e ,  % 

Effec t  i v e  t a x  r a t e  

Tax d e p r e c i a t i o n  l i f e ,  y e a r s  

e o v e r a l l  p l a n t  

0 r e p l a c e a b l e  blanket:s, etc.  

Fixed c h a r g e  r a t e  

nominal  d o l l a r s  

@ c o n s t a n t  d o l l a r s  

30 

6 

0.375 

0.15 

1.0856 

65  

1.1 

1.2 

1.2 

0.09 

0.0283 

6 

0.4316 

10 

5 

0.165 

0.0844 

e q u i v a l e n t  annual  c o s t  of t hose  charges  which a r e  r e l a t e d  d i r e c t l y  t o  

t h e  i n i t i a l  investment .  Both a nominal and c o n s t a n t  d o l l a r  FCR are 

g iven  i n  Table 3.1. The nominal d o l l a r  rate produces l e v e l i z e d  c o s t s  

t h a t  i n c l u d e  i n f l a t i o n .  The c o n s t a n t  d o l l a r  FCR produces l e v e l i z e d  

c o s t s  t h a t  a r e  indexed t o  the  buying power i n  t h e  r e f e r e n c e  (1986) 

year .  The l e v e l i z e d  c o s t s  e s t ima ted  from t h e  a n a l y s e s  are i n  c o n s t a n t  

d o l l a r s .  It should be noted  t h a t ,  even though the c o n s t a n t  dollar FCR 
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is  used i n  t h e  c a l c u l a t i o n s ,  t h e  revenue requi rements  c a l c u l a t i o n s  l e a d -  

i n g  t o  t h i s  ra te  were done i n c l u d i n g  i n f l a t i o n  e x p l i c i t l y  and were sub-  

s e q u e n t l y  a d j u s t e d  t o  t h e  c o n s t a n t  d o l l a r  rate,  This  procedure is used 

t o  avoid  t a x  e f f e c t s  which w i l l  d i s t o r t  a comparison i f  a l l  c a l c u l a t i o n s  

a r e  made u s i n g  t h e  c o n s t a n t  d o l l a r  c o s t  of money. 

The FCR used f o r  t h e s e  a n a l y s e s  d i f f e r s  i n  two r e s p e c t s  from t h e  

o r i g i n a l  Generomak model.2 F i r s t ,  an  8-year d e s i g n  and c o n s t r u c t i o n  

p e r i o d  was used as t h e  r e f e r e n c e  v a l u e  i n  Ref. 2 ,  compared t o  t h e  +year 

p e r i o d  used here .  The t o t a l  accumulated i n t e r e s t  o r  Allowance f o r  Funds 

Used During C o n s t r u c t i o n  (AFUDC) as a f r a c t i o n  of t o t a l  i n v e s t e d  c a p i t a l  

is a f u n c t i o n  of l e a d  t i m e .  Since t h e  AFUDC ra te  i s  an imputed r e t u r n  

on c a p i t a l ,  AFUDC I s  n o t  a p p l i c a b l e  f o r  inves tment  t a x  c r e d i t s  o r  t a x  

d e p r e c i a t i o n .  The FCR, t h e r e f o r e  i s  dependent on t h e  amount of AFUDC 

i n c l u d e d  i n  t h e  t o t a l  i n v e s t e d  c a p i t a l .  Secondly t h e  p l a n t  i s  amor t ized  

over  the f u l l  30 year  l i f e ,  whereas t h e  p l a n t  is  amort ized over t h e  

f i r s t  20 y e a r s  of o p e r a t i o n  i n  Ref. 1. 

c o s t  

t i o n  

The c o n s t a n t  d o l l a r  (1986) l e v e l i z e d  COE i s  t h e  e q u i v a l e n t  annual  

of a l l  c o s t  components d i v i d e d  by t h e  annual  e l ec t r i c  power produc- 

and i s  expressed  as f o l l o w s :  

where 

I = i n i t i a l  c a p i t a l i z e d  inves tment  

CF = annual  f u e l  c o s t  

CON = a n n u a l  06M c o s t  

Pe = p l a n t  n e t  e l ec t r i c  r a t i n g  ( W e )  

CF = c a p a c i t y  f a c t o r  

A l l  c o s t s  are expressed  i n  terms of 1986 d o l l a r s .  

A nominal c a p a c i t y  f a c t o r  of 65% was used in t h e  a n a l y s i s .  For  t h e  

advanced-conversion and advanced-fuel cases, however, a 75% c a p a c i t y  

f a c t o r  was t h e  re ference .  These p l a n t s  do n o t  have t u r b l n e s  and t h e r e -  

f o r e  should  show a h i g h e r  a ~ a i l a b i l i t y , ~  H i s t o r i c  d a t a 8  i n d i c a t e  t h a t  

t u r b i n e  g e n e r a t o r  sets c o n t r i b u t e  about  10% t o  p l a n t  o u t a g e s  f o r  l a r g e -  



s i z e  n u c l e a r  and c o a l - f i r e d  p l a n t s .  I n  t h e  case of d e s i g n s  w i t h  h i g h  

f i r s t - w a l l  l o a d i n g  and concomitant  f r e q u e n t  b l a n k e t  replacement ,  t h e  

c a p a c i t y  f a c t o r  i s  a d j u s t e d  downward t o  account  f o r  t h e  a d d i t i o n a l  t i m e  

needed f o r  more f r e q u e n t  FPC changeout ;  t h e  c o s t  of b l a n k e t  replacement  

is t r e a t e d  as a f u e l  change. Based on 90 d a y s / y e a r  unscheduled mainte- 

nance and 38 days f o r  FPC changeout,  t h e  e x p r e s s i o n  f o r  t h e  c a p a c i t y  

f a c t o r  i f  t h e  changeout ra te  exceeds 1.54/year is: 

CF = 0.7534/(1 -+ 0.1034*R) ( 3 -  2) 

where R is t h e  FPC changeout r a t e  and is  equal  t o  t h e  r a t i o  of t h e  neu- 

tron wal l  loading  Iw(MM/ui2), t o  r a d i a t i o n  l i f e t i m e  of t h e  f i r s t  wall/ 

blanket  system, IwT (MWayear/m2). 

3 . 2  I n i t i a l  CaDi ta l ized  Investment  

The r e f e r e n c e  c a p i t a l  inves tment  c o s t  model was t a k e n  from t h e  

Generomak r e p o r t . 2  These c o s t s  a r e  e s s e n t i a l l y  t h o s e  used i n  t h e  S t a r -  

f i r e g  tokamak r e a c t o r  s tudy  updated t o  January  1983. The c o s t s  were 

f u r t h e r  updated t o  t h e  January  1986 c o s t  b a s i s  f o r  t h e  purposes  of 

ESECOM. The complete  d i r e c t  c o s t  model u s e d  f o r  t h e  c o s t i n g  b a s i s  i s  

g iven  i n  Table 3.2. The c o s t  model was c o l l a p s e d  t o  a more manageable 

s i z e  f o r  u s e  i n  t h e  Gencroinak code, a s  s h a m  i n  T a b l e  3.3. The c o s t  

model as shown i n  Tables  3.2 and 3 . 3  i s  f o r  t h e  water-cooled L I A 1 0 2  

b l a n k e t  t h a t  was o r i g i n a l l y  used i n  t h e  s t a r f  i re-based Generomak 

model. These c o s t s  were a d j u s t e d  f o r  e a c h  of t h e  b l a n k e t s  and envi ron-  

mental  and s a f e t y  i n n o v a t i o n s  cons idered  by ESECOM and are  d i s c u s s e d  i n  

Sect .  4 .  

The r e f e r e n c e  c o s t  model assumes n u c l e a r  grade  c o n s t r u c t i o n  w i t h  

t h e  a s s o c i a t e d  q u a l i t y  a s s u r a n c e  requi red .  Cost r e d u c t i o n s  can be r e a l -  

i z e d  if p o r t i o n s  of t h e  p l a n t  can be b u i l t  t o  s t a n d a r d s  not  r e q u i r i n g  

n u c l e a r  grade. This  may r e s u l t  from i n h e r e n t  f a c t o r s ,  such  as  t h e  use 

of D-He3 f u e l  o r  from p l a n t  m o d i f i c a t i o n s  such as t h e  use of low activa- 

t i o n  m a t e r i a l s .  Two sets of c o s t  r e d u c t i o n  f a c t o r s  were cons idered  by 

ESECOM as recommended by a s t u d y  of an i n e r t i a l l y  conf ined  f u s i o n  (ICF) 

concept’ A t a b u l a t i o n  of and a m a g n e t i c a l l y  conf ined  f u s i o n  concept  e ‘ 
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T a b l e  3.2. D e t a i l e d  c a p i t a l  c o s t  modeld 
c 

Account  number Account  t i t l e  Costs (1986, $M) 

20 

21 

21.01 

21.02 

21.03 

21.04 

21.05 

21.06 

21.07 

21.08 

21.09 

21.10 

21.11 

21.12 

21.13 

21.14 

21.15 

21.16 

21.17 

21.18 

22 

22.1 

22.1.1 

22.1.2 

22.1.3 

22.1.4 

22.1.5 

22.1.6 

22.1.7 

22.1.8 

22.1.9 

Land and  Land R i g h t s  

S t r u c t u r e s  and Improvements  

S i t e  Improvement and F a c i l i t i e s  

R e a c t o r  B u i l d i n g  

T u r b i n e  B u i l d i n g  

C o o l i n g  System S t r u c t u r e s  

E l e c t r i c a l  Equipment and Power Supply  B u i l d i n g  

P l a n t  4 u x i l l a r y  Systems R u i l d f n g  

Hot C e l l  B u i l d i n g  

R e a c t o r  S e r v i c e  B u t l d i n g  

S e r v i c e  Water B u i l d i n g  

F u e l  H a n d l i n g  and S t o r a g e  B u i l d i n g  

C o n t r o l  Room B u i l d i n g  

On-Si te  DC Power - Supply  B u i l d i n g  

A d m i n i s t r a t i o n  B u i l d i n g  

S i t e  S e r v i c e  B u i l d i n g  

C r y o g e n i c s  and I n e r t  Gas S t o r a g e  B u i l d i n g  

S e c u r i t y  B u i l d i n g  

V e n t i l a t C o n  S t a c k  

S p a r e  P a r t s  Al lowance  

R e a c t o r  Plant-  Equipment 

Reac t  o r  Eq 11 ipmen t 

B l a n k e t  and F i r s t  Wall  

S h i e l d  

Magnets  

RF H e a t i n g  and C u r r e n t  Drive 

P r i m a r y  S t r u c t u r e  and S u p p o r t  

R e a c t o r  Vacuum 

Power S u p p l y ,  S w i t c h i n g  and Energy  S t o r a g e  

I m p u r i t y  C o n t r o l  

ECRtI Plasma Breakdown 

5.0 

295.0 

14.8 

130.1 

47.8 

10.7 

12.2 

4.3 

44.3 

2.5 

0.9 

11.6 

4.1 

2.7 

1.1 

1.1 

1.2 

0.5 

2.5 

2.6 

b 

b 
c 

b 

b 

3, d 

b 

6.2 

16.5 

3.3 

3.8 
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T a b l e  3.2 ( c o n t i n u e d )  

Account  number Account t i t l e  C o s t s  ( 1 9 8 6 ,  $M) 

22.2 

22.2.1 

22.2.2 

22.2.3 

22.2.4 

22.2.5 

22.3 

22.3.1 

22.3.2 

22.4 

22.4.1 

22.4.2 

22.4.3 

22.5 

22.5.1 

22.5.2 

22.5.3 

22.5.4 

22.5.5 

22.5.6 

22.5.7 

22.6 

22.6.1 

22.7 

22.7.1 

22.7.2 

22.7.3 

22.8 

~~ 

Main Heat T r a n s f e r  and  T r a n s p o r t  Sys tem 

Pr imary  Coo lan t  Sys tem 

I n t e r m e d i a t e  Coo lan t  Sys tem 

L i m i t e r  C o o l i n g  Sys tem 

R e s i d u a l  Heat Removal Sys tem 

Coo lan t  and Gas Sys tem 

C r y o g e n i c  C o o l i n g  Sys tem 

L i q u i d  Helium Sys tem 

L i q u i d  N i t r o g e n  Sys tem 

R a d i o a c t i v e  Waste Trea tmen t  of D i s p o s a l  

L i q u i d  Waste P r o c e s s i n g  and  Equipment 

Gaseous  Wastes and Off-Gas P r o c e s s i n g  Sys tem 

S o l i d  Wastes  P r o c e s s i n g  Equipment 

F u e l  Hand l ing  and S t o r a g e  Sys tems 

F u e l  P u r i f i c a t i o n  Sys tems 

L i q u e f a c t i o n  

F u e l  P r e p a r a t i o n  Sys tems 

F u e l  I n j e c t i o n  

F u e l  S t o r a g e  

T r i t i u m  E x t r a c t i o n  and Recovery  

Atmospher i c  T r i t i u m  Recovery  Sys tem 

Other Reactor P l a n t  Equipment 

Main tenance  Equipment 

I n s t r u m e n t a t i o n  and C o n t r o l  

R e a c t o r  I & C  Equipment 

M o n i t o r i n g  Sys tems 

I n s t r u m e n t a t i o n  and  T r a n s d u c e r s  

S p a r e  P a r t s  Al lowance  

100.3 

84.0 
- 

8.2 

0.8 

7.3 

21.4 

17.3 

4.1 

6.3 

2.2 

2.4 

1.7 

60.5 

11.7 
- 
0.5 

10.9 

2.7 

7.1 

27.6 

50.9 

50.9 

31.0 

10.0 

2.3 

18.7 

5.6 
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T a b l e  3.2 ( c o n t i n u e d )  

Account  number Account  t i t l e  C o s t s  ( 1 9 8 6 ,  $MI 

23 

23.1 

23.2 

23.3 

23.4 

23.5 

23.6 

23.7 

24 

24.1 

24.2 

24.3 

24.4 

24.5 

24.6 

24.7 

24.8 

25 

25.1 

25.2 

25.3 

25.4 

25.5 

26 

26.1 

T u r b i n e  P l a n t  Equipment 

Turb ine -Genera  t o r s  

Main Steam System 

Feed H e a t i n g  Sys t ems  

Condensing Systems 

O t h e r  T u r b i n e  P l a n t  Equipment 

I n s t r u m e n t a t i o n  and C o n t r o l  ( I b C )  Equipment 

Spa re  P a r t s  Allowance 

E l e c t r i c  P l a n t  Equipmenr 

S w i t c h g e a r  

S t a t i o n  S e r v i c e  Equipment 

S w i t c h b o a r d s  

P r o t e c t  Lvc Equipment 

E l e c t r i c a l  S t r u c t u r e s  and Wi r ing  C o n t a i n e r s  

Power and C o n t r o l  Wi r ing  

E lec t r i ca l  L i g h t i n g  

S p a r e  P a r t s  Allowance 

Mi s c e 1 1 a n  e ous P 1 a n t  E q u ip m e  n t 

T r a n s p o r t a t i o n  and L i f t i n g  Equipment 

Air and Water S e r v i c e  Sys t ems  

Communications Equipment 

F u r n i s h i n g  and F i x t u r e s  

S p a r e  P a r t s  Allowance 

Main Condenser  and Heat R e j e c t  

Heat R e j e c t i o n  Systems 

230.7 

107.0 

5.8  

12.5 

25.5 

67.7 

11.6 

4.6 

121.2 

14.7 

20.2 

9.3 

2.5 

20.6 

42.8 

9.7 

1 .4  

47.3 

20.9 

16.4 

8.3 

1.0 

0.7 

59.1 

59.1 
-- 

aOriginal Generomak water  c o o l e d  b l a n k e t ,  t h e s e  c o s t s  a r e  a d j u s t e d  € o r  e a c h  c a s e  

% a r i a b l e ,  depends  on b l a n k e t .  

'Treated as a f u e l  c o s t .  

d 2 5 %  of c o s t  is t r e a t e d  as a f u e l  c o s t .  

c o n s i d e r e d .  

the factors for each of the cost accounts is shown in Table 3 . 4 .  Appli- 

cation of either set of cost factors produce approximately the same, 

-25%, reduction in bottom-line cost, although Large differences exist in 

individual accounts. These factors, however, are design dependent, may 

not be fully applicable in all cases, and should be used with care. 
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Table  3 .3 .  ESECOM r e f e r e n c e  c a p i t a l  cos t  modela’ 

Account 
d S c a l e  Direct c o s t  S c a l e  

m i l l i o n  1986$ fac tor ’  

20. Land 

21. S t r u c t u r e s  & Imp 

21.1 Reac tor  b ldg  & h o t  cel ls  

21.2 Other  b ldg  & imp 

22. Reac tor  p l a n t  equipment 

22.1 Heat t r a n s .  & t r a n s p o r t  

22.2 Other  equipment-1 

22.3 Other  equipment-2 

23. Turb ine  p l a n t  equipment 

24. E l e c t r i c  p l a n t  equipment 

25. Misce l laneous  p l a n t  equipment 

26. Main h e a t  r e j e c t i o n  sys tem 

5.0 

174.4 

120.6 

100.3 

162.4 

44.1 

230.7 

121.2 

47.3 

59.1 

0 

0.67 

0.50 

0.6 

0.6 

0.67 

0.8 

0.4 

0.3 

0.8 

vf 

Pt 

“Direct c o s t s .  

bCost model based on t h e  o r i g i n a l  Generomak water-cooled b l anke t .  

‘Scale f a c t o r  a i n  r e l a t i o n  

These c o s t s  are a d j u s t e d  f o r  each  case cons idered .  

= 4085 f o r  Pt (Wt)  
= 2409 € o r  VF (rn ) 
= 1200 f o r  P [Mw(e)l 
= 2885 f o r  (Ft-Pe) (MW) 

power Pe, o r  h e a t  r e j e c t e d  (Pt-Pe). 

