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ABSTRACT 

The - Non-Pro1 i fe ra t ion  - A1 t e rna t ive  -Systems - Assessment - Program 
(NASAP) computer code was developed t o  ca lcu la te  the  LWR and 
NASAP choice reactor  cost  through an a r b i t r a r y  year TN. The 

f ina l  cos t  i s  ar r ived a t  by calcula t ion of cos t  contributory 
fac tors  fo r  both LWR and NASAP choice reactors .  
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INTRODUCTION 

The ~ o n - ~ r o l  i f e r a t i  on A1 t e r n a t i  ve %stems Assessment Program 
(NASAP) computer code was developed t o  ca lcu la te  the  t o t a l  
LWR and NASAP choice reactor  cos t  through an a r b i t r a r y  year . 

TNe The f i na l  cos t  i s  ar r ived a t  by calcula t ion of cos t  
contr ibutary  f ac to r s  f o r  both LWR and NASAP choice reactors.  
The cos t  contributary f ac to r s  evaluated are :  

1. Schedul i ng. 

2.  P lants  ins ta l l ed .  

3. U308 u t i l i z a t i on .  

4. U308 cos t  increase fac to rs .  

5. Research and development cos ts .  

6. First- t ime engineering costs .  

7 .  Fuel cos t  contribution t o  power cost .  

8. Plant  cap i ta l  cos t  contribution t o  power cost .  

9. Operation and maintenance cos t  contr ibut ion t o  power cost .  



I. Schedul ing 

I t  i s  assumed t h a t  the net nuclear growth rate ( i  .e., additions, defined as 
plant instal lat ions minus plant retirements) and the NASAP choice instal la- 
tion rate (including replacement of retirements) are known, (Figure 1 ). 

a ( t )  = ai  i = 1 , N  net nuclear growth rate (Gwelyear) (1 

r ( t )  = ri  i = 1 , N  NASAP choice installation rate (Gwe./year) ( 2 )  

The reference instal lation time. ( T R I )  i s  defi ned as the time from a reference 
start ing year ( T I )  required t o  arrive a t  full  scale NASAP deployment. This 

time includes the time required to :  

1. perform research and development (ATRD) (years), 

2. construct the lead plant (AT,) (years), 

3.  operate the lead plant (AT,) (years), 

4. accelerate t o  equal ful l  nuclear installation rate (AT,) (years) 

11. Plants Instal led 

The net plant addition rate (i.e., the nuclear growth rate)  a i  i s  defined as: 

where: 

gi = LWR installation rate ( Gwelyear ) 

= LWR retqrement rate = (gi-,R) gi ( Gwelyear ) 

ri = NASAP choice installation rate ( Gwelyear ) 

r; = NASAP chofce retirement rate = (ri-AR ) (Gwelyear) 

AR = reactor lifetime (years) 

ti = time (years) 

From equations (4 )  and (4a) the rate of LWR installation for the reactor 

lifetime of AR years i s  determined. 

- 2 -  





- gi - ai - ri  i = 1 ,AR (Gwelyear ) . (5 

Beyond reactor l i fe t ime A R ,  the ra te  of LWR ins ta l la t ion  i s  

gi = ai + g /  - ri + r; i = AR + 1 ,  N + AR (Gwelyear) . (6) 

The fo ta l  number of LWR's in existence a t  a given time ( t i )  i s :  

Correspondingly, the number of NASAP choice reactors on l ine  a t  a given time 
( r i )  i s :  

(Cwc) 

i 

* N ~ ~ ~ ,  i ( r j  - r!) dx i = AR + 1 ,  N + AR . (Gwe) (8a) 
J I 

From equations (7 ) ,  (,7a), (8 ) ,  and (8a) ,  the maximum number of LWR's  and 
NASAP choice plants ever on l ine  from time Too t o  TN can be found. 

111.' - W30~Ut i l i t a t ion  

The LWR U308 u t i l iza t ion  i s  assumed to  be improved in three steps. Hence, 

there are  four periods of improving U308 u t i l iza t ion .  These periods a re  de- 

fined below and depicted i n  Figure 2. 
.+ 

Period 1 : [Too, TX] : Original LWR 

Period 2: [ T X y  Ty] : Firs t  Improvement 

Period 3: [Tyy  T,] : Second Improvement 

Period 4: [TZ, T i ]  : Third Improvement 



FIGURE 2 

LWR Fuel U t i l i z a t i o n  Periods 

F i r s t  
-i O r i  g ina l  LWR ~mprovement - Period 1  ---. Period 2 ----+ 

.. 

A l l  LWR's may be instantaneously back f i t ted  t o  make use of new fuel u t i ' l i za t i on  

techniques. The LWR fue l  usage over reactor  l i f e t i m e  (AR) years i s  ca lcu la ted 

by determining the f rac t ion  (f. .) of reactor  l i f e t i m e  (AR) t h a t  an LWR s ta r ted  
1 rJ 

up i n  year ( t i )  spends i n  each of the f ou r  usage periods. Each usage per iod 

i s  defined by the fo l l ow ing  four  quant i t ies :  

( T ~ ) i ,  j 
= Lower boundary fo r  per iod j. (Calendar Year) 

( T ~ ) i ,  j 
= Upper boundary f o r  per iod j. (Calendar Year) 

= Usage f a c t o r  f o r  per lod j. fi,j 

('o)i, j 
= U308 f o r  LWR l i f e t i m e  i n  per iod j. (Short Tons/Gwe) 

x T~ T~ N 

Second 
Improvement 

+Period 3 ---+ 

The per iod ic  parameters are ca lcu la ted as fo1 lows : 

Thi r d  Improvement - Period 4 - 

Usage Period 1 i j  = 12 And li = --, ----------, ----- -,,,, ,,,, 1LN2, 



Usage _-- _-__-_----- Per iod  2 ij-:_g]_l!-f-!rN) 
( TX, o r  

(TL);,2 = max I ti 
(TU)i,,2 = min I TY 

f; ,2 = max 
10.0 

For a l l  values o f  ( i )  - > ( i x )  t h e  f o l l o w i n g  va r iab les  are  evaluated: 

Equations (13) through (15) a re  a l so  app l i ed  when t h e  change occu r r i ng  a t  year  - 
TX i s  b a c k f i  t t a b l e  and t h e  cond i t i ons  o f  equat ion (16) are  met f o r  (i = 1 ,N). 

where: 

AB = Minlmun l i f e t i m e  f o r  b a c k f i t t i n g  t o  be poss ib le  (years).  

The f o l l o w i n g  va r iab les  a re  def ined: For a l l  values o f  (i ) c ( i x )  



Equations (17) through (21 ) are a l so  app l i ed  when b a c k f i t t i n g  does n o t  occur 

a t  t ime (TX) and equat ion (16) does n o t  apply, i.e., (TX - t i)  > (AR - AB). 

( t i  + AR), o r  

(TU)i,3 = min I 
C(Tu)i,3 - (TL):y31/~R, o r  I f! = max 

193 : 0.0 . 

The f o l l o w i n g  va r iab les  are redef ined f o r  a l l  values o f  ( ' i )  - > ( i y ) :  

Equations (25) through (27) are  app l i ed  if the  change occu r r i ng  a t  year  (Ty )  

i s  back f i  t t a b l e  and t h e  cond i t ions  o f  equat ion (28) are.mee f o r  (1 = 1 ,N). 

For a1 1 values o f  (1  ) c ( i y )  and when fi ,2 >, 0.0 the  f o l l o w i n g  var iab les  are 
redef ined : 

f: = 0 . 0  
193 (29) 



Equations (34) through (38) a r e  evaluated when ( i )  c ( i y )  and f i S 2  c 0.0. - 

When the  change occurring a t  (Ty )  is  not backf i t table  and the  condit ions o f  
equation (28) a r e  not met, equations (29) through (33) .are appl led i f  ( f i  ,*) 

> 0.0. When ( f i  , 2 )  - c 0.0, equations (34) through (38) a r e  applied. 

Usage Period 4 1.j = 41 AND li = 1 , N l  -_- ----------- -..-- .---. ------- 

( iLq ,4  = max 

[ ( T U l i  ,4 - (TL); ,411~R, o r  

f; ,4 = max 
10.0 

For a l l  values of ( i )  --. > ( i z ) :  

When the  change occurring a t  point TZ i s  backf i t table  and the  condit ions of 

equation (45) a re  met, equations (42) through (44) apply f o r  ( i  = 1 , N )  



The fo l l ow ing  var iab les  are  def ined fo r  a l l  values o f  ( i )  < ( i z )  and fi ,3 > 

0.0: 

For those values o f  ( i  ) meeting the  f o l l o w i n g  c r i t e r i o n :  

( i )  c ( i z ) .  fi ,3 5 0.0, and,fi ,* > 0.0; 

equations (51 ) through (55) are appl ied.' 

fi ,4 = 0.0 

- 
fi ,2 - fi ,2 + f; ,4 

When (1)  < ( i z ) ,  f i y 3  5 0.0, and f i S 2  0.0, the c a l c u l a t i o n s  are performed 

us ing equations (56) through (60). 



The following variables a re  defined for  a l l  values of i = N + 1 ,  N + AR. 

= 0.0 f o r  j = 1,3 (61 

('o)i, j 
= 0.0 f o r  j = 1,3 

( T ~ ) i ,  j = TN f o r  j = 1,3 

( T ~ ) i ,  j = T~ f o r  j = 1,3 

The fuel required by an LWR s tar ted up in year ti for  ( i  = 1 ,N) i s :  ,,. 

(0 ( 0 )  (0)  Y W R ~ ~ )  
'i = ( u ! ~ )  f i  , I  + "2 f i  ,2 + "3 f i  , 3  + U4 fi ,4)( n,a, (69) * 

(Short Tons 
Gwe where: 

1 

!o) ( j  = 1,4)  = U30a f o r  LWR l i fe t ime fo r  period j (short  tons/~we).  

f i  ,j ( j  = 1 ,,4) Calculated fractional fuel usage for  period j. 

n~~~ = LWR capacity fac tor  over 1 ifetime AR. 

AR - = Reactor 1 ifetime (years).  

no = Reference capacity factor.  

A. 
= Reference 1 ifetime (years). 

The NASAP choice reactor U3U8 requirement 45: 

U* - ( " O ~ N A S A ~ )  ( (short  t o n h e )  
"oAo) 

where 

0 
= Reference U30a for  NMAP choice reactor l i fe t ime a t  capacity factor  

no over reference 1 i fetime bo (short  tons/Gwe) 



' tire 
n~~~ = NASAP choice capacity factor over reactor l i fe t ime A R .  (F) 

The U308 committed to  any date ti i s :  

i 
H~ =I ge Ue + 1 re U*] dx i = 1 ;N (short  tons) 

e= 1 e=1 

where : 

ge i s  defined by equations ( 5 )  and (6).  ( ~ w e / ~ e a r  ) 

Ue i s  defined by equation (69). (short  tons/Gwe) 

re i s  defined by equation (2). 

U* i s  defined by equation (70). 

(Gwe/year ) 

(short  tons/Gwe) 

Using equation (71 ) the functi,on Hi i s  defined fo r  a l l  ti ; i .e., H i  = f ( t ) .  
6 Therefore, the years ti corresponding to  H = 2.6 x 10 short  tons and H = - 

5.4 x lob short  tons of U308 can be found by interpolation. The values of 
6 6 t* = ti a t  Hi  = 2.6 x 10 and t** = ti a t  H i  = 5.4 x 10 represent the years 

6 6 in which 2.6 x 10 and 5.4 x 10 short  tons of U308 will be committed. 

IV. 13s Cost  Increase Factors 

The U308 cost i s  assumed to  increase over the period [Too, TN] according to  
a known function $ ( t ) ,  normalized such that  $(TS) = 1 . O ,  (Figure 4 ) .  The 

average values of $ ( t )  f o r  a l l  reactors s tar ted up  i n  year ( t i ) ,  including 
the accounting for  U308 uti 1 i zation improvement throughout reactor 1 i fetime, 
is a function of the U3Q8 used t o  time ri where ( i  - 1 , N + AR) . 

In order t o  compute the average values of $ ( t )  fo r  a1 1 reactors,  i t  i s  neces- 
sary to  f i r s t  determine the ore (U308) used, (not committed) to  time r K  as a 
function of $ ( t ) .  These values will then make up the function (MKrK); i .e., 
ore used versus time. 

* The current fuel usage period i s  found for  each of the times ( T ~ )  t o  which 
the fuel usage for  a l l  reactors s ta r t ing  up in year ( t i )  will be computed, 

- 
Figure 3. 



FIGURE 3 

Or ig ina l  I 
T F i  r s t  1 Second 

I I 
Too Reactor X Improvement Y Improvement Tz Thi r d  Improvement T ~ + ~ ~  

where : 

ti = Year gi LWR1s and ri NASAP's are s ta r ted  up. 

j=1 - Period 1 - 

= Year t o  which f ue l  usage f o r  gi LWR1s and ri NASAP's w i l l  be corn-, ' k 
puted . 

q k = 3  
I 
I 

I 

I 
I 

I I t t - t i = N+AR 

j=2 
+Period 2 ---t 

j=3 
.--- Period 3 - 

The cur ren t  fue l '  usage per iod ( j *  ) i s  the value o f  j t h a t  s a t i s f i e s  equation 
1 ,k 

( 7 2 ) .  

k = 1 ,N+AR 

where: 

j=4 - Period 4 - 

(TL)i ,j and (TU)i ,j are the lower and upper boundaries respect ive ly  

o f  the fue l  usage per iod ( j )  as def ined i n  Section 111. 

- 

The f ue l  used by an LWR s ta r t ed  up i n  year ( t i )  i s  now a func t ion  o f  both 

('k) and (57,k)* 

Thus, I f  [ti 5 ~ k , <  ( t i  + AR)] and jt > 1 tts Fuel used by an LWH i s :  
1 Yk 

(Short tons/Gwe) (73)  

If [ti 5 T~ < ( t i  + AR)] and jT,k = 1, the f ue l  used by an LWR i s :  



('o)i ,j*i ,k - ( T ~ ) i  , j ~ , , ~  
Ti,k ' 0.0 + [ lnLWRIMax 1 (74) I 0.0 Aono (Short TonsIGwe) 

If [rk ,'(ti + AR)], the fuel '  used by an LWR i s :  

4 (u  1 
Ti,k 

= 1 (S) f 
i ,j "LWR AR 

i = 1 ,N+AR (Short TonsIGwe) (75) 
j = l  'O"O k = 1 ,N+AR 

where : 

(Uo) i ,  j 
= U308 f o r  LWR l i f e t i m e  i n  per iod j (shor t  tons/Gwe). 

