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1 .0  INTRODUCTION AND BACKGROUND 

E s s e n t i a l l y  a l l  economic s e c t o r s  o f  o u r  s o c i e t y  depend i n  some p a r t  on 

e l e c t r i c  power g e n e r a t i o n .  U n t i l  t h e  e a r l y  1 9 6 0 9 s ,  e l e c t r i c  power was 

g e n e r a t e d  from h y d r o e l e c t r i c  and f o s s i l  f u e l e d  g e n e r a t i n g  f a c i l i t i e s .  Hydro- 

e l e c t r i c  p o t e n t i a l  h a s  become f u l l y  u t i l i z e d ,  w i t h  t h e  e x c e p t i o n  o f  v e r y  

smal l  f a c i l i t i e s  ( low head h y d r o ) .  F o s s i l  f u e l s  a r e  no t  renewable  and,  w i t h  

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

and e l e c t r i c  .energy s o u r c e s  from renewable r e s o u r c e s  must be  developed t o  

p r e s e r v e  o u r  p r e s e n t  l e v e l s  o f  a c t i v i t y  and s o c i e t y  a s  we know i t .  One 

such a l t e r n a t i v e  e l e c t r i c  e n e r g y  s o u r c e  concept  b e i n g  pursued i s  t h e  S a t e l l i t e  

Power System (SPS)* - a  p h o t o v o l t a i c  f a c i l i t y  o r b i t i n g  e a r t h  and t r a n s m i t t i n g  

i t s  g e n e r a t e d  power back down t o  e a r t h .  

A major  e lement  of  t h e  SPS Concept Development and E v a l u a t i o n  Program** 

i s  t h e  c h a r a c t e r i z a t i o n  and compara t ive  a n a l y s i s  o f  f u t u r e  t e r r e s t r i a l - b a s e d  

a l t e r n a t i v e s  t o  SPS. A s i g n i f i c a n t  p o r t i o n  o f  t h i s  e f f o r t  i s  t h e  s e l e c t i o n  

and c h a r a c t e r i z a t i o n  of  s i x  t e r r e s t r i a l  c e n t r a l  s t a t i o n  e l e c t r i c  g e n e r a t i o n  

sys tems t h a t  may be  v i a b l e  a l t e r n a t i v e s  t o  SPS i n  t h e  y e a r  2000 and beyond. 

The o b j e c t i v e  of  t h i s  r e p o r t  i s  t o  compLete and d o m e n t  the physical and 

cost characterizations of six electric generation technologies of designated 

capacity . 

The c h a r a c t e r i z a t i o n s  t h a t  f o l l o w  t h i s  t e c h n i c a l  summary p r o v i d e  a 

d e t a i l e d  d e s c r i p t i o n  of s e l e c t e d  y e a r  2UOU power p l a n t  d e s i g n s .  It i s  im- 

*U.S. Department of  Energy and NASA, SPS CDEP Reference  System Repor t ,  DOE/ 
ER-0023 (Oc tober  1978) .  

* * S a t e l l i t e  Power System (SPS) Concept Development and E v a l u a t i o n  Program P l a n ,  
WE/ET-0034 ( F e b r u a r y  1978) .  



p o r t a n t  t o  keep i n  mind t h a t  t h e s e  p l a n t  d e s i g n s  r e p r e s e n t  o n l y  a  c e r t a i n  

sampl ing of c o n c e p t s  a s s o c i a t e d  w i t h  each t echnology  and t h a t  a  r e a l i s t i c  

"bes t "  d e s i g n  t r u l y  c h a r a c t e r i s t i c  of a  y e a r  2000 technology  cannot  e x i s t  

a t  t h i s  p o i n t  i n  t ime.  The t e c h n o l o g i e s  s e l e c t e d  a r e  t e c h n o l o g i c a l l y  dynamic 

and hence  may undergo r a p i d  e v o l u t i o n a r y  a s  w e l l  a s  r e v o l u t i o n a r y  change 

b e f o r e  t h e  year  2000. 