‘Ref 

dScale w i t h  thermal  power, Pt,  f u s i o n  i s l a n d  volume, VF, e lec t r i c  

The Generomak e n g i n e e r i n g / p h y s i c s  model computes t h e  FPC volumes 

and r e a c t o r  thermal power based on t h e  b a s i c  plasma pa rame te r s ,  e l e c t r i c  

power, and o t h e r  e n g i n e e r i n g  parameters .  The estimate of r e l a t e d  cap i -  

t a l  c o s t  i s  based on a s p e c i f i c  FPC volume as w e l l  as t h e  thermal  and 

electric. power l e v e l s .  The d i r e c t  c a p i t a l  cos t s  are s c a l e d  t o  t h e  cal-  

c u l a t e d  FPC volume, thermal  power, e lec t r ic  power o r  l eve l  of h e a t  
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Table  3.4. S a f e t y  a s s u r a n c e  c r e d i t  f a c t o r s a  

Cost a r e a  
I C F  

f a c t o  fac tor '  

B 1  a nke t s 

S h i e l d  

Co i Is 

Reactor  Bui ld ing  and Hot Cells 

O t h e r  S t r u c t u r e s  and  Improvements 

Heat T r a n s f e r  and Transpor t  

Other  R e a c t o r  P l a n t  Equipment 

Turbine P l a n t  Equipment 

E l e c t r i c a l  P l a n t  Equipment 

M i  s ce 11 ane ou s P1 a n  t Eq u i pmen t 

Heat  Reject System 

Land 

I n d i r e c t  C o s t s  

O&M Costs  

A l l  Other  Cost Areas  

2.0 

2 .o 
1.44 

1.47 

1.47 

2.5 

1.0 

1 .o 
1.75 

1.3 

1.25 

1 .o 
1.25 

1 .o 
1.0 

1.11 

1.11 

1.11 

4.0 

1.15 

1.11 

1.11 

1.18 

1.54 

1.67 

1.11 

1.18 

1.32 

1.32 

1.0 

aDivisor  f a c t o r s  a p p l i e d  t o  c o s t  model accounts .  

'Source: J. P e r k i n s ,  Ref. 11. 

'Source: ICF Study,  Ref .  10. 

r e j e c t e d  as i n d i c a t e d  i n  Table  3.3. The volume scale f a c t o r  of 0.67 is 

t h a t  recommended i n  Ref. 2. The s c a l e  f a c t o r s  used f o r  thermal  and 

e l e c t r i c  power are t h o s e  recommended f o r  f i s s i o n  r e a c t o r  s c a l i n g  i n  t h e  

NECDB . 
The b l a n k e t ,  c o i l ,  s t r u c t u r e ,  and s h i e l d  c o s t s  are  c a l c u l a t e d  from 

t h e  r e s p e c t i v e  volumes t o g e t h e r  wi th  t h e  average  d e n s t t i e s  and u n i t  

c o s t s  for t h e  regions.  The u n i t  materials c o s t s  used i n  t h e  ESECOM an- 

a l y s e s  are g i v e n  i n  Table 3.5. Both primary TFCs and secondary PFCs are 

c o s t e d  w i t h  t h e  secondary c o i l  volume expressed  as a f r a c t i o n  of t h e  

pr imary c o i l  volume. A 20% c o i l  redundancy i s  inc luded .  The s t r u c t u r e  

volume i s  assumed t o  b e  50% of t h e  t o t a l  c o i l  volume € o r  t h e  base  
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Table  3.5. Unit material c o s t s  
( $/Kg1 

V15Cr 5Ti 

RAF 

Fe- 1422 

Li th ium (Nat) 

L i z 0  (Nat )  

Thorium 

Beryl l ium 

PCA 

FLiBe 

Thorium s a l t  

S i l i c o n  Carbide 

B 1  anke t 
Other  

Carbon 

Be0 

PbLi 

H T - ~ / C U  

Ca dml.um 

C o i l s  

Super  conduct ing  

R e s i s t i v e  (RFP) 

Advanced 

Advanced c o i l  
s t r u c t u r e  

S t r u c t u r e  

Aux i l i a ry  power, $/W 

Cur ren t  d r i v e  (TOK) 

Curren t  d r i v e  (RFP) 

Advanced Sys t e m s  , $M 
L i m i t e r ,  $/m2 

400 

5 0  

20 

45 

4 5 

30 

500 

5 0  

7 0  

50 

100 
30 

10 

200 

13 

55 

1600 

90 

50 

130 

60 

25 

2.25 

0.50 

4 5  

60000 
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case. A 25% cont ingency  i s  added t o  t h e  s h i e l d  c o s t  t o  account  f o r  t h e  

s h i e l d i n g  of  d u c t s  and  o t h e r  a p e r t u r e s  i n  t h e  b a s e  s h i e l d .  The c u r r e n t -  

d r i v e  power i s  t a k e n  as p r o p o r t i o n a l  t o  t o r o i d a l  plasma c u r r e n t ,  I i n  

accordance  w i t h  a f i x e d  e f f i c i e n c y  , I+/Pcp. The b a s e  case e f f i c i e n c y  

€ o r  tokamaks i s  0.2 A/W, a l t h o u g h  a s  a n  a l t e r n a t i v e  a f i x e d  normal ized  

c u r r e n t - d r i v e  e f f i c i e n c y ,  y = (ne /1020)  I$RT/PcD, may b e  s p e c i f i e d  f o r  

t h e  tokamak b a s e  case.  

4 '  

The c u r r e n t - d r i v e  p o w e r s u p p l y  d i r e c t  c o s t  u s e s  $2.25/W f o r  ( h i g h  

f requency)  tokamaks and $0.50/W f o r  (low f requency)  RFPs. 

The s h i e l d ,  c o i l s ,  s t r u c t u r e ,  and 75% of t h e  c u r r e n t - d r i v e  power 

supply  c o s t s  are inc luded  i n  t h e  d i r e c t  c a p i t a l  investment  c o s t s  t o  

o b t a i n  t h e  t o t a l  d i r e c t  c o s t s .  The b l a n k e t s  and pumped-limiter i m p u r i t y  

c o n t r o l  are not  permanent and i n  most cases w i l l  need replacement a t  

i n t e r v a l s  s h o r t e r  than  t h e  p l a n t  l i f e .  S i m i l a r l y ,  i t  was assumed t h a t  

25% of t h e  c u r r e n t - d r i v e  power c o s t  w i l l  reoccur  on a r e g u l a r  b a s i s .  

These r e o c c u r r i n g  c o s t s  are not  inc luded  i n  t h e  i n i t i a l  p l a n t  investment  

but  i n s t e a d  a r e  t r e a t e d  similar t o  f i s s i o n  r e a c t o r  f u e l  c o s t s ,  as i s  

d i  s cu s s e d  be low.  

The b l a n k e t  i n  t h e  V-DHe3/TOK case i s  an except ion .  Here t h e  neu- 

t r o n  exposure of t h e  f i r s t  w a l l  is s u f f i c i e n t l y  low t o  assure t h a t  t h e  

b l a n k e t  w i l l  n o t  have t o  be r e p l a c e d  d u r i n g  t h e  30-year p l a n t  l i f e .  The 

b l a n k e t ,  t h e r e f o r e ,  is i n c l u d e d  i n  t h e  i n i t i a l  d i r e c t  c a p i t a l  inves tment  

c o s t  f o r  t h i s  p l a n t ,  

An i n d i r e c t  c o s t  f a c t o r  t h a t  i n c l u d e s  c o n s t r u c t i o n  s e r v i c e s ,  engi-  

n e e r i n g  and home o f f i c e  s e r v i c e s ,  and f i e l d  o f f i c e  s e r v i c e s  is added t o  

t h e  d i r e c t  c o s t s .  These c o s t s  i n  R e f .  2 were assumed t o  be d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  d e s i g n  and c o n s t r u c t i o n  l e a d  t i m e  as f o l l o w s :  

f i n d  = (1 + Y/8) , ( 3 . 3 )  

where find i s  an i n d i r e c t  c o s t  m u l t i p l i e r  and Y is t h e  t o t a l  l e a d  t i m e  

i n  years .  Based on t h i s  r e l a t i o n ,  t h e  i n d i r e c t  c o s t  f a c t o r  i s  0.375 f o r  

the  +year l e a d  time used as a r e f e r e n c e  i n  ESECOM. For v a r i a t i o n s  

around t h e  r e f e r e n c e  l e a d  t i m e ,  however, a d i f f e r e n t  r e l a t i o n s h i p  w a s  

developed. Changes i n  p l a n t  c o n s t r u c t i o n / t o t a l  l e a d  t i m e  can a f f e c t  
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b o t h  d i r e c t  and i n d i r e c t  c o s t s .  C o n s t r u c t i o n  l a b o r  c o n t e n t  tends  t o  

grow a s  c o n s t r u c t i o n  t i m e  is extended;  a l s o  many of t h e  components of 

t h e  i n d i r e c t  c o s t  are t i m e  dependent. The f u n c t i o n a l  r e l a t i o n s h i p  used 

f o r  the  i n d i r e c t  c o s t s  f o r  a l t e r n a t e  l e a d  times u t i l i z e s  an a n a l y s i s  

performed i n  connec t ion  w i t h  an economic s tudy  of n u c l e a r  f i s s i o n  vs 

c o a l - f i r e d  p lan ts . '*  The procedures  used i n  t h a t  s t u d y  were adapted t o  

t h e  f u s i o n  base c a s e  and were normalized t o  g i v e  t h e  base  case r e s u l t s  

f o r  a s i x  y e a r  l e a d  time. The r e s u l t i n g  r e l a t i o n s h i p  f a c t o r s  i n  b o t h  

t h e  changes i n  d i r e c t  and i n d i r e c t  c o s t s  and i s  g i v e n  a s  f o l l o w s :  

f i n d  = 1.12 + 0.0425Y ( 3 . 4 )  

It should be noted t h a t  t h i s  e q u a t i o n  i s  approximate and d e t a i l e d  engi -  

n e e r i n g / c o n s t r u c t i o n  a n a l y s i s  i s  needed t o  r e f i n e  t h e  r e s u l t s .  Owner's 

c o s t ,  which t y p i c a l l y  run 5 4 5 %  of t h e  d i r e c t  p l u s  o t h e r  i n d i r e c t  

c o s t s ,  was not  inc luded  i n  t h e  i n d i r e c t  c o s t s .  

A 15% cont ingency f a c t o r  i s  added t o  t h e s e  t o t a l  d i r e c t  p l u s  in-  

d i r e c t  c o s t s  t o  o b t a i n  t h e  t o t a l  "overnight"  costs expressed  i n  1986 

d o l l a r s .  The t o t a l  o v e r n i g h t  c o s t  i s  i n c r e a s e d  by a f a c t o r  t o  account  

f o r  t h e  i n t e r e s t  charged d u r i n g  t h e  d e s i g n  and c o n s t r u c t i o n  per iod .  

Assuming an  "S" curve c o n s t r u c t i o n  p r o f i l e ,  a s imple  formula may be 

der ived2  €or  t h e  c a p i t a l i z e d  c o s t  f a c t o r  in c o n s t a n t  d o l l a r s .  I f  c o s t  

e s c a l a t i o n  e q u a l s  t h e  i n f l a t i o n  rate,  t h e  f a c t o r  m u l t i p l y i n g  o v e r n i g h t  

c o s t  i s  

Y 9 0.61 
9 (3 .5)  

[1.084 + 0.55 [ i  -- 0.09) + 0.38 (X - 0 . 0 9 a  = -  

(1  + i)y capo 
f 

Where fcapo i s  t h e  c o n s t a n t  d o l l a r  c a p i t a l i z a t i o n  f a c t o r ,  i i s  t h e  in- 

f l a t l i o n  rate (0.06 €or  p r e s e n t  a n a l y s i s ) ,  x is t h e  e f f e c t i v e  c o s t  of 

money (0.09 f o r  p r e s e n t  a n a l y s i s ) ,  and Y = d e s i g n  and c o n s t r u c t i o n  l e a d  

t i m e  . 
Equat ion  3.5 is used i n  t he  Generomak code t o  c a l c u l a t e  t h e  i n t e r -  

- est  d u r i n g  c o n s t r u c t i o n .  For t h e  r e f e r e n c e  6-year l e a d  t i m e ,  f capo  - 
1.0856. Other  c o n s t r u c t i o n  cash  flow p r o f i l e s ,  such a s  t h e  one i n  Ap- 

pendix C of t h e  NECDB,7 w i l l  g i v e  somewhat d i f f e r e n t  c o s t  c a p i t a l i z a t i o n  
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f a c t o r s .  The ove rn igh t  c o s t  m u l t i p l i e d  by t h e  c a p i t a l i z a t i o n  f a c t o r  

r e s u l t s  i n  t h e  t o t a l  c a p i t a l i z e d  inves tment  c o s t  i n  c o n s t a n t  1986 dol -  

lars .  Th i s  c a p i t a l i z e d  c o s t  i s  conve r t ed  i n t o  a l e v e l f z e d  power genera-  

t i o n  c o s t  u s i n g  t h e  c o n s t a n t  d o l l a r  f i x e d  charge  sate as shown i n  

Eq. 3.1. 

3 . 3  Opera t ing  and Maintenance Cos t s  

Opera t ion  and maintenance c o s t s  w i l l  vary  between p l a n t  t y p e  depen- 

d ing  on system complexi ty ,  r e g u l a t o r y  r equ i r emen t s ,  s e c u r i t y  r e q u i r e -  

ments, and maintenance requi rements .  The o p e r a t i o n  and maintenance 

(O&M) c o s t s  f o r  t h e  r e f e r e n c e  case  (Li-V/TOK) of 8.9 mills/kWh is  based 

on t h e  same c o s t i n g  procedures  used t o  estimate O&M c o s t s  f o r  n u c l e a r  

f i s s i o n  and c o a l - f i r e d  p l a n t s  and the  manpower r equ i r emen t s  e s t i m a t e d  i n  

Ref. 2. These procedures  are modeled i n  t h e  OMCOST13 computer code. A 

d e t a i l e d  breakdowns of t h e s e  c o s t s  are g iven  i n  Table  3.6  and t h e  man- 

power breakdown i s  g iven  i n  Table  3.7. The u n i t  O&M c o s t s  [ m i l l s /  

kWh(e)l are assumed t o  s c a l e  wi th  e l e c t r i c  c a p a c i t y  t o  t h e  -0.5 power as 

f o l l o w s  : 

-0.5 
OM = 8 . 9  (&) 

3 . 4  Replacement Cos ts  

The c o s t  of component replacement  f o r  f u s i o n  p l a n t s  bea r s  a resem- 

blance  t o  f i s s i o n  r e a c t o r  f u e l  c o s t s  i n  t h a t  t h e s e  c o s t s  are i n c u r r e d  

f o r  components r ep laced  a t  s p e c i f i c  i n t e r v a l s  based an t h e i r  exposure. 

Th i s  fue l - cos t  ca t egory  c o n s i s t s  of t he  b l a n k e t ,  l imi te r ,  and a p o r t i o n  

of t h e  cu r ren t -d r ive  system (e.g., an tennae  o r  window), as w e l l  as blan-  

k e t  coo lan t  i nven to ry  and makeup, waste d i s p o s a l ,  and a charge  f o r  f u e l  

and misce l l aneous  scheduled  replacements .  A d i f f e r e n t  approach w a s  used 

t o  estimate t h e  annual  c o s t  of t h e  b l a n k e t s ,  l imiters and c u r r e n t - d r i v e  

rep lacement  than  w a s  used i n  Ref. 2 In t h a t  t h e  p r e s e n t  analysis pro- 

cedures  c a p i t a l i z e s  and amor t i zes  t h e s e  items over  t h e i r  i n d l v i d u a l  

pe r iod6  of s e r v i c e .  The p r e s e n t  worth of t h e  revenue r equ i r emen t s  f o r  
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Table  3 . 6 .  Nonfuel O&M c o s t  f o r  f u s i o n  power p l a n t  

Fus ion  p l a n t  O&M c o s t s  f o r  ESECOM s tudy  
N e t  r a t i n g  of each u n i t ,  MWe 
Number of ‘un i t s  p e r  plant  
Base load  c a p a c i t y  f a c t o r  
Thermal i n p u t  p e r  u n i t ,  MWt  
P l a n t  n e t  hea t  ra te ,  Btu/kWh 
Plant n e t  e f f i c i e n c y ,  % 
Annual net  g e n e r a t i o n ,  m i l l i o n  kWh 
Year of Estimate 

D i r e c t  c o s t s ,  S m i l l i o n f y e a r  
S t a f E  o n s i t e  

(457 persons  a t  $ 4 5 3 6 6 )  

Maintenance material 
Fixed 
Var i ab le  

Supp l i e s  and expenses  
F ixed  
Var i ab le  

Fees ,  i n s p e c t i o n s ,  rev iews  

Off s i t e  suppor t  s e r v i c e s  

I n d i r e c t  c o s t s  , $mi l l ion /yea r  
Admin i s t r a t ive  and g e n e r a l  

Commercial l i a b i l i t y  i n su rance  
R e t r o s p e c t i v e  premium 
Prope r ty  in su rance  (pr imary ) 
Prope r ty  in su rance  (excess) 
Replacement power in su rance  
Other A&G 

Cos t s ,  $mi l l i on /yea r  
T o t a l  f i x e d  d i r e c t s  and i n d i r e c t s  
T o t a l  v a r i a b l e  d i r e c t s  and i n d i r e c t s  
T o t a l  nonfue l  O&M 

Uni-t costs, mills/kWb 
Fixed d i r e c t s  and i n d i r e c t s  
Var i ab le  d i r e c t s  and i n d i r e c t s  
T o t a l  nonfuel. O&?I 

1200 
1 
0.65 
2905 
8260 
41.3 
6837 
1986 

20.73 

10.51 
8.27 
2.24 

7.89 
7.18 
0.71 

1.04 

6.44 

14.07 
0.52 
0.01 
2.60 
1.56 
2.39 
6.99 

57.7 
3.0 

60 .7  

8.44 
0.43 
8 - 8 7  
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T a b l e  3.7. Recommended s t a f f i n g  f o r  
a n  800 - 1,200 i%+J(e) r e a c t o r  

LWR/LMR Fus ion  

P l a n t  Managers Off i c e  

Manage r 1 

A s s i s t a n t  

Q u a l i t y  a s s u r a n c e  

1 

6 

Environmental  c o n t r o l  1 

P u b l i c  r e l a t i o n s  

T r a i n i n g  

S a f e t y ,  f i r e  p r o t e c t i o n  

1 

1 2  

1 

Admin i s t r a t ive  services  49 

H e a l t h  s e r v i c e s  

S e c u r i t y  

2 

9 4  

Sub t o t a1 

Op era  t i o n s  

S u p e r v i s i o n  

S h i f t s  

Subtot  a 1 

168 

1 

1 

8 

1 

1 

20 

1 

55 

2 

50 

140 

- 

9 12  

52 7 2  

61  84  

I_ I_ 

Maintenance 

Sup e r v i  s i on 1 2  16 

C r a f t s  55 7 3  

Peak main tenance  a n n u a l i z e d  55 7 3  

Sub t o t  a 1  122 162 

T e c h n i c a l  and Eng inee r ing  

__I - 

R e  a c t o r 5 10 

Radiochemical 8 6 

Enginee r ing  16 24 

Performance, Repor t s ,  Techn ic i ans  2 1  30 

Subt o t a1  50 7 1  

T o t a l  40 1 457 

- - 
I_ - 
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an  investment  which i s  d e p r e c i a t e d  f o r  tax purposes  over  a pe r iod  T i s  

a s  fo l lows :  

T 
F =- 1 F . 0 - t  

1 - t  ”. + x) 
(3.7) 

where F i s  t h e  p r e s e n t  worth of a u n i t  inves tment ,  t i s  t h e  e f f e c t i v e  

t a x  rate (0.4816),  dn is the  f r a c t i o n  of c o s t  which i s  d e d u c t i b l e  f o r  

t ax  purposes  i n  yea r  n a f t e r  inves tment ,  and x i s  t h e  nominal d o l l a r  

c o s t  of money (0.09). 