A. 
= Reference 1 i f e t i m e  (years). 

hre 
"0 

= Reference capaci ty factor .  (F) 

= Fuel usage f r a c t i o n  i n  per iod j. (Section 111) 
fi ,j 

h r e  
n~~~ 

= LWR capaci ty f a c t o r  over AR. (TiF-) 
AR = Reactor 1 i fet ime (years). 

( T ~ ) i ,  j 
= Lower boundary f o r  per iod j. (Calendar Year) 

The fue l  used by a l l  p lants  (LWR p lus NASAP choice) up through year rk i s :  

k 
0 

k i k i + 1 E -1 ( 1  " A ,  i 1 dx . (k=1 . ,N+AR) 
(76) 

(Short Tons) 

The ar ray [Mk, T ~ ] .  defined by equation (76) represents the U308 used, (Mk) 

t o  date ( r k ) ,  ( k  = 1, N + AR). 

It i s  assumed t h a t  the funct ion $ ( t )  = [M;, $ 1 ,  ( i  = 1, M), normalized t o  

1.0 i n  year TB i s  known, where M i  represents the ore mined. i n  ( tons) and 

q~i the cost o f  mining i n  ($/lbm). The d isc re te  s e t  o f  [M;, $;I points  des- 
c r i be  the U308 cost  increase as more ore i s  mined and the ore grade de- 

creases. 
< 

The f ue l  cost i s  determined as fo l lows: 

Each o f  the ca lcu la ted array values o f  [ M ~ ,  rk] i s  in te rpo la ted  i n t o  the 

known funct ion [M:, IJ.J;] such t h a t  f o r  a d lsc re te  amount o f  f ue l  used, (Mi), 

a t  a given t ime (ri), the cost  (qi) can be determined, Figure 4. Thus, the 



FIGURE 4 

FUEL (M) TONS 

Ore Mined (Tons) Versus Normalized Cost 



c o s t  versus - t ime f u n c t i o n  [ , T ~ ]  i s  formed f o r  a1 1 values o f  (i = 1 , 
N + AR). 

The average cost,  (pi ) o f  U308 fo r  reac to rs  i n  f u e l  reg ion  ( j )  t h a t  were 
- , j 

s t a r t e d  up i n  year  ( r i  ) i s  then computed. 

For a l l  (TLI1 ,j c (Tu)i,j 

where: 

i u =  he value o f  counter  ( i  ) a t  ti = (TU)i , j. 

1 L = The value of counter  ( i  ) a t  ti = (TL) , j. 

Obviously, when t h e  ca l cu la ted  lower boundary of reg ion  ( j ) ,  (TL)i , i s  g rea te r  

than o r  equal t o  t he  ca l cu la ted  upper boundary o f  reg ion  ( j ) ,  (T,,)i , j, both 

t h e  f u e l  used and the  average cos t  - - .  a re  s e t  t o  zero. 

V .  Research And Development (R&D) Cost 

F i rs t -T ime Engineering Costs ------------- ------- ------ 

It i s  assumed t h a t  t he  f i r s t - t i m e  eng ineer ing  c o s t  f o r  one Vendor, E, i s  

known and t h a t  a f i x e d  number of vendors, t h ree ,  plus, government superv is ion ,  

w i l l  be involved.  Therefore, t he  t o t a l  f i r s t - t i m e  engineer ing.  cos t ,  TE, i s  

. sSmply: 

General R&D ----------- 
The minimum corpora te  R&D c o s t  (Rminw) f o r  a1 1 agents and the  c o s t  sp l  i f  

among the  th ree  vendors and government superv is ion,  w i t h  corresponding over- 

l a p  fac to rs ,  a re  assumed t o  be known. 



Fract ion O f  R&D Over1 ap 
Agent . Do1 l a r s  To Agent Factor 

Vendor 1 1 1 
Vendor 2 

Vendor 3 

Government v4 F4 

The cos t  associated w i t h  each vendor and government supervision i s :  

Vendor 1: V1 = vl F1 Rminw (do1 1 ars  ) 

Vendor 2 : V2 = v2' F2 Rmi nw (do1 1 ars  ) 

Vendor 3 : V3 = vg Fg Rmi nw (do1 1 a rs )  

Government:' V 4  = v F R 4 4 minw (do1 l ars )  

The con t r i bu t i on  o f  NASAP R&D t o  cap i t a l  cost  I s  a t o t a l  o f  R ( d o l l a r s )  a v a i l -  
ab le  t o  be dispensed a t  f r ac t i on  (di) per  year i n  years ( t i )  and i s  determined 

as fo l lows:  

R = V, + VZ + V3 + V4 (do1 l a r s )  (79) 

Model 1 

NASAP P lants  
-------c---- 

The cost  6 f  R&D i s  spread over a l l  NASAP choice p lants  sold and i s  t rea ted  as 

a component o f  cap i t a l  cost ,  present worth as though i t  were a p a r t  o f  the 

purchase p r i ce ,  paying f o r  development i n  e a r l i e r  years. It i s  assumed t h a t  

there are no taxes and t h a t  the discount r a te  i s  low (Q 0.085), correspond- 

i n g  t o  governmenst f i nanc ing  o f  a l l  R&D. 

The con t r i bu t i on  o f  NASAP R I D  (xD) t o  cap i t a l  cost  t s :  

where 

R = R&D. cos t  as def ined i n  ~ ~ u a ' t i o n  (79) (do1 l a r s ) .  

1 ) t - T ~  ~ ( t )  = discount funct ion = (1 + rD (Equation 81 ) 



d ( t )  = . d i ,  i = 1 ,  N:  f r ac t ion  of NASAP development do l l a r s  spent i n  each 

of the  N years [Too ,TN] 

f = interest r a t e  during construction ( f r ac t i on )  
C 

A* = lag time between purchase and s t a r t up  of NASAP choice reac tor  

. (years)  

p = average f rac t ion  of l ag  time t h a t  passes before hal f  the  plant  is 
paid f o r  

r ( t )  = ri , i = 1 ,  N: NASAP in s t a l l a t i on  r a t e  = plant  s t a r t u p  r a t e  (Gwe/year) 

= f ract ional  discount r a t e  r~ , 

TB = base year f o r  a1 1 cos t s  ( i  .e. , 1978) (calendar year )  

The plant  s ta r tup  r a t e ,  r ( t ) ,  i s  discounted according t o  Equation (81 ). 

D i  scount Functi on 

( t  - A*) t - A*(l - p) 

I 1 
I I 

Sale 

T~ , 
t 

(Star tup)  
(Cost Reference) 

Time -t 

The in tegra l s  of Equation (80) a r e  approximated as follows: 



Using Equatf on (81 ) 

where r 

Subst i  t u t i n q  Equations ( 8 2 )  and (83) back i n t o  Equation (80) gives: 

The t o t a l  NASAP development cos t  (XD) i s  then determined as fo l lows:  

9 N 6 Kwe lo-' b i l l i o n s  
~ ~ ( 1 0  6) = 1 (r i  X ~ A R  iFc 10 -7 

i = l  Gwe 1 

where : 

ri 
= NASAP i n s t a l l a t i o n  r a t e .  (Equation '(2)) (Gwe/year) 

X~ 
= the con t r i bu t i on  o f  R&D t o  cap i t a l  cost   q qua ti on (84))  ($/Kwe) 

AR = reactor  1 i f e t i m e  (years) . 

FC 
= p lan t  f i x e d  charge r a t e  (yearm1 ) 



LWR Plants ---------- 
The LWR research and development costs for improvements in ore utilization 
a t  times Tx,  T and Tz (Figure 2 )  require a development cost of A (dollars) a t  

Y 
time Tx, B (dollars) a t  time T and C (dollars) a t  time T,. The three amounts, 

Y 
A ,  B and C (dollars) are disbursed a t  fractional rates of a ( t ) ,  b ( t )  and c ( t ) ,  
respectively (Figure 6 ) .  

FIGURE 6 

I t  is  'assumed t h a t  the development money i s  discounted a t  rate (rD) and t h a t  
no income tax is.charged on i t s  benefits. Then, the equations of income and 

o u t g o  for each of the improvement periods are: 

Period 1 

Original LWR, no improvement costs. 

Period 2 

First improvement: 



Per iod  3 

Second improvement : 

Period 4 

Third  improvement : 

Equat ions (86)  through (88)  can be combined and g e n e r a l i z e d  by in t roduc ing  t h e  

fo l l owing  v a r i a b l e s  and s h i f t i n g  the s c a l e  o f  Figure (2), Figure ( 7 ) .  

FIGURE 7 

A=Q1 B=Q2 C=Q3 

< 
Tx 
f 

T~ + TL + T~ 
$. 

i =i x i = i y  i =i z i = N  

Second 
Improvement 

t--- j=2  

F i r s t  
Improvement 

.t j=1 - Third  
Improvement 

j -3 + 



' Q = ~ ( l  - p )  + TB 

v = 812 + TB 

Then the general equation o f  income and outgo becomes: 

The i n t eg ra l s  o f  Equation (89) a re  approximated as fo l lows:  



S u b s t i t u t i n g  Equations (90) through (92) back i n t o  Equation (89) and so lv ing  

f o r  (y.) gives the cos t  associated w i t h  LWR development i n  each o f  the 3 
J 

per iods , w i  thou't i n t e r e s t  dur ing construct ion.  

j = I , . ?  
) 1 0 ~ ~  

(mi 1 1 s/Kwhre) 

whcrc : 

QJ 
= Total  development costs for  each per iod ( j  = 1,3) ($ )  

q i  ,j = Fract ion o f  LWR d o l l a r s  spent i n  each o f  ( i  = 1, N) years f o r  

each change per iod  ( j  = 1,3) 

r D = Discount rate 

- - 1; change fo r  each per iod i s  back f i tab le  
hj 0; change f o r  each per iod Js not back f l tab le  

T~ = Base year f o r  a1 1 costs (e.g. , 1978) (calendar year)  

g ( t )  = g i  = LWR i n s t a l l a t i o n  r a t e  (Equation (6 ) )  (Gwelyear) 
T 
kj = End o f  improvement per iod j ( j  = 1,3) 

AB = Minimum l i f e t i m e  f o r  back f i t t i ng  t o  be possib le (years) 

A R  = Reactor l i f e t i m e  (years) 

kj 
= ( i )  value a t  po in ts  Tx, T and T, (Figure 7 )  

Y 
A = Lag t ime between LWR purchase and s ta r tup  (years) 

P = Average f r ac t i on  of l a g  t ime t h a t  passes before h a l f  the p l a n t  
i s  paid for  

The t o t a l  R&D cost  fo r  LWR's (xLWR) i n  a l l  th ree improvement periods o f  

Figure 7 then becomes 



( l o9$)  - l o 6  Kwe l o - 9  b i l l i o n s ]  
X~~~ 

+X +X +X +X +X ]CAR Gwe 7 - I x 1 1  12 21 22 31 32 

where each o f  the terms i s  evaluated as fo l lows:  

Xll = 0.0 when the f i r s t  improvement (Period ( I ) ,  Figure ( 7 ) ) ,  i s  no t  b a c k f i t -  

abl  e . 

Y X21 = 0.0 when the second improvement (Period (2)  , Figure ( 7 ) ) ,  i s  n o t  backf i  t- 

able. 

Xgl = 0.0 when the t h i r d  improvement (Period (3), Figure (7) ) ,  i s  n o t  backf i  t- 

able. 

where : 

i x  = i value a t  Tx (Figure 7 )  
' Gwe 

!Jj 
= Rate o f  1.WR i n s t a l l a t i o n  (Equations (5) and ( 6 ) )  

f = Fuel usage f a c t o r  (ca lcu la ted i n  Section 111) 
i ,j 



Yj 
= LWR development cos t  (Equation (93) )   we) we) 

k = Fixed charge r a t e  on b a c k f i t s  (years-1 ) 

f C. = Fract iona l  i n t e r e s t  r a te  dur ing const ruct ion 

f3 = Time requ i red  t o  i n s t a l l  back f i t t ed  changes (years) 

FC 
= P lan t  f ixed charge r a t e  (years-' ) 

x = Lag t ime between LWR purchase and s ta r tup  (years) 

P = Average f r a c t i o n  o f  l a g  t ime which passes before ha l f  the p l a n t  

i s  pa id  f o r  

AB = Minimum 1 i f e t i m e  remaining f o r  b a c k f i t t i n g  t o  be' feas ib le  (gears) 

AR = Reactor l i f e t i m e  (years) 

i y  = i value a t  T (Figure 7) 
Y I .  

i z = i va lue  a t  T, (Figure 7)  

The t o t a l  cos t  o f  research and development, (CRD), i s  def ined as the t o t a l  

NASAP R&D cost  .p lus  the t o t a l  LWR R&D cost .  Therefore, the t o t a l  R&D cost  

i s  simply the sum o f  Equations (85) and (94):  

Model 2 

NASAP Plants ------------ 
The basic assumptions o f  Model 1 are retained;  i .e., the cost  o f  research 

and development i s  spread over a l l  NASAP choice p lants  sold. It i s  a lso as- 

sumed t h a t  there are  no taxes and t h a t  the discount r a t e  remains low, corres- 

ponding t o  government f i nanc ing  o f  a l l  R&D. 

The NASAP RBD con t r i bu t i on  t o  NASAP power cost  (aNAS) i s  determined: 



The i n t e g r a l s  o f  Equation (96) are approximated as fo l lows:  

where : 

di = Fract ion o f  NASAP development d o l l a r s  spent i n  each o f  the N years 
N 

[Too,TN] such t h a t  I di = 1.0 
i = l  . . 

r~ = Discount r a t e  

TB = Base year f o r  a l l  costs, i .e. (1978) (calendar year)  

where : 

N ~ ~ ~ ,  i = the number o f  NASAP reactor  on l i n e  a t  t ime ( t i )  (Equations (8) ,  

( Gwe I 

and rg,TR are def ined i n  Equation (97). 

