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The P r ince ton  Fusion Power P l a n t  Superconducting 

Magnet System and Cos ts  

by 

J. F i l e  

ABSTRACT 

The P r ince ton  Un ive r s i t y  Reference Design o f  a  proposed 

f u s i o n  power p l a n t  has  been p rev ious ly  desc r ibed .  T h i s  paper 

d e s c r i b e s  d e t a i l s  o f  t h e  superconduct ing magnet system cons i s -  

t i n g  of  t o r o i d a l  f i e l d ,  d i v e r t o r ,  ohmic h e a t i n g ,  e q u i l i b r i u m  

f i e l d  and c o n t r o l  f i e l d  magnets, a l l  o f  which are wound of 

Nb3Sn conductor.  The t o r o i d a l  f i e l d  c o i l s  are of t h e  . . 

moment-free, "D" type ,  p rev ious ly  desc r ibed .  . The t o r o i d a l  

f i e l d  magnet i s  comprised of  4 8  d i s c r e t e  "D" c o i l s ,  12m x  19m 
9 bore .  The magnet has  a  s t o r e d  energy of  250 x  10 j o u l e s .  The 

magne,t which i s  ope ra t ed  a t  a  maximum f i e l d  of 16T i s  desc r ibed  ' 

i n ,  d e t a i l .  F a u l t  c o n d i t i o n s  a r e  c a l c u l a t e d  and des ign  c o n d i t i o n s  

based on maximum f a u l t  f o r c e s  are o u t l i n e d .  I n  a d d i t i o n ,  we 
\ 

d e s c r i b e  t h e  Dewar System, t h e  r e f r i g e r a t i o n  p l a n t  ( r e q u i r i n g  

280kW of r e f r i g e r a t i o n ) ,  t h e  s a f e t y  systern, and t h e  c o i l  p ro t ec -  

t i o n  system f o r  t h e  magnets. F i n a l l y ,  an  overview of t h e  helium- 

steam gene ra t ing  p l a n t  and d e t a i l e d  c o s t  d a t a  i o r  t h e  p l a n t ,  t h e  

n u c l e a r  i s l a n d  and t h e  magnet a r e  p re sen ted .  



The p r i n c e t o n  Fusion power P l a n t  Superconducting 

:i Magnet System and .Cos t s  
" .  

Joseph F i l e  

SUMMARY ! 

T h i s  paper  d e s c r i b e s  t h e  superconduct ing magnet system and some 

of i t s  d e t a i l s  f o r  t h e  P r i n c e t o n  Un ive r s i t y  Reference Design o£ a  

proposed f u s i o n  power p l a n t .  I n  a d d i t i o n  w e  p r e s e n t  an overview of 

t h e  t o t a l  helium-steam g e n e r a t i n g  p l a n t , w i t h  expected c o s t s  of  i t s  

components. 

The P r i n c e t o n  U n i v e r s i t y  Reference Design f o r  a proposed f u s i o n  

power p l an t1  d e s c r i b e s  an e l e c t r i c  p l a n t  which produces i030 MW of 

e lectr ic  power. The. n u c l e a r  h e a t  gene ra t ed  i s  5305 MW wi th  an  over- 

a l l  n e t  e f f i c i e n c y  o f  38%. F i g u r e  1 shows a  s k e t c h  of  t h e  power p l a n t .  

The p r o j e c t e d  capi ta l  c o s t  of  t h i s  p l a n t  i n  1974 d o l l a r s  i s  $1,486,390, 

000 o r  abou t  $732/kWe. The c o s t  of  energy a t  t h e  b u s b a r . i s  17.87 m i l l s /  

kWh. The d e t a i l s  of:- t h e s e  c o s t s  a r e  d e s c r i b e d  below. 
. * 
. . . . ,. . 