The annual  c o s t  of t h e  investment  i s  t h i s  present:  worth of revenue 

requi rements  times the  c a p i t a l  recovery f a c t o r  (CRF) c a l c u l a t e d  u s i n g  

t h e  real  c o s t  of money, Xo, and t h e  time t h e  inves tment  i s  i n  t h e  f u s i o n  

p l a n t ,  C. The CRF is g iven  by,  

L x (1 + xo> 

( 1  + X0) - 1 

0 
L 

CRF = 

where L = 1 /I i s  t h e  l i f e t t m e  of t h e  component. 
W‘T W 

The 5-year t a x  d e p r e c i a t i o n  schedule  ( t h e  same as al lowed f o r  f i s -  

s i o n  r e a c t o r  f u e l )  is used compared t o  the  10-year schedule  a l lowed f o r  

t o t a l  p l a n t .  A 4-year l e a d  t i m e  f o r  b l a n k e t ,  l i m i t e r ,  and c u r r e n t - d r i v e  

power replacement is assumed, which produces a c a p i t a l i z a t i o n  f a c t o r  of 

1.0704 from Eq. 3.5, The i n d i r e c t  c o s t  m u l t i p l i e r  f o r  these i t e m s  i s  

t aken  t o  be the  same a s  t h a t  f o r  o t h e r  c a p i t a l  inves tment .  M u l t i p l i e r s  

of 10% and 20% f o r  s p a r e  p a r t s  are inc luded ,  r e s p e c t i v e l y ,  i n  t h e  blan-  

k e t  and l imiter c o s t s .  

The out-of -blanket  c o o l a n t  i nven to ry  was added t o  t h e  b l a n k e t  in- 

ventory  and no a d d i t i o n a l  i n d i r e c t  or c a p i t a l i z a t i o n  m u l t i p l i e r s  were 

inc luded  here.  The i n i t i a l  coo lan t  i nven to ry  i s  amor t ized  over  t he  

p l a n t  l i f e  u s ing  the  p l a n t  FCR. I n  a d d i t i o n ,  a 2%/year  makeup ra te  i s  

assumed e 

The r e f e r e n c e  waste d i s p o s a l  c o s t  c o n s e r v a t i v e l y  assumes  t h a t  t he  

1 mil ls /kW(e)h f e e  now being a s ses sed  f o r  f i s s i o n  r e a c t o r s  w i l l  a l s o  be 
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a s s e s s e d  on f u s i o n  r e a c t o r s .  The waste streams from f u s i o n  p l a n t s ,  how- 

e v e r ,  are very  d i f f e r e n t  t han  those  from a f i s s i o n  p l a n t  and i t  is ex- 

pec ted  t h a t  waste d i s p o s a l  costs f o r  f u s i o n  w i l l  be less than  t h a t  f o r  

f i s s i o n .  The a c t u a l  waste  c o s t  w i l l  vary ,  depending on t h e  b l anke t  and 

s h i e l d  material used. 

The r e f e r e n c e  charge  f o r  f u e l  and scheduled  replacement  i s  i d e n t i -  

c a l  t o  t h a t  i n  Ref. 2 and is  g iven  by, 

Cf = (0.4 + 24 FCRo) x lo6 ( $ / y e a r )  (3.9) 

The use of He3 f o r  f u e l  (D-He3/TOK) invo lves  a g r e a t e r  f u e l  expense. 

He3 i s  no t  bred i n  t h e  b l a n k e t  as i s  t r i t i u m  f o r  the D-T f u e l e d  f u s i o n  

power p l a n t s .  H e 3  i s  assumed t o  be ob ta ined  from t h e  moon a t  a c o s t  of 

$100/gram l e a d i n g  t o  a cos t  of f u e l  e q u a t i o n  g iven  by 

Cf = [25 (Pt /5930)  -I- 24 FCR,] x lo6  ( $ / y e a r )  (3.10) 
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4. COST MODELS AND COSTING ASSUMPTIONS 

Unit  c o s t s  and c o s t i n g  r e l a t i o n s h i p s  were o b t a i n e d  by upda t ing  o l d  

c o s t   estimate^,^ through d i s c u s s i o n s  w i t h i n  t h e  ESECOM e f f ~ r t , ~  and, i n  

t h e  case of p l a n t  c a p i t a l  i nves tmen t ,  t h rough  d i s c u s s i o n s  w i t h  pe r sonne l  

f rom a n  architecture-engineering f i r m  and  p e r s o n n e l  a t  t h e  Oak Ridge 

Nat iona l  Labora tory  Fusion Engineer ing  Design CEnter. Fusion power c o r e  

p h y s i c a l  pa rame te r s  and ave rage  c o s t s  a re  l i s t e d  i n  T a b l e  4.1. 

I n  modeling cap i t a l - inves tmen t  c o s t s ,  t h e  l iquid-metal-cooled and 

FLiBe b l a n k e t  systems were assumed t o  need a n  i n t e r m e d i a t e  h e a t  ex- 

changer .  The a s s o c i a t e d  i n c r e a s e  i n  t h e  c o s t  of t h e  r e a c t o r  b u i l d i n g  

( accoun t  21.1 i n  T a b l e  3.3) i s  e s t i m a t e d  t o  b e  $19.5 m i l l i o n ,  and t h e  

c o s t  of t h e  h e a t  t r a n s f e r  and t r a n s p o r t  system (account  22.1) i s  e s t i -  

mated t o  i n c r e a s e  by $118.8 m i l l i o n .  

F o r  helium-cooled s y s t e m ,  t h e  " o t h e r  b u i l d i n g "  c o s t  ( accoun t  21.1) 

was i n c r e a s e d  by $1.2 m i l l i o n  f o r  a d d i t i o n a l  g a s  s t o r a g e .  I n  a d d i t i o n ,  

t h e  h e a t  t r a n s f e r  and t r a n s p o r t  system c o s t s  ( accoun t  22.1) were in -  

c r eased  by $82.1 m i l l i o n  o v e r  t h e  water-cooled base  c o s t s .  

The f u s i o n  b r e e d e r  ( h y b r i d )  concep t s  a r e  assumed t o  have dump-tank 

s a f e t y  systems as w e l l  as o n - s i t e  f u e l  r e p r o c e s s i n g  and r e f a b r i c a t i o n  

f a c i l i t i e s .  The c o s t  of t h e s e  f a c i l i t i e s  a r e  i n c l u d e d  as  a n  a d d i t i o n a l  

c o s t  account  i n  t h e  c a p i t a l  inves tment  c o s t s .  The a d d i t i o n a l  o p e r a t i n g  

c o s t s  a r e  i n c l u d e d  i n  t h e  o p e r a t i o n  and  main tenance  ca t egory .  

For t h e  RAF-Li/WYR sys tem,  $200 m i l l i o n  i s  added f o r  t h e  dump 

t a n k s ,  f u e l  t r a n s i t  l i n e s ,  and b e r y l l i u m - r e f a b r i c a t i o n  d i r e c t  c a p i t a l  

c o s t s .  This c o s t  i s  based on a thermal  power of  4085 MWt and scales  

w i t h  the rma l  power r a i s e d  t o  t h e  0.6. Cos ts  o f  thorium-metal repro- 

c e s s i n g  and r e f a b r i c a t i o n  a re  assumed t o  be  s i m i l a r  t o  t h o s e  of pyro- 

r e p r o c e s s i n g  of  l i qu id -me ta l  r e a c t o r  fue l .  l 4  The $ 6 5  m i l l i o n  c o s t  € o r  a 

f a c i l i t y  capab le  of  p r o c e s s i n g  20 tonnes  o f  thor ium metal p e r  y e a r  i n -  

c l u d e s  e s c a l a t i o n  t o  1986 d o l l a r s  and a 25% cont ingency .  T h i s  c o s t  i s  

assumed t o  sca le  a s  t h e  0.6 power of t h e  throughput .  The $12.5 m i l l i o n  

p e r  y e a r  o p e r a t i n g  c o s t  sca les  a s  t h e  0.5 power o f  t h e  throughput .  

The c o s t  of  t h e  r e p r o c e s s i n g  p l a n t  f o r  t h e  SS-He/HYB f u s i o n  b r e e d e r  

i s  assumed t o  be $100 m i l l i o n .  The c o s t  of t h e  dump t a n k s ,  t r a n s i t  



Table 4.1. Physical parameters and average costs 

V-DHe3 RAF-Li SS-He V-MHD V-Li RAF-He RAF-LlPb V-Li Sic-He V-FLiBe 
TOK TOK KFP RFP TOK TOK TOK TOK HYB HYB 

Blanket: 

Thickness, m 
Density, g/cc 
Unit cost, $/kg 

0.80 0.71 0.70 0.60 0.315 0.79 
2.93 2.0 0.976 0.445 1.50 0.244 0.305 3.0 1.35 1.44 
118 50 55 400 6 0  400 400 96 50  67 

1.20 0.17/0.4@ 0.25/0.5@ 0.76 

Gap Thickness, m 0.10 0.10 0.10 0.0 0.40 0.0 0.05/0.1@ 0.05/0.05" 0.10 0.10 

Shield: 

Thickness, m 
Density, g/cc 
Cnit cost, $/kg 

Coil: 

Density, g/cc 
Unit cost, $/kg 

0 .83  0.92 0.10 0.45 0.08 0.05 0.74/1.R@ 0.25/0.5@ 0.53 0 .46  
7.0 7.0 7.0 6.85 4.80 7.0 5.5 5.5 7 .o 7.0 
2 0  20 20 81 30 20 20 20 LO 20 

7.9 7.9 7.9 7.9 7 .9 7.9 5.4 5.4 7.9 7.9 
90 90 50 50 90 90 i3O/6Ob 130/60b 90 90 

Structure: 

Density, g l c c  
Unit cost, $/kg  

Coolant : 

Density, g/cc 
Unit C o s t ,  S/kg 
Yultiplier 
Additional, m3 

w 
6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 w 
25.6 25.6 25.6 25.6 25.6 25.6 25.6 25.6 25.6 25.6 

0 .31  0 6 . 7 7  0 .608 0 1. 92 1.0 0 0.25 0 
45 0 1 3  45 0 70 70 0 45 0 
3 .0  0 3.0 3.0 0 1.0 1.2 0 3.0 0 
0 0 0 0 0 900 0 0 0 0 

Other Haterials No. 1 

- - - - - - - Density, g/cc 0.216 0.99 0.19 
U n i t  c o s t ,  S/kg 1600 30 50 
Multiplier 1.2 1.375 1.0 

- - - - - - - 
- - - - - - - 

Other Material No. 2:  

- - - - - - - Density, g/cc 0.552 0.43  0.60 - - - - - - - Unit c o s t ,  $/kg 500 500 500 
Mu1 t ipl ier I. 20 1.375 1.0 

Oh'.! Costs, SWyear 60.6 53.8 60.6 60.6 53.8 60.6 60.6 40.5 62.9 56.1 

Other Operating Costs, $M/year 0 0 0 0 0 0 34 0 12.1 7.5 

- - - - - - - 

"Inner/ou t er dimens ions. 

b~oils/coi~ structure unit cost. 
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l i n e s ,  and b e r y l l i u m - f a b r i c a t i o n  l i n e s  and b u i l d i n g  i s  $ 4 7  m i l l i o n  p e r  

g igawa t t  of  f u s i o n  power. The estimate f o r  t h e  annua l  o p e r a t i n g  c o s t  o f  

t h e  r e p r o c e s s i n g  f a c i l i t y  i s  7.5% of t h e  f a c i l i t y  c a p i t a l i z e d  c o s t .  

The advanced sys tems (V-MHD/TOK and V-DHe3/TOK) c o n t a i n  s e v e r a l  

c o s t i n g  d e p a r t u r e s  f rom t h e  b a s e  case.  For  t h e  V-MHD/TOK, t h e  c o s t  of 

t h e  main h e a t  t r a n s p o r t  sys tem i s  i n c l u d e d  a l o n g  w i t h  t h e  MHD g e n e r a t o r  

a s  r e p l a c e a b l e  b l a n k e t  modules and t h e r e f o r e  t r e a t e d  a s  a f u e l  c o s t .  

For t h e  main h e a t  t r a n s p o r t ,  on ly  misce l l aneous  small plumbing running  

e x t e r n a l  t o  t h e  magnets i s  cos ted .  

F o r  t h e  advanced f u e l  v a r i a n t ,  t h e  main h e a t  t r a n s p o r t  sys tem i s  

synchro t ron  microwave r a d i a t i o n  waveguides c o s t e d  as  

30 M$ ( P , / 2 9 0 0 ) 0 * 6  

where P i s  t h e  m i c r m a v e  power. 
IJ 

The r e f e r e n c e  O&M c o s t  f o r  t h e  l i q u i d  meta l  coo led  f u s i o n  p l a n t s  

w a s  8.9 miLls/kWh ($60.7 x l o 6  p e r  year a t  1200 MWe and 65% c a p a c i t y  

f a c t o r ) .  T h i s  r e f e r e n c e  c o s t  was reduced by 1 mills/kWh ($6.8 X IO6/ 

yea r )  € o r  t h e  helium coo led  concep t s  (RAF-Se/TOK, Sic-He/TOK and SS- 

Re/HYB)  because of  t h e  presumed eas ie r  maintenance f o r  t h e s e  concepts  

The O&M c o s t  used  f o r  t h e  advanced f u e l  case (V-D€ks/TOK) w a s  $40.5 X 

lo6  p e r  y e a r  because  t h e  lower  n e u t r o n  a c t i v a t i o n  ra tes  f o r  t h i s  concept  

would l e a d  t o  presumed lower  maintenance c o s t s .  Also t h e  guard f o r c e  

f o r  t h e  h y b r i d  p l a n t s  w a s  i n c r e a s e d  by 44 t o  94,  t h e  l e v e l  assumed f o r  

LWR f i s s i o n  p l a n t s .  These p l a n t s  a re  presumed t o  have t h e  same s e c u r i t y  

problems as f i s s i o n  p l a n t s  and w i l l  t h e r e f o r e  need t h e  same s e c u r i t y  

f o r c e .  

Fus ion  i s l a n d  p h y s i c a l  pa rame te r s  and  a v e r a g e  c o s t  i n p u t s  t o  e a c h  

of  t h e  10 ESECOY models a r e  g iven  i n  Table 4.1. The d e n s i t y  and u n i t  

c o s t s  a r e  smeared o v e r  t h e  r e g i o n  based  on t h e  materials p r e s e n t .  Cal- 

c u l a t i o n s  a re  made on a n  average  r e g i o n  t h i c k n e s s  excep t  f o r  t h e  V-MHD/ 

TOK and V-DfIe3/TOK c a s e s  where inboa rd  and ou tboa rd  dimensions a r e  

s p e c i f i e d  s i n c e  they  a re  needed f o r  c u r r e n t  d e n s i t y  Option No. 3 

( E q .  2.18C). The advanced c o i l s  f o r  Opt ion  No. 3 a re  e s t i m a t e d  t o  c o s t  

$130/kg wi th  t h e  c o s t  of t h e  h i g h e r  s t r e n g t h  s t e e l  c o s t e d  a t  $60/kg. 