The t e c h n o l o g i e s  s e l e c t e d  f o r  t h e  d e t a i l e d  c h a r a c t e r i z a t i . o n  were: 

S o l a r  T e c h n o l o w  

T e r r e s t r i a l  P h o t o v o l t a i c  (200 m e )  

Coal Technoloe ies  

Conven t iona l  h i g h  s u l f u r  c o a l  combustion w i t h  
advanced f l u e  gas  d e s u l f u r i z a t i o n  (1250 MWe) 

Open c y c l e  gas t u r b i n e  combined c y c l e  p l a n t  
w i t h  low B t u  g a s i f i e r  (1250 MWe) 

Nuclear Technolog ies  

Canvcncional l i g h t  water reactor (125U M w ~ )  

L iqu id  m e t a l  f a s t  b r e e d e r  r e a c t o r  (1250 MWe) 

Magnetic f u s i o n  reactor (1320 MWe) 



2.0 APPROACH 

~um&ous studies and reports exist which characterize various electric 
. .. 

generation technologies. Rather than restudy these technologies, the approach 

taken for this report was to rely on existing data and make it comparable. 

A consistent and traceable set of technological and cost characterizations of 

reference design systems were developed for the following technology configura- 

tions and nominal generating capacities: 

Terrestrial Central Station Photovoltaic 
- .. - . -. 

- Without Storage - 200 MWe 

6 Conventional Coal with Improved Environmental 
Controls - 1250 MWe 

Light Water Reactor with Improved Fuel 
Utilization 

i Liquid Metal Fast Breeder Reactor 

0 Magnetic Confinement Fusion 

- 1250 MWe 
- 1250 MWe 
- 2 @ 660 MWe 

The basis for the technological and cost characterizations was the in- 

formation and data in the 'preliminary reports prepared by TRW and United 

Engineers and Constructors, augmented by additional technical literature, 

expert opinion, and engineering judgment, as necessary. Consistency was 

established on an inter-technology basis by independent calculations of 

technology component sizes or capacities and by accounting for modifications 

necessary to consider a consistent fuel type or other factors designated. 



Included in the characterizations were the following: 

a Physical System Design and Operating Characteristics 
. :  

-- Capital and Operating Costs 

Operational Reliability and Availability 

Natural and Human Resource Requirements 

Environmental Residuals 

Since the characterizations are of facilfties for opcracion in the year 

2000, the designs assumed were based on as yet undemonstrated technologies 
- .. . " , ?  

(e.g., the NUWMAK fusion machine, Wellman-Lord scrubbers, etc.). Each 

characterization addresses these assumed advances. 



3.0 D I S C U S S I O N  AND SLJMMARY 

The r e fe rence  p l a n t  s t u d i e s  have been normalized t o  1250 MWe wi th  t h e  

except ion  of t h e  fus ion  and pho tovo l t a i c  p l a n t s .  The des ign  s t u d i e s  from 

which t h e  r e f e rence  c h a r a c t e r i z a t i o n s  were taken had p l a n t  power product ion 

l e v e l s  o t h e r  than 1250 MWe. Normalization t o  1250 MWe was accomplished by 

t h e  s c a l i n g  of p l a n t  parameters  of t h e  o r i g i n a l  des ign  s t u d i e s  u s ing  t h e  

r a t i o  of 1250 MWe t o  t h e  o r i g i n a l  des ign  capac i ty .  A b r i e f  t e c h n i c a l  

summary of each power p l a n t  design i s  provided below. 



T e r r e s t r i a l  Pho tovo l t a i c  Power P l a n t  

T h e . r e f e r e n c e  pho tovo l t a i c  power p l a n t  i s  a  nominal 200 MW s i z e .  There 

i s  no economy of  s c a l e  beyond t h e  200 MW s i z e  a s  t h e r e  is  i n  convent iona l  

thermodynamic power p l a n t s .  The p l a n t  c h a r a c t e r i z a t i o n  provided h e r e  assumes 

t h a t  p rog re s s  i n  s o l a r  c e l l  technology has  r e s u l t e d  i n  h igh  e f f i c i e n c y  (19.3%) 

cel ls  which a r e  f a b r i c a t e d  d i r e c t l y  t o  r e c t a n g u l a r  shape. The c e l l  c o s t  has  