One o f  t h e  p r i n c i p a l  systems of  t h i s  power p l a n t  i s  :the magnet 

system. The magnet system i s  composed of v a r i o u s  sets o f . c o i l s  which 

have been named: t o r o i d a l  f i e l d  c o i l s ,  v e r t i c a l  f i e l d  coi-Is ,  d i v e r t o r  

c o i l s  and c o n t r o l  c o i l s .  F igu re  2 shows a  c r o s s - s e c t i o n  of t h e  machine 

on which t h e  v a r i o u s  : :boils  are l o c a t e d  , a l l  of which a ~ e ~ ~ ~ s u p e r c o n d u c -  
1 

t i n g .  The t o r o i d a l  f i e l d  c o i l s  genera ' te . ' the  most i n t e n s e  mayrlelic f i c l d  

and t h e  l a r g e s t  magnetic f l u x .  'rhey are formed in a spgcial shape des-  

c r i b e d  below t o  e l i m i n a t e  l a r g e  bending kbments and the rebg  .minimize t h e  

amount of m a t e r i a l  r e q u i r e d  t o  suppor t  t h e  magnetic p re s su re .   he super-  

conduc t ing  m a t e r i a l  chosen i s  Nb3Sn a t  a f i e l d  l e v e l  t o  match t h e  c u r r e n t  

s t a t e  of  a r t  of magnetic f i e l d  des ign .  



The vertical field coils are placed to give the proper shape and 

level of the magnetic field to maintain the stability and equilibrium 

of the toroidal plasma current of (14.6 MA) characteristic of this to- 

kamak device. 

The divertor coils are used to scrape off plasma impurities from 

the outside layers of the plasma column. These coils produce the sepa- 

trix for the divertor field and steer the scrape off layer through the 

divertor channel into the plasma collection chamber. 

The control windings provide a source of magnetic flux to generate 

the voltage that provide the ohmic losses of the plasma during the burn 

time of the plasma (100 minutes in this case). 

Except for the toroidal field coils, which operate in a steady 

- mode, the other coils are operated intermittently and will be referred 

to as the pulsed field coils in this paper. 

The remainder of the magnet system is composed of the structure, 

the Dewars, and the refrigeration required to liquify helium and to 

maintain the magnet system at the operating temperature of 10K. 

1.1. Toroidal Field Coils 

1.1.1. Description ...-- The ~ower density of a fusion reactor increases 
4 as B , and the cost of the magnet increases at a somewhat lower rate 

2 (somewhere between B and B ) .  Because of these relationships, it is gene- 

rally agreed that fusion reactor designers intend to take advantage of 

the highest fields available, consistent with other mechanical constrainks 

such as first wall loading and stress limits of structural materials. 

As stated previously, commercially obtainable superconductors are already 
- capable of producing magnets with fields in excess of 160,000 gaussL in 

relatively small bores. That field level taxes the known limits of struc- 

tural design. In addition to high fields, fusion reactors will require : 

I ' 



l a r g e r  working volumes (by s e v e r a l  o r d e r s  of  magnitude) t han  any mag- 

n e t  p r e v i o u s l y  des igned .  The combination of  h igh  f i e l d  and l a r g e  wor- 

k i n g  volume r e q u i r e s  t h e  d e s i g n  of  superconduct ing magnets w e l l  beyond 

p r e s e n t  known technology.  

A nove l  d e s i g n . o f  a t o r o i d a l  magnet c o i l  t h a t  p a r t i a l l y  accommo- 

d a t e s  t h e  l a r g e  f o r c e s  g e n e r a t e d  by a  h igh  f i e l d ,  l a r g e  volume magnet 

was p r e v i o u s l y  desd r ibed .  3 ,415 I n  a  t o r o i d a l  magnet, t h e : f i e l d  s t r e n g t h  

w i t h i n  t h e  u s e f u l  volume v a r i e s  i n v e ~ s e l y  w i t h  t h e  r a d i u s  from t h e  a x i s  

of  symmetry, and in ' : a lmos t  a l l  c a s e s  the ,  conduc tors  gene ' ra t ing such 

f i e l d s  w i l l  he subj 'ect t o  bending moments i n  a d d i t i o n  t o ' e f f e c t i v e  i n -  

t e r n a l  p r e s s u r e .  1t w a s  shown t h a t  a  conductor  t e t h e r e d  a t  e i t h e r  end 

and i n  a t o r o i d a l  f i e l d  w i l l  bc stable i f  il; i s  i n  pure  tens.i.on and,  

t h c r c f o r e ,  nnt. s u b j e c t  t o  bending moment,s. The n e t  f o r c e s  are then  

t a k e n  on a c y l i n d r i c a l  s t r u c t u r a l  e lement  t o  which t h e  conductor  i s  

t a n g e n t .  Except wh&e t h e  conductor  l i e s  f l a t  a g a i n s t  t h e  suppor t ,  it 