35 

The coo lan t  is  cos t ed  s e p a r a t e l y  from t h e  b l anke t  s t r u c t u r e  w i t h  t h e  

volume of coo lan t  i n s i d e  t h e  b l anke t  i n c r e a s e d  by a f a c t o r  t o  model ou t -  

o f -b lanket  i n v e n t o r i e s .  An a d d i t i o n a l  volume may be added t o  t h e  cool- 

a n t  volume i n  t h e  model and t h i s  was 900 m3 of FLiBe s a l t  i n  t h e  

V-FLiBe/TOK case. The model can handle  o t h e r  c i r c u l a t i n g  materials i n  

t h e  b l a n k e t s .  The V-MHD/TOK has both cadmium ( o t h e r  m a t e r i a l  1) and 

b e r y l l i u m  ( o t h e r  material 2) i n  i ts  b lanke t .  The m u l t i p l i e r  r e f e r s  t o  

t h e  r a t i o  of t o t a l  m a t e r i a l  t o  in -b lanket  i nven to ry .  The RAF-Li/HYB has  

thorium and be ry l l i um f o r  materials 1 and 2 and t h e  SS-He/HYB has 

thorium molten s a l t  and be ry l l i um i n  t h e  b l anke t .  

The c a p i t a l  investment  c o s t  models f o r  t h e  non-fusion i s l a n d  por- 

t i o n  of t h e  ESECOM c a s e s  are g iven  i n  Table  4.2. I n  a d d i t i o n  t o  t h e  

s t a n d a r d  accoun t s ,  t h e  two hybr id  p l a n t s  a l s o  have a f u e l  recovery  p l a n t  

inc luded .  



T a b l e  4.2. C a p i t a l  i n v e s t m e n t  c o s t  models" 

( M i l l i o n s  of 1986 d o l l a r s )  

RAF-Li SS-He V-DHe V-Li RAF-He RAF-LiPb V-Li  SIC-He V-FLiEe V - M H D  
TOK TO K RF P RF P TOK TOK TO K TOK HYB HYB 

20. 

2:. 

Land 

S t r u c t u r e s  and Improvements 

21.1 Reactor  Bldg. and Hot Cells 
21.2 Other  Bldg .  and Imp. 

Reac tor  P l a n t  Equipment 

22.1 Heat T r a n s f e r  and T r a n s p o r t  
22.2 Other  Equipment-l 
22.3 Other  Equipment-2 

Turb ine  P l a n t  Ecuiprnenc 

E l e c t r i c  P l a n t  ?quipmen: 

Misce l laneous  P l a n t  Equipment 

Main Heat R e j e c t  System 

Fuel Recovery P l a n t  

27.1 Base Cost  
27.2 Other  Cos ts  

5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 

193.9 
120.6 

174.4 
121.8 

193.9 
120.6 

193.9 
120.6 

174.4 
121.8 

193.9 
120.6 

193.9 
44.0 

193.9 193.9 193.9 
44.0 120.6 121.8 

22. 
30.0h 218.8 182.4 
80.0 162.4 152.4 
44.1 44.1 44.1 

164.5 230.7 230.7 

i24.9 i21.2 121.2 

36.8 47.3 47.3 

20. oc 59.1 59.1 

218.8 
162.4 
44.1 

230.7 

121.2 

47.3 

59.1 

182.4 
162.4 
44.1 

230.7 

121.2 

47.3 

59.1 

218. 8 
162.4 
44.1 

230.7 

121.2 

47.3 

59.1 

218.8 
162.4 
44.1 

230.7 

12i.2 

47.3 

59.1 

182.4 
162.4 
44.1 

230.7 

121.2 

47.3 

59.1 

218.8 
162.4 
44.1 

230.7 

121.2 

47.3 

59.1 

8.9 
162.4 
44. I 

0.0 

121.2 

36.8 

20. oc 

W 
m 

23. 

24. 

25. 

26. 

27. 
- 65.0 100.0 
- 200.0 47.0 

'Costs s c a l e  a s  i n d i c a t e d  i n  Table  3.3. 

b S c a l e s  as (0.491 Pt/2900)o*6. 

'Scales as [ ( P ~ - P ~ ) / ~ ~ o o ]  0.8. 
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5. GENEROMAK COMPUTER PROGRAM 

The o r i g i n a l  Generomak computer code was developed by Dory and 

S h e f f i e l d  f o r  t h e  a n a l y s e s  i n  Refs. 1 and  2. The b a s i c  model w a s  

adopted by t h e  ESECOM f o r  t h e  purposes  of  per forming  economic t r a d e -  

o f f s .  I n  t h e  c o u r s e  of t h e  ESECOM s tudy  the o r i g i n a l  code was ex ten-  

s i v e l y  modi f ied  as  d i s c u s s e d  i n  Sec ts .  2 and 3 of t h i s  r e p o r t .  I n  i t s  

f i n a l  ESECOM form, Generomak i s  a program w r i t t e n  i n  advanced BASIC 

(BASICA) f o r  an IBM-PC. It c o n t a i n s  i n  one program access t o  a l l  10 

f u s i o n  p l a n t  models s t u d i e d  by ESECOM. This code  may be  u s e d  t o  es t i -  

mate t h e  c o s t  of  e l e c t r i c i t y  (COE) a f f e c t  o f  pa rame te r s  (such as a l t e r -  

n a t e  B s c a l i n g  o r  c u r r e n t  d r i v e - e f f i c i e n c y )  o t h e r  t h a n  t h o s e  c o n s i d e r e d  

by ESECOM. 

The l i s t  of f i l e s  c o n t a i n e d  on t h e  program d i s k  is shown i n  

Table  5.1. The s i n g l e  BASIC program i s  menu d r i v e n  and most of  t h e  

T a b l e  5.1. Generomak F i l e s  

GENERMAK. BAS GENEKOMAK program 

ESEFIL.DAT Data f i l e  c o n t a i n i n g  names o f  a v a i l a b l e  Generomak d a t a  

V-L I-TOK. DAT 

models 

Data f i l e  f o r  V-Li/TOK ESECOM b a s e  o r  point-of-  

V-L I-RW . DAT 

RAF-H E.  D AT 

P BL I-RF P . DAT 

S IC-HE .DAT 

V-FLIBE . DAT 

ADV-COW. DAT 

ADV-FU EL. D AT 

LIBE-HYB,DAT 

d e p a r t u r e  p l a n t  

Data f i l e  f o r  ESECOM 
V-Li/TOK p l a n t  

Data f i l e  f o r  ESECOM 

DATA f i l e  f o r  ESECOM 

Data f i l e  f o r  ESECOM 

Data f i l e  f o r  ESECOM 

Data f i l e  f o r  ESECOM 
Case 

Data f i l e  f o r  ESECOM 

DATA f i l e  f o r  ESECOM 

V-Li /RFP  case, t h e  RFP v e r s i o n  of  

RAF-He/TOK case 

RAF-LIPb/RFP c a s  e 

Sic-He/TOK c a s e  

V-FL I B E  /TOK cas e 

advanced conve r s ion ,  V-MHD/TOK 

advanced f u e l ,  V-DHe3/TOR case 

L i  t h i  urn c o o l e  d , b e r y l 1  ium 
m u l t i p l i e r ,  RAF-Li/HYB, F u s i o n  Hybrid Case 

MS-HYB . DAT D a t a f i l e  f o r  ESECOM mol ten  s a l t  h y b r i d ,  SS-He/HYB, 
case. 
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e n t r i e s  should be s e l f  explana tory .  When t h e  program (GENEEWAK.BAS) i s  

RUN you are asked f i r s t  t o  s p e c i f y  the d i s k  d r i v e  on which the  d a t a  

f i l e s  are loca ted .  E n t e r  A, B, C etc. depending on the a p p r o p r i a t e  

d r i v e .  The names of the d a t a  f i l e s  a v a i l a b l e  a r e  then  shown on t h e  

sc reen .  E n t e r  t h e  name of t h e  f i l e  d e s i r e d .  ( I f  you want t h e  V-Li/TOK 

f o r  i n s t a n c e ,  e n t e r  V-LI-TOK.) 

The "Main Menu f o r  P l a n t  S p e c i f i c  Data Models" appea r s  next  on t h e  

screen .  The va lue  of any of t h e  model s p e c i f i c  d a t a  may be changed f o r  

a program run. F ive  sub-menues may be accessed  through t h i s  main menu. 

Simply e n t e r  t h e  cor responding  menu number t o  access sub-menues. If no 

change, o r  no more changes are d e s i r e d ,  e n t e r  a 0 (zero). A n  e n t r y  of 

99 ex i t s  the  program. Reference phys ic s  and e n g i n e e r i n g  parameters  f o r  

each  o f  t h e  models are p r e s e n t e d  i n  Table  5.2. 

The Eive p l a n t - s p e c i f i c  d a t a  model menues are:  

1 = Region Thicknesses  

2 = Region Dens i ty  and Unit  Cost 

3 = Plasma Phys ics  Parameters 

4 = Other P l a n t  S p e c i f i c  Data 

5 = Cost Model Data 

To change d a t a  w i t h i n  t h e s e  menues, s imply e n t e r  t h e  co r re spond ing  

menu number and t h e n  e n t e r  t h e  r e v i s e d  da ta .  A r e t u r n ,  w i thou t  e n t e r i n g  

a new d a t a  number, w i l l  r e s u l t  i n  a 0 ( z e r o )  f o r  t h e  d a t a  v a l u e  ( o r  a 

b lank) .  The s e l e c t i o n  of t h e  0 ( ze ro )  menu i t e m  w i l l  r e t u r n  c o n t r o l  t o  

t h e  main p l a n t  s p e c i f i c  d a t a  menu. Keference c o s t  d a t a  f o r  e a c h  of t h e  

models was p r e s e n t e d  i n  Tables  4.1 and 4 . 2 .  

I n  t h e  "o ther  p l a n t  s p e c i f i c  data"  sub-menu, i tem 6 s p e c i f i e s  t h e  

type of model. The c a l c u l a t i o n  proceeds somewhat d i f f e r e n t l y  f o r  d i f -  

f e r e n t  model t y p e s  as d i s c u s s e d  i n  Sect .  2 and 3 and t h i s  o p t i o n  a s s u r e s  

t h a t  t h e  proper  c a l c u l a t i o n s  are made. Menu i t e m  7 i n  t h i s  sub-menu 

specifies the c u r r e n t  d e n s i t y  o p t i o n  t o  be used. A 1 s p e c i f i e s  t h e  

s t anda rd  o p t i o n ,  Eq. 2.18A.; 2 s p e c i f i e s  t h a t  Eq. 2.18B be used;  and Op- 

t i o n  3 i s  used f o r  t h e  advanced concepts  (V-MHD/TOK and V-DHe3/TOK) and 

is desc r ibed  by Eq.  2.18C and t h e  d i s c u s s i o n  i n  Sec t .  2.2 and i n  t h e  

ESECOM r e p o r t .  3 



T a b l e  5.2. P h y s i c s  and e n g i n e e r i n g  p a r a m e t e r s  

V-l)He3 U F - L i  SS-He V-Li RAF-He RAF-LiPb V-Li Sic-He V-FLiEe V-XHD 
TOK TOK RFP RFP TOK TOK TOK TOK EYE HY 9 

Plasma E l l i p t i c i t y ,  k = b / a  

Aspect  R a t i o ,  A = R/a 

Xaximum Allowed B r a t i o  

T o t a l  Plasma S e t a  

Secondary!Primary C o i l  Volume, 

Naximum F i e l d  i n  C o i l s ,  Em 

Xaximum C o i l  C u r r e n t  

f r a c t i o n  

D e n s i t y ,  lo6 

E f f i c i e n c y  
E l  e c t r i c a  1 Co nve r s ion 

F i r s t  Wall F l u e n c e  L i f e t i m e  

F r a c t i o n  of E l e c t r i c  Power 
R e c i r c u l a t e d  t o  BOP 

B l a n k e t  Gain 

C a p a c i t y  F a c t o r  

C u r r e n t  D r i v e  E f f i c i e n c y  , A/W 

2.5 

4.0 

0.7 

0.1 

0.25 

10 

50 

0.404 

20 

0.06 

0.272 

0.65 

0.2 

2.5 

4.0 

0.7 

0.1 

0.25 

10 

50 

0.40 

15 

0.07 

0.223 

0.65 

0.2 

1.0 1.0 

6.0 6.0 

1.0 1.0 

0 .  0.2" 

8.0 8.0 

0.69 0.66 

10 10 

0 .343  0.404 

1 5  20 

0.06 0.06 

0.33 0.272 

0.65 0.65 

0.4 0.4 

2.5 

4.0 

0.7 

0.1 

0.25 

10 

50 

0.383 

15 

0.07 

0.20 

0.65 

0.2 

2.5 

4.0 

0.7 

0.1 

0.25 

10 

50 

0.446 

20 

0.05 

0.30 

0.65 

0.2 

2.5 

3. h 

0.7 

0.12 

0.7 

12 

100 

0.37 

20 

0.05 

0.30 

0.75 

XAb 

2.5 

3.6 

0.7 

0.12 

0.7 

16 

100 

0.768 

20 

0.027 

0.10 

0 . 7 5  

b NA 

2.5 2.5 

4.0 4.0 

0.7 0.7 

0.1 0.1 

0.25 0.25 

10 10 

50 50 W 
u 

0.374 0.409 

15 7 

0.06 0.09 

1.44 0.80 

0.65 0.65 

0.2 0.3 

" P o l o i d a l  Beta 

a p p l i c a b l e ,  d i r e c t  c o s t  f o r  a u x i l i a r y  power of $45 M used.  
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An a d d i t i o n a l  o p t i o n ;  6 = Delete This  E n t i r e  Model from Disk, i s  

a v a i l a b l e  on t h e  main menu. This  o p t i o n  should be used only i f  you want 

t o  d e l e t e  permanently t h e  d a t a  model you s e l e c t e d  (V-LI-TOK, e t c . )  from 

t h e  d i s k .  I f  t h i s  o p t i o n  i s  s e l e c t e d  by e n t e r i n g  6 ,  you w i l l  be given a 

second chance, YOU w i l l  be asked:  

"If  you r e a l l y  want t o  d e l e t e  ( f i l e  name), e n t e r  YES ( f u l l  word)." 

The f-ile. w i l l  on ly  be d e l e t e d  i f  you e n t e r  YES. I f  you answer YES, t h e  

d a t a  f i l e  w i l l  be e r a s e d  and you w i l l  be asked t o  select  a new model. 

Any o t h e r  r e p l y  w i l l  r e t u r n  t h e  main menu. 

When t h e  d a t a  m o d i f i c a t i o n s  are f- inished,  an e n t r y  of 0 ( z e r o )  i n  

the  main menu w i l l  cause c o n t r o l  t o  moue from t h i s  menu. I f  any sub- 

menu has been accessed  you w i l l  be asked i f  you want t o  save t h e  new 

d a t a .  An answer of N ( f o r  no) w f l l  cause t h e  program t o  moue t o  t h e  

second main menu. I f  your answer i s  Y ( f o r  y e s )  you w i l l  be shown t h e  

l i s t  of names of e x i s t i n g  models and asked t o  e n t e r  a model name. I f  

you e n t e r  t h e  name of an e x i s t i n g  model, i t  w i l l  be rep laced .  I f  you 

e n t e r  another  model name, no t  p r e s e n t l y  on t h e  l i s t ,  it w i l l  be added t o  

t h e  l i s t .  

Cont ro l  now moves t o  t h e  "Main Menu f o r  Common Var iab les . "  Data 

common t o  a l l  10 models a r e  a c c e s s i b l e  here .  There are f i v e  sub-menues 

a c c e s s e d  by t h i s  main menu: 

1 = C o s t / s i z e  scal.i.ng, 

2 = S a f e t y  Assurance Cost f a c t o r s ,  

3 = Plasma Parameters ,  

4 = Cost ing Parameters  

5 = Economic Parameters  

As w i t h  t h e  "Main P l a n t  S p e c i f i c  Data  Model Menu," e n t e r i n g  t h e  

menu i t e m  number a c c e s s e s  t h e  sub-menti and a 0 ( z e r o )  e n t r y  c o n t i n u e s  

t h e  program rtin. Data i s  r e v i s e d  by e n t e r i n g  t h e  sub-mcnu i t e m  number, 

and t h e n  e n t e r i n g  t h e  r e v i s e d  d a t a .  This  d a t a  w i l l  be  saved from c a s e  

t o  c a s e  u n l e s s  c o n t r o l  i s  r e t u r n e d  t o  t h e  f i r s t  main menu o r  t h e  program 

i s  r e s t a r t e d .  
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The r e f e r e n c e  d a t a  used i n  t h e  c o s t / s i z e  s c a l i n g  menu i s  t h a t  g iven  

on Table  3 . 4 .  E i t h e r  t h e  "N" grade  ( a l l  e n t r i e s  = I), t h e  P e r k i n s  f a c -  

t o r s ,  or t h e  ICF s a f e t y  a s s u r a n c e  f a c t o r  sets (see Table  3 . 4 )  may be 

accessed  i n  the  "Safe ty  Assurance Cost Fac tor"  sub-menu. 

The va lues  f o r  t h e  items i n  t h e  "Plasma (and Eng inee r ing )  Param- 

eters" menu are shown i n  Table  5.3. Values f o r  items i n  t h e  "Cost ing 

Parameters"  sub-menu a r e  shown i n  Table  5.4 and t h e  r e f e r e n c e  v a l u e s  of 

t h e  i t e m s  i n  t h e  "Economic Parameters"  sub-menu are shown i n  

Table  5.5. I n  t h e  economic parameter menu, I t e m  9 s p e c i f i e s  t h e  AFUDC 

m u l t i p l i e r  f o r  replacement  p a r t s ,  a z e r o  e n t r y  uses  t h e  b u i l t  i n  rela- 

t i o n  wi th  a 4 year  l e a d  t i m e  (see Eq. 3 .2 ) .  Any o t h e r  e n t r y  w i l l  be 

used d i r e c t l y  as a c o s t  m u l t i p l i e r .  