been p r o j e c t e d  f o r  t h e  yea r  2000 t o  be $35/m2, which i s  much less than  c u r r e n t  

c o s t s  of  about  $lOOO/rnL, 

The s o l a r  p h o t o v o l t a i c  power p l a n t  i o  t h c  c n r t h  bound coun te rpa r t  of  

t h e  SPS. It u s e s  t h e  same advanced s o l a r  c e l l  technology.  It does n o t  

s t o r e  energy. Due t o  t h e  f a c t  t h a t  t h e  s o l a r  p h o t o v o l t a i c  power p l a n t  is  

ear thbound t h e r e  a r e  d i f f e r e n c e s .  The s o l a r  pho tovo l t a i c  power p l a n t  on 

e a r t h  h a s  a  v a r i a b l e  ou tpu t  due t o  t h e  d i u r n a l  s u n l i g h t  c y c l e  and an e r r a t i c  

p a t t e r n  of s u n l i g h t  l o s s  due t o  bad weather (c louds,  f og ,  haze ,  e t c . ) .  The 

connec t ion  t o  t h e  power g r i d  on e a r t h  i s  s t r a i g h t f o r w a r d ,  i nvo lv ing  d i r e c t  

e l e c t r i c a l  connect ion.  

The s o l a r  pho tovo l t i ac  power p l a n t  s u p p l i e s  power t o  t h e  g r i d  on an "as 

a v a i l a b l e "  b a s i s .  The g r i d  may have s t o r a g e  i n  t h e  form of b a t t e r i e s ,  f l y -  

wheels ,  superconduct ing magnets, pumped h y d r o e l e c t r i c ,  o r  compressed a i r  

s t o r a g e ;  o r  it may have v i r t u a l  s t o r a g e  i n  t h e  form of  h y d r o e l e c t r i c a l  p l a n t s  

which a r e  used f o r  peaking. The g r i d  t r e a t s  t h e  a v a i l a b i l i t y  of e l e c t r i c  

power from t h e  s o l a r  pho tovo l t a i c  p l a n t  a s  a  v a r i a t i o n  i n  t h e  amount of 

power which must be supp l i ed  from t h e  o t h e r  sources .  

The s o l a r  p h o t o v o l t a i c  p l a n t  u se s  a  l a r g e  a r r a y  of  s o l a r  c e l l s  mounted 

on t i l t e d  frames poin ted  a t  t h e  sun t o  gene ra t e  h igh  v o l t a g e  d .c .    he h igh  

v o l t a g e  d.c .  i s  then  converted t o  h igh  v o l t a g e  a . c .  and fed  through t r a n s -  

mi s s ion  l i n e s  t o  t h e  g r i d  j u s t  a s  any o t h e r  power p l a n t  ope ra t e s .  

Although l a r g e  land a r e a s  seem t o  be  covered by t h e  s o l a r  p h o t o v o l t a i c  

power p l a n t ,  t h e  a r e a s  normally r equ i r ed  f o r  t h e  mining, p roces s ing ,  and 

t r a n s p o r t i n g  o f  c o a l  f o r  a coa l  f i r e d  p l a n t  can be much l a r g e r  over  t h e  

l i f e t i m e  of t h e  p l a n t .  

It should be noted t h a t  ope ra t i on  of a  s o l a r  pho tovo l t a i c  power p l a n t  

i nvo lves  n e g l i g i b l e  environmental  impact o t h e r  t han  t h e  p l a n t  l and  a r e a .  

Key p l a n t  parameters  a r e  presen ted  i n  Table  1. 