Subs t i tu t ing  Equations (97) and (98) back i n t o  Equation (96) gives: 

The t o t a l  NASAP development cos t  (XD) then becomes: 

R I d  -9 b i l l i o n s  N+AR 
X,(billions) = ( )  (10 

s I) fZl N ~ ~ ~ , i  



where : 
-. 

R = R&D c o s t s  a s  def ined i n  Equation (79) ( d o l l a r s )  
Id  = Equation (97) 

I s  = Equation (98) 

N~~~ ,I = Equations (8) and (8a) ( Gwe 

LWR P lan t s  ---------- 
The b a s i c  assumptions o f  Model 1 a r e  r e t a i n e d ,  i .e . ,  amounts A ,  B and C 

( d o l l a r s )  a r e  RBD c o s t s  a t  times T,, T and T,, r e spec t ive ly ,  and a r e  d i s -  
Y 

bursed a t  f r ac t i6 l l a l  rates o f  a(t), b ( t ) ,  and c ( t ) ,  Figure ( 7 ) .  f l ~ e  discount  
r a t e  ( r D ) i s  appl ied  t o  the development monies and i t  is  assumed t h a t  t h e r e  a r e  
no income t a x  charges. 

The general equation of  income and outgo f o r  each of t h e  improvement periods 
o f  (Figure (7) ) , becomes : 

The i n t e g r a l  s of Equation (1 01 ) a r e  approxili~ated as fa1 1 ows : 



where qi ,1 = the  number o f  LWR' s s t a r t e d  i n  year (1 )  t h a t  a re  s t i  11 opera t i ve  

i n  year ( i ) .  

0 when 15 ( i  - AR) ' = g1 when l b  ( i  - AR) 

Equations (102), (1 03), and (1 04) are  s u b s t i t u t e d  back i n t o  ~ q u a t i o n s  (1 01 ) , 
s o l v i n g  f o r  (U ) . Equation (1 06) then gives the  LWR development c o n t r i  bu- 

t i o n s  t o  LWR power cos t  f o r  each o f  t h e  th ree  improvement per iods (F igure  7) .  

Q j  I,(j) m i l l s  
(106) uLwR(J 1 = nWR(10-3 &)( lo6 m ) ( 8 7 6 6  m ) ( h j l v ( j )  + I w ( j )  

Gwa Yr  

The t o t a l  LWR research and development cos t  (XLWR) ( b i l l  ions  $)  i s  computed 

as' f o l  1 ows : 

3 
= (10‘9 b i l l i o n s  Qj Iq ( j )  N+AR i 

X~~~ ) I  { h  I (E [I v i , ~  " 3.1 j v ( j )  + 'w( j )  i = k .  l = k j  
J 



- - -- - .- - - - .. - - -. - . - - -- . - . . . . . -. . - - - --- .. - . - 

where : 

'j 
= Total  development costs f o r  each per iod ( i  .e., A, B, C d o l l a r s )  

(j = 1,3> ($1 

I s  ( j  
= Calculated (Equation (102)) (years 

- 1 : Change f o r  g iven per iod i s  backf i  t a b l e  
hj 

- 
0: Change f o r  g iven per iod i s  no t  back f i tab le  

' v ( j  
= Cal cu l  ated (Equation (1 03) ) ( Gwe 

' w ( j )  
= Cal cu l  a ted (Equation (1 04) ) ( Gwe 

k j  

' 

= i x ,  iy,  i z  f o r  j = 1,2 and 3. (Figure 7 )  

AR = Reactor 1 i f e t i m e  (years) 

"i ,L = Number o f  reactors  s t a r t ed  i n  year (1) t h a t  are s t i l l  operat ional  

i n  year (i) (Equation (105)) (Gwe/year ) 

AB = Minimum l i f e t i m e  f o r  b a c k f i t t i n g  t o  be poss ib le  (years) 

The t o t a l  cos t  o f  research and development (CRD) i s  again def ined as the  t o t a l  

NASAP R&D cos t  p lus  the t o t a l  LWR R&D cost.  Therefore, the t o t a l  R&D cost  

i s  s imply the  sun of Equations (100) and (107). 

V I .  'Fuel  Cost Cont r ibut ion To Power Cost 

The f u e l  cyc le  cost  f o r  the  combination of LWR and NASAP choice reactors i s  

determined f o r  the t ime increment o f  TI through TW, Figure 1. It i s  assumed 

t h a t  the  f u e l  cyc le  cost  of an LWR i n  each of the four f ue l  cycles ( o r i g i n a l  

p l  us th ree  imprement periods, Figure (2) ) , p l  us the  corresponding regional  

f r a c t i o n s  o f  t h a t  cos t  due t o  U308 cos t  are known. 

Fract ion O f  Cost 
, Fuel Cycle Region Cost (Mi l ls /kwhre) Due To U3OZ Cost 

The f u e l  cyc le  cost  o f  LWR's i n  each of the f ou r  fuel cyc le  regions i s  



F ( t )  = x.K.$(t)  + (1 - x . ) K  mi l ls  
J J  J j 

( j  = 1,4)  (-1 
Kj 

From Equation ( l o g ) ,  the  average fuel  cycle cos t  of an LWR s t a r t ed  up i n  year  
( t i )  i n  region ( j )  can be determined. 

- 
. A  

= K .  (1.0 + X .  E V i  - 1.01) mi l l s )  ( A ~ ) i  , j J J , j (KJ~Z 

The l i fe t ime  average fuel cycle cost  (LAF) of each LWR s t a r t e d  up i n  region 
( j )  a t  time ( t i )  i s  

The to t a l  fuel cycle cos t  of a l l  LWR'S s t a r t e d  up through year TN(CAl) can 
then be eval uated as fol  1 ows : 

where U N  equals a units conversion f ac to r  

106 - Kwe hr 
Gwe 1 0 ' ~  8766 

UN= 
lo9 $ / b i l l i o n  

The cos t  of the  fuel cycle through t he  base year f o r  a l l  cos t  ca lcula t ions  
(TB)  (CA2) i s  determined 

i B 
ca2 1 ,[gi l[nLMR ( 8 )  (1 13) 

i =l 

where 

, j  
= f rac t ion  of LWR cost  due t o  U308 cost  

Kj  
= fuel cycle cost  (mil 1 s/Kwhre) 

+(t) = normalized fuel cost  

, j  = average fuel cost  f o r  reactor  (Equation (77) )  

f i , j  = fuel usage fac tor  (Section 111) 

Gwe 
gi = LWR i n s t a l l a t i on  r a t e  (Equations ( 5 )  and ( 6 ) )  

(=) 



q~~~ 
= LMR capacity fac tor  over l i fe t ime nR (F) 

A R = reactor 1 ifetime (years 

T~ = base year for  a l l  cost  calculations (calendar year) 

t i  = time 

Similarly,  the average cos t  of the NASAP choice fuel cycle (AK) i s  determined 
i 

and 

(AK)i = v j l . 0  + C,, [ ( A ~ ) ~  - 1.01j ( i . 1 ,~ )  (-- mills)  

Then the to ta l  NASAP fuel cycle cost (CA3) i s  evaluated as follows: 

where: 

AR = reactor llfetirne (years 

$(t) = normalized fuel cost 

K* = fuel cycle cos t .of  NASAP choice reactor (mills/Kwhre) 

C,, = fract ion of NASAP fuel cost due to  UjOB 

ri  = NASAP choice ins ta l la t ion  ra te  (Equation 2 )  (Gwelyear) 

O N  AS 
= NASAP choice capacity fac tor  over 1 ifetime AR 

Using Equations (112), (113) and (116), the total  fuel cycle cost ( C F C )  i s  
evaluated. 



_ _ _ _  _ . - . .- .--- .. 

V I I .  P lant  Capital Cost Contr ibut ion To Power Cost 

The cap i ta l  cost  of LWRts i s  assumed t o  be a known funct ion,  ( ( t ) ,  normalized 
t o  1.0 i n  'year TB and the lea rn ing  curve e f f e c t  i s  ignored. The cap i t a l  cost  

o f  the NASAP choice reactor  i s  a lso assumed t o  be a known func t ion  e ( t )  t imes 

a lea rn ing  curve funct ion LN. The func t ion  e ( t )  i s  normalized t o  1.0 i n  year 

TB and the learn ing curve funct ion i s  normalized t o  1.0 when the f i r s t  p l an t  

i s  b u i l t ,  ~ i ~ u r e  8. 

The modi f icat ions of the LWRts t h a t  are required a t  times TX, Ty and TZ t o  

achieve be t t e r  f ue l  economy are assumed t o  be made instantaneous1y. in years 

TX, Ty and TZ. The  cap i t a l  cost  increments associated w i t h  these modif ica- 

t i ons  are assumed t o  incorporate the lea rn ing  curve effect.. A l l  cap i t a l  costs 

are expressed i n  year TB do1 l a r s .  A1 1 LWRts are assumed t o  be backf i  t t e d  

w i t h  the new technology. 

I 1 

Too B TIME + 
" 

FIGURE 8 

The t o t a l  LWR cost  4s then computed i n  each o f  the three f ue l  periods (Figure 

8) as fo l lows: 

6 I h l 0 - 9  b i l l i o n s ]  ($1 (118) 
B c l  

= [B1 + B2 + B3 + B4 + B5 + B6 + B,][AR 10 
8 

where each o f  the terms o f  Equation (118) i s  def ined as fo l lows: 



B2 = 0.0 i f  the change occurring a t  time TX (years)  i s  not backf i t table .  

- N 
1 s  I d x  B3 - 'iFC .I 91 C f i , p  + f i , 3  + f i S 4  

1 =I C1 

o r  (1 18d) 

B4 = 0.0 i f  t he  change occurring a t  time Ty (years)  i s  not backf i t table .  

B6 = 0.0 i f  t he  change occurring a t  time TZ (years.) i s  not backfi t table.  

where 

gi 
= r a t e  of LWR i n s t a l l a t i on  (Equations ( 5 )  and (6 ) )  (Gwelyear) 

Co 
= LWR or ig ina l  p lant  cost  f o r  a11 plants  ($/Kwe) 

+ ( t )  = normalized LWR capi t a t  cos t  function 

FC = plant  f ixed charge r a t e  

f i  , j  
= fuel usage f ac to r  f o r  period ( j )  a t  time (i ) (Section 111) 

6 = new plant  cap i ta l  cost  adder f o r  period ( j )  ($/Kwe) 
c i 



6 ' = b a c k f i t  p l a n t  c a p i t a l  cos t  adder f o r  pe r iod  ( j )  ($/Kwe) 
c : 
J 

' ;c = f i x e d  charge r a t e  on b a c k f i t  p l a n t s  

AR = r e a c t o r  1  i f e t i m e  

- TIME - 

6 '  . =  b a c k f i t  = b a c k f i t  
C1 

6 = new p l a n t  = new p l a n t  
1  

Per iod 1  Per iod 2  
-j = 1- j = 

FIGURE 9 

6 '  = b a c k f i t  
C3 

6 = new pl .ant  
C3 

Per iod 3 
2 - - - - - - - + t - - - - - - - j  = 3- 

NOTE: The c a p i t a l  cos t  adder sC f o r  new p l a n t s  should be zero i f  t h e  capi-  

t a l  cos t  f u n c t i o n  + ( t )  cothains the  e f f e c t  o f  new ore-saving c a p i t a l .  

The c a p i t a l  cos t  o f  LWR's b u i l t  through year TB (BC2) i s  a l so  computed. 

i B 6 Kwe 10-9 b i l l i o n s  ($1 (119) BC2 = ( r  gi Co $ ( t ) d x ) ( ~ R  iFC) (10  
1 =I - 7 - 1  

x The NASAP choice cos t  i s  C: ($/Kwe) f o r  t h e  f i r s t  p l a n t  b u i l t .  Th is  cos t  i s  

m u l t i p l i e d  by the  c a p i t a l  cos t  func t ion  e ( t ) ,  normalized t o  1.0 i n  year TB, 

and a lso  by t h e  l e a r n i n g  curve (LC) which i s  expressed as 

The number o f  NASAP choice reac to rs  i n  existence. t o  t ime ( t i )  i s  (NNAS)i, 

de f ined i n  Equations (8 )  and (8a). The number o f  NASAP choice reac tors  

b u i l t  through t ime ( t i )  i s  ( N r )  and i s  ca l cu la ted  as fo l lows.  



The NASAP choice c a p i t a l  cost  (BC3) i s  then determined t o  be: 

N 6 Kwe 10-9 b i l l i o n s  

Bc3 = {I ri [c; e ( t )  L c l  dx CAR iFCI [10 1) ($1 (122) 
i = l  8 

Using Equations (1 18), (1 19) and (123), the t o t a l  cap i t a l  cost, (CCAp) , 
(LWR p lus  NASAP), a f t e r  year TB i s  determined. 

a? 
= lea rn ing  curve charac te r i za t ion  parameter 1  

a$ 
= lea rn ing  curve charac te r i za t ion  parameter i! 

ri = NASAP choice i n s t a l  l a t i o n  r a t e  (Equation 2 )  (Gwelyear) 

Ct = NASAP choice cost  f o r  one p l a n t  ($/Kwe) 

e ( t )  = normalized NASAP c a p i t a l  cost  func t ion  

= l ea rn i ng  curve fac to r  

AR = reac to r  1 i f e t i m e  (years) 

V I I I .  Operat ion And Maintenance Cost Cont r ibut ion To Power Cost 

It i s  assumed t h a t - b o t h  the  LWR p lan ts  and the NASAP choice reac to r  opera- 

t i o n  and maintenance costs (YLWR and yNASAps respec t i ve ly )  are known. The 

operat ion and maintenance con t r i bu t i on  t o  the power cost  i s  then evaluated 

as fo l lows.  

The cos t  o f  LWR operat ion and maintenance (COM)L i s  

. . 