A 0 ( z e r o )  e n t r y  i n  t h e  "Main Menu f o r  Common Var i ab le s"  p u t s  t h e  

program i n t o  the  "Run" menu. The program is  set  up t o  vary e l e c t r i c  

Table  5.3. Plasma and e n g i n e e r i n g  pa rame te r s  

Wal l /p lasma r a d i u s  

Beta ( Ion ) /Be ta  ( E l e c t r o n )  

Beta ( Impur i ty )  /Beta ( E l e c t r o n )  

F r a c t i o n  of a l p h a  power t o  t a r g e t  

F r a c t i o n  of c u r r e n t  d r i v e  power going t o  plasma 

C o e f f i c i e n t  ( t 'Ct ' )  i n  qJ, e q u a t i o n  

Ta rge t  f h e n c e  l i f e t i m e ,  Mw year/m2 

Power t o  t a r g e t ,  MW 

Troyon b e t a  c o e f f i c i e n t  

Number of b l a n k e t  modules p e r  s e c t o r  

Number of c o i l  s e c t o r s  

Normalized c u r r e n t  d r i v e  e f  f iciencya'  

Plasma t empe r a t  u r e  , keV 

1.1 

1.0 

0.2 

0.8 

1.0 

1.1 

10 

10 

0.04 

6 

20 

0 

10 

a~ z e r o  (0)  e n t r y  s p e c i f i e s  u s e  of A/W v a l u e s  f o r  
c u r r e n t  d r i v e  e f f i c i e n c y  from Table 5 . 2 .  A non-zero 
e n t r y  s p e c i f i e s  u s e  of E q s .  2.19 and 2.22. 

on ly  for Tokamak r e a c t o r s .  
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Table  5.4. Cos t ing  pa rame te r s  

Blanket  c o s t  m u l t i p l i e r  1 

C o i l  c o s t  m u l t i p l i e r  1 

Cur ren t  d r i v e  c o s t  m u l t i p l i e r  1 

Blanket  s p a r e s  m u l t i p l i e r  1.1 

C o i l  redundancy ( s p a r e s )  m u l t i p l i e r  1.2 

L i m i t e r  s p a r e s  m u l t i p l i e r  1.2 

Table  5.5. Economic pa rame te r s  

A u x i l i a r y  power c a p a c i t y  f a c t o r  0.325 

Fixed charged ra te  ( c o n s t a n t  d o l l a r s )  0 .0844  

Design and c o n s t r u c t i o n  l e a d  t i m e ,  . 6 

P l a n t  l i f e ,  y e a r s  30 

y e a r s  

E f f e c t i v e  c o s t  of money, nominal 0.09 
d o l l a r s  

I n f l a t i o n / c o s t  e s c a l a t i o n  ra te  0.06 

E f f e c t i v e  income t a x  rate 0.4816 

AFUDC m u l t i p l i e r a  0 
.__I _--I_ 

"Zero s p e c i f i e s  t h e  use of Eq. 3.5 wi th  
4 year  lead  t i m e .  

power ( e e )  and/or  B (BMAX) au tomat i ca l ly .  One need only  s p e c i f y  t h e  

minimum v a l u e s  € o r  Pe o r  B t h e  number of s t e p  o r  c a l c u l a t i o n s  involv-  

i n g  each v a r i a b l e  and t h e  increment  between steps. For i n s t a n c e ,  i f  t h e  

c a l c u l a t i o n  is t o  be made f o r  B, = 8 ,  10, and 12;  then  the mintmum va lue  

s p e c i f i e d  f o r  BMLY (menu i t e m  4 )  i s  8 ;  t h e  number of s t e p s  ( i t em 5 )  i s  3 

and the  d e l t a  between s t e p s  (menu i t e m  6 )  i s  2. 

m 

m' 

An e n t r y  of 70 keeps t h e  e n t i r e  model as changed and goes t o  t h e  

"Main Menu f o r  Common Variables" .  An e n t r y  of 80, keeps t h e  r e a c t o r  

t y p e  model (i.e., V-LX-TOK), r e t u r n s  t h e  common v a r i a b l e s  t o  t h e i r  
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o r i g i n a l  v a l u e  and goes t o  t h e  "Main P l a n t  S p e c i f i c  Data Model Menu". 

An e n t r y  of 90 r e t u r n s  t o  the s ta r t  of program, thus  removing any 

changes t h a t  were n o t  saved on disk.  An e n t r y  of 99 e x i t s  the program. 

If t h e  d a t a  are c o r r e c t ,  i n p u t  a 0 ( z e r o ) .  You will be asked t o  

i n p u t  a t i t l e  f o r  t h e  job;  t h i s  t i t l e  w i l l  appear on each  s h e e t  of ou t -  

pu t .  

A sample ou tpu t  fo r  t h e  V-Li/TOK base case is shown i n  Fig. 5.1. 

Two pages of ou tpu t  are produced f o r  each case. The first page shows 

ORNL-DWG 88--4370 ETD (PART A) 

V-LI/TOK BASECASE 
02-25-1988 

V-LI-TOK V-LI-TOK V-LI-TOK V-LI-TOK V-LI-TOK 

**** PHYSICS PARAMETERS ***** 
TOTAL PLASMA BETA(BETA) 0.100 
ASPECT RATIO OF TORUS(R/a)(ASPECT) b . 0  
PLASMA ELLIPTICITY(ELL1P) 2 ~ 500 
MAXIMUM FIELD IN COIL(BMAX) 10.000 
HAXIMUM ALLOWED BETA RATIO(BRMAX) 0 . 7 0  
BIANKET THICKNESS 1 AND 2(DELBl,DELB2) 0.71 0.71 
GAP THICKNESS 1 AND 2(DELGl,DELC2) 0.10 0.10 
SHIELD THICKNESS 1 AND 2(DELSl,DELS2) 0.83 0.83 
AVERAGE CURRENT DENSITY IN COIL(DJBAR) 
NUMBER OF ITERATIONS(N1T) 21 
T H E W  DIFFUSIVITY(Mn2/S) CHIMAX,CHIEXP 0.838 0.018 0.323 
B4RAB(TA4*HA3) AND DENSITY(l/E+20) 10820 2.2900 
PIASMA RADIUS(AP) 1.472 
MAJOR RADIUS(R0) 5.887 
TOROIDAL FIELD IN PZASMA(B0) 4.294 
BETA RATIO(BRATI0) 0.429 
HEAN PLASMA W I U S ( A B A R )  2.327 
NEUTRON WALL LoADING(PWN) 3.195 
PIANT AVAILABILITY(FAV) 0.650 
GURRENT D R I V E ( O )  15.801 
FIRST WALL AREA, M A  2 ( AWALL) 716.5 
ALPMA POWER,MWT(PALPHA) 572.3 
NEUTRON POWER, MWT (PNEUT) 2289.3 
FUSION POWER,MWT(PFUS) 2861.6 
NUCLEAR POWER, MWT ( PNUC) 3484.3 
AUXIUIARY POWER,MWe(PAUX) 7 9 . 0  
TOTAL THERMAL POWER,MWT(PTH) 3563.3 
AVAILABLE THERMAL POWER, MWT (PTAV) 3367.9 
ELECTRIC POWER(PEL) 1200.0 
RECIRC. POWER FRACTION 0.12 
SAFETY FACTOR 2.268 

20.446 

Fig .  5.1. O u t p u t  f o r  V-Li/TOK base case. 
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ORNL-DWG 88-4370 ETD (PART B) 

V-LI/TOK BASECASE 

***** NUCLEAR ISLAND VOLUME, MASS, AND COST ***** 
BLANKET SHIELD P. COIL S. COIL STRUCTURE TOTAL 

VOLUME 526.2 978.6 214.8 53.7 134.2 2669 
WEIGHT 1704.7 6850.5 1696.8 424.2 805.4 11482 
COST 207.4 137.0 152.7 38.2 20.6 
NEUTRON WALL LOADING(PWN) 3.195 
MASS POWER DENSIlY,MPD(KWe/TONNE) 104.51 

**** CAPITAL INVESTMENT, MILLIONS 1986 $ ***** 
LAND 
STRUCTURES AND IMPROVEMENTS 

REACTOR BLDG. AND HOT CELLS 
OTHER STRUCTURES AND IMPROV 

SHIELD 
COILS 
STRUCTURE 
AUX. HEATER 

REACTOR PIANT EQUIPMENT 

TOTAL NUCLEAR I S M D  
HEAT TRANSFER AND TRANSPORT 
OTHER REACT PLWT EQUIP 

TURBINE PLANT EQUIPMENT 
ELECTRIC PLANT EQUIPMENT 
MISCELL. PIANT EQUIPMENT 
MAIN COND. HEAT REJECTION 

TOTAL DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECT+INDIRECT 
CONTINGENCY 

TOTAL OVERNIGHT COST 

***** POWER GENERATION COST ***** 
ANNUAL COSTS 

(MILLIONS 1986 $ )  
- - -  

CAP ITAI. INVESTMENT 
OPER AND M I N T  
FUEL C W G E  BREAKDOWN 

BLANKETS 
LIMITERS 
AUXILIARY H U T  
OTHER FUEL 
WASTE DISPOSAL 

44.47 
3.90 
5.30 
2.43 
6.83 

- - - - - - -  
TOTAL FUEL COST 62.93 

5 . 0  
3 2 0 . 3  

207.6 
112.6 

880.3 
137.0 
190.9 
20.6 
133.3 

481.8 
201.6 
196.8 

- - - _ _ -  

230.7 
121.2 
45.4 
50.4 

1653.2 
619.9 

2273.1 
341.0 

2614.1 

- - - _ - -  

- - - - - -  

- - - _ - -  

LEVELIZED POWER COST 
(1986 MILLS/KTJH) 

. . . . . . . . . . . . . . . . . . . .  
35.05 

8 . 8 7  

6.51 
0.57 
0.78 
0.35 
1.00 

TOTAL COST 363.06 

F i g  a 5 .1  (cont inued)  
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some of t h e  i n p u t  parameters  and t h e  ou tpu t  of t h e  physics c a l c u l a t i o n s .  

The second page shows the volume, weight and c o s t s  c a l c u l a t e d  f o r  t h e  

FPC; the neu t ron  w a l l  l o a d i n g  and mass power d e n s i t y ;  a breakdown of t h e  

components of t h e  c a p i t a l  inves tment  c o s t ;  and a breakdown by cost  com- 

ponent  of t he  Power Genera t ion  Cost ( c o s t  of e l e c t r i c i t y ,  COE). The 

ou tpu t  f o r  t h e  10 ESECOM c a s e s ,  €or  n u c l e a r  grade  ("N" stamp) cons t ruc -  

t i o n ,  is g iven  i n  Appendix B of t h i s  repor t .  Costs  f o r  f u l l  s a f e t y  

a s su rance  are about 25% less ( i n  COE). 

The average  running  t i m e  f o r  each  case i s  about 20 seconds wi th  

f u r t h e r  de l ay  f o r  p r i n t o u t .  
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Appendix A 

ACRONYMS, NOMENCLATURE, AND D E F I N I T I O N  OF TERMS 

AFU DC 

COE 

ESECOM 

F CR 

FPC 

I C F  

I H X  

NECDB 

0 &M 

PFC 

‘CFC 

D- T 

D-He 3 

A 

*t t 
a 

“W 

b 

B @ 
Brn 

Be 

cF 

cf 

CF 

‘OM 

Ac  ronvms and Nomenclature 

a l l awance  f o r  funds  used  d u r i n g  c o n s t r u c t i o n  

c o s t  o f  e l e c t r i c i t y  

Committee on Environmental ,  S a f e t y ,  and Economic Aspec ts  of  
Magnetic Fus ion  Energy 

f i x e d  c h a r g e  r a t e  

f u s i o n  power c o r e  

i n e r t i a l l y  c o n f i n e d  f u s i o n  

i n t e r m e d i a t e  h e a t  exchanger  

Nuclear  Energy Cos t  Data Base 

o p e r a t i o n  and maintenance 

p o l o i d a l  f i e l d  c o i l  

t o r o i d a l  f i e l d  c o i l  

deuter ium tritium f u e l  

deuter ium he l ium 3 f u e l  

D e f i n i t i o n  of  T e r m s  

a s p e c t  r a t i o n  (RT/a) 

area of  t a r g e t  (m2) 

plasma minor r a d i u s ,  small dimension (m) 

f i r s t  w a l l  minor  r a d i u s ,  small d imens ion  (m) 

plasma minor r a d i u s ,  l a rge  dimension (m) 

magnet ic  f i e l d  i n  plasma (T) 

maximum f i e l d  on pr imary c o i l  ( T )  

c i r c u l a r i z e d  plasma p o l o i d a l  f i e l d  ( T )  

c a p a c i t y  f a c t o r  

annua l  c o s t  of  f u e l - l i k e  items (M$/year) 

annua l  C O S T .  of m i s c e l l a n e o u s  f u e l  (M$/year) 

annua l  c o s t  of o p e r a t i o n  and maintenance t a x  d e d u c t i b l e  
d e p r e c i a t i o n  
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dn 
F 

F CRo 

AUX 

capo 

CD 

'ind 

g 

i 

I O  

Iw 

j m  

MN 

pC 

I 
W T  

I, 

'b 

'CD 

e P 

'ET 

p €  

pN 

Pt 

PTII 

Pt t 

'U 

pa 

qa 

qJI 
R 

RT 
T 

*E 

t a x  d e d u c t i b l e  d e p r e c i a t i o n  f r a c t i o n  i n  y e a r  (M$/year) 

RFP r e v e r s a l  pa rame te r ,  o r  p r e s e n t  worth of revenue r e q u i r e -  
ments f a c t o r  

c o n s t a n t  d o l l a r  f i x e d  cha rge  r a t e  ( f  r a c t i o d y e a r )  

f r a c t i o n  of e l e c t r i c  power r e c i r c u l a t e d  t o  power p l a n t  (ex- 
c l u d e s  c u r r e n t  d r i v e  power) 

c a p i t a l i z a t i o n  f a c t o r  i n  c o n s t a n t  d o l l a r s  

f r a c t i o n  of  c u r r e n t  d r i v e  power d e l i v e r e d  t o  plasma 

c o s t  m u l t i p l i e r  f o r  i n d i r e c t  c o s t s  

b l a n k e t  energy m u l t i p l i c a t i o n  g a i n  

i n f l a t i o n  r a t e  

plasma c u r r e n t  ( M A )  

neu t ron  w a l l  l o a d i n g  (MW/rn2> 

f i r s t  w a l l  r a d i a t i o n  l i f e t i m e  (MW years /m2)  

c o i l  ave rage  c u r r e n t  d e n s i t y  (kA/cm2) 

b l a n k e t  l i f e  i n  f u s i o n  p l a n t  ( y e a r s )  

Neutron energy m u l t i p l i e r  i n  b l a n k e t  

bremss t rah lung  power t o  t a r g e t  (MW) 

plasma conduc t ion  power t o  t a r g e t  (MW) 

c u r r e n t  d r i v e  power (MCJ) 

e l e c t r i c  power t o  g r i d  (MW) 

t o t a l  e l e c t r i c  power (MJ) 

f u s i o n  power (Md) 

neu t ron  power ( M V )  

t o t a l  t he rma l  power (W) 

a v a i l a b l e  the rma l  power (MbJ) 

power t o  t a r g e t  (MW) 

produced microwave power ( H W )  

a l p h a  p a r t i c l e  power (Wd) 

edge plasma s a f e t y  f a c t o r  

f l u x  d e f i n e d  s a f e t y  f a c t o r  

replacement  r a t e  f o r  b l a n k e t  modules ( y e a r - l )  

major  r a d i u s  of  p l a s m a  (m) 

plasma t empera tu re  (KeV), o r  t a x  d e p r e c i a t i o n  pe r iod  ( y e a r s )  

h e a t  r e j e c t i o n  t empera tu re  ( O K )  
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Ti 

TO 

t 

X 

xO 

Y 

Greek 

E 

K 

<av > 

primary l o o p  i n l e t  t empera tu re  (OK) 

primary loop  o u t l e t  t empera ture  (OK) 

combined f e d e r a l  and s t a t e  income t a x  ra te  (0.4816) 

nominal d o l l a r  e f f e c t i v e  c o s t  of money (0.09) 

c o n s t a n t  d o l l a r  e f f e c t i v e  c o s t  of money (0.0283) 

power p l a n t  d e s i g n  and c o n s t r u c t i o n  l e a d  time ( y e a r s )  

t o t a l  plasma b e t a  

e l e c t r o n  b e t a  

ion b e t a  

i m p u r i t y  i o n  b e t a  

p o l o i d a l  b e t a  

r a d i a l  t h i c k n e s s  of b l a n k e t  (m) 

r a d i a l  t h i c k n e s s  of c o i l  dewar (m) 

r a d i a l  t h i c k n e s s  of ma in tenance / se rv ice  gap (m) 

r a d i a l  t h i c k n e s s  of sh lePd (m) 

i n v e r s e  aspect r a t i o  ( 1 / A )  

RFP p inch  parameter  

plasma e l o n g a t i o n  (b/a) 

plasma d e n s i t y  ( 1  O2 /m3 ) 

thermal  t o  e l e c t r i c  conve r s ion  e f f i c i e n c y  

i d e a l  thermal e f f i c i e n c y  

f u s t o n  r e a c t i v i t y  ( m 3 / s >  
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Appendix B 

OUTPUT FROM ESECOM CASES 

There were t e n  f u s i o n  r e a c t o r s  cons ide red  i n  the ESECOM ana lyses .  