Table  1. 25 MW S o l a r  ~ h o t o v o l t a i c  C e n t r a l  P l a n t  Array Key Paramete rs*  

* 
(Modeled somewhat a f t e r  Tab le  K-2 P. K-15 EFRI-ER-685) 

Parameter  

S i z e  (Area) 

Cells 

P a n e l s  

Rows 

S e c t o r s  

Modules - 

Output a t  100  MW/cm 
2 

Cur ren t  (Amperes) 

Vol tage  

Power (Watts)  

E f f i c i e n c y  

I t e m  E f f i c i e n c y  

I n e f f i c i e n c y  Source  

Cumulative E f f i c i e n c y  

R e s i d u a l s  

Resource  Requirements 

Land 

C o n s t r u c t i o n  and Opera t ing  
C h a r a c t e r i s t i c s  

O p e r a t i o n s  S t a f f  

D i r e c t  C a p i t a l  Cos t s  ($1000) 

I n d i r e c t  C a p i t a l  Cos t s  ($1000) 

O&M C o s t s  ($1000/yr)  

** 
S o l a r  C e l l . E f f i c i e n c y  19.03% Bare a t  AM1 

T o t a l  Module C e l l  Area = . I 7 6  km 2 

P a n e l  Area = . I82 km3 

S i l i c o n  C e l l  

6  x 6. cm 

1 

1 .24  

.50 

.620 

i7.22%** 

Bas ic  C e l l -  
Cover G l a s s  

17.22% 

Module 

(1447m x 283m) = 
,4095 km2 

48,902,400 

'122,256 

144 

2  

1 

2,598.4 

- +5.25K (a..c.) 

. 27.28 MW 

98% 

d .c .1a .c .  Con- 
v e r t e r  

15.51% 

none 1. 

4,022 km2 

2 5  

117,194 

19,994 

1 ,678  



Conventional High S u l f u r  Coal Combustion w i t h  kdvanced F lue  Gas D e s u l f u r i z a t i o n  

The r e f e r e n c e  p l a n t  des ign  was based on a  1232 MWe p l a n t  des ign  by United 

Engineers  and Cons t ruc to r s  (UEC). The o r i g i n a l  de s ign  used l imes tone  

s c rubbe r s .  T h i s  d e s i g n  h a s  been modif ied t o  i n c l u d e  t h e  Wellman-Lord Advanced 

scrubbing  System which is c u r r e n t l y  i n  t h e  commercial demons t ra t ion  phase.  

The Advanced Scrubbing System meets EPA's new sou rce  performance s t anda rd ,  

The reference p l a n t  u s e s  Eas t e rn  Bituminous c o a l  w i t h  a  h ighe r  h e a t i n g  

v a l u e  o f  11026 B tu l lb .  a t  a r a t e  of 541 tonslhr a t  nominal 1250 MWe o p e r a t i o n ,  

The n e t  p l a n t  h e a t  r a t e  is 9546 ~ tu /kWh w i t h  a thermal  power product ion  of 

3528 MWe, a u x i l i a r y  u se  of  115 MWe and an o v e r a l l  p l a n t  e f f i c i e n c y  of 35.752. 

The c a p a c i t y  f a c t o r  i s  72. 

Combustion of c o a l  g e n e r a t e s  steam a t  a  tempera ture  of 1 0 1 0 ~ ~  and 

pressure of 384'5 ps ig .  Th i s  steam d r i v e s  a  c r o s s  compound two-para l le l - shaf t  

t u r b i n e  gene ra to r  b e f o r e  d e l i v e r i n g  h e a t  t o  two mechanical d r a f t  wet 

c o o l i n g  towers.  F lue  nases are processed t .hrn~igh ~ l ~ c t r o s t a t i c  p r o c i p i b a t o r c  

t o  remove 99.7% of t h e  f l y a s h  p a r t i c u l a t e s  and through a  Wellman-Lord SO 
2 

removal system b e f o r e  be ing  rehea ted  w i th  an in -s tack .  steam t o  f l 1 1 ~  gas . 
h e a t  exchanger,  and d ischarged  t o  t h e  atmosphere through a  750 f o o t  h igh ,  

s t e e l - l i n e d  s t a c k .  

The primary coal p l a n t  site occupies 500 acres wirh an a d d i t i o n a l  5bU 

a c r e s  r equ i r ed  over  30 y e a r s  f o r  s o l i d / s l u d g e  waste  d i s p o s a l .  The water  

6 6 
consumption is  70 x 10 ga l lons /day  a t  normal ope ra t i on  wi th  48 x 10  g a l l o n s /  

day r equ i r ed  by t h e  Wellman-Lord Scrubber System. Key p l a n t  parameters  a r e  

p re sen t ed  i n  Table  2  and t h e  thermodynamic c y c l e  is  shown i n  F igure  1. 