l i e s  i n  a cu rve  such' t h a t  i t s  r a d i u s  of ' curva ture ,  p ,  i s : p r o p o r t i o n a l  

t o  t h e  r a d i u s  from t h e  a x i s  of  t h e  t o r u s ,  r;  p = kr, k  is' a c o n s t a n t  

depending on t h e  geometry of t h e  system., (See F igu re  3 ) .  A c o i l  of 

t h i s  shape i s  now corrimonly known a s  t h e  "D c o i l " ,  o r  c o n s t a n t  t e n s i o n  

c o i l .  
'i 

R a t i o n a l e  f o r  t 'he c h o i c e  of  superconduct ing m a t e r i a l ,  suppor t s ,  

l o c a t i o n  etc.  a r e  g iven  . .. i n  d e t a i l  i n  c h a p t e r  13 o f  Ref. 1:: S u f f i c e  

it t o  s ay  h e r e ,  t h a t , g e n e r a l l y  we proposed m a t e r i a l s  and Eechnology 

e i t h e r  i n  e x i s t e n c e  or o b t a i n a b l e  wi th  a  smal l  ex t r apo l t i t i on  of  t h e  

s t a t e  o f  t h e  a r t .  These c r i t e r i a  l e a d  us  t o  propose c r y o g e n i c a l l y  

s t a b l e  Nb3Sn t a p e ,  c a p a b l e  of c a r r y i n g  lOkA wi th  s t a i n l e s s  s t e e l  r e i n -  

forcement  capab le  o f  . w i t h s t a n d i ~ ~ y  . s t r a i n ?  of 0.003 ! s txes s "o f  90,000) 
. . 

p s i  i n  t h e  s t a i n l e s s  .. s teel)  . f o r  t h e  t o r o i i l a l  f i e l d  c o i l s . , ' : F i g u r e  3 

shows d e t a i l s  o f  t h e  c o i l  proposed f o r  t h i s  f i r s t  g e n e r a t i &  f u s i o n  . . 
power p l a n t .  F igu re  a l s o  shows t h e  l a r g e s t  of  t h e  15 t y p e s  of  super-  . . 
conduct ing  t a p e s  proposed f o r  u s e ,  it is  4.5 cms wide by 1'15 cm t h i c k ,  . . 
made o f  a l t e r n a t i n g  l a y e r s  of  s t a i n l e s s  s t e e l ,  copper and s.uperconductor. d . . 



Forty-eight coils, shown on Figure 4, evenly spaced and keyed to 

the supporting cylinder comprise the toroidal field magnet assembly. 

The cylinder is made of eight segments to match the assembly procedure 

for the reactor. Since each of the conductor strands is in tension and 

designed to be self-supporting, the segmented supporting cylinder is 

subjected only to the compressive magnetic pressure of 15,000 psi (the 

 magnetic pressure at 160,000 gauss). The total centering force on the 
9 8 cylinder is about 5.52 x 10 lb or about 1.12 x 10 lb per coil. 

The segmented cylinder is 14 m high, 2.25 m inside radius, 2.70 m 

outside radius and 0.45 m thick. It is made of work-hardened stainless 

steel with yield stress of 150,000 psi. The maximum stress in the cylin- 

der, using a safety factor of 1.5, is 100,000 psi. Under maximum stress 
6 conditions, the cylinder deflects 0.75 cm. It weighs 2.2 x 10 lb and is 

housed in a segmented Dewar as shown in Figure 1. This arrangement eli- 

minates the need to transmit high forces through Dewar walls. The weight 

of the toroidal field magnet assembly is supported by low conductivity 

rods and pylons from the inside structure of the Rewar. Individual coils 

cannot be removed from the reactor unless the whole assembly is warmed 

up. Should one or more coils fail, the reactor continues.to operate at. 

reduced power. The affected coils are repaired during a long-term shut- 

down. It is assumed that the reactor could be kept on line until its 

power output decreases to one-half rated (i.e., 1000 MW). Inasmuch as 

power output varies as B ~ ,  we see that 84R, or about 40 of the 48 coils, 

are needed to generate the required field to attain 1/2 power, provided 

that the coils taken out of service are approximately evenly spaced. 

Should they not be evenly spaced, fewer coil outages can be Lulerated, 

and thc number varies as the asymmetry of the out-of-service coils in- 

creases. Table 1 lists electrical and mechanical parameters for the pro- . 

posed toroidal field coils. 