The computer ou tpu t  for each of t h e s e  t e n  cases based on f u l l  n u c l e a r  

g rade  c o s t i n g  are shown i n  F igs .  B.1-3.10. 

ORNL-DWG 88-4371 ETD (PART A )  

ESECOM BASE CASE - Li COOLED FIRST WALL TOKAMAK 
02-25-1988 

V-LI-TQK V-LI-TOK V-LI-TOK V-LI-TOK V-LI-TBK 

*** PHYSICS PARAMETERS **** 
TOTAL PLASMA BETA(BETA) 0.100 
ASPECT RATIO OF TORUS(R/a)(ASPECT) 4.0 
PLASMA ELLIPTICITY(ELL1P) 2.500 
MAXIMUM FIELD IN COIL(BMAX) 10.000 
MAXIMUM ALLOWED BETA RATIO(BW) 0.70 
BIAM(ET THICKNESS 1 AND 2(DELBl,DELB2) 0.71 0.71 
GAP THICKNESS 1 AND 2(DELGl,DEU2) 0.10 0.10 
SHIELD THICKNESS 1 AND 2(DELSl,DELS2) 0.83 0.83 
AVERAGE CURRENT DENSITY IN COIL(DJBAR) 20.116 
NOMBER OF ITERATIONS(N1T) 21 
T H U L  DIFFUSIVITY(MAZ/S) CHIMAX,CHIEXP 0.838 0.018 0.323 
B4RAB(TA4*MA3) AND DENSITY(l/E+20) 10820 2.2900 
PLASMA RADIUS(AP) 1.172 

TOROIDAL FIELD IN PLASMA(B0) 4.294 
BETA RATIO(BRAT1Q) 0.429 
MEAN PLASMA RADIUS(ABAR) 2.327 
NEUTRON WALL LoAoING(PWN) 3.195 
PLANT AVAILABILITY(FAV) 0.650 
CURRENT DRIVE(CURRD) 
FIRST W A U  AREA,MA2(AWALL) 716.5 
ALPHA POWER, HWT ( PALPHA) 572.3 
NEUTKON POWER, MWT (PNEUT) 2289.3 
FUSION POWER,MWT(PFUS) 2861.6 

AUXIUIARY POWER,pIwe(PAUX) 79.0 
TOTAL THERMAL POWER, MWT (PTH) 3563.3 
AVAILABLE THERMAL POWER,HWT(PTAV) 3367.9 
ELECTRIC POWER(PEL) 1200.0 
RECIRC. POWER FRACTION 0.12 
SAFETY FACTOR 2.268 

MAJOR RADIUS(R0) 5.887 

15. a01 

NUCLEAR POWEK,MWT(PNUC) 3184.3 

Fig.  B . l .  Output € o r  ESECOM basecase ,  V-Li /TOK.  
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ORNL-DWG 88-4371 ETD (PART B) 

ESECOM BASE CASE - L i  COOLED FIRST WALL TOKAMAK 

*+** NUCLEAR ISLAND VOLUME, MASS, AND COST ***** 
BLANKET SHIELD P. COIL S. COIL STRUCTURE TOTAL 

VOLUME 526.2 978.6 214.8 53.7 134.2 2669 
WEIGHT 1704.7 6850.5 1696.8 424.2 805.4 11482 
COST 207.4 137.0 152.7 38.2 20.6 
NEUTRON WALL LOADING(PWN) 3.195 
MASS POWER DENSITY,HFD(KWa/TONNE) 104.51 

*- CAPITAL INVESTMENT, MILLIONS 1986 $ ***** 
IANB 
STRUCTURES AND IMPROVEMENTS 

REACTOR BLDG. AND HOT CELLS 
OTHER STRUCTURES AND IMPROV. 

SHIELD 
COILS 
STRUCTURE 
AUX. HEATER 

REACTOR P m  EQUIPMENT 

TOTAL NUCLEAR ISLAND 
HEAT TRANSFER AND TRANSPORT 
OTHER XEACT PLANT EQUIP 

TURBINE PIANT EQUIPMENT 
ELECTRIC PLANT EQUIPMENT 
MISCEU. PLANT EQUIPMENT 
MAIN COND. HEAT REJECTION 

TOTAL DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECT+INDIRECT 
COPrTINGrnCII 

TOTAL OVERNIGHT COST 

**** POWER GENEXATION COST ***** 

- -  
CAPITAL INVESTMENT 
OPER AND MAXNT 
FUEL CHAKGE BREAKDOWN 

BLANKETS 
LIMITERS 
AUXILIARY HEAT 
OTHER FUEL 
WASTE DISPOSAL 

ANNUAL COSTS 
(MILLIONS 1986 $)  

44.47 
3.90 
5.30 
2 . 4 3  
6.83 

5.0 
320.3 

207.6 
112.6 

137.0 
190.9 
20.6 

133.3 

481.8 
201.6 
196.8 

880.3 

_ _ _ _ - _  

230.7 
121.2 
45.4 
50.4 

1653.2 
619.9 

2273.1 
341.0 

2614.1 

_ _ _ - - -  

- - - - - -  

- - _ - - -  

6.51 
0.57 

0.35 
1.00 

0.78 

- _ - _ - -  
9.21 

TOTAL COST 363.06 53.13 

F i g .  B . 1  (continued) 
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ORNL-DWG 88-4372 ETD (PART A )  

He COOLED RAF FIRST WALL TOKAMAK 
02-25-1988 

RAF-HE RAF-HE RAF-HE RAF-HE RAF-HE 

**+.* PHYSICS PARAMETERS **** 
TOTAL PIASHA BETA(BETA) 0.100 
ASPECT RATIO OF TORUS(R/a)(ASPECT) 4.0 
PLASM EUIPTICIlY(E~1P) 2.500 
HAXIMUM FIELD IN COIL(BMAX) 10.000 
HAXIMUM WED BETA RATIO(BW) 0.70 
BLANKET THIClwESS 1 AND 2(DELBl,DEL82) 0.70 0.70 
GAP THICKNESS 1 AND 2(DELGl,DELG2) 0.10 0.10 
SHIELD THICKNESS 1 AND 2(DELSl,DELS2) 0.92 0.92 
AVERAGE CURRENT DENSITY IN COIL(AJBAR) 
NUMBER OF ITERATIONS(N1T) 22 
THERMAL D1FlWSIVlTY(MA2/S) CHIMAX,CHIEXP 0.876 0.018 0.331 
B4RAB(TA4*MA3) AND DENSITY(l/E+PO) 11469 2.2470 
PLASMA RADIUS(AP) 1.519 
MAJOR RADIUS(R0) 6.075 
TOROIDAL FIELD IN PLASMA(B0) 4.254 
BETA RATIO(BRATI0) 0.425 
HEAN PLASMA R A D I U S ( M )  2.401 
NEUTRON WALL LOADING (PWN) 3.176 
PLANT AVAILABILITY (FAV) 0.650 
CURRENT DRIVE(CURRD) 16.150 
FIRST WALL AREA,MA2(AWALL) 762.8 
ALPHA POWER,HWT(PALPHA) 605.6 
NEUTRON POWER, MJT ( PNEXT) 2422.3 

NUCLEAR POrJER,MWT(PNUC) 3568.0 

20.446 

FUSION POWER,MWT(PFUS) 3027. a 

AUXILLIARY P O W E R ,  W e  ( P A W )  80.7 
TOTAL. THERMAL POWER,MWT(PTH) 3648. 8 
AVAIUUBLE THERMAL POWER,MWT(PTAV) 3442.9 
ELECTRIC EWWER(PEL) 1200.0 
RECIBC. POWER FRACTION 0.13 
SAFETY FACTOR 2.268 

Fig .  8 . 2 .  O u t p u t  f o r  RAF-Re/TOK. 
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ORNL-DWG 88-4372 ETD (PART 6) 

He COOLED RAF FIRST WALL. T O W  

.*-wdnt N U C W  ISLANI) VOLUME, MASS, AND COST ***** 
BLANKET SHIELD P. COIL S .  COIL STRUCTURE TOTAL 

VOLUME 549.5 1153.8 227.2 56.8 142.0 2966 
WEIGHT 1099.1 8076.4 1795.1 448.8 852.1 12271 
COST 60.4 161.5 161.6 40.4 21.8 
NFXJTRON WALL LOADING (FWN) 3.176 
MASS POWER DENSITY,KPD(KWe/TOHNE) 97.79 

** CAPITAL INVESTMENT, MILLIONS 1986 $ ***** 
LApTa 
STRUCTURES AND IMPROVEMENTS 

REACTOR BUG. AND HOT CELLS 
OTHER STRUCTURES AND IMPROV 

SHIELD 
C O I ~  
STRUCTURE 
AUX. HEA'FER 

REACTOR PzAprr EQIIIPMENT 

TOTAL NUCLEAR ISLAND 
HEAT TRANSFEX AND TRANSPORT 
OTHER REACT PIANT EQUIP 

TURBINE PLANT EQUIPMENT 
ELECTRIC PLANT EQUIPEPEPTT 
MISCELJ.. PLAEJT EQUIPMENT 
HAIN CONI. HEAT REJECTION 

TOTAL DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECT*INDIRECT 
CONTINGENCY 

TOTAL. OVERNIGHT COST 

**** P O W  GENEFNl'ION COST ***-** 
ANNUAL COSTS 

(MILLIONS 1986 $)  
-_.  

CAPITAL INVESTMENT 
OPER ANE) MAINT 
FUEL CHARGE BREAKDOWN 

BLANKETS 
LIMITERS 
AUXILIARY HEAT 
OTHER FUEL 
WASTE DISPOSAL 

16.35 
4.12 
6.76 
2.43 
6.83 

TOTAL FUEL COST 36.49 

TOTAL COST 

5.0 
315.5 

200.4 
115.1 

161.5 
201.9 
21.8 
136.3 

521.6 
170.4 
202.4 

894.4 

_ - - - - -  

230.7 
121.2 
45.7 
51.8 

1664.3 
624.1 

- - - - - -  

- - - _ - -  
2288.5 

2631. a 

343.3 - - - - _ -  

LEVELIZED POWER COST 
(1986 MILLS/KWH) . . . . . . . . . . . . . . . . . . . .  

35.29 
7.87 

2.39 
0.60 
0.99 
0.35 
1.00 

F i g .  R . 2  (continued) 
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ORNL-DWG 88-4373 ETD (PART A )  

RAF STRUCTURE LiPb BREEDER RFP 
0 2 -  2 5 -  1988 

PBLI-RFP PBLI-RFP PBLI-RFP PBLI-RFP PBLI-RFP 
*+.*.**+NC/RFP**WM* 

**** PHYSICS PARAMETERS **** 
TOTAL PLASMA BETA(BETA) 0.200 
ASPECT RATIO OF TORUS(R/a)(ASPECT) 6 . 0  
PLASMA ELLIPTIGITY(EU1P) 1.000 
MAXIMUM FIELD IN COIL(BMAX) 0.690 
MAXIHUM ALLOWED BETA RATIO(BRHAX) 1.00 
BIANKET THICKNESS 1 AND 2(DELBl,DELB2) 0 . 6 0  0.60 
GAP THICKNESS 1 AND 2(DELGl,DELG2) 0.10 0.10 
SHIELD THICKNESS 1 AND Z(DELS1,DELSZ) 0.10 0.10 

NUMBER O F  ITEXATIONS(N1T) 10 
AVERAGE CURRENT DENSITY IN COIL(DJBAR) 

THERMAL DIF'FUSIVITY(MA2/S) CHIMAX,CHIEXP 0.338 0.167 
B4RAB(TA4*M*3) AND DENSITY(l/E+20) 3111 8.2003 
PLASMA RADIUS (AP) 0.781 
MAJOR RADIUS(R0) 4.686 
TOROIDAL FIELD IN PLASMA(B0) 0.431 
BETA RATIO(BRATI0) 0.625 

NEUTRON WALL LOADING(PWN) $16.567 
PLANT AVAILABILITY(FAV) 0.650 

Ff RST WALL AREA, MA 2 (AWALL) 158.9 
ALPHA POWER,McPT(PALpHA) 658.3 
NmTTRON POWER,MWT(PNEUT) 2633.1 
FUSION POWER,MWT(PFUS) 3291.3 
NUCLEAR PoWER,MWT(PNuC) 6160.2 
AUXILLIARY POWER,MWe(PAUX) 56.1 
TOTAL THERHAL POWF.R,MWT(PTH) 4216.3 
AVAILABLE THERMAL POWER,MWT(PTAV) 3990.8 
ELECTRIC PoWER(PEL) 1199.9 
RECIRC. POWER FRACTION 0.12 
SAFETY FACTOR 0.194 
REVERSAL PARAMETER 0.12 
PINCH PARAMETER 1.60 

10.000 

HEAN PLASMA RADIUS(ABAR) 0.781 

CURRENT DRIVE(GURRD) 22.438 

Fig. B . 3 .  Outpu t  f o r  RAF-LiPbIRFP. 
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ORNL-DWG 88-4373 €.TO (PART B) 

BAF STRUCTURE LiPb BREEDER RFP 

**** NUCLEAR ISLAND VOLUME, MASS, AND COST **** 
BLANKET SHIELD P. COIL S .  COIL STRUCTURE TOTAL 

VOLUME 1 2 8 . 7  3 7 . 2  1 4 . 3  1 1 4 . 6  6 4 . 5  4 2  8 
WEIGHT 9 9 6 . 6  2 6 0 . 5  1 1 3 . 2  9 0 5 . 6  3 8 6 . 9  2 6 6 3  
COST 1 8 . 9  5 . 2  5 . 7  4 5 . 3  9 . 9  
NEUTRQN WALL LoADING(PWN) % 1 6 . 5 6 7  
MASS P O W  DENSITY,MPD(KWe/TONNE) 4 5 0 . 6 3  

*** CAPITAL INVESTMENT, MILLIONS 1 9 8 6  $ ***** 
LAND 
STRUCTURES AND IMPROVENENTS 

REACTOR BLDG. AND HOT CEUS 
OTHER STRUCTURES AND IMPROV. 

SHIELD 
COILS 
STRUCTURE 
AUX. HEATER 

REACTOR PIANT EQUIPMENT 

TOTAL NUCLEAR ISLAND 
H U T  TRANSFER ANY) TRANSPORT 
OTHER REACT PUWT EQUIP 

TURBINE PLANT EQUIPMENT 
ELECTRIC PIANT EQUIPMENT 
rU1SCEI.L. PLANT EQUIPMENT 
MAIN COWD. HEAT REJECTION 

TOTAL DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECT+INBIRECT 
CONTINGENCY 

TOTAL OVEWIGHT COST 

*** POWER GENERATION COST **-A** 

ANNUAL COSTS 
(MILLIONS 1 9 8 6  $)  

CAPITAL INVESTFIENT 1 6 5 . 0 4  
OPER AND MAxm 6 0 . 6 1  
FUEL CHARGE BREAKDOWN 

BLANKETS 1 3 . 4 4  
LIMITERS 4 . 4 8  
AUXILIARU HEAT 4 . 6 5  
OTHER FUEL 2 . 4 3  
WASTE DISPOSAL 6 . 8 3  _ _ - - - - _  

TOTAL FUEL COST 3 1 . 8 3  

5 . 0  
1 8 3 . 7  

6 1 . 2  
1 2 2 . 5  

4 8 9 . 5  
5 . 2  

5 0 . 9  
9 . 9  

21.0 

8 7 . 1  
2 2 3  .O 
1 7 9 . 4  

- - - - - -  

2 3 0 . 7  
1 2 1 . 2  

4 7 . 8  
6 1 . 2  

1 1 3 9 . 1  
4 2 7 . 2  

1 5 6 6 . 3  
2 3 4 . 9  

- - - - - -  

1 8 0 1 . 2  

1 . 9 7  
0 . 6 6  

0 . 3 6  
1 . 0 0  

0 . 6 8  

- - - - - -  
4 . 6 6  

TOTAL COST 3 7 . 6 9  

F i g .  B .3 (continued) 
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ORNL-DWG 88-4374 ETD (PART A)  

Li COOLED V FIRST WALL RFP 
02-25-19a8 

V-LI-RFP V-LI-RFP V-LI-RFP V-LI-RFP V-LI-RFP 
.*M***NC/RFP**-k**** 

*** PHYSICS PARAMETERS ***** 
TOTAL PLASMA BETA(BETA) 0.200 
ASPECT RATIO OF TORUS(R/a)(ASPECT) 6.0 
PLASMA ELLIPTICITY(EU1P) 1.000 
MAXIMUM FIELD IN COIL(BHAX) 0.660 
MAXIHUM ALLOWED BETA RATIO(BRNAX) 1.00 
BLANKET THICKNESS 1 AND 2(DELBl,DELB2) 0.32 0 . 3 2  
GAP THICKNESS 1 AND 2(DELGl,DELGZ) 0 .00  0.00 
SHIELD THICKNESS 1 AND 2(DELSl,DELS2) 0.45 0.45 
AVERAGE CURRENT DENSITY IN COIL(DJBAR) 10.000 
NUMBER OF ITERATIONS(N1T) 9 
THERHAL DIFFUSIVITY(MA2/S) CHIMAX,CHIEXP 0.317 0.173 
B4RAB(TAL*MA3) AND DENSITY(l/E+20) 2738 7.6861 
PLASMA RADIUS(AP) 0.782 
MAJOR RADIUS(R0) 4 . 6 8 9  
TOROIDAL FIELD IN PLASMA(B0) 0.417 
BETA RATIO(BRATI0) 0.632 
HEAN PLASMA RADIUS(BBAR) 0.782 
NEUTRON WALL LoADING(PWN) $14 .558  
PLAN" AVAILABILITY( FAV) 0.650 
CJfzRENT DRIVE(-) 21.738 
FIRST WALL AREA, MA 2 (AWALL) 159.2 
ALPHA POWER,MJT(PALPHA) 579.2 
NEUTRON POWER, MWT (PNEUT) 2316.9 
FUSION POwER,MWT(PFuS) 2896.2 
N u c m  powER,MwT(PNuc) 3526.4 
AUXILLIARY POWER, MWs (PAUX) 54.3 
TOTAL THERMAL WWER,MWT(PTH) 3580.7 
AVAILABLE THERMAL POWER,MWT(PTAV) 3379. a 
ELECTRIC POWER( PEL) 1200.0 
RECIRG. POWER FRACTION 0.12 
SAFETY FACTOR 0.194 
REVERSAL PARAMETER 0.12 
PINCH PARAMETER 1.60 

Fig. 8.4.  Output  f o r  V-Li/RFp.  
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ORNL-DWG 88-4374 ETD (PART B) 

Li COOLED V FIRST WALL RFP 

***** N U C W  ISLAND VOLUME, MASS, AND COST *-**** 
BLANKET SHIELD P. COIL S. COIL STRUCTURE TOTAL 

VOLUME 59.3 145.8 13.6 108.9 61.3 45 7 
WEIGHT 62.5 998.4 107.6 860.4 367.6 2396 
COST 13.2 80.9 5.4 43.0 9.4 

MASS POWER DENSITY,MPD(KWe/TONNE) 500.74 
NEUTRON WALL MADING (PUN) %I&. 5 5 8  

*** CAPITAL INVESTMENT, MILLIONS 1986 $ ***** 
IAND 
STRUCTURES AND IMPROVEMENTS 

REACTOR B L W .  AND HOT CELLS 
OTHm STRUCTURES AND IMPROV. 