' [(I i =I gi ~ L W R  YLWR AR) dx] UN 

The cos t  o f  LWR operat ion and maintenance through year TB(COM)LB i s  

The NASAP cost  o f  operat ion and maintenance (COM)N i s  
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T h e  t o t a l  cos t  o f  opera t ion  and maintenance (COM) i s  then determined by com- 

b i n i n g  Equations (124), (125) and (126) as fo l l ows :  

where 

g i  = r a t e  of LWR i n s t a l l a t i o n  (Equations (5) and ( 6 ) )  ( ~ w e / ~ e a r )  

IILWR 
= LWR capac i t y  f a c t o r  over  l i f e t i m e  AR (h re /h r )  

YLWR 
= LWR opera t i  on and maintenance c0s.t (mi 11 s/Kwhre) 

AR = r e a c t o r  l i f e t i m e  (years)  

T~ = base year f o r  a1 1  cos t  c a l c u l a t i o n s  (calendar yea r )  

ti = t ime (years) 

= NASAP i n s t a l  1  a t i  on r a t e  (Equation (2) ) (Gwe/year) ri 

3 p . s  = NASAP capac i ty  f a c t o r  over 1  i f e t i m e  ' AR (h re /h r ) '  

= NASAP operat ion and maintenance cos t  (m i l  1  s/Kwhre) ) 

NAS 

N = u n i t  conversion f a c t o r  (Equation (1 12a))  

I X .  Tota l  Cost 

The f i n a l ,  t o t a l  cos t  o f  LWR p l a n t s  and NASAP choice reac to rs  through year TN 

i s  de f ined as t h e  summation o f  a l l  ca l cu la ted  cos t  c o n t r i b u t a r y  fac to rs ;  i.e., 

research and development, f ue l ,  c a p i t a l  cos t  and opera t ion  and maintenance. , 

This t o t a l  cos t  i s  evaluated as fo l l ows :  

where 

C~~ 
= research and development costs (Equation (108)) 

'FC = t o t a l  fuel cyc le  cos t  (Equation 117)) 

'CAP = t o t a l  NASAP and LWR c a p i t a l  cos t  (Equation (123)) 

C o ~  = t o t a l  NASAP p lus  LWR opera t ion  and maintenance cos t  (Equation 

(128) 
- 35 - 



X. Summary 

The NASAP computer code was developed expeditiously w i t h  the sing1 e objective 
of performing the necessary calculations required t o  compute each of the cost 
contributary factors and the total LWR and NASAP choice reactor cost. In 
some cases, models were developed and/or modified as the program was being 
constructed. Consequently, l i t t l e  attention was gi.ven t o  input and o u t p u t  
formats. Descriptive t i t l e s  have not been given t o  input and all o u t p u t  
quantities edited. However, the program was validated and verified by hand 
cal cul a t i  ons as presented i n  Section XI I I of this report. 

The i n p u t  data i s  read and edited using the FORTRAN NAMELIST procedure fol- 
1 owing variable init ial  ization. Provisions have been made for processing 
mu1 t iple  problems, i .e., the "stacking" of cases. Input procedures are dis- 
cussed i n  detail in Section XI of this report. 

The program restrictions are: 9 ) all input quantities must be supplied far 
the ini t ia l  case, 2 )  the maximum-number of time (year) entries i s  limited 
such that ( N  + AR + 1 )  must be equal t o  or less than 200 (where N i s  the num- 
ber of the time entry for the year in which the las t  reactor will be started 
up and A R  i s  reactor lifetime), and 3 )  al l  table input quantities are limited 
t o  a minimum of 2 entries and a maximum of 200 entries. 

The cost contri butary calculdt4~hs are performed in the orlder o f  their docu- 
mentation in this report. 

O u t p u t  quantities are edited a t  calculation time. Cumulative da ta  i s  edited 
when appropriate. The specifics of the o u t p u t  editSng are discussed in 
Section XI1 of this report. 

The verification d a t a ,  i ,e . ,  results of hand calculations as performed by 
Mr P. Wyatt are provided in Section XI11 of this report. 

Model development documentation is no t  avai 1 able. 

XI. 

Input data i s  provfded to the NASAP computer program using the FORTRAN NAMELIST 
procedure. NAMELIST provides a means of supplying input variables, groups 
of variables and arrays with an identifying name without format specifications. 
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Data items succeeding the $INPUT group name input card are  read unt i l  another 
$ i s  encountered. Blank spaces cannot occur between the $ and the group name 
INPUT or  w i t h i n  array or  variable names. Blank spaces may be freely used 

i 

elsewhere w i t h i n  the i n p u t  data s t r ing.  Column one of every data card.  i s  
ignored and a l l  input data cards should end with a cons tant  followed by a .  
comma; however, the l a s t  input card may be terminated by a $ without the f inal  
comma. Data i tems separated by commas may be in any one of the following 
three forms: 

variable = constant 
array name = constant, constant, ----- , constant 
array name (unsigned integer constant subscripts) = constant,----- 

e.g., array name XARRAY, subscripts 1,2 would be entered as 
XARRAY (1,2) = constant. 

A constant i s  any fixed quaniti t y ,  i .e., input value. There are  two types 
of constants used as i n p u t  t o  the NASAP computer code. They are: 

1 )  __-- Integers --- - An integer constant i s  a d i g i t  o r  s t r ing  of d ig i t s  written 
without a decimal point. Integer numbers may not contain a comma. 
Examples of valid integer constants follow: 

2 )  Decimal ------- - A decimal constant consists of a s t r ing  of d ig i t s  written w i t h  

a decimal point or  an exponent, or,both. An exponent i s  designated by 
the l e t t e r  E followed by an integer constant indicating the power of 
ten by which the number will be mu1 t ip l ied .  If  the l e t t e r  E i s  present, 
the integer constant following the E must also be present. The sign 
may be omitted i f  the exponent i s  posit ive b u t  must be included when the 
'exponent i s  negative. Decimal numbers may not. contain a comma. 

Examples of valid decimal constants are: 

Omitting a constant consti tutes a fa ta l  error.  Constants can be preceded by 
a repetit ion factor designated b.y an as ter i sk ,  e,q, : 5 values of 1.0 would 
be written 5*(1.0). The constants 1.7, 1.5, 1.7, 1.5 could be written as 

- 2*(1.7,1.5). 
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When processing mu1 t ip le  problems, i .e., "stacking" cases, only those vari- 
ables that are being changed must be specified. All unspecified data will 

remain as previously defined. Variables need not be in the order designated 

on the 'input parameter 1 i s t ,  Table 2. 

The input data deck structure i s  given in Table 1. ,Card type 1 is .an op- 

tional card. Card type 3, containing the input variables as described in 
Table 2 ,  i s  repeated until a l l  variables have been defined. Each input case 

must begin with card type 2 and i s  terminated by card type 4. 

TABLE 1 

INPUT DATA DECK STRUCTURE 

Card Type 
1 

Card Columns 
2-80 

Required Data 

$INPUT 
See Table 2 

B ~ N U  

See f a b l e  2 

Description 
Optional t i t l e  card. May be 
UIII~I i Led. 

Data group identif ier  
Input data parameters 
Case 1 terminator 
Optional t i t l e  card. May be 
omi t t cd .  
Data group identif ier  
(optional ) 

Input  data  parameters (OP-  
tional ) 
Case 2 terminator . . . 
Final case terminator 

* Card types 1 through 4 are repeated for each case. Case stacking i s  optional. 

Table 2 presents the required NASAP input parameters. The program symbol i s  

the identifying name required by the program as input. The engineering sym- 

bols are provided for cross-referencing. 

Input variables -can be entered in any order, i.e., do ,not have t o  be speci- 
fied in the order given in Table 2. 



TABLE 2 

NASAP'INPUT PARAMETER DEFINITIONS 

Input  Max. No. 
Engi neer i  ng Program Ent r ies  Numeri c 

Symbol Symbol Per Case Format D e f i n i t i o n  - Units 

DTR 1 Decimal Time required t o  perform Years 
R&D 

ATc DTC 1 Deci ma1 Lead p l  ant const ruct ion Years 
t ime 

ATo DTfl 1 Decimal Lead p l an t  operat ion t ime Years 

ATa 
DTA 1 Decimal Accelerat ion time Years 

T~ Tfl 1 Decimal Reference s t a r t i n g  year Calendar 
f o r  NASAP deployment Year 

ti T~ 200 Decimal Time (N+AR en t r i es )  Calendar 
Year 

a i A 200 Decimal Net nuclear growth r a t e  Gwelyear 
(N+AR en t r i es )  

R 200 Decimal NASAP choice i n s t a l  1 a t i on  Gwelyear 
r a t e  (N+AR en t r i es )  

N N 1 In teger  Number o f  years dur ing -------- 
which reactors w i l l  be 
s ta r ted  up. Total prob- 
lem t ime frame i s  1 t o  
(N+AR) e n t r i  es . 

Too Tfl0 
- 1 Decimal Base reference year Cal endar 

Year 

A R DR 1 Decimal Reactor 19'fetime Years 

1 Decimal 

1 Dec i ma 1 

1 Decimal 

1 Integer 

1 Integer 

1 Integer 

End o f  i m  rovement 
per iod 1  too, Tx] 

End o f  improvement 
per iod 2 [Tx, 

TY I 
End o f  i m  rovement 
per iod  3 F T ~ ,  T,] 
Value o f  counter ( i )  a t  
t ime Tx 

Value o f  counter ( i )  a t  
t ime T 

Y 
Val ue o f  counter ( i  ) a t  
t ime Tz 

Calendar 
Year 

Calendar 
Year 

Calendar 
Year 



TABLE 2 (CONTINUED) 

NASAP INPUT PARAMETER DEFINITIONS 

Engineering 
Synibol 

A. 

no 

%WR 

I npu t  Max. No. 
Program Ent r ies  Numertc 
Symbol Per Case Format D e f i n i t i o n  Un i t s  

D ETB 1 Decimal Reference 1 i fe t ime Years 

ETA0 i Decimal Reference capaci ty f a c t o r  h r e l h r  

ETALW R 1 Decimal LWR capaci ty f ac to r  over h re lh re  
l i f e t i m e  AR 

E f  ANAS 1 Decimal NASAP c hoi  ce capaci t y  h r e l  h r  
f a c t o r  over 1 i fet ime AR 

TPNS 200 Decimal Ore (U308) mined (M en- Tons 
t r i e s )  

CgST 200 Decimal Cost o f  ore mining (M en- $/lbm 
t r i e s )  

M 1 In teger  Number o f  en t r i es  i n  ore -------- 
mined vs. cost  tab le  

BKFTX 1 Decimal = 1. Change a t  Tx i s  back- -------- 
f i  t t a b l  e 
= 0. Change a t  Tx i s  not  -------- 
back f i  t t a b l  e 

B KFTY 1 Decinral = l .  Change a t  T i s  back- -------- 
f i t t a b l e  Y 
-0. Change a t  T,, i s  no t  -------- 
baskf i  t t a b l o  

BKFf Z 1 Decimal =I,. Change a t  T, i s  back- -------- 
f i t t a b l  e 

' -0.  Change a t  T, i s  no t  -------- 
backf i t t a b l  e 

DELCX '1 Decimal New p lan t  cap i t a l  cost  $/ Kwe 
adder f o r  region 1 a t  Tx 

DELCY 1 Decimal New p l a n t  cap i t a l  cost  $1 Kwe 
adder f o r  region 2 a t  T 

Y 

DELCZ 1 Decimal New p lan t  cap i t a l  cost  $1 Kwe 
adder f o r  region 3 a t  T r  

DELCXP 1 Decimal Back f i t  p l an t  cap i t a l  cost  $/Kwe 
adder f o r  region 1 a t  Tx 

DELCY P 1 Decimal Back f i t  p l a n t  cap i t a l  cost  $/Kwe 
adder f o r  region 2 a t  T 

Y 

DELCZP 1 Decimal Back f i t  p l a n t  cap i t a l  cost  $/Kwe 
adder f o r  region 3 a t  TZ 



TABLE 2 (CONTINUED) 

NASAP INPUT PARAMETER DEFINITIONS 

I n p u t  Max. No. 
Engineering Program En t r i es  Numeric 

Symbol Symbol Per Case Format D e f i n i t i o n  U n i t s  

u(0) 1 Decimal Fuel a v a i l a b l e  f o r  LWR Short - 
1 .. l i f e t i m e  - per iod .  1 Tons/Gwe 

ug2 1 Decimal Fuel a v a i l a b l e  f o r  LWR Short- 
l i f e t i m e  - per iod  2 Tons/Gwe 

Ua3 . 1  Decimal Fuel a v a i l a b l e  fo r  LWR Short  - 
l i f e t i m e  - p e r i o d  3 Tons/Gwe 

u164 1 - Decimal Fuel a v a i l a b l e  f o r  LWR - Shor t -  
l i f e t i m e  - per iod  4 Tons/Gwe 

0 u16 1 Decimal Fuel a v a i l a b l e  f o r  NASAP Short -  
choice 1 i f e t i m e  Tons/Gwe 

R~~~~ RMINW 1 Decimal Minimum R&D cos t  $ 

1 NU1 1 Decimal F rac t i on  o f  R&D $ t o  -------- 
agent 1 

2 NU2 1 Decimal F rac t i on  o f  R&D. $ t o  -------- 
agent 2 

NU 3 1 Decimal F r a c t i o n  o f  R&D $ t o  v3 
-------- 

agent 3. 

v4 NU4 1 Decimal F rac t i on  o f  R&D $ t o  -------- 
government superv is ion  

F1 PLF1 1 Decimal R&D over lap  f a c t o r  fo r  -------- 
agent 1 

2 PLF2 1 Decimal H&U over lap  f a c t o r  f o r  -------- 
agent 2 

F3 PLF3 1 Decimal R&D over lap  f a c t o r  fo r  -------- 
agent 3 

F4 gLF4 1 Decimal R&D over lap  f a c t o r  . for -------- 
agent 4 

E 1 Decimal F i r s t  t ime engineer ing $ 
cos t  f o r  one vendor 

kc FCIP 1 Decimal F ixed charge r a t e  on 
b a c k f i  t s  

0 i A I 200 Decimal F r a c t i  onal disbursement --------' 

r a t e  a t  N 



TABLE 2 (CONTINUED) 