Table  2 .  Key P l a n t  Paramete rs  - 1250 MWe High S u l f u r  Coal P l a n t  

Steam Genera to r  

. . 

PARAMETERS 

S u p e r c r i t i c a l  p r e s s u r e ,  s i n g l e  
r e h e a t  w i t h  P r e s s u r i z e d  Furnace 

OPERATING DESCRIPTION 

I Steam Flow 6 
Normal S u p e r h e a t e r  O u t l e t ,  1 0  l b l h r  

F u e l  Type 

Steam Pressure /Tempera tu re  
S u p e r h e a t e r  O u t l e t ,  p s ~ g l O ~  
Rehea te r  O u t l e t ,  p s i g /  F  

F u e l  F i r i n g  R a t e ,  Tonlhr  a t  f u l l  1 l o a d  

3,84511010 
65011000 

I Number o f  P r e c i p i t a t o r s  

E a s t e r n  Bituminous Coal  @ 11026 
~ t u / l b ,  10.29% a s h ,  3 . 2 %  s u l f u r  

541.1 

I P r e c i p i t a t o r  E f f i c i e n c y ,  i n  p e r c e n t  ' I 99.7 . q  I 

I Turb ine  C o n f i g u r a t i o n  

Steam Pressure/Temper\ature a t  IIP 
Turb ine  I n l e t ,  p s i a  

Gross  Genera to r  Output ,  We 

I N e t  S t a t i o n  Output ,  MWe 

I N e t  S t a t i o n  Heat Ra te ,  ~ t u l k w h  I 9,546 I 
I N e t  P l a n t  E f f i c i e n c y ,  i n  p e r c e n t  I 35.75 

.5 I 
I Environmental  R e s i d u a l s  

Ash Sludge,  l b l h r  
N a 2  .SO 

4 
Elemental  S u l f u r ,  l b l h r  
SO2, l b l h r  

Resource  Requirements 
Water,  106 g a l l o n s / d a y  
N a t u r a l  Gas, l o 3  S c f l h r  

I Land, a c r e s  
P l a n t  
Wastes 

Cons t ruc t  i o n  & Operat  i o n s  C h a r a c t e r i s t i c s  
C o n s t r u c t  i o n  Labor Hours 
O p e r a t i o n s  S t a f f  
Capac i ty  F a c t o r ,  i n  p e r c e n t  
A v a i l a b i l i t y ,  i n  p e r c e n t  
D i r e c t  C a p i t a l  Cost ($1000) 
I n d i r e c t  C a p i t a l  Cos t s  ($1000) 
O&M C o s t s  ($1000/yr)  



Figure 1. Coal Plsnt Simplified Thermodynamic Cycle 
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Open Cycle Gas Turbine Combined Cycle P l an t  w i t h  Low Btu G a s i f i e r  

The r e f e r e n c e  p l a n t  design i s  modeled a f t e r  a 579 MWe p l a n t  descr ibed  

i n  t h e  Energy Conversion A l t e r n a t i v e s  Study (ECAS, 1976). This  p l a n t  meets 

t h e  more s t r i n g e n t  EPA new source performance s tandards .  Ninety-eight per- 

cen t  removal of s u l f u r  compounds occurs  us ing  t h e  Alkazid process  w i t h  an  

a t t e n d a n t  Claus recovery system. 

The r e fe rence  p l a n t  u ses  Eas te rn  Bituminous c o a l  w i t h  a h igher  hea t ing  

va lue  of 11026 ~ t u / l b ,  a t  a feed  r a t e  of 502 tons lh r .  and a t  nominal 1250 MWe 

ope ra t ion ,  The n e t  p l a n t  hea t  r a t e  i s  8,865 ~tu/kWh,with 874 MWe produced 

by t h e  prime c y c l e  gas  t u r b i n e ,  and 428 MWe produced by t h e  steam bottomine 

cyc le .  The t o t a l  g ross  output  i s  1301 MWe wi th  a u x i l i a r y  l o s s e s  amounting 

t o  5 1  MWe. Net p l a n t  e f f i c i e n c y  is 38.5% w i t h  a 70% capac i ty  f a c t o r .  