1.1.2. Forces The toroidal field coils suggested above give rise 

to magnetic pressures which generate very high forces and moments, Dux- 
ing operation the orthogonal toroidal and pulsed vertical fields cause 

a twisting moment of about 4.36 x 10' ft.-lbs. This moment is resisted 

by a torque frame, which is seen in Figure 1 and Figure 2. The torque 



f 
frame is made of standard rolled or "built-up" shapes, made of stainless 

steel. The torque frame is also used to support the fault forces should 

one or more of the toroidal coils fail. , 

8 The fault forces, which could be as high as 10 lb., are transmitted 

through the Dewar.,by low conductivity compression members that do not 

touch unless the magnetic field becomes asymmetric. Movement of 0.5 cm 

is required before contact with the compression member is made. 

There are a la.rge number of possibilities of coil failures. Only 

one of the possible modes is presented., This case considers the fault 

farces on all remaining coils if any one of the 48 coils fails and is 

no Longer enerqized. Table 2 taljulates the force3 on each nf the re- 

maining energized c,oils. We tabulate Fx, the radial forcei FZ, the 

tangential axial force, Dt, tho total force (the vectorial sum of F 
X 

and Fz) MZx, the oyerturning moment about the Y axis. Because of sym- 

metry, the vertical force F and the overturning moment about the x 
Y' 

axis, M are esseptially zero, and the'refore not shown.. The total 
ZY 9 8 radial force is 5.5.2 x 10 lb or 1.12 x 10 lb per coil. 

. .. 

The case tabulated is one of the most probable modes of failure. . . 
On the other hand, it is clear that as the number of adjacent coils 

that fail is increased, the tangential forces increase. These are 

maximum when half of the torus becomes deenergized. Figure 5 is a 

plot of the maximum forces on any single coil and moments, Fx, FZ, 

Ft and MZx as a function of the number of adjacent deenergized coils 

in the torus. The centering force, Fx, is maximum when till the coils 

are energized. The tangential force, I?;, and the torque 'about the Y - .  
axis, MxZ have maximum . values . when one half of the torus is deenergized. 

The total force Ft is a maximum when 20 coils are deenergiaad. Thcro- 

fore the structure has been designed according to the following maxi- 

mum conditions : 

a) Fx 
8 

= 1.12 x ,10 lb. per coil 



8 
b) FZ = 2.22 x 10 lb. per coil 

C) Ft 
8 = 2.30 x 10 lb. per coil 

8 
d) MxZ = 2.05 x 10 ft-lb per coil. 

We choose to design the reactor to withstand the worst possible 

fault conditions. 

The compression pads, made of glass epoxy laminate, NEMA G-10, 

whose properties are given below, are designed for the worst fault 

conditions,~ both for strength and increased heat load. For strength, 

an allowable compressive stress of 10,000 psi is used. This results 

in each toroidal coil Dewar having 10 compression pads, each with a 
2 

compression area of 2250 in. 

ii ' When faults occur, causing some of the compression pads to touch, 

' the heat leak through the Dewar increases. The outer pads are kept at 

liquid nitrogen temperature or lower, to minimize the heat load to the 

liquid helium. During the worst fault condition, the pads of 20 of 

the 48 coils make contact. This results in an increased heat load to 

the helium of 80 kW above the normal heat load of 280 kW. 

1.1.3. Pulsed Field Coils The pulsed fields required to ignite, 

heat, stabilize, clean and control the plasma are pu1,sed over a period 

of 100 minutes, of which about 13 seconds is the rise portion of the 

pulse. There are three sets of pulsed field coils. They are: 

a) The vertical field coils, placed inside the D coils, used 

to heat and .ignite the plasma. 

b) The divertor field coils, placed inside the D coils., used 

to produce the poloidal divertor field. 



c )  The c o n t r o l  c o i l s ,  placed o u t s i d e  of t h e  D c o i l s ,  used f o  

induce a  vo l t age  t o  maintain t h e  plasma c u r r e n t  during t h e  

97 minute burning period.  