NASAP INPUT PARAMETER DEFINITIONS 

Inpu t  Max. No. 
Program Ent r ies  Numeric 
Symbol Per Case Format D e f i n i t i o n  - Units 

Engineeri  ng 
Symbol 

bi B I 200 Decimal Fract iona l  disbursement -------- 
r a t e a t  N 

Ty. l  bi = 1.0 
i = l  

C I 200 Decimal Fract iona l  disbursement -------- - 

r a t e  a t  N 
T .  Ci = 1.0 

i n1  
TLAMBA 1 Decimal Lag t ime between LWR pur- Years 

chase and s ta r tup  

CAPA 1 Decimal LWR development cost  a t  $ 

Tx 

CAPB . 1 Decimal LWR development cost  a t  $ 

T~ 
CAPCC 1 Decimal LWR development cost  a t  $ 

TZ 

BETA 1 DecInra1 T411ie reqi i i  red t o  i n s t a l  1 Years 
backf i  t t e d  changes 

DTB 1 Decimal Minimum 1 Afetlme aval I - Years 
able f o r  backfi t 

D I 200 Decimal Fract ion o f  NASAP $ spent -------- 
i n  each o f  N years 

FC I 1 Decimal P lant  f i x e d  charge r a t e  -------- 
R D I S  1 Decimal Discount r a t e  f o r  govern- -------- 

ment finance 

CR I 1 Decimal I n te res t  r a t e  dur ing con- -------- 
s t r u c t i o n  

TI.,AG 1 Decimal Lag t ime between NASAP 
purchase and s ta r tup  

Years 

RHfl i Decimal Average f r a c t i o n  o f  'lag 
time passing before h a l f  
the p l an t  i s  pa id  for  

TB 1 Decimal Base year f o r  a l l  cost  
ca l  cu la t inns  

Cal endar 
yenr 

M i l l s /  
Kwhre 

REG1 1 Decimal LWR fue l  cyc le  cost  - 
Region 1 

REG2 1 Decimal LWR fue l  cyc le  cost  - 
Regi utr 2 

- 47 - 
M i l l s /  
Kwh re 



- . . ... -. r - -  

TABLE 2 (CONTINUED) 

NASAP INPUT PARAMETER DEFINITIONS 

Input  Max. No. 
Program Ent r ies  Numeric 
Symbol Per Case Format D e f i n i t i o n  

Engineering 
Sym bo 1  Uni ts  

REG3 1  Decimal LWR f u e l  cyc le  cost  - 
Region 3  

M i l l s /  
Kwhre 

REG4 1 Decimal LWR fue l  cyc le  cost  - 
Region 4  

M i l l s /  
Kwhre 

X I  1  Decimal Fract ion o f  K1 cost  due 
t o  U308 cost  - Region 1  

X2 1  Decimal Fract ion o f  K2 cost  due 
t o  U308 cost  - Region 2  

X3 1 ,  Decimal Fract ion o f  K3 cost  due 
t o  U308 cost  - Region 3  

X4 1  Decimal Fract ion o f  K4 cost  due 
t o  U308 cost  - Region 4 

STARK 1  Decimal NASAP choice reactor  fue l  M i l l s /  
cyc le  cost  Kwhre 

C H I  1  Decimal Fract ion o f  K* cost  due -------- 
t o  U308 cost  

1  a Decimal LWR o r i g i n a l  p l an t  cost $/Kwe 

CgSTAR 1  ' Decimal NASAP choice cost  f o r  one $/Kwe 
p l a n t  

P H I  200 Deci ma1 Capi ta l  cost  curve (N+AR -------- 
en t r i es )  fo r  LWR's nor- 
mal i zed t o  1.0 i n  year TB 

THETA 200. . Decimal Capi ta l  cost  curve for  --.---.-- 
NASAP choice reactors nor- 
mal i zed  t o  1.0 i n  year TB 
(N+AR en t r i es )  

HALF 1  Decimal Character izat ion parameter -------- 
one . f o r  NASAP choice reac- 
t o r s  lea rn ing  curve 

SIGMA 1  Decimal Character izat ion parameter -------- 
two f o r .  NASAP choice reac- 
t o r s  lea rn ing  curve 

GAMMA 1  . Decimal LWR operat ion and main- M i l l s /  
tenance cost  Kwhre 

GAMMAS 1  Decimal NASAP operation and main- M i l l s /  
tenance cost  Kwhre 
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TABLE 2 (CONTINUED) 

NASAP INPUT PARAMETER DEFINITIONS 

I n p u t  Max. No. 
Engineering Program Entries Numeric 

Symbol . Symbol Per Case Format Definition Units 

----- I RD 1 Integer = l .  Use Model 2 for R&D -------- 
calculations. 
=O. Use Model 1 for R&D -------- 
calculations 

Table Input 

Reactor 1 i fetime i s  defined as AR years. A reactor started ,up in year TN wi 11 

then have a total lifetime existence of (TN + A R )  years. Thus ,  the maximum 
required time scale for any given problem will always be ( N  + AR)  years.   or 
th i s  reason, the time entries (TI), the net nuclear growth rate ( A ) ,  the 
NASAP choice instal lation rate ( R ) ,  the LWR capital cost curve data (PHI), and 

the NASAP capital cost curve data (THETA) must each contain exactly (N + A R )  

entries . 

The number of entries in the ore mined versus cost of mining table, [TONS, 

COST] i s  dependent upon the available data and the number of entries required 
t o  adequately represent the data. '(here i s  no calculatable relat9onship be- 

tween the number of entries in this table and the time frame of the problem; 
therefore, the number of entries must be specified. The specification of the 
number of entries in the table i s  made via the variable M. Exactly M values' 

of (TONS) and (COST) must be entered. 

The fractional disbursement rates (AI), (BI), and (CI) are applied over time 
intervals [Too, Tx], [Tx, T 1, and [T T ] respectively. Zero disbursement 

Y Y' z 
i s  allowed in any year or series of years. The restrictions applied to these 

data points are: 

1 ) The rates must collectively apply over the time frame of Too th rough  TZ,  
Figure 6 ,  and 

2 )  the summation of each of the rates must equal 1 .O; i .e., 



1 BI ( I )  z 1.0 and 1 CI . ( I )  E 1.0 
1=1 1=1 

Case Stacking 

Case stacking i s  the sequential running of mu1 t ip le  problems and i s  controlled 
in the NASAP computer program by the presence or absence of input data cards. 
Each case begins with a $INPUT card, card type 2 of Table 1 and i s  terminated 
by a $END card, card type 4 of Table 1. Only those parameters being changed 
must be entered beyond the f i r s t  case input. All variables not re-entered 

as input data for subsequent cases wi 11 remain as defined in the preceeding. 
case. 

XII. O u t p u t  Description 

Following the printing of the t i t l e  card, where the optional t i t l e  card in- 
p u t  i s  specified, the input parameters are edited in NAMELIST form. All 

variables are in i t ia l  ized t o  zero; therefore, any variables n o t  speci fical ly 

assigned a value via the input specification for a t  least  the f i r s t  case of 
a series of cases, will remain zero. All input will be arranged and edited 
in the order in which the program uses them; i.e., the NAMELIST order as 
specified in Table 2. 

Schedul ing And Plant Instal 1 ation 

The time required t o  construct the lead plant, (AT,), the time required t o  
accelerate t o  equal the full nuclear installation rate,  (AT,),  and the cal- 
culated reference instal l ation rate, (aTRI) are edited as construction time. 
acceleration time and reference instal 1 ation rate, respectively , fol 1 owed 
by the maximum number of LWR's ever on 1 i ne from time Too t o  TN. The follow- 
ing variables are then edited in table form: 

1 ) the counter ( i  ) , designated as I 
2 )  the time ( t i )  as T(1) 
3 )  the net nuclear growth rate (ai) as A(1) 
4 )  the NASAP choice installation rate ( r i )  as R(1) 
5 )  the LWR retirement rate ( g i )  as G(1) 
6 )  the maximum number of LWR's ever on 1 ine from time Too to TN,  as NLWR(1) 

and, , 

'7) the maximum number of NASAP choice plants ever on 1 ine from time Too t o  
TN, as NNAS(1). 



Since these quant i t ies  apply over the reactor to ta l  l i fe t ime existence, the 
time scale  varies from 1 t o  N + AR. 

U 0 Util izat ion -3-8 

The fuel committed to  any date ( t i )  i s  edited as H(1) along with the counter 
v 

( i )  as  I ,  the time ( t i )  a s  (TI(1) )  and the fuel required by an LWR s ta r ted  
up in year ( t i )  as U(1). These values a re  relevant only over the time period 
of reactor s tar tups and are ,  therefore, only edited over the time frame of 
one to  N years. This tab le  i s  followed by the dates when 2.6 x lo6 and 

6 5.4 x 10 short  tons of fuel a re  required, respectively. 

The calculated fract ional  fuel usages f o r  each of the four fuel regions make 
up the next e d i t  f o r  times one through N and are  labeled F ( l , I ) ,  F(Z,I) ,  
F(3 , I ) ,  and F(4,I) .  Note tha t  the calculated fractional fuel usage summed 
over the four regions a t  any given time must always equal 1 .O. 

Following the periodic fuel usage e d i t ,  the fuel available for  the LWR l i f e -  
time in each of the four fuel regions i s  edited as U(l , I ) ,  U(Z,I), U(3,I), 
and U(4,I) .over the time frame of one t o  ( N  + AR) years. The lower and 
upper boundaries of each fuel region are  then edited fo r  times one through 
N as a function of counter ( i )  as  I and time ( t i )  as T(1). ' The lower boun- 
dary e d i t s  a re  labeled I ,  T ( I ) , T L ( I , I ) ,  TL(B,I), TL(3,I), and TL(4,I). The 

upper boundary e d i t s  a re  labeled T,  T ( I ) ,  TU(l,I), T U ( Z , I ) ,  TU(3,1), and 

TU(4, I ) .  T h u s ,  the fuel region associated w i t h  each year of the problem 
through N years i s  defined. 

U 0 Cost Increase Factors - -3-8 

The fuel used by a1 1 plants (NASAP choice plus LWR),  up through year ( rK)  

is  edited as  a function of time ( rK) .  This output i s  well labeled and has 

column headings of M(K) and TAU(K). 

The next cost output i s  the e d i t  of the fuel price corresponding to  time 

( r K )  which has column headings of K ,  TAU(K) and PSI(K) for  the index value, 
the time and the price,  respectively. 

The final e d i t  in t h i s  section i s  of the average cost values for  reactors 
s ta r ted  u p  i n  year ( r K ) .  The index K ,  the  time TAU(K), the average cost ,  
AVG. CgST, and the fuel region number are given. 



A l l  ou tpu t  e d i t s  f o r  t h i s  sec t i on  a re  se l f -exp lanatory .  

Research And Development Cost 

General Outeut ,. ----------- -- 
Regard1 ess o f  t h e  research and development model chosen, t h e  fo1 Towing e d i t s  

a re  performed: 

1  ) The cos t  associated w i t h  each o f  t h e  th ree  vendors ( p r i n t e d  as VENDOR A, 

VENDOR B and VENDOR C) , and w i t h  government superv is ion.  . 
2) The t o t a l  f i r s t  t ime engineer ing cos t .  

3 )  The c o n t r i b u t i o n  o f  R&D t o  t h e  NASAP choice r e a c t o r  cost .  This  q u a n t i t y  

i s  given as a  t o t a l  and as a  cumulat ive c o s t  from t h e  base re ference 

year  (Too) through year  (TN). 

R&D Model 1  
-------I--- 

The va r iab les  T = A (1-p) + TB and v = B/2 + TB as used i n  t h e  general equa- Q 
t i o n  o f  income and outgo (Equation (89) ) ,  a re  p r i n t e d  as TAUQ and UQ. Then 

f o r  f u r t h e r  v e r i f i c a t i o n  purposes, t he  i n t e g r a l s  o f  t h e  general equat ion o f  

income and outgo (Equations (90) through (92) )  a re  p r i n t e d  f o r  each o f  the  

. t h ree  improvement regions. Region one i s  e l im ina ted  s ince  i t  represents 

the  o r i g i n a l  development pe r iod  and n o t  an improvement period, F igure 7. 

These i n t e g r a l s  a r e  represented as IQ(K) ,  IV(K), and IW(K) where K v a r i e s  

from one t o  t h r e e  f o r  each o f  t h e  th ree  improvement regions. 

The nex t  e d i t  i s  o f  t h e  cos t  associated w i t h  LWR development i n  each o f  t he  

' t h r e e  improvement per iods as g iven by Equation (93).  The values a r e  e d i t e d  

as K fo r  t he  per iod  and as MILLS/I(Wt,IRE for  the  cost.  

Fol lowing t h i s  i s  t he  t o t a l  cos t  o f  LWR research and development e d i t  and 

t h e  p r i n t i n g  o f  t he  cumulat ive cos t  o f  LWR R&D as a  f u n c t i o n  o f  year  through 

year  TN. 

The t o t a l  cos t  o f  R&D as de f ined by Equation (95) i s  t h e  f i n a l  e d i t  i n  t he  

Model 1  R&D c a l c u l a t i o n  sec t i on  and i s  f o l l owed  by t h e  p r i n t i n g  o f  t he  y e a r l y  

cumulatfve t o t a l  cos t  o f  R&D. 