Crushed coa l  is  g a s i f i e d ,  c leaned,and then  combusted t o  d i r e c t l y  d r i v e  
I. . . 

0 
e i g h t  a i r  cooled gas t u r b i n e s  wi th  a '2400 F f i r i n g  temperature.  The t u r b i n e  

6 .  I '. 
gas d ischarge  is inpu t t ed  i n t o  a steam bottoming c y c l e  w i t h  t u r b i n e  i n l e t  

temperature and p re s su re  of 9 5 0 ' ~  and 1800 p s i g ,  r e s p e c t i v e l y .  One steam :a . 

t u r b i n e  s e r v e s  each of four  hea t  recovery steam genera tor  u n i t s .  Low Btu 

gas  cleanup i s  accomplished through t h e  Alkazid-Claus process  which removes 

H S from product gas and conver t s  i t  t o  e lementa l  s u l f u r .  2 I .  1 

The combined cyc le  p l a n t  s i t e  occupies  132 a c r e s  w i t h  an  a d d i t i o n a l  

32 a c r e s  r equ i r ed  f o r  waste  d i s p o s a l  over  a 30-year p l a n t  l i f e t i m e .  The 
6 

t o t a l  water  consumption pe r  day i s  12.5 x 1 0  ga l lons ,over  h a l f  of which 

comes from cool ing  tower evapora t ion .  

A s i m p l i f i e d  thermodynamic c y c l e  i s  shown i n  F igure  2. Key p l a n t  

parameters  a r e  shown i n  Table 3. 



All numbers shown at key points are enerqy flows in lo6 BtuIHr except for aenerator OvtDuts. 
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Table 3 . Summary of Design Parameters - Open Cycle Gas 
Turbine Combined Cycle w i t h  Low Btu G a s i f i e r  

. :  ( F u l l  Load Condit ions)  

* 
Data on "dry equiva len t t '  no t  suppl ied  f o r  s tandard  condi t ions .  

C 

ENVIRONMENTAL IMPACT 

FUEL 

LBtu Gas (wet b a s i s )  
Composition by Weight 

S ( a s  H2S + COS) 

GASIFIER 

TYP e 
Operating Pressure  (p s i a )  
Cleanup System 

PRIME CYCLE 

Gas Turbine 
Turbine i n l e t  temp (OF) 
Working f l u i d  
Turbomachinery conf igu ra t ion  

HEAT EXCHANGER 

Heat Recovery Steam Generator 
Vapor genera tor  p inch  p o i n t  

AT (OF) 

Exit AT (OF) 

BOTTOMING CYCLE 

Steam Bottoming Cycle 

T h r o t t l e  temp (OF) 
T h r o t t l e  p re s su re  ( p s i )  

HEAT REJECTION 

Wet Cooling towers 

Stack temperature (OF) 

COS Hydrolysis  Ef f .  (%) 

NH Removal E f f .  (%) 
3 

Alkazid Removal Ef f . (%) 

1250 MWe P l a n t  

(Tota l  P l a n t )  

HHV = 2959 ~ t u / l b ,  LHV = 2745 ~ t u l l b *  

0.05% 

Fixed Bed 
2 63 

Alkazid + Claus f o r  H S Removal - 
2 

COS Hydrolyzer and NH3 Removal + 

A i r  Cooled 
2400 

Combustion gas 
Axial-f low 

18 

84 

950 
1800 

16  c e l l s  

312 

100 

97 

9 5 



Table 3 . Summary of ~ e s i ~ n  Parameters - Open Cycle Gas 
Turbine Combined Cycle w i t h  Low Btu G a s i f i e r  
(Continued) 

.... ( F u l l  Load Condit ions)  

ENVIRONMENTAL IMPACT 

Claus Removal Ef f . (%) 

Sli l fur  Ry-Prndiir t Prndur: t ion  
( E l m e n e a l )  ( l b / h r j  

Wellman-Lord Ef f . (%) 

Wet Scrubber Eff .  (Process  Gases) (%) 

P l a n t  Heat Rate  (Btu Coal/kWh) 

P l a n t  E f f i c i e n c y  (%) 

Environmental Residuals  

Ash ( tons lday)  
S u l f u r  ( tons lday)  
Ammonia ( tons /day) 
Sludge ( tons/day)  
A i r  Emissions ( tons lday)  

Resource Requirements . 