SHIELD 
COILS 
STRUCTURE 
AUX. HEATER 

REACTOR PLANT EQUIPMENT 

TOTAL NUCLEAR ISLAND 
HEAT TRANSFER AND TRANSPORT 
OTHER REACT PLANT EQUIP 

TUN3INE PLANT EQUIPMENT 
ELECTRIC PLANT EQUIPMENT 
MISCEU. PLANT EQUIPMENT 
MAIN COND. HEAT REJECTION 

TOTAL DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECT+INDIRECT 
CONTINGENCY 

TOTAL OVERNIGHT COST 

**** POWER GENERATION COST ***** 
ANNUAL COSTS 

(MILLIONS 1986 $1 - - - - - - - - - _ - - - - - - -  
CAPITAL INVESTMENT 167.46 
O P W  AND MAINT 60.61 
FUEL CHARGE BREAKDOWN 

BLANKETS 10.58 
LIMITERS 3.94 
AlixILIARY HEAT 3.03 
OTNW FUEL 2.43 
WASTE DISPOSAL 6.83 

- - - - - - - 
TOTAL FUEL COST 2 6 . 8 1  

5.0 
176.9 

64.0 
112.9 

525.8 
80.9 
48.4 
9.4 
20.4 

159.1 
202.2 
164.6 

- - - - - _  

230.7 
121.2 
45.5 
50.7 

1155.8 
433.4 

1589.2 
238.4 

- - - - - -  

- - - - - -  

1827.6 

1.55 
0.58 
0.44 
0.35 
1.00 

- - - - - -  
3.92 

TOTAL COST 254. a8 3 7 . 3 0  

F i g .  B .4 ( c o n t i n u  2d) 
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ORNL-DWG 88-4375 ET0 (PART A) 

He COOLED SIC STRUCTURE TOKAMAK 
02-25-iwa 

SIC-HE SIC-HE SIC-HE SIC-HE SIC-HE 

*- PHYSICS PARAMETERS *** 
TOTAL PLASMA BETA(BETA) 0.100 
ASPECT RATIO OF TORUS(R/a)(ASPECT) 4.0 
PLASMA ELLIE'TICITY(ELL1P) 2.500 
MAXIMUM FIELD IN COIL(BMAX) 10.000 
MAXIMUM ALLOWED BETA RATIO(BRMAX) 0.70 
BLANKET THICKNESS 1 AND 2(DELBl,DELB2) 0.79 0.79 
CAP THICKNESS 1 AND 2(DELGl,DEU2) 0.40 0 . 4 0  
SHIELD THICKNESS 1 AND 2(DELSl,DELS:!) 1.08 1.08 
AVERAGE CURRENT DENSITY IN COIL(DJBAR) 
NUMBER OF ITERATIONS(N1T) 25 
THERMAL DIFFUSIVITY(MA2/S) CHIMAX,CHIMP 0.972 0.019 0.394 
B4RkB(TA4*MA3) AND DENSITY(l/E+20) 12197 1.8653 
PLASMA RADIUS(AP) 1.756 
MAJOR RADIUS(R0) 7.024 

20.446 

TOROIDAL FIELD IN PLASMA(B0) 3.876 
BETA RATIO(BRATI0) 0.388 
MEAN PLASMA RADIUS(ABAR) 2.777 
NEUTRON WALL LOADING(PWN) 2.530 
PIANT AVAILABILITY(FAV) 0.650 

17.015 CURRENT DRIVE(CURRD) 
1019.9 

ALPHA POWER,MWT(PALPHA) 645.1 
NEUTRON POWER, HWT ( PNEXJT) 2580.6 
FUSION POwER,MWT(PFUS) 3225.7 
NUCLEAR POWER, MWT (PNUC) 3741.8 

TOTAL. THERMAL POWER,MWT(PTH) 3826.9 
AVAILABLE THERMAL POWER.MWT(PTAV) 3607.8 

RECIRC. POWER FRACTION 0.13 
SAFETY FACTOR 2.268 

FIRST WALL AREA, HA 2 ( AWALL) 

AUXILLIARY POWER, We (PAUX) 85.1 

ELECTRIC POWER( PEL) 1200.0 

Fig .  B.5. Output  f o r  Sic-He/TOK. 
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ORNL -DWG 88-4375 ETD (PART 8) 

He COOLED SIC STRUCTURE TOKAMAK 

*** NUCLEAR ISLAND VOLUME, MASS, AND COST ***** 
BLANKET SHIELD P. COIL S .  COIL STRUCTURE TOTAL 

VOLUHE: 827.1 1913.1 288.1 72.0 180.1 4574 
WEIGHT 1240.6 9183.0 2276.2 569.1 1080.5 14349 
COST 81.9 275.5 204.9 51.2 27.7 
NEUTRON WALL LOADING (PWN) 2.530 
MASS POWER DENSITY,MPD(KWe/TOWE) 83.63 

** CAPITAL INVESTMENT, MILLIONS 1986 $ ***** 
LAND 5.0 
STRUCTURES AND IMPROVEMENTS 385.4 

REACTOR BUG. AND HOT CELLS 267.5 
OTHER STRUCTURES AND IWROV. 117.9 

REACTOR PLANT EQUIPMENT 1102.0 
SHIELD 
COILS 
STRUCTURE 
AUX. HEATER 

TOTAL NUCLEAR ISLAND 
HEAT TRANSFER AND TRANSPORT 
OTHER REACT PLANT EQUIP 

TURBINE PLANT EQUIPMENT 
ELECTRIC PLANT EQUIPMENT 
MXSCEUd. PLANT EQUIPMENT 
MAIN COND. HEAT REJECTION 

TQTAL DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECTi-INDIRECT 
CONTTNCENCP 

TOTAIL. OVERNIGHT COST 

*it*** POWER GENERATION COST ***** 
ANNUAL COSTS  

(MILLIONS 1986 $)  
_ _ _ - _ _ _ - - - - - - - - - -  

CAPITAL INVESTMENT 281. 86 
OPER AND MAINT 53.80 
FUEL CHARGE B R W O W N  

BLANKETS 18.10 
LIMlTERS 4.39 
AUXILIARY H U T  5.95 
OTHER FUEL 2.43 
WASTE DISPOSAL 6.83 

- - - - - - - 
TOTAL FUEL COST 37.70 

TOTAL COST 373.36 
- - - - - - -  

275.5 
256.1 
27.7 

143.6 

702.8 
175.4 
223.8 

_ _ _ _ - _  

230.7 
121.2 
46.4 
54.8 

1945.4 
729.5 

2675.0 
401.2 

_ - - - - -  

3076.2 

LEVELIZED POWER COST 
(1986 MILLS/KWH) _ _ _ _ _ _ _ _ _ _ _ - - - _ - - - - -  

41.25 
7 . 8 7  

F i g .  B . 5  (continued) 
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ORNL-DWG 88-4376 E T 0  (PART A) 

FLiBe COOLANT/RREEDER V FIRST W A U  T O W  
02-25-1988 

V-FLIBE V-FLIBE V-FLIBE V-FLIBE V-FLIBE 

** PHYSICS PARAMETERS *** 
TOTAL PLASMA BETA(BETA) 0.100 
ASPECT RATIO OF TORUS (R/a) (ASPECT) 
PLASMA ELLIPTICITY(ELL1P) 2.500 
HAXIMUM FIELD I N  COIL(BHAx) 10.000 
MAXIMUM ALLOWED BETA RATIO(BRHAX) 0.70 
BLANKET THICKNESS 1 AND 2(DEUl.DELB2) 1.20 1.20 
GAP TfIfCKNESS 1 AND Z(DELCl,DELG2) 0 .00  0.00 
SHIELD THICKNESS 1 AND Z(DELs1,DELSZ) 0.05 0.05 

NUMBER OF ITERATIONS(N1T) 19 

4.0 

AVERAGE CURRENT DENSITY IN COIL(DJBAR) 

THERMAL DIFFUSIVITY(MA2/S) CHIMAX,CHIEXP 0.731 0.018 0.279 
BGRAB(TA4*MA3) AND DENSITY(l/E+ZO) 9468 2,6418 
PLASMA UDIUS(AP) 1.280 
M O R  RADIUS(R0) 5.119 
TOROIDAL FIELD IN PLASHA(B0) 4.612 
BETA RATIO(BRATI0) 0.461 
MEAN PIASMA RADIUS(ABAR) 2.023 
NEUTRON W A L L  IDADING( mJN) 3.699 
PLANT AVAIIABILITY(FAV) 0.650 
CURRENT DRIVE(CURRD) 14.755 
FIRST W A L L  AREA, K" 2 ( AWALL) 541.6 
ALPHA POWER,MWT(PALPHA) 500.8 

2003.2 NEUTRON POWER,mSr(PNEUT) 
FUSION POWER,HwT(PFUS) 2503.9 
NUCLEAR PowER,m(PNuc) 3104.9 
AUXILLIARY POWER,Hwe(PAUX) 73.8 
TOTAL THERMAL POWER,MWT(PTH) 3178.7 
AVAILABLE THERMAL POWER,MWT(PTAV) 3006.3 
ELECTRIC WWER(PEZ) 1200.0 
RECIRC. P3WER FRACTION 0.11 
SAFETY FACTOR 2.268 

20.446 

Fig.  B.6. Gutput f o r  V-FLiBe/TOK. 



62 

ORNL--.DWG 88--4376 ETD (PART Bl 

niBe COOLANT/BXEEDER V FIRST WALL TOKAMAK 

**., NUCLEAR ISIAND VOLUME, MASS, AND COST **** 
BLANKET SHIELD P. COIL S .  COIL STRUCTURE TOTAL 

VOLUME 742.8 46.6 169.2 42.3 105.7 2507 
WEIGHT 1607.5 326.1 1336.6 334.1 634.5 4239 
COST 179.6 6.5 120.3 30.1 16.2 
NEUTRON WALL LOADING (PWN) 3.699 
MASS POWER DENSITY,MPD(KWe/TONNE) 

*** CAPITAL INVESTMENT, MILLIONS 1986 $ ***** 
283 ~ 10 

LAND 
STRUCTURES AND IMPXOVEXENTS 

REACTOR BLDG. AND HOT CELLS 
OTHER STRUCTURES AND IMPROV. 

SHIELD 
COILS 
STRUCTURE 
AUX. HEATER 

REACTOR PLANT EQUIPMENT 

TOTAL NUCLEAR ISLlwa 
HEAT TRANSFER AND TRANSPORT 
OTHER REACT PIANT EQUIP 

TURBINE PLANT EQUIPMENT 
ELECTRIC PLANT EQUIPMENT 
MISCELL. PUNT EQUIPMENT 
MAIN COND. HEAT WECTION 

TOTAL. DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECT+INDIXECT 
CONTINGENCY 

TOTAL OVERNIGHT COST 

***** POWER GENERATION COST ***** 
ANNUAL COSTS 

(MILLIONS 1986 $ )  

CAPITAL INVESTMENT 205.86 
OPER AND MAINT 60.61 
FUEL CHARGE BREAKDOWN 

BUNKETS 42.69 
LIMITERS 3.41 
AWILIARY HEAT 5.54 
OTHER FUEL 2.43 
WASTE DISPOSAL 6.83 

TOTAL FUEL COST 

TOTAL COST 

5.0 
305" 5 

199.1 
106.4 

6.5 
150.4 
16.2 

124.5 

297.6 

185.0 

670.8 

- - _ - _ -  
188.2 

230.7 
121.2 
43.9 
43.7 

1420.8 
532.8 

1953.7 
293.0 

2246.7 

- - _ _ _ -  

_ - _ _ - -  

- - - - _ _  

LEVELIZED POWER COST 
(1986 MILLS/KWH) 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - -  
30.13 
8.87 

6.25 
0.50 
0.81 
0.35 
1.00 

_ - - - - -  
8.91 

47.91 
- - - - - - -  

Fig. B . 6  (continued) 
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ORNLLDWG 88-4377 ET0 (PART A)  

V FIRST WALL W I T H  MHD CONVERSION TOKAMAK 
02-25-1988 

ADV-corn ADV-cow ADV-CONV ADV-CONV ADV-cow 

*** PHYSICS PARAMETERS ***** 
TOTAL PLASMA BETA(BETA) 0.120 
ASPECT RATIO OF TORUS(R/a)(ASPECT) 3 . 6  
PLASMA ELLIPTICITY(ELL1P) 2.500 
HAXIMUM FIELD IN COIL(BMAX) 12.000 
MAXIMUM ALLOWED BETA RATIO(BRMAX) 0.70 
BLANKET THICKNESS 1 AND 2(DELBl,DELB2) 0.17 0.40 
GAP THICKNESS 1 AND Z(DELG1,DELGZ) 0.05 0.10 
SHIELD THICKNESS 1 AND 2(DELSl,DELS2) 0.74 1.80 
AVERAGE CURRENT DENSIn IN COIL(DJBAR) 65.083 
NUMBER OF ITERATIONS(N1T) 15 
THERMAL DIFFUSIVITY(MA2/S) CHIMAX,CHIEXP 0.405 O.O&O 0 . 4 3 9  
B4RAB(TA4*H*3) AND DENSITY(l/E+20) 31594 1.3315 
PLASMA RADIUS(AP) 1.401 
MAJOR RADIUS(R0) 5.0lr5 
TOROIDAL FIELD IN PLASMA(B0) 5.978 
BETA RATIO(BRATI0) 0,498 
HEAN PLASUA RADIUS(ABAR) 2.216 
NEUTRON WALL LOADING(PWN) 3 . 7 4 2  
PLANT AVAILABILITY(FAV) 0.750 
CURRENT DRIVE(CUKRD) 25.135 
FIRST W A L L  AREA,HA2(AWALL) 5 8 4 . 6  
ALPHA POWER, MWT (PALPHA) 550 6 
NEUTRON POWER,HWT(PNEUT) 2202.5 
FUSION PO3JER,MWT(PNS) 2753.2 
NUCLEAR POWER, MWT (PNUC) 3413.9 
AUXILLIARY POWEX,MWe(PAUX) 0.0 
TOTAL THERMAL POWER, MWT (PTH) 3413.9 
AVAILABLE THERMAL POWER, MWT (PTAV) 3413.9 
ELECTRIC POWER(PEL) 1200.0 
RECIRC. POWER FRACTION 0.05 
SAFETY FACTOR 2.168 

Fig .  B . 7 .  O u t p u t  f o r  V-MHD/TOK. 
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ORNL--DWG 88-4377 ETD (PART B)  

V FIRST WALL WITH MPID CONVERSION TOKAMAK 

**** NUCLEAR ISLAND VOLUME, MASS, AND COST ***** 
BLBWKET SHIELD P. COIL S .  COIL STRUCTURE TOTAL 

VOLUHE 1 8 1 . 8  1 3 5 7 . 0  1 0 4 . 3  7 3 . 0  1 8 2 . 4  2490  
WEIGHT 3 7 7 . 0  7 4 6 3 . 5  1 3 7 2 . 2  9 6 0 . 5  1 0 9 4 . 6  1 1 2 6 8  
COST 1 5 0 . 2  1 4 9 . 3  1 2 1 . 7  8 5 . 2  2 7 . 4  
NEUTRON WALL LOADING(PWN) 3 . 7 4 2  
W S S  POW= DENSITY,MPD(K&Je/TONNE) 1 0 6 . 5 0  

** CAPITAL INVESTPiENT, MILLIONS 1 9 8 6  $ ***** 
LAIKD 
STEIUGTLTRES AND IMPROVEMENTS 

REaCTOR BUG. AND HOT CELLS 
omm STRUCTURES AND IHPROV. 