R&D Model 2 ----------- 
The NASAP development cos ts  a re  broken down i n  Model 2  t o  separa te ly  determine 



t h e  c o n t r i b u t i o n  o f  NASAP development t o  NASAP power cost.  This  va lue  i s  

e d i t e d  p r i o r  t o  t h e  p r i n t i n g  o f  t h e  t o t a l  NASAP development cost .  The 

general equat ion  o f  income and outgo i n t e g r a l  approximations (Equations (102) 

th rough (104))  a re  e d i t e d  as IQ(K) ,  IV(K),  and IW(K) f o r  K equal t o  one 

th rough t h r e e  regions.  Again, t h e  o r i g i n a l  development f u e l  reg ion  has been 

e l i m i n a t e d  s ince  these data app ly  o n l y  t o  improvement regions,  F igure 7 

The LWR development c o n t r i b u t i o n s  t o  t h e  LWR power cos t  (uLWR( j )  , Equation 

(106) ) ,  i s  e d i t e d  f o r  each o f  t h e  th ree  f u e l  improvement regions, bo th  as a 

t o t a l  c o s t  and as a yea r l y ,  cumulat ive cost.  The t o t a l  development c o s t  

i s  then' determined and p r i n ted ,  f o l l owed  by t h e  cumulat ive, y e a r l y  t o t a l  

Model 2 R&D cost .  

Fuel Costs ---------- 
The t o t a l  f u e l  c y c l e  c o s t  f o r  a l l  LWR's s t a r t e d  up through year  TN, the  c o s t  

, o f  t h e  LWR f u e l  c y c l e  through t h e  cos t  base year  Tg a n d  the  t o t a l  NASAP f u e l  

c y c l e  c o s t  a r e  e d i t e d  as A l ,  A2 and A3, respec t i ve l y .  The cumulat ive, y e a r l y  

va lues f o r  each o f  these v a r i a b l e s  as de f i ned  by Equations (112), (113), 

(115) ,  and (117) a r e  a l s o  p r i n t e d .  

P l a n t  Cap l ta l  Cost 

The t o t a l  CWR cos t  f o r  t he  t h r e e  f u e l  per iods  o f  F igure  8, (Equation (118)),  

i s  e d i t e d  as B1. The c a p i t a l  c o s t  o f  LWRts b u i l t  through year  TB and the  

NASAP cho ice  c a p f t a l  cos ts  a re  p r i n t e d  as 82 and 83. The t o t a l  c a p i t a l  cost ,  

NASAP p lus  LWR, a f t e r  year  TB i s  then determined and edi ted.  The p r i n t e d  

ou tpu t  statement reads, "The t o t a l  c a p i t a l  c o s t  a f t e r  year  1978 = ", since 

t h i s  was t h e  cos t  base year  f o r  which t h e  program models were o r i g i n a l l y  

designed and v e r i f i e d .  However, if a year  o the r  than 1978 i s  i n p u t  f o r  t he  

va r iab le *TB ,  t he  c a l c u l a t e d  t o t a l  c a p i t a l  c o s t  w i l l  be based upon t h a t  yea r ' s  

i n p u t  r a t h e r  than 1978 b u t  t h e  e d i t  statement w i l l  con t inue t o  p r i n t  t he  

year  as '1978". The cumulat ive y e a r l y  t o t a l  c a p i t a l  cos ts  a r e  g iven fo l l ow-  

i n g  t h e  t o t a l  c a p i t a l  c o s t  e d i t .  

Operat ion And Maintenance - ....................... 
The t o t a l  cos t  o f  ope ra t i on  and maintenance as g iven by Equation (127) i s  

e d i t e d  both as a t o t a l  va lue  and as a cumulat ive, y e a r l y  c o s t  through year  



Tota l  Cost ---------- 
The t o t a l  cos t  o f  LWR p l a n t s  and NASAP choice reac to rs  through year TN i s  

t he  f i n a l  e d i t  performed and i s  g iven as bo th  t h e  t o t a l  "bo t ton  l i n e "  va lue 

and as t h e  cumulative, y e a r l y  c o s t  through year  TN. 

XIII. V e r i f i c a t i o n  

The NASAP computer code was v e r i  f i e d  by hand c a l  c u l  a t  ions  independent ly  per- 

formed by M r .  P. W. Wyatt us ing  the  sample problem i n p u t  and ou tpu t  g iven 

i n  Sect ions XV and X V I  o f  t h i s  r e p o r t .  Copies o f  t h e  ac tua l  hand ca l cu la -  

t i o n s  w i l l  be mainta ined i n  accordance w i t h  accepted procedures f o r  t h e  

c o n t r o l  and p rese rva t i on  o f  Westinghouse E l e c t r i c  Corporat ion computer codes. 

Por t ions  o f  the  v e r i f i c a t i o n  c a l c u l a t i o n s  a r e  dup l i ca ted  below. 

Schedulinp; The re ference i n s t a l l a t i o n  t ime i s :  

P lants I n s t a l l e d ,  The r a t e  o f  L W R ' i n s t a l l a t i o n  c a l c u l a t i o n s  were v e r i f i e d  

as fo l l ows :  

AR = 10; a ( t )  = g ( t )  - g ( t  - 10)  + r ( t )  - r ( t  - 10) f o r  i > OR 
N = 40 



U 0 Utilization -3 !2 

The pertinent i n p u t '  quanti t i e s  for these calculations are:  

LWR change 1 i s  not backfit table.  

LWR change 2 i s  backfittable. 
LWR change 3 i s  not backfit table.  



Using  these data,  t h e  r e g i o n a l  , paramet r i c  va lues  were c a l c u l a t e d  as f o l l o w s :  

(:1:67 -1 957)/10 
fl ., = max = 1.0 

1968 - 1981)/10, = 0.0 
f2,1 = max 

(0.0 

For r e g i o n  1  and i .= 3, 15 

ti = 1959. 1971 
- (TL)i,l -. t i  = 1959, 1960, . . 1971 

( T U ) ~ , ~  = ti + 10  = 1969, 1970, . . 1981 

The r e g i o n a l  paramet r i c  va lues f o r  i = 16 are:  

(TL)16, 1  = max 
= 1972 

. 1972 

( T ~ ) , ~ , ~ =  min = 1981 
I 1  981 



f16,1 = max 
l o . 0  

1982 - 1981/10 

f i 6 , z  = max 
l 0 . 0  

= 0.1 

t h e r e f o r e  : 

f16,2 
= 0.0 

f1 6 ,I = 0.9 + 0.1 = 1 .O 

- 
( T ~ ) l  6,2 - ( T ~ ) 1 6 , 2  

= 1982 

- 
(Tu')l 6 ,I  - ( T ~ ) 1 6 , 2  = 1982 

- 
(",)I 6 ,2  - ("0)16,1 = 6000. 

(1982 - 1985)/10 

'i6,3 = max I 0 . 0  
= 0.0 



( T ~ ) i  6,4 = max = 1972 - 
1972 , 

(1982 - 1972)/10 

fis,4 = max = 1.0 
0.0 

Summarizing t h e  parametr ic  values f o r  i = 16; j = 1,4 

Hand c a l c u l a t i o n s  were performed i n  t h i s  manner, forming the  f o l l o w l n g  t a b l e s  : 

V e r i f i c a t i o n  Data 
F r a c t i o n a l  Fuel Usage 



TABLE 3 (CONTINUED) 

V e r i f i c a t i o n  Data 
F rac t i ona l  Fuel Usaqe 

TABLE 4 

V e r i f i c a t i o n  Data 
Fuel Fnr I,WR I,ifet.irne 



TABLE 3 (CONTINUED) 

V e r i f i c a t i o n  Data 
Fuel For LWR L i f e t i m e  

The f u e l  r equ i red  by an LWR s t a r t e d  up i n  year  ti was determined and used i n  

t h e  c a l c u l a t i o n  o f  the  f u e l  committed t o  t h a t  date. Examples o f  these c a l -  

c u l a t i o n s  a re  g iven 'be low and summarized. in Table 5. 

TABLE 5 

V e r i f i c a t i o n  Data 
'LWR Fuel Requirement 



TABLE 5 (CONTINUED) 

V e r i f i c a t i o n  Data 
LWR Fuel Requirement 



TABLE 5 (CONTINUED) 

Ver i f ica t ion Data 
LWR Fuel Requirement 

U 0 Cost Increase Factors . -343 

The following cal cul a t ion i s  representa t ive  of the  veri  f i c a t i on  cal cula t ions  
.. - performed. 

. - 
i = 21 ti = tpl = 1977 

The current  usage period j t w a s  determined t o  be region 3 s ince  1985 2 
1 a k  

1986 < 1987. 

T h u s ,  the  fuel used by an LWR s t a r t e d  up i n  year 1977 could be evaluated. 



Research & Development c o s t s -  

Model 1 ------- 
The c o n t r i b u t i o n  o f  NASAP R&D t o  c a p i t a l  c o s t  was determined us ing  t h e  f o l -  

1 owing informat ion .  

6 R = $ 5 6 2 . 5 x 1 0  

A* = 4 yea r s  

p = 0.7 

r~ = 0.085 

The i n t e g r a l s  of  Equation (80)  were approximated as fo l lows:  

S i m i l a r l y ,  t h e  I, i n t e g r a l  was determined and the RASAP R&D c o n t r i b u t i o n  was 

c a l  cu l  a t e d .  



The t o t a l  NASAP development c o s t  was then  determined. 

D = 2.458 b i l l i o n s  

The LWR R&D cos t s  were determined i n  a  s i m i l a r  manner. 

The t o t a l  R&D c o s t  f o r  LWR1s was then  c a l c u l a t e d  as: 

X~~~ = C17.4941 + 11.9314 + 20.2834+ 2 4 6 3 1 ~ ] [ 1 0 - ~ ]  = 0 . 7 4 3 4 b l l l l o n s  

The Model 2  R&D c a l c u l a t i o n s  were s i m i l a r l y  v e r i f i e d .  

P l a n t  C a p i t a l  Cost 

The t o t a l  .LWR c o s t  was eva lua ted  f o r  each o f  t h e  t h r e e  f u e l  pe r i ods  ( F i g u r e  



Bcl = 333.145 bi 11 ions 

Bc2 = 77.52 b i l l ions  

B~ = 246.549 b i l l  ions 

Therefore, the total  capi tal  cost i s  

Operation And Maintenance 

The to ta l  cost  of operation and maintenance was determined to  be 

General Verification 

The actual ver if icat ion calcul ations performed are t o o  1 engthy to  reproduce 
in t h e i r  ent i rety.  However, the information provided herein i s  suff ic ient  
t o  demonstrate that  hdependent hand cal cul ations were performed t o  veri fy  
the NASAP computer code. In a l l  cases, exact agreement was obtained. 

XIV . Nomencl a ture  

Vari a bl e Definition Units 

A LWR development cost a t  time Tx 8 

( A ~ ) i  .,j 
Average fuel cycle cost of LWR s t a r t  u p  i n  year ti m i  1 l.s/Kwhre 

( A k I i  Average fuel cycle cost of NASAP choice reactor 
s tar ted u p  i n  year ti mi 11 s/Kwhre 

( A u ) ,  Average cost of NASAP choice fuel cycle ----------- 
a i Net nuclear growth ra te  Gwelyear 

B LWR development cost a t  time T 
Y 

Bcl Capital cost of a l l  LWRts bui l t  



D e f i n i t i o n  U n i t s  

Cap i ta l  cos t  o f  LWR's b u i l t  through year  TB $ 

Cap i ta l  cos t  o f  a l l  NASAP choice reac to rs  b u i l t  $ 

Var iab le  

F rac t i ona l  disbursement r a t e  a t  t ime T  ------------ 
Y  

LWR development cos t  a t  t ime TZ $ 
Tota l  f u e l  c y c l e  cos t  o f  a l l  LWR's s t a r t e d  up $ 

LWR f u e l  c y c l e  cos t  through base year TB $ 

To ta l  NASAP choice r e a c t o r  f u e l  cyc le  c o s t  $ 

To ta l  f u e l  c y c l e  c o s t  $ 

F rac t i on  of NASAP f u e l  c y c l e  cos t  due t o  U308 c o s t  

LWR o r i g i n a l  p l a n t  cos t  

NASAP choice cos t  f o r  one p l a n t  

To ta l  cos t  o f  research and development 

F rac t i ona l  disbursement r a t e  a t  t ime TZ 

NASAP c a p i t a l  cos t  disbursement r a t e  d ( t )  

F i r s t  t ime engineer ing c o s t  f o r  one vendor 

R&D over lap  f a c t o r  f o r  agent ( i )  

LWR f u e l  c y c l e  cos t  i n  each reg ion  ( j )  m i l  ls/Kwhre 

i n t e r e s t  r a t e  du r ing  c o n s t r u c t i o n  

Fuel usage f a c t o r  f o r  f u e l  p e r i o d  ( j )  a t  t ime ( i )  

In te rmed ia te  c a l c u l a t e d  f u e l  usage f a c t o r  f o r  f u e l  

period (1) a t  t i m e  ( 1 )  
Rate o f  LWR i n s t a l l a t i o n  

LWR re t i remen t  r a t e  Gwe/year 

Short  tons lyear  Fuel committed t o  any ,date ( t i  ) 

B a c k f i t  f l a g  de f ined fo r  t imes Tx, T  , Tz 
Y  

Value o f  counter  ( i )  a t  t ime (TB) 

P lan t  f i x e d  charge r a t e  

Fixed  charge rate nn h a c k f i  ts 

Value o f  counter  (1 )  a t  t ime (Tt)i . - 
Value o.F couri ter ( i  ) a t  t ime (T ) U i,j 



D e f i n i t i o n  U n i t s  - 
Value o f  counter  ( 1 )  a t  t ime Tx ------------ 
Value o f  counter  ( i )  a t  t ime Ty ---------_-- 
Value o f  counter  ( i )  a t  t ime TZ ------------ 
Current  f u e l  usage p e r i o d  ------------ 

V a r i a b l e  

i x  

Fuel c y c l e  c o s t  o f  NASAP choice r e a c t o r  

Fuel c o s t  o f  LWR i n  each o f  4 reg ions  ( j )  

Values o f  i x ,  iy, i z  referenced t o  reg ion  ( j )  -------_----. 

L i f e t i m e  average f u e l  c y c l e  c o s t  o f  each LWR mi l l s /Kwhre  

s t a r t e d  up i n  year  ( t i )  

Ore (U3O8) mined Tons 

Fuel used by a l l  p l a n t s  through year  rk Short  t ons l yea r  

Number o f  years d u r j n g  which reac to rs  are  s t a r t e d  ------------ 
up. To ta l  number o f  t ime e n t r i e s  equals N  + AR. 