The v e r t i c a l  f i e l d  and d i v e r t o r  c o i l s  a r e  i n s i d e  t h e  t o r o i d a l  

f i e l d  c o i l s  and when pulsed a r e  energized t o  f u l l  c u r r e n t  i n  about 

13 seconds.  For economic reasons ,  these  c o i l s  w i l l  bemade of Nb3Sn 

.wi th  a  peak c u r r e n t  d e n s i t y  of 2000 amperes/cm a c r o s s  t h e  f a c e  of t h e  

c o i l .  For c o m p a t i b i l i t y  wi th  t h e  D c o i l  and r e f r i g e r a t i o n  system, t h e  

m a t e r i a l  i s  Nb3Sn s i m i l a r  t o  t h a t  shown i n  Figure  3, bu t  t h e  amount of 

s t a i n l e s s  s t e e l  and copper i s  t a i l o r e d  t o  t h e  pulsed f i e l d  opera t ing  

c o n d i t i o n s ,  i.e., t o  achieve  a 30,000 gauss peak i n  about 13 seconds. 

Th i s  moderate opera t ing  cond i t ion  should no t  cause severe l o s s e s  i n  

t h e  co i l  i t s e l f ,  afid multif i laxnent w i r e  w i l l  probably no t  be necessary 

f o r  t h e s e  c o i l s .  However, each of t h e . : c o i l s  i s  e a s i l y  adaptable  tO 

m u l t i f i l a m e n t  m a t e r i a l ,  e i t h e r  of NbjSn ( i f  developed) o r  NbTi. 

When t h e  v e r t i c a l  f i e l d  and d i v e r t o r  c o i l s  a r e  pulsed,  f l u x  i s  !J 

produced dur ing  the ' r ise .  Some energy is  d i s s i p a t e d  a s  eddy c u r r e n t  

l o s s e s  i n  t h e  norma'l. material of t h e  t o r o i d a l  f i e l d  coi l ' s  (copper and 

s teel ) .  This  adds t o  t h e  h e a t  load on , the ref r igera t ion"sys tem.  A l -  

t e r n a t i v e l y  t h e  c o i l s  can  be sh ie lded  by s high c c r n d ~ z c t i b i t ~  s h i e l d  

wi th  h igh  h e a t  capabi ty  i n  which t h e  ohmic l o s s e s  can be cooled during 

t h e  pulse .  A s h i e l d  of  t h i s  kind i s  massive and necessilhtts l a r g e  

amounts of copper t h a t  otherwise would no t  be needed. Therefore,  t h e  

d e c i s i o n  n o t  t o  s h i e l d  t h e  c o i l s  is  economic; t h e  added r e f r i g e r a t i o n  
requ i red  i s  nominal 'and i s  l e s s  expensive than  cons t ruc t ing  t h e  normal, 

e x t e r n a l  copper sh ie ' ld  on t h e  D c o i l s .  I t  was shown i n  Chapter 13 of 

Reference 1 t h a t  these l o s s e s  are modorate (35kW out of a : ' t o t a l  of 280kW), 

and a r e  e a s i l y  c a l c u l a t e d .  

2 .  REACTOR COST ANALYSIS 

This  s e c t i o n  g i v e s  . . t h e  c o s t  e s t ima te  of t h e  Princeton.Reference . . 
Design Fusion Reactor'. Cos ts  a r e  given i n  1974 d o l l a r s .  W e  choose a s  

- .. 
. . 



a format the Atomic Energy Commission Guide for Economic Evaluation 

of Nuclear Reactor Plant DeSignsI6 used by the power industry estima- 

tors to present cost analyses of nuclear power plants. Where neces- 

sary, adjustments are made to fit the particular needs of a fusion 

reactor. 

2.1. Capital Costs 

The capital cost of this 2030 MWe fusion power plant, excluding 

interest during construction is $1,004,320,000, resulting in a unit 

cost of $494.70/kW. Originally, (early 1974) it was estimated that 

the interest during construction, would be applied at the rate of 7% 

per year over a 3 year construction period. This assumption added 

$210,910,000 to the capital cost resulting in a unit cost of $598.60/kW 

as reported in Reference 1. Since then the pressures of the world 

economy, the fossil fuel crises, in addition to pressures applied by 

the necessity of making extensive environmental studies, it is quite 

clear that the numbers used initially were inadequate. It is sugges- 

ted that an interest rate of 8% during construction phase of 6 years 

is a more realistic assumption, thereby adding $482,070,000 to the 

capital cost resulting in a capital unit cost of $732.20/kW. Figure 

6 is a plot of capital cost/kW (no escalation is imposed) of opera- 

ting nuclear power plants as a function of the chronological time 

that the particular plant first started operation. The data are ob- 

tained from a Federal Power Commission reporte and the 18th Steam Station 

Cost Survey given in Electrical World Data from Reference 7 is plot- 

ted for the years 1972 through 1974 as a vertical bar giviny low, high 

and average capital unit costs. The data represent both publicly and 

privately owned plants. Our fusion reactor was plotted in January 1974. 