SHIELD 
COILS 
STRUCrn 
A m .  HEATER 

aEACTOR PLANT EQWIPMENT 

TOTAL NUCLEAR ISLAND 
HEAT TRANSPER AND TRANSPORT 
OTHER REACT PLANT EQUIP 

TURISXNE PLANT EQUIPMENT 
ELECTRIC PLANT EQUIPMENT 
H I S C E U .  PLANT EQUIPH'MENT 
NAIN CONB. HEAT RESECTION 

TOTAL DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECT+INDIRECT 
COmINGmcY 

ANNUAL COSTS 
(MILLIONS 1 9 8 6  $)  
_ _ _ _ _ _ _ _ _ _ _ - - - - - -  

CAPITAL INVESTMENT 1 5 1 . 7 1  
OPER AND MAINT 6 0 . 7 0  
FUEL C W G E  BREAKDOW 

BLANKETS 5 4 . 1 4  
LIMITERS 2 . 0 2  
AUXILIARY HEAT 0 . 0 0  
OTHEX FUEL 2 . 4 3  
WASTE DISPOSAL 7 . 8 8  

- - - - - - -  
TOTAL FUEL COST 

TOTAL COST 

5 . 0  
2 3 8 . 5  

1 9 8 . 2  
4 0 . 2  

1 4 9 . 3  
2 0 7 . 0  

2 7 . 4  
4 5 . 0  

4 2 8 . 6  
8 . 0  

1 9 0 . 9  

6 2 7 . 5  

- - - - - -  

0 . 0  
1 2 1 . 2  

34 .9  
20.1 

1 0 4 7 .  I. 
3 9 2 . 7  

1 4 3 9 . 8  
2 1 6 . 0  

- _ - _ - -  

- - - - - -  

_ - - - - -  
1 6 5 5 .  a 

LEVELIZED POWER COST 
( 1 9 8 6  MILLS/KWH) 

1 9 . 2 4  
7 . 7 0  

6 . 8 7  
0 . 2 6  
0 . 0 0  
0 . 3 1  
1.00 

- - - - - -  
8 . 4 3  

- - _ - - - -  
3 5 . 3 7  

F i g  e B .  7 (continued) 
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ORNL-DWG 88--4378 ETD (PART A )  

V FIRST WALL D-He3 WEUED TOKAMAK 
02-25-1wa 

ADV-FUEL ADV-FUEL ADV-FUEL ADV-FUEL ADV-FUEL 

-* PHYSICS PARAMETERS **** 
TOTAL PLASMA BETA(BETA) 0.120 
ASPECT RATIO OF TORUS(R/a)(ASPECT) 3.6 
PLASM ELLIPTICITY(ELL1P) 2.200 
MAXIMUM FIELD IN COIL(BHAX) 16.000 
MAXIMUM ALLOWED BETA RATIO(BRHAX) 0.70 
BLANKET THICKNESS 1 AND 2(DELBl,DELBZ) 0 . 2 5  0.50 

SHIELD THICKNESS 1 AND 2(DELSl,DEZS2) 0.25 0.50 
AVERAGE CURRENT DENSITY IN COXL(IMBAR) 

THERMAL DIFFUSIVITY(HA2/S) CHIMAX,CHIEXP 0.474 0.016 0.393 
B4RAB(TA4*HA3) AND DENSITY(l/E+20) %1115994 2.0343 

GAP THICKNESS 1 AND 2(DELGl,DELG2) 0.05 0.05 

NUMBER OF ITERATIOrJS(N1T) 5 
6 0 . G S 1  

PLASMA RADIUS(AP) 
KAJOR RADIUS(R0) 
TOROIDAL FIELD I N  PLASMA(B0) 
BETA RATIO(BRATI.0) 

NEUTRON W A I L  LOADING( PWN) 
PLANT AVAIULBILITY(FAV) 
CURRENT DRIVE(CURRD) 
FIRST W A L L  AREA, M” 2 ( AWAU) 
ALPHA POwER,MWr(PALPHA) 
NEUTRON POWER,MWT(PNEUT) 
FUSION P O W E R , M ( P F U S )  

HEAN PLASMA RADIUS(ABAl2) 

2.378 
8.560 
%10.1 
0.632 
3.527 
0.091 
0.750 
72.181 

1510.5 
3132.7 
125.3 
3258.1 

NUCLEAR PowER,MUT(PNuC) 3270.6 

TOTAL THERMAL POwER,MWT(PTH) 3270.6 
AVAILABLE THERMAL POVER,MWT(PTAV) 1605.9 

RECIRC. POWER FRACTION 0.03 
SAFETY FACTOR 1.746 

AUXILLIARY POWER,MWe( PAW) 0 .o 

ELECTRIC POWER(PEL) 1200.0 

8 

Fig .  B.8.  O u t p u t  € o r  V-DHe3/TOK. 
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ORNL-DWG 88-4378 ETD (PART B) 

V FIRST WALL D-He3 FUELED T O W  

**** NUCLEAR ISLAND VOLUME, MASS, AND COST ***** 
BLANICET SHIELD P. COIL S .  COIL STRUCTURE TOTAL 

VOLUHE 612.2 845.8 343.8 240.7 321.6 4907 
WEIGHT 1836.5 4652.0 6399.0 4479.3 1929.6 19296 
COST 193.9 83.0 513.9 359.7 48.2 
NEUTlPON WALL LDADING(PWN) 0.091 
MASS POWER DENSITY,MPD(KWe/TONNE) 62.19 

*** CAPITAL TNVESTMENT, MILLIONS 1986 $ ***** 
LAND 
S T R U C W S  AND IMPROVEKENTS 

REACTOR BLDG. AND HOT CELLS 
OTHER STRUCTURES AND IMPROV. 

BLANKET 
S H I E D  
COILS 
STRUCTURE 
AUX. HEATER 

REACTOR PLANT EQUIPMENT 

TOTAL NUCLEAR ISLAND 
HEAT TRANSFEEP. AND TRANSPORT 
OTHER REACT PIANT EQUIP 

TUIPBINE PLANT EQUIPMENT 
ELECTRIC PIANT EQUIPMENT 
MISCEU. PLANT EQUIPMENT 
MAIN COND. HEAT REJECTION 

TOTAL DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECT+INDIRECT 
CONTINGENCY 

TOTAL OVERNIGHT COST 

***** POWER GENERATION COST ***** 
ANNUAL COSTS 

(MILLIONS 1986 $ )  
- - - - - - - - - - - - - - - - -  

CAPITAL INVESTMENT 306.38 
OPER AND M I N T  40.50 
FUEL CHARGE BREAKDOWN 

BLANKETS 0.00 
LIMITERS 6.21 
AUXILIARY HEAT 0.00 
OTHER FUEL 15.81 
WASTE DISPOSAL 7.88 

_ - - - - - -  
TOTAL FUEL COST 29.91 

TOTAL COST 

5.0 
351.0 

311.7 
39.4 

1415.8 
193.9 
93.0 

873.6 
48.2 
45.0 

1253.8 
21.0 

140.9 

- - - - - -  

164.5 
124.9 
34.4 
19.1 

2114.7 
793.0 

- - _ - - -  

2907.7 
436.2 

3343.8 

LEVELIZED POWER COST 
(1986 MILLS/KWH) 

. . . . . . . . . . . . . . . . . . . .  
38. a6 
5.14 

0.00 
0.79 
0.00 
2.01 
1.00 

- - - - - -  
3.79 

47.79 
- - - - - - - 

F i g .  R .8 (continued) 
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ORNL-DWG 88-4379 ETD (PART A)  

RAF FIRST WALL Li COOLED Be/Th METAL HYBRID 
02-25-1988 

LIBE-HYB LIBE-HYB LIBE-HYB LIBE-HYB LIBE-HYB 

*It.*.ht PHYSICS PARAMETERS ***+ 
TOTAL, PLASMA BETA(BETA) 0.100 
ASPECT RATIO OF TORUS(R/a)(ASPECT) 4.0 
PLASMA ELLIPTICITY( ELLIP) 2.500 
MAXIMUM FIELD IN COIL(BMAX) 10.000 
MAXIHUM ALLOWED BETA RATIO(BRHAX) 0.70 
BLANKET THICKNESS 1 AND 2(DELBl,DELBZ) 0.76 0.76 
GAP THICKNESS 1 AND 2(DELGl,DELG2) 0.10 0.10 
SHIELD THICKNESS 1 AND 2(DELSL,DELS2) 0.53 0.53 
AVERACE CURRENT DENSITY IN COIL(LNBAR) 
NUKBEX OF ITERATIONS(N1T) 21 
THERMAL DIFFUSIVITY(MA2/S) CHLMAX,CHIFXP 0.595 0.022 0.303 
BbRAB(TA4*M*3) AND DENSITY(l/E+20) 6428 2.2598 
PLASMA RADIUS(AP) 1.248 
W O R  RADIUS(R0) G .994 
TOROIDAL FIELD IN PLAsMA(B0) 4.266 
BETA RATIO(BUTI0) 0.427 
MEAN PLASMA RAOIUS(ABAR) 1.974 
NEUTRON W A L L  LOADING(PWN) 2.639 
PIANT AVAILABILITY(FAV) 0.650 
CURRENT DRIVE(CURRD) 13.313 
FIRST W A U  AREA, MA 2 ( AWALL) 515.4 
ALPHA POwER,MwT(PAL.PHA) 340.0 

1360.0 NEUTRON PoWER,MWT(PNEUT) 
NSION POWER, MJT (PFUS ) 1700.0 
NUCLEAR POWER,MJT(PNuC) 3658.4 
AUXILLIARY POWER,MWe(PAUX) 66.6 
TOTAL THERMAL POwER,MWT(PTH) 3724.9 
AVAILABLE THERMAL POWER,MWT(PTAV) 3603.0 
ELECTRIC POWER( PEL) 1200.1 
WCIRC. P O W E R  FRACTION 0.11 
SAFETY FACTOR 2.268 

20.446 

Fig. B.9. Output  f o r  RAF-Li/HYB. 
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ORNL-DWG 88--4379 E T 0  (PART B) 

IPAF FIRST WALL Li COOLED Be/Th METAL HYBRID 

*** NUCLEAR ISLAND VOLUME, MASS, AND COST ***** 
BLANKET SHIED P. COIL S .  COIL STRUCTURE TOTAL 

VOLUME 417.0 460.8 156.2 39.1 97.6 1635 
WEIGHT 1259.3 3225.6 1234.3 308.6 585.9 6614 
COST 137.7 64.5 111.1 27.8 15.0 
NEUTRON UALL LoADING(PWN) 2.639 

REPROCESSING PLANT THROUGHPUT,Mg/YEAR 319.3 
MASS P O W  DENSITY,MPD(KWe/TONNE) 181.46 

*+* CAPITAL X N V E S ~ E N T ,  MILLIONS 1986 **** 
LAND 
STRUCTURES AND IMPROVEMENTS 

REACTOR B U G .  AND HOT CELLS 
OTPIER STRUCTURES AND IMPROV. 

SHIELD 
COILS 
s m u c m  
AUX. HEATER 

REACTOR PLANT EQUIPMENT 

TOTAL NUCLEaR ISLAND 
HEAT TRANSFER AND TRANSPORT 
OTHER REACT PLANT EQUIP 

TURBINE PLANT EQUIPMENT 
ELECTRIC PLANT EQUIPMENT 
MISCEU. PLANT EQUIPMENT 
MAXN C O W .  HEAT REJECTION 
FISSILE: FUEL RECOVERY PLANT 

TOTAL DIRECT COST 
INDIRECT COSTS 

TOTAL DIRECT+INDIRECT 
CONTINGENCY 

TOTAL OVERNIGHT COST 

**** POldER GENERATION COST ***** 
ANNUAL COSTS 

(MILLIONS 1986 $ )  

CAPITAL INVESTHENT 286.62 
OPER AND LWINT %108.96 
FUEL CHARGE BREAKDOWN 

BLANKETS 22.92 
LIMITERS 2.31 
AUXILIARY HEAT 4.81 
OTHER FUEL 2.43 
WASTE DISFOSAL 6 . 8 3  

- - - - - - - 
TOTAL FUEL COST 39.31  

5.0 
264.9 

169.8 
115.2 

64.5 
138.9 
15.0 

112.3 

330.7 
207.0 

725.4 

- _ _ - - -  

187.7 
230.7 
121.2 
46.0 
53.1 

531.9 
- - - - - -  
1978.3 
741. a 

408.  o 

- - _ - - -  
2720.1 

- _ - - - -  
3128.1 

- - - - - - -  

LEVELIZED POWER COST 

3 .35  
0.34 
0 . 7 0  
0 . 3 5  
1 . 0 0  

_ _ _ - - -  
5 . 7 5  

TOTAL COST 4 3 4 .  e9 6 3 . 6 4  

.n . 
P ig . B .9  (continued) 



69 

ORNL-DWG 88-4380 ETD (PART A )  

SS FIRST WALL He COOLED MOLTEN SALT HYBRID 
02-25-1988 

HS-HYB MS-HYB MS-HYB MS-HYB MS-HYB 

*** PHYSICS PARAMETERS **** 
TOTAL PUSHA BETA(BETA) 0 .  LOO 
ASPECT RATIO OF TORUS(R/a)(ASPECT) 4.0 
PLASMA ELLIPTICITY(ELL1P) 2.500 
MAXIMUM FIELD IN COIL(BMAX) 10.000 
HAXIMUM ALUlWED BETA RATIO(BRMAX) 0.70 
BLANKET THICKNESS 1 AND 2(DEL+Bl,DELB2) 0.80 0.80 
GAP THICKNESS 1 AND 2(DELGl,DELG2) 0.10 0.10 
SHIELD THICKNESS 1 AND 2(DELSl,DELSZ) 0.46 0.46 
AVERAGE CURRENT DENSITY TN COIL(DJBAR) 
NUPLBFR OF ITERATIONS(N1T) 20 
THERMAL DIFNSIVTTY(MA2/S) CHIMAX,CHIEXP 0.672 0.020 0 . 2 9 5  
B4RAB(TA4*MA3) AND DENSITY(I/E+20) 7963 2.4115 
PLASMA RADIUS(AP) 1.284 
MAJOR RADIUS(R0) 5.136 
TOROIDAL FIELD IN PlASMA(B0) 4.407 
BETA RATIO(BKATI0) 0.441 
MEAN PLASMA RADIUS(ABAR) 2.030 
NEUTKON WALL LOADING ( PWN) 3.091 
PLANT AVAIIABILITY(FAV) 0.650 
CURRENT DRIVE(CURRD) 14.144 
FIRST WALL AREA, MA2 ( AWALL) 5 4 5 . 1  
ALPHA POWER,MWT(PALPHA) 421.2 

1684.8 NEUTRON POWER, MWT (PNEUT) 
FUSION POWER, MWT (PFUS ) 2106.0 

AUXILLIARY POWER, MWe (PAUX) 70.7 
TOTAL THERMAL POWER,MWT(PTH) 3524.6 

3377.0 

20.446 

NUCLEAR POWER,MwT(PNuC) 3 4 5 3 . 9  

AVAILABLE THERMAL POWER, MWT (PTAV) 
EUCTKIC PaWER(PEL) 1200.0 
RECIRC. POWER FRACTION 0.13 
SAFE= FACTOR 2.268 

F i g .  B.10. O u t p u t  f o r  SS-He/HYB. 
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ORNL-DWG 88---4380 ETD (PART B)  

SS FIRST WALL He COOLED MOLTEN SALT HYBRID 

*1wr* NUCLEAR ISLAMD VOLUME, MASS, AND COST ***** 
BLANKET SHIELD P. COIL S .  COIL STRUCTURE TOTAL 

V O L - ~ E :  465.7 419.8 167.2 41.8 104.5 1704 
WEXGHT 1038.6 2938.9 1320.6 330.2 626.9 6255 
COST 193.6 58.8 118.9 29.7 16.0 
NEUTRON WALL LOADING (FWN) 3.091 
HASS P O W E R  DENSITY,HPD(KWe/TONNE) 191.84 
REPROCESSING PLANT THROUGHPUT,Mg/YEAK 1411.4 

**** GAPXTAL INVESTMENT, MILLIONS 1986 $ ***** 
LAMD 
STRUCTURES AND IMPROVEHENTS 

REACTOR BUG. AND HOT C E U S  
amut S~UCTURES AND IMPROV. 

REACTOR PLANT EQUIPMENT 
SHIELD 
COILS 
STRUCTURE 
AUX. HEATER 

TOTAL NUCLEAR ISLAND 
HEAT TRANSFER AND TRANSPORT 
OTHER REACT PLANT EQUIP 

TURBINE PUHT EQUIPMENT 
ELECTRIC PLANT EQUIPMENT 
MXSCELL. PLANT EQUIPHENT 
MAIN CQNB. HEAT REJECTION 
FISSILE FUEL RECOVERY PIANT 

TOTAL DIRECT COST 
INDIWCT COSTS 

TOTAL DIRECT+INDIRECT 
CONTINGENCY 

TOTAL OVERNIGHT COST 

*** POWER GENERATION COST ***** 
ANNUAL COSTS 

5.0 
267.1 

153.9 
113.1 

693.3 
5 8 . 8  

148.6 
16.0 

119.3 

342.7 
166.9 
183.7 

- - _ - - -  

230.7 
121.2 
45.3 
49.7 
199.0 

1611.3 
604.2 

2215.5 
332” 3 

2547.8 

_ - - - - _  

- - - - _ _  

_ - - - - _  

LEVELIZED POWER COST 
(HILLIONS 1986 $ )  (1986 MILLS/KWH) 
- - - - - - _ - - - - - - - - - _  . . . . . . . . . . . . . . . . . . . .  

CAPITAL INVESTMENT 233.45 34.17 
OPER AND iMAINT 74.36 10.88 
WEL CHARGE BRWDOWN 

BLANKETS 50.35 7.37 
LIMITERS 2.87 0.42 
AUXILIARY HEAT 11.17 1.63 
OTHER FUEL 2.43 0.35 
WASTE DISPOSAL 6.83 1.00 

- - - - - - - - - _ - - -  
TOTAL ITEL COST 73.64 10.78 

TOTAL COST 381.45 55.83 

F i g ,  B . 1 0  ( c o n t i n u e d )  
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