To ta l  number o f  LWR's i n  ex is tence a t  t ime ( t i )  + Gwe 

Tota l  number NASAP reac to rs  on 1 i n e  a t  t ime ( t i )  Gwc 

Development cos ts  A, B and C referenced t o  reg ion  

( j  
F rac t i nna l  disbursement r a t e s  a i  , b i  , cI referenced 

t o  reg lon  (j) 

Cont r i bu t i on  o f  NASAP R&D t o  c a p i t a l  c o s t  

Minimum corpora te  R&D c o s t  

Frac t i ona l  d iscount  r a t e  

NASAP cho ice  i n s t a l l a t i o n  r a t e  

NASAP choice re t i r emen t  r a t e  

Base year  f o r  a l l  c o s t  c a l c u l a t i o n s  

Tota l  c o s t  of LWR + NASAP choice through year TN 

Calendar year  

$ 

Calendar year 

$ 

Cal endar year  

Calendar year 

Year NASAP choice r e a c t o r  deployment begins 

Tota l  f i r s t  t ime eng ineer ing  c o s t  

Reference s t a r t i n g  year  f o r  NASAP deployment 

End o f  imgrovmsnt per iod  (j) 

Lower boundary f o r  f u e l  reg ion  ( j )  a t  t ime ( i )  Calendar year  

In te rmed ia te  c a l c u l a t i o n a l  lower boundary f o r  f u e l  Calendar year  

reg ion  ( j )  a t  t ime ( i )  



Variable Definition Units - 
End of l a s t  fuel improvement period Calendar year 

Base reference year Calendar year 

Year reactor  retirement begins Calendar year 

Reference in s t a l  l a t ion  year  Calendar year 

Upper boundary f o r  fuel region ( j )  a t  time ( i )  ~ a l  endat year 

End of f i r s t  fuel improvement period Cal endar year 

End of  second fuel improvement period Calendar year 

End of th i rd  fuel improvement period Cal endar year 
6 Year when 2.6 x 10 shor t  tons of fuel will be Calendar year 

committed . . 

6 Year when 5.4 x 10 shor t  tons of  fuel wil l  be Calendar year 

committed 

Time Years 

Fuel requirement for  NASAP choice reac tors  Short tons/Gwe 

Fuel required by an LWR s t a r t e d  u p  in year ( t i  ) Short tons/Gwe 

Fuel ava i lab le  f o r  LWR l i f e t ime  i n  fuel period.  ( j )  Short tons/Gwe 

"e 0-3 8766 hr Units conversion fac tor  [ ( l o  Gwe mi l l s  
( lo9  $ /b i l l i on ) ]  

U308 avai 1 able for  NASAP choice 1 i fetime Short t o n s l ~ w e  

Fuel used fur. LWR i n  Pucl period (j) Short tons /Gwe 

Cost f o r  vendor ( i )  $ 

Fraction of R&D monies to  agent ( i )  ------------ 
Total NASAP development cos t  $ 

Total R&D cos t  fo r  LWR's $ 

NASAP R&D contr ibut ion t o  capi ta l  cos t  $1 Kwe 

Fraction of regional LWR fuel cos t  due t o  U308 cos t  ------------ 
Cost of LWR development in period ( j )  $1 Kwe 

Fractional disbursement r a t e  a t  time Tx ------------ 
Learning curve character izat ion parameter 1 ------------ 
Learning curve character izat ion parameter 2 ------------ 
Time required t o  in s t a l  1 backfi t t e d  changes Years 

- 6 3 -  



Var i ab le  

Y~~~ 

NAS 

AB 

6 C., 
J 

j 

D e f i n i t i o n  

LWR ope ra t i on  and maintenance c o s t  

NASAP o p e r a t i  on and maintenance c o s t  

Minimum l i f e t i m e  f o r  b a c k f i t t i n g  t o  be poss ib le  

Reference 1  i fe t ime 

Reactor 1  i fe t ime  

Acce le ra t ion  t ime  t o  f u l l  nuc lear  i n s t a l l a t i o n  r a t e  

Lead p l a n t  cons t ruc t i on  t ime 

Time r e q u i r e d  t o  operate l e a d  p l a n t  

Time r e q u i r e d  t o  perform R&D 

The number o f  LWR1s s t a r t e d  up i n  year  (n) t h a t  a re  

s t i l l  operative 1n year  ( 5 )  
LWR capac i t y  f a c t o r  over 1  i fe t ime AR 

NASAQ cl'loice caphci  t y  factor? over7 1  i f c t i n v  AR 

Reference capac i t y  f a c t o r  

Normalized NASAP c a p i t a l  c o s t  f u n c t i o n  

Lag t ime  between purchase and s t a r t u p  t o r  LWK'S 

Lag t ime  between purchase and s t a r t u p  f o r  NASAP 

reac to r s  

New p l a n t  c a p i t a l  c o s t  adder f o r  pe r i od  ( j )  

B a c k f i t  p l a n t  c a p i t a l  cos t  adder f o r  pe r i od  ( j )  

Average f u e l  cos t  f o r  reac to rs  a t  t ime ( i )  i n  r eg ion  

( j  

Discount f u n c t i o n  . 
Average f r a c t i o n  o f  l a g  t ime passing be fo re  h a l f  

t h e  p l a n t  i s  pa id  f o r  

S u b s t i t u t i o n  v a r i a b l e  = A* (1.0 - p )  - TB 

'I'irne Tui' I'uel c o s t  f unc t i on  

Time t o  which f ue l  usage i s  computed 

Fuel used by an LWR t o  t i m e  rk 

Normalized c o s t  o f  f u e l  over t ime [Too, TN] 

Cost o f  o re  mined ' 

Normal i z e d  LWR c a p i t a l  cos t  f unc t i on  

LWR R&D c o n t r i b u t i o n  t o  power cos t  

NASAP R&D c o n t r i b u t i o n  t o  power cos t  

Un i t s  - 
m i  11 s/Kwhre 

m i l  1  s/Kwhre 

Years 

Years 

Years 

Years 

Years 

Years 

Years 

Years 

Years 

Years 

Cal etidar year 

Cal endar year  

Short tons 



Xd.  Sample Problem I n p u t  

NASAP SAMPLE PROBLtM R + b  MODEL 1 B 4 MnUL 
$1 N PUT 

OiR=2.0, DTCa8.0, DTOa2.09 DTAx7.0, TU=1973., 
T I ( 1 )  3 19570, 19580, 19590, 1960., 19610, 1 9 6 2 0 ,  19630, 19640, 
1965.9 19660, 1967.9 1968.9 1969.9 1 9 7 0 . ~  1971.9 1372.) 13730,  
1976.9 19750, 1976.9 19770, 1978 0 9  1973.9 1 9 8 0 . ~  13b1. , 1382  o r  

1 9 8 3 . ~  1984.9 1 9 8 5 0 ,  1986.9 19870, 198b.r  19890 ,  13900,  1 9 Y l . r  
1992.) 1 9 9 3 . ~  19940, 1995.) 1 9 9 6 0 ,  1997.r 19980, 19990, 20000, 
2001., 2002.9 2 0 0 3 . ~  2004. r  2005.9 2006.9 
A t 1 1  1 2 1  * 2.0, 29 * 6.01 
R ( 1 )  3 0  * 0 . 0 ~ 1 .  , 2 o , 3 e , 4 . , 5 e , 6 . 9 8 o ~ L O ~ ~ l 6 . p  1 6 0  ~ 1 8 0 ~ 9 * 2 2 0 9  
N = 40, TOO = 1957.) DK 10.) 
TX a 1981., I X  ~ 2 5 9  TY 8 198.5., I 1  = 29, T Z  19890, 1 2  3 3 ,  
M 1 10, TONS(1) 1 0.0, 0.1E06, .5E06, 1.OE06r 2.0E06~3.OEO6, 
GeOE06, 5.OE06r 6.OE06, 7.OE06, COST(1) 1.0, 1.0, 2.0, 3.0, 
7.5, 1 1 . 5 ,  12.5, 14.59 17.5, 21.5, 
SKFTX a 0.0, BKFTI  = 1.0, B K F T Z  0.0, DELCX l 50.9 OELCl 1000, 
OELCZ = 1500 ,  OELCXP a 7 5 0 ,  DELCYP a 150.1 DELCZP 225.1 
U01  = 6000.9 U02 a 5500.01 U03 a 5000., U04 = 4500.0r 
DETO 8.0, ETA0 1 0.9, ETALWR * 0.72, ETANAS 0.55, 
UO a 3000.0, 

NU1 0.681 
NU2 = 0.20, N U 3  = 0.15, NU4 * 0.251 O L k i  s 2.09 OLF2 2.01 
O L F 3  = 2.0, OLF4 a 3.09 F C I P  = 0.25, A l ( 2 1 ) a  0.30, 0 . 3 0 ~  0.40, 
B I ( 2 6 ) a  0.20, 0.60, 0.20, C I ( 2 9 ) a  0.20, 0.20, 0.35, 0.25, 
TLAM04 = 3.0, CAPA 50.E06, CAPB 15O.E06,CAPCC= 1 0 0 . t 3 6 r  
BETA rn 1.0, DTa 0.0, D I ( 2 3 ) .  0.05, 0 . 1 5 ~  0.209 0.209 0.25, 3.109 
0.05, F C I  = 0.17, dDIS  = 0.085, C R I  = 3.10, TLAG = 4.0, 
RHO = 0.7, TB 1978.) RFGl  = 12.0, kEG2 = 11.0, R E G 3  = 10.0, 
R E G 4  a 9 - 0 1  X l  s 0.50, X2 s 0.45, X3 s 0.40, X4 0.35, 
STARK 7.0, CHI 0.309 C O  600.01 CLlSTAd = 750.0, 

P H I ( 1 1  = 22 * 1.0, 8 1.1, 1 0  * 1.2, 
THETA(1)  2 2  * 1.0, 1.2, 1.4, 1.69 2.0, 2 - 6 9  8 * 3.2, 5 * 3.69 

HALF m 0.19 S I G M A  0 0059 GAMMA s 0.5, G A M M A S  * 1.09 
SNINW = 250eE069 
E = 0.3E07, 
TRD = 0, 

BEN0 
N A S A P  SAMPLE PROBLEPI STACKtD C A S t  2 + D  M03EL 2 B 4 MAUL 

SINPUT 
G A M M A  = 0.75, 

I R D  l r  
SEND 



R + O  M O D E L  1 3 A M A L L  

X V I .  Sample Prob;em O u t p u t  



'0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0.0 
'C'O '0'0 '0'0 *O'O "0'0 '0'0 '0'0 

4 6C.O 'C'O '0'0 '0'0 'P.0 'O'P ‘0'0 
'0'0 ''0'0 '0'0 '0.0 :'O'O''C'O '0'0 

-'Coo '0.0 '0'0 '0'0 '0'0 '0'0 '0'0 
'0.0 80'0 '0'0 '0.0 '0.0 '0'0 '0'0 

'20+?2Z' '20+372' '20*322' *20+322' 
' 'ZCt31'. 'T0+?8* '10+39' '1C+3G0 'T0+34' 

6C.O '0'0 '0.9 '0.0 '0'0 '0'0 '0.0 

"0'3 bO*O '0'1) '0.0 '0'0 '0'0 '0'0 
'0.0 '0'0 '0.0 '0-0 "0.0 '0'0 '0'0 
'coo '0.0 '0'0 '0.0 40*0 '0.0 '0*0 
'0.0 '0'0 '0'0 '0.0 *0'0 '0'0 '0'0 
'0.0 '0'0 '0'0 '0'0 '0.0 '0'0 '0.Q 
'0.0 "o0o '0-0 60-o 'o*o '0.0 '0.0 
'oeO .'oeO '0.0 *ago '0.0 '0'0 '0'0 

'0'0 '0'0 CO'O '10+39' '7C+39' '10+39' 
. 'TCt39' '10+?9' '10+39' '1C+39' 'T*+39' 
: '1C43C' '10+39' '10+39' '1C+39' '10+39' 
: '41Ct32' '10+32* 610+3Z* '10+a2' :'70+32' 





RYFTX . 0 .0 ,  

DELCY = . 1 E + 0 3 r  

DELCZ = .15E+03, 

D E L C X P  0 .75E+02,  

I 
DELCYP = . 1 5 E * 0 3 r  

0, 
a 
I .  

D E . L C Z P  .225E+03r  

U i l l  .6E+OCp 

UO 2  . 5 5 E + 0 4 r  

UO 3  a .5E+04,  

UD 4  ' . 45E+04r  

UO = . 3 € + 0 4 ,  

F Y I N W  = . 25E+09r  

N i l  1 . 4 € + 0 0 ,  

NLl 2  a . 2 € + 0 0 #  

N J 3  = .15E+00p 

N3 4  .25E+00n 

GLF1 .ZL'+Olr  

OLF2 = . ZE+Ol r  



F C I P  .25E+00* 



'0'0 
'O'C 
'0 * 0 
to-f: 
'0'0 
'0'0 
'0.0 
'0' C 
'C'C 

'0'0 
'0'0 '0'0 
'0'0 . '0'0 
'0'0 '0'0 
'C*C 'O'C 
'C'O '0'0 
'0.0 '0.0 
'0'0 '0'0 
'coo 'C'O 
'C'O '0'0 



C 0 

C O S T A R  

PHI 

T H E T A  

H P L F  

5 IIG & A  

G P M M A  

G I M H A S  

120  

B E N D  









D A T E  T (  I )  C O R R E S P O N D I i N G  T O  U308 C O M M I T T E D  H a .250E+C;7 T = 1935.00 

D A T E  T ( I )  C O R 3 E S P O N D I i N G  T O  d 3 0 8  C O H M I T T E D  H a.5GOE+C7 T a 1995.90 













F U E L  U i E U  t3f A L L  P L 4 N ' i S  UP TH?DI I "H  T A U ( K )  

FUEL U S E D  M ( t 0  



1396eOO 
1997.00 
L298.00 
i999.00 

I 2000.00 
2001 . 00 
2002 00 
LOO 3.00 
2004.00 
3005.00 
Zq06.00 



F U c L  P R l C E  C ~ I R R E S P O N O I N G  T O  T I M E  T A U ( K )  





A V E R A G E  C O S T  V A L U E S  F O P  R I A C ' T D R S  S T . \ F ! T i D  U P  I N  V E A ~  T A U ( K )  

T A U (  < 1 A V G .  C O S T  R E G I O Y  









VENDOR A COST a . 2 0 0 0 0 E + 0 9  

V E N D O R  d COST = . 1 0 0 0 0 E + 0 9  

VEN30R C COST = . 7 5 0 0 0 t  t o 8  

GOVERNMkNT S U ? E R V ' I S I O N  COST = . 1 8 7 5 O E t 0 9  

TOT4L F I A S T  T I H E  ENGINEERING COST = .YOOUOOOE+Q7 

THE C O N T R I B U T I O N  O F  Q + D  ,TO N A S A P  CHQTCE C D S T  0 . 2 4 5 8 0 E + 0 1  ( B I  L L I O N S )  



C U M U L A T I V E  N A S A P  R + D  C O S T  

COS'T  ( B I L L I O N S  8 )  



TAUQ U C  
. 1 9 7 8 9 f  + 0 4  l I 9  78 5 E t 0 4  



M I L L S / K d H R E  A S S O C I A ' T E O  tiITtl L Y R  O E V E L O P M E N T  I N  P E R I O D  K A 2 E  

X L U K x  . .74342E+00 ( B I L L I O N S  8 )  

C U M U L A T I V E  C O S T  O F  L U P  R + D  ( B I L L I O N S  $ 1  
1957.00 0 • 
1958.00 0. 
195YeOO 0. 
1960.00 0 . 