Though the capital cost of our fusion reactor is somewhat higher than 

many of the earlier plants, which were built with less inflated dollars, 

it is seen that the fusion plant is highly corrrpetitive with capital costs 

of svme of the more modern plants. Furthermore, the G O G ~  of operation 

of the plant is now quite competitive with both nuclear and fossil plants. 
Table 3 itemizes the cost estimate of the Princeton Reference Design. 

Accounts 20 and 21, Land, Land Rights, Structures and Site Facili- 

ties are estimated from data abtaincd in References 8 and 9 on modern 
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operating power plants, as well as from data obtained in.a detailed 
10 analysis of Volume 1, A.pressurized Water Reactor Plant of 1000 MWe. 

1 

We compare the needs of our reactor and make reasonable allowances 

for the larger size of the plant to arrive at estimates. Allowances 

for inflation are made atlthe rate of 6% per year from 1971 through 

early 1974. . 

Accounts 22 and 23, Reactor Plant a'nd Turbine Plant Equipment, 

contain the nuclear'island, the boilers, the cryogenic equipment, the 

turbine generators, etc. Most of the items in these two accounts have 

been estimated from actual costs of materials and equipment as well as 

from actual quotations from manufacturers. Other items were estimated 

'with suitahle adjus'tments from ~eference 10. The cost estimate for the 
* 

Nuclear Island, Account 221, thc part of ?.he fusion reactor that differs 
Irom othor nuclear reactors, is described below. 

Accounts 24 and 25, Electric and Miscellaneous Plant Equipment, 

are estimated either from actual requikements, by manufacturers or 

from Reference 10 with suitable adjustments. 

Accounts 91 through 94 inclisive d& known as the . Indirect Cost 

Accounts. The first three are estimated using guides in References 8, 

9 and 10 suitably adjusted for our reactor and for inflation since 

1971. Account 94, Interest During Construction, reflects the interest 

that must be paid for the construction funds. This cost,' therefore, 

varies with the time.of construction and period required to construct 
7 the plant . 

2.2. Superconductor -Cost 
I 

11 In a study made'for the Atomic Ener@y Commission, Powell pre- 

dicted the availability as well as the cost of superconductors when 

they will be required for reactors, some two or three decades from now. 

We have used this study to estimate th'e costs of our superconducting 

magnets. 



2.3. The Nuclear Island 

The total cost of the Nuclear Island is estimated to be $403,050,000, 

$1 resulting in a unit cost of $198,55/kW. The Nuclear Island was designed 
. using present known technology, materials and manufacturing processes. 

Experience gained in construction of previous plasma physics research 

devices at Princeton University, as well as experience by others in the 

fast breeder reactor technology, was relied upon heavily for engineering 

decisions made in this study. 

3. THE COST OF POWER 

The estimated cost of energy at the busbar for the Princeton Fusion 

Reactor is 17.9 mills/kwh. The components of the total, which are item- 

ized in Table 4, are the following: 

a) The cost of return of investment (based on 15% return and 

85% availability) is 14.75 mills/kWh. 

b) The cost of operation including wages of all personnel, 

maintenance, replacement and repairs are taken from the 

averages of the privately owned nuclear plants reported 

in References 9 and 10. In addition,. we have included 

the maintenance, repair and replacement costs of features 

unique to a fusion reactor such as the first wall, the 

cryogenic system, etc. The cost of operation is estima- 

ted to be 3.1 mills/kNh. 

c )  The cost for the tritium handling equipment, initial 

tritium inventory and the initial lithium inventory is 

shown in Table 3. Tritium used in the D-T reactor is 

essenti.ally free, inasmuch as the tritium breeding ratio 

is greater than 1. The o n l y  fuel casL, therefore, is 

that of the deuterium being consumed in the D-T reaction. 

That cost is only $300,000 per year or less than 0.02 mill/kWh. 