Land, a c r e s  
Water (106 ga l lons /day)  
Limestone ( tons/day)  
Sodium Carbonate ( tons lday)  

Cons t ruc t ion  6 Operat ion 
C h a r a c t e r i s t i c s  

D i r e c t  Cons t ruc t ion  Labor 
Hours (1000 h r s )  

Operat ions S t a f f  
D i rec t  C a p i t a l  Costs  ($1000) 
I n d i r e c t  C a p i t a l  Costs  ($1000) 
ObM Costs  ($1000/yr) 

1250 MWe P l a n t  

(Tota l  P l a n t ) '  

95 

29.9if 

? 0 

85 

8,865 

38.50 

1240 
359 
108 

5 1 
5 6 

346 
12.5 
20.4 

2.2 

8,100 
336 

537,374 . 
132,717 

20,660 , 



Light  Water Reactor 

The r e fe rence  l i g h t  water  r e a c t o r  design i s  a s i n g l e  u n i t  p re s su r i zed  
< :  - water  r e a c t o r  modeled a f t e r  t h e  Westinghouse 3425 MWt u n i t  descr ibed  i n  

- .. 

RESAR-35 and coupled wi th  t h e  balance-of-plant concept developed by UEC. 

The o v e r a l l  des ign  of t h e  u n i t  w a s  based o n . t h e  l i c e n s i n g ,  des ign ,  construc-  

t i o n  and ope ra t ion  c r i t e r i a ,  s t anda rds ,  codes,and gu ide l ines  i n  a f f e c t  about 

January, 1976. The c h a r a c t e r i z a t i o n  r e p r e s e n t s  t h e  c u r r e n t  s t a t e  of tech- 

nology i n  t h e  l a t e  1970's  but  p ro j ec t ed  t o  t h e  yea r  2000. 

L J J  The r e a c t o r  u ses  low-enriched uranium o x i d e  f u e l  (4.15% U )  i n  

approximately 193 f u e l  assemblies .  The nuc lea r  steam system produces 

approximately 3750 M W t  a t  f u l l  power y i e l d i n g  a- .genera tor  'output of 1309 

MWe. Auxi l ia ry  power requirements  come t o  59 MWe l ead ing  t o  a n e t  p l a n t  

e f f i c i e n c y  of 33.4%. The s t a t i o n  hea t  r a t e  i s  10,224 Btu/kWh a t  a capac i ty  
. I  

f a c t o r  of 70%. 

The r e a c t o r  c o r e  is cooled by p re s su r i zed  water  C2250 p s i a ) .  The 

p re s su r i zed  water f lows  t o  a steam genera tor  which genera tes  steam a t  1100 

p s i a  and 556'~. This  steam then  d r i v e s  a tandem compound, s i x  f low t u r b i n e  

genera tor .  The t u r b i n e  e x i t  steam i s  condensed and hea t  is  de l ive red  t o  

t h e  atmosphere v i a  t h r e e  mechanical d r a f t  wet coo l ing  towers. 

The primary p l a n t  s i t e  r e q u i r e s  about  500 ac re s .  The water  requirements  
6 a r e  p r imar i ly  from evapora t ive  coo l ing  and a r e  about  23 x 10  ga l lons /day .  

Key p l a n t  parameters  a r e  provided i n  Table 4 and' a s i m p l i f i e d  thermodynamic 

c y c l e  is  shown i n  F igure  3. 