I 1961 *OO 0. 
ID 
W 

1962.00 0 • 
1963.00 0 . 

I 
1964.00 0 . 
1965 .OO 0 . 
.1966. 00 0 
1967.00 0. 
1968.00 0 
1969 r 00 0 • 
1970.00 0 
1'97 1.00 0 . 
1972 . 00 0 . 
1973.00 0 . 
1974.00 0 • 
1975 a00 0 . 
1976.00 a1094655E-02 
1977.00 4378hlqE-02 
1978 00 125885'3E-01 
1979 00 . 2353508E-03 
1980 . 00 .3721826 i -O i  
198 1 . 00 e6570318E-01 
1982 00 e9692473E-31 
198 3 00 . 1308829E +00 
19N4.00 167577'7Et00 
1985.00 .1989b09E+00 
1986 00 .2303440!€+00 



C O S T  OF R + D  a. . 3 2 0 1 4 E + O l  ( B l L L I O N S  '5) 

COST ( B I L L I O N ,  8 )  



Y E A R  . A 1 (  I )  A 2 ( P )  



THE FUEL  C Y C L E  C O S T  = 

CUMULA'TTVE FUEL C O S T  

Y E A R  C O S T  ( S I L L I O N S  $ 1  



THE T O T P L  L A P X T A L  C l O S T  A F T E R  1 9 7 8  = . 5 0 2 1 0 E + 0 3  ( D O L L A i t S )  

$ 

C ! J M U L A T I V E  C A P I T A L  C O S T  
I 

Y E A 2  C O S T  ( C O L L A P  S 1 



O P E R A T I O N / f l A I N T E N A N C  E C O N T R I B U T I O N  TO POWER COST = 

C U M U L A T I V E  O P E R 4 1 1 0 N / f l A l N T E f l A N C E  C O S T  

Y E A R  COST ( B I L L I O N S  $ 1  



T O T A L  L i i R  + N A S A P  C H O I C E  C O S 1  T O  YEAR = 1996.00 

TOThL C O S T  = 7 7 0 3 9 E t 0 3  



C U M U L A T I V E  T O T A L  C3 S T  

Y E A R  C O S T  ( B I L L I O N S  $ 1  





N A S A P  S A ? l P L E  P R O H L E M  S T . A ? K E d  C A S E  2 t D  MODEL 2 d 4 M A U L  



'0.0 '0'0 '0'0 '0'0 80'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 60'o '0'0 
40'0 60'C) '0'0 '0'0 *0*0 '0'0 

,OsO 'O.C 40.0 '000 ,o00 '0~0 '0.0 6c.0 0-0 40-0 '0'0 60'*o do*o 40*0' '0'0 'o*o 60*o 40*0 
:,o.o ,o.O "O.o 'Ooo d0-0 40:*0 ,ceO '0-0 60-0 do0o 'omo 'o*o '0-0 '0'0 '0'0 '0'0 40*o lo*o '0'0 
,o.O 40.0 toea do*0 "0-0 -~o*Q .to40 '0-0 'c-c ,'coo #o*o 40*0 'o*o togo '0-0 '0~0. dooo *o0o '0.0 'o*o '0'0 
,O.o dO-O ,0*0 60.0 '000 '0-0 40~0 60-0 do*o .40*0 dogo '000 '0-0 '0'0 '0-0 

60'0, ,40b3 60'0 '0.0 '0.0 '0'0 

6C.0 60.0 'O.c 'C.0 '0.0 '0*0 60'0 'c-0 '0*0 '3'0 '0*0 60~0 '0'0 '0'0 '0.0 '0'0 'C'13 '0'0 '2G+32Z0 

6io+3Zz0 'ZOt ZZZ' 'ZOt?ZZ' 'Z0+3ZZw 620T?z~* ~ZG~~ZZ* *2~+322* '20t322' c23+3810 '20+391' '20+391' 

:LZC+~~. .d10+3~* 410+;9* a1~+35- :'10+3f* ~~0+3E* 'lCt32' '10+3T0 '0'0 '0'0 '0'0 '0'0 "0'0 'Goo '0'0 '0'0 '0'0 
'0'0 '0.6 '0'0 '0'0 ,O.O 40-0 '0-0 '0-0 '0-0 60'0 40-0 '0-0 *o*o 40-0 'O*G "0-0 '0'0 '0'0 rO'G '0'0 

;o.O .,0*0 '0.0 60.0 '0.0 '0'0 '0'0 40.0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 '0'0 
,O"O #o.o 60.0 '80.0 #OoO 40.0 '0-0 tO'(3 'o'c '9.0 '0'0 '0'0 '0'0 40:'o '0'0 'o'c '0'0 '0'0 '0'0 '0'0 '0'0 
10'o 'C.0 '0.0 '0.0 '0.0 '0'0 '0'0 '0'0 dO'C '0'0 '0'0 '0'0 '0.0 '0*'0 '0'0 '0'0 '0'0 'OOO '0'0 40*0 '0'0 
'O.O '0.0 '0.0 '0-0 '0"o 60'0 60.c '0.0 60'0 'c.0 '0.0 60'0 '0.0 'o'*o '0.0 '0.c 'o.0 '0.0 '0.0 '0.0 '0.0 

'c.0 '0.0 ,o.o 60.c '0.0 to*o ,o0o CO*O 'o*o '0'0 '0'0 'O'C '0'0 4000 '0'0 'O'C '0'0 '0'0 '0'0 '0'0 '0'0 

*oao do.0 to.o 60.0 -L~.~ 40'0 60-0 40'0 '0~0 '0~0 40-0 '0-0 '0-0 '0-0 '0'0 'O*C '0'0 '0.0 'O*O '0'0 '0'0 

'c.@ 60.0 d0.0 6O.G '0'0 '0.0 dr)'O '0'0 '0'0 '0'0 'Q'O '0'0 '0'0 '0'0 '0'0 'O'c '0'0 '0'0 '0'0 '0'0 *Coo 
'0-6 do*(! '0*0 'TOt39' '1C+39' '10*39*, 410+39* '10t39' 'KOt39' '1O+39' '10+35' '10*39' '10+39* '10+3'1' 

'f ~+39* '10439' '10+39* '1C*39* '10+39' t1c+2q0 '~~+39* ~~ot39. 'T0+39' '10t34' '10+39* C10+39' '10+39* 

#:0+39' 410t39" 410+39* *10+39' #~G+;Z* g10t3Z0 610t32' 610+31' '10+3Z' '10+32* '10+32' 6T0+32' 
'TCt32' *10+32* 610+32' '10+3Z0 '10+57* '10+3z* 'T0+32* '10t32. 'T0+3Z0 '10+32" '10t32' '10t32' '10+32' 



T J N S  = O . C ,  . 1 E  t06,  -5EtO6, c l E i 0 7 ,  .ZE+07. .3E+07r -4E4379 . 5E+37r  .6E+07, 
0.0,  0.0, 0.0, 0.0,  0.0, 0.0, fi.0, 3.0, 0.01' 0 . 0 ~  0.0, 0.0, 0.0, 0.01 

0 .0 ,  0.0,  0 .0 ,  0.0,  G.0, 0.0, 6.0, 3.0, 0.0, 0 . 0 ~  8 .0 ,  0.0, 3.01 0.01 

0.0, 0.01 0.01 0 .0 ,  0.0, 0.0, C.0, * l o o p  0.01 0.02 0.01 0 . 0 ~  3.3,  OIOt 

0.0, 0.3, 0 ,O,  O.C,  0.0, 0.0,  0.0. 1 .0 ,  0.0, 0.0, 0 . 0 ,  '3.3, 0 .0 ,  0 .0 ,  

0.0,  0.0, 0.0, O . C ,  0.01 0.09 C.0, 1 -0 ,  0.01 9 - 0 1  0 . 3 9  3.3s 3 . 3 ,  0 . 3 1  

0.01 0.0. 0.09 0.0, 0.0, 0.09 0.0,  3.01 0.0,  O.Or 0.0, 0.3, 0.01 ( I  01 

0.0, O . G ,  0. 0, 0.0, 0.0, 0.0, 0.0, 9.0, 0.0, 0.02 9.00 0.Ot 0.0, 0.0, 

0.0, 0.01 0.09 0 .0 ,  0.0,  Cl.0, 0.0, 0 .0 ,  0.0,  0 . 0 ~  0.0,  0.3, 0.01 0101  

0.0, 0.0, 0.0, 0.0,  0 . 0 ,  0.0,  0.0, 0.09 0.3,  0.0, 0.99 0.0, 0.0, 0.01 

C O S T  = .1E+01, . lE*Olr  . Z E + O l ,  .3E+31,  .75E+01, .11JE*3Zr .125E+029 . l / i5E+02 ,  .175E+02,  . 2 1 5 ~ + 3 2 , '  0 .0 ,  . 

0.0, 0.0, 0.0, 0.0, 0.0,  0.0, 0.0, 3.0,  '0.0, 3.0, 3.0,  f . O I  0.3,  0.0, 0.0, 0.0, 0.01 0.0, 0.01 0 . 0 ~  0.0, 

0.0, 0 .0 ,  0.0, 0.0, 0.0, 6 .0 ,  0.0, 0 . 0 ,  0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0 .0 , :0 .0#  .0.0, 0.0, 0.0, 0.01 0.0, , 
0.0,  0.0, 0.0,  0.0, 0.0, 6.0, 0.0, 0 .0 ,  0.09 0.0, 0.0, 0.0, 0.0, 0.0,  0.01 0.0, 0.0, 0.01 0.01 O * U ,  G.0 ,  : 

I 
0 .0 ,  0.0, 0.0, 0 .0)  0.0, 6.0, 0.0, 0.01 0.91. 0 . 0 ~  D.0, 0.0, '  0.3, 0.0, 0.0,. 0.01 0.0, 0.01 0 . 0 ~  O O O V  0.0, , 

0.0,  0.01 0.0, 0.91 0.0, C.0, 0 .0 ,  b..G, 0.0, 0.0,. 3 .0 ,  0.39 0.01 0.0, 0.0, 0.09 0.0, 0.09 0.0, 0 - 3 9  ( ; * 3 ,  

0.0, 0.0. 0.0, 0.0, 0.01 0.0, 0.0, 8.01 0.9, 0.01 3.0, 0.0, 3.0,  0.0, 0.01 0.0, 0.01 0.09 0.0, O O Q D  y . 0 9  



'C'O z1ire 





C 4  P C C  

B E . T A  

@ T  B 

D I 

I 
T L A G  

S T A R K  



H 4 L F  

5 I l G f l A  

G4HtlA 

G I M M A S  

13 D 

B E N D  





'NL r l R  ( I 1 





D A T E  T ( I )  C O K S E S P O N 9 I N G  T O  U 3 0 8  C O H M I . T T E D  H 1 • 25 0 E  t.07 T =  1 9 9 5 . 0 0  

D A T E  T (  I )  C O R R E S P O N D I N G  T O  U 3 0 8  C O M M I T T E D  H = .. 5 4 0 E  +:07 1 = 1 9 3 5 . 0 0  













. 
=UEL U S E D  d Y  4'LL P L A N T 5  UP T H R O U G H  ' T 4 U ( K )  

= U € L  U S E D  M t i O  









A V E S P G E  ,2051 V A L U E ?  FOH ? E 4 i T i l R S  j T A R ' l E D  U P  I ' N  f E A 3  T A U ( K )  

A V G .  C O S T  R E G I O N  









V E N D O R  A C O S T  ~ 2 0 0 0 0 E t 0 9  

V E N D O R  B . C O S T  = b 1 0 0 0 0 E + 0 9  

V E N D O R  C , C O S T  a . . 7 5 0 0 0 € + 0 8  

GOJERNMENT S U P E R V I S I O N  C O S T  8 1075,OE +09  

T O T A L  F I u S T  T I M E  E N G I N E E R I N G  C O S T  = 9 0 0 0 3 0 3 E + 1 7  

N A S A P  D E V E L O P M E N T  C O N T R I B U T I O N  T O  N A S A P  POWEti. C O S B  = 2 3 9 9  1Et00 ' N ~ L L S I K U H ~ ~ E  

N A S A P  D E V E L 3 P M E N T  C O S T  a . 2 5 6 9 9 € + 0 1  ( B l L L O H S  8 )  



CUflUL. IT1 JE N A S A P  I\ +O C O S T  

Y E  42  C O S T  ( B I L L I O N S  $ 1  
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L W K ' D E V E L O P M E N T  C d N T 2 I B U T [ . O N S  T O  L U R  POkER C O S T S  ( M ~ L L S / K ~ H R E )  Filk P E R i U D  K A R E  
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