We note that the fuel cost for a fusion reactor is vanishingly 

small when compared to all other fuels. On the other hand. because 

of the intricacy of the nuclear island, the capital cost is higher 

than for other kinds of plants. The cost of labor, repair, replace- \, ,I 
ment and maintenance is comparable to the other plants. Accordingly, 

it can be shown that for a fusion reactor the cost of energy at the 

busbar is favorably comparable to present day plants. Further, as 

the cost of fossil and nuclear fuels (see,Figure 7 for recent data 

on costs of fossil fuels) spiral upwards at rates higher than the 

average inflation rate, the cost of ener.gy at the busbar will become 

even more attractive for fusion react0r.s. 

ACKNQbL%DGMENTS 

This work was supported by the U. S,. Energy Research and Develop-' 

ment Administration (formerly AEC) Contract E (11-1)-3073 and th@ 

~Lectric Power Research Institute Project RP 113; also supported 

in part by National Science Foundation Grant GP 579. 



REFERENCES 

'R. G. Mills, editor, A Fusion Power Plant, Princeton Plasma 

Physics Laboratory Report MATT-1050 (1974). 

2 ~ .  A. Fietz, C. D. Henning, and R. M. Scanlan, Multifila- 

mentary NbjSn Conductor for Fusion Research Magnets, IEEE Trans- 

actions on Magnetics MAG-11 (1975) pp. 299-302. 

'J. File, R. G. Mills, and G. V. Sheffield, Large Superconduc- 

ting Magnet Designs for Fusion Reactors, 1EEE.Transactions on 

Nuclear Science MS-18 (1971) pp. 277-282. 

4 ~ .  File and G. V. Sheffield, A Large Superconducting Magnet 

for Fusion Research, Proceedings of the Fourth International Con- 

ference on Magnet Technology (National Technical Informatioll 'service, 

Springfield, Virginia, 1972) pp. 240-242. 

'L. V. Leites, A Coreless Toroidal Reactor for Power Systems, 

Elektrichestvo - 1.1, 76 (1960) . 
'~uide for Economic Evaluation of Nuclear Reactor Plant Design 

(National Technical Information Center, Springfield, Virginia, 1969) 

'F. C. Olds, Power Plant Capital Costs Going Out of Sight, Power 

Engineering - 78 No. 8 (1974) pp. 36-41. 

8 ~ .  S. Federal Power Commission, Steam Electric Plant Construc- 

tion Cost and Annual Production Expenses, ,Supplement 24-1971. 

Superintendent of Documents, Washington, D. C. (1'973) pp. 160-63. 

'18th Steam Station Cost Survey ,. Electrical World, ;180, - 39 (1973) . 



l o l ~ ~ ~  Mwe Central Station Power plant-~nvektment cost Study, 

U. S. Atomic Energy Commission Report WASH-1230, Vol. 1, Tables Nos. 

IV and V (1972). 

"J. R.  ell, Design and ~conomics of Large DC Fusion ~agnets., 

Proceedings of 1972 Applied Superconductivity Conference (Institute 

of Electrical and ~lectronics Engineers, New York, 1972) pp. 346-353. 



' Table  1 

P'arameters f o r  Proposed Fusion Reactor  T o r o i d a l  

F i e l d  C o i l s  

Superconduct o r  

Width of Conductor 

Thickness of Conductor 

No. of Pancakes /Coi l  

Maximum F i e l d  a t  Conductor 

Nominal Plasma Radius 

F i e l d  a t  Nominal Plasma Radius 

Ampere Turns /Coi l  

Minimum Current  Densi ty  (Conductor Area) . 

Currcnt  /Conductor 

Energy S to red  i n  F i e l d  

Inductance  of Torus 

160,000 gauss  

60,000 gauss  

6.57 x l o6  - 

2170 amp/cm 
2 

10,000 amperes 

9 250 x 10 j o u l e s  

3 5 x 10 h e n r i e s  

Weight of Cyl inder  

Weight of Toro ida l  C o i l s  



Coi l  Radiai  
Number Fo r.ce 

Ex ( l b s )  

Th i s  Co i l  F a i l s  
-1.057D 08 
-1,060D 08 
-1.065D 08 
-1.069D 08 
-1.074D 08 
-1.078D 08  
-1.OS3D 08 
-1.036G 08 
-1.090D 08 
-1.093D OE 
-1.095D 08 
-1.097D 08 
-1.099D 08 
-1.101D 08 
-1.102D 08 
-1.103D 08 
-1.104D 03 
-1.105D 08 
-1.106D 08 
-1.106D 08 
-1.107D 08 
-1.107D 08 
-1.107D 08 
-1.107D 08 
-1.107D 06 
-1.107D C 8  
- 1 . 1 0 7 ~  c~a  
-1.106D 08 - 1.106D 08 
-1.105D 08 
-1.104D 08 
-1.103D OS 
-1.102D 08 
-1.101D 113 
-1.099D 03 
-1.097D 08 
-1.095D 38 
-1.093D 08 
-1.090D'08 
-1.086D 08 
-1.083D 08 
-1.078D C8 
-1.071D 08 
-1.069D 08 
-!.OE5D 08 
-1 . O E O D  08 
-1.057D 08 

Tangent ia l  
Force 
Fz ( l b s )  

To t a l  
Force 
F t  ( l b s )  

Torque. 
About Y-Axis 
Mzx ( f t - l b s )  

Table 2 Force. and Torque Matr ix;  

One Co i l  F a i l s  (48 Coi l  Torus)  



T a b l e  3  

C o s t  E s t i m a t e  for  t h e  p r i n c e t o n  R e f e r e n c e  Design 

Amount 
(Thousands 

Account N o .  

Land and Land R i g h t s  , . $ 

S t r u c t u r e s  a n d  S i t e  F a c i l i t i e s  

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

~ u r b i n e  P l a n t  ~ q u i p m e n t  

E lec t r ic  P l a n t  Equipment 

M i s c e l l a n e o u s  P l a n t  Equipment . .. 

C o n s t r u c t i o n  F a c i l i t i e s ,  Equipment and  s e r v i c e s  

E n g i n e e r i n g  S e r v i c e s  

O t h e r  C o s t s  

o f  D o l l a r s )  

94  I n t e r e s t  d u r i n g  C o n s t r u c t i o n  482,070 

TOTAL CAPITAL COST $1 ,486 ,390  



Tab le  4 

C o s t  o f  Energy a t  t h e  Busbar 

Cos t  

Mills/kWh 

C o s t  o f  R e t u r n  on Inves tment  

(158 Return  and 85% d u t y  f a c t o r )  

C o s t  of  O p e r a t i o n  and ~ a i n t e n s n c e  

Stedm G ~ l o r t r i c  Opera t ion  
Expenses 

Maintendrice o f .  Steam, B o i l e r ,  1 .00 

E l e c t r i c  & Nuclear  I s l a n d  P l a n t s  

F i r s t  W a l l  Rep'lacement (5 y r .  i n t e r -  1 .03  

. v a l )  

E n g i n e e r i n g  and Supe rv i s ion  of  .57  

O p e r a t i o n s  and Maintenance 

T o t a l  ~ b s t .  o i  Opera t ion  & Maintenance 

C o s t  o f  Fuel 

Total= Cos t  o f  Energy a t  t h e  busbar  
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CENTRAL SUPPORT CYLINDER 

Figure 2 

Cross-section of the reactor 
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DIMENSIONS IN CENTIMETERS 1600 

Figure 3 754155 

Size and shape of constant tension coil designed for the Princeton 
Fusion Reactor-also shown is the cross-sectional view and the de- 
tail of the superconducting ribbon. 



COILS - 

Isonetric drawing of the coil arrangement, showing 
segnented suppcct cylinder. 



MAXlMUM FORCES AND MOMENTS IN 
FAULT CONDITIONS 

NUMBER OF COIL FAILURES 

Figure 5 744462 

Plot of maximum fault forces and moments on any 
single coil as a function of the number of adja- 
cent coil failures 
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Figure  .6 754160 

.Cost p e r  k i l o w a t t  p f  i n s t a l l e d  c a p a c i t y , + f o r  a l l  commercial 
h u c l e a r  p l a n t s  o p e r a t i n g  i n  t h e  United S t a t e s  p r i o r  t o  1975 



YEAR 

Figure 7 754157 

The cost of the fossil fuel as a function of time cost were 
rising dramatically from 1970 to 1373 a i ~ d  are not available 
beyond that time. Thermal efficiency of 34% is assumed. 

* * *  