Table 4 . Key Parameters, Nuclear Steam Supply System 
1250 MWe Pressurized Water Reactor Plant 

: :  PARAMETERS I OPERATING DESCRIPTION 

NSSS warranted Power, MWt 

6 
Steam Flow, 10 lb/hr 

Steam Pressure, psia 

Power Density - Avg., kW/liter 
6 

Coolant Flow, 10 lb/hr 

0 
Coolant Inlet Temp. F 

Avg. Delta T through Vessel, OF 

Coolant,Pressure - Outlet psia 
Turbine Output, MWe 

Auxiliary Power, MWe 

Net Power to Transformer, MWe 

Net Station Heat Rate, Btu/kWh 

Plant Efficiency % 

Environmental Residuals 
3 

Radioactive Solid Waste (ft /day) 

Radioactive Gaseous Releases of all types (~i/yr) 

Waste Water Effluents, Tons/day 

Resource Requirements 

Land, acres 
6 

Water (1 0 gallons/day) 

Construction and Operation Characteristics 

Direct Construction Labor Hours (1000 hrs) 

Operation Staff 

Direct Capital Costs ($1000) 

Indirect Capital Costs ($1000) 

ObM Costs ($1000) 
- 



. I .  

Figure 3. Light Water Reactor Facility Thermodynamic Cycle 
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Liquid Metal F a s t  Breeder Reactor  

The r e f e r e n c e  l i q u i d  meta l  f a s t  breeder  r e a c t o r  (LMFBR) i s  a  s i n g l e  u n i t  

p l a n t  t h a t  r e p r e s e n t s  a n  envelope of t h e  c u r r e n t l y  a v a i l a b l e  des ign  th ink ing  

f o r  c o m e r c i a l  p l a n t s  of t h e  f i v e  p r i n c i p l e  U.S. manufacturers  of nuc lea r  LWR 

p l a n t s ,  Atomics I n t e r n a t i o n a l ,  Babcock & Wilcox, General E l e c t r i c ,  Westing- 

house, and Combustion Engineering. The b a s i c  nuc lea r  p l a n t  i s  coupled t o  a  

balance-of-plant concept designed by United Engineers and c o n s t r u c t o r s  (UEC) . 
The r e f e r e n c e  p l a n t  u ses  a  uranium-plutonium oxide f u e l  f o r  t h e  c o r e  and 

dep le t ed  uranium breeding m a t e r i a l  i n  both t h e  r a d i a l  and a x i a l  b l anke t s .  

The p l a n t  produces 1313 MW gross  wi th  a u x i l i a r y  l o s s e s  of 63 MWe. The p l a n t  

e f f i c i e n c y  i s  36 .6% wi th  a 70% c a p a c i t y  f a c t o r .  

The r e a c t o r  c o r e  i s  cooled by l i q u i d  sodium which c i r c u l a t e s  through an 

in t e rmed ia t e  h e a t  exchanger genera t ing  steam. T h e  t u r b i n e  i n l e t  steam condi- 

t i o n s  a r e  2200 p s i g  p r e s s u r e  and 850°F temperature.  The t u r b i n e  e x i t  steam 

is condensed and t h e  r e s i d u a l  h e a t  is  given up t o  t h e  atmosphere via t h r e e  

mechanical d r a f t  wet cool ing  towers.  

The LMFBR s i t e  occupies  500 a c r e s  and t h e  p l a n t  r e q u i r e s  about  20.8 x 10 6 

ga l lons /day  of water  f o r  cool ing  a t  nominal ope ra t ion .  Most of t h e  water  

requirement (over 2 1 3 )  i s  f o r  cool ing  tower evapora t ion .  

Key p l a n t  parameters  a r e  shown i n  Table 5 and a  s i m p l i f i e d  thermn- 

dynamic cyc le  i s  shown i n  F igure  4 .  
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Figure 4 . Simplified Thermodynamic schemaiic - 1250 W e  Reference LMFBR Facility 



T a b l e  5. Key P l a n t  Paramete rs ,  L i q u i d  Metal  F a s t  Breeder  Reac to r  

/ 
Thermal Power, MWt 3417 

E l e c t r i c  Power, MWe ( g r o s s )  1313 

E l e c t r i c  Power, M W e  ( n e t )  1250 

P l a n t  E f f i c i e n c y ,  P e r c e n t  36.6 

Steam P r e s s u r e ,  p s i g l  Temperature ,  OF 22001850 

T ~ l r l r . i - ~ , e  S Lean! Ff ow, lo6 l b / h r  12.81 

Number o f  Coolant  Loops 
Pr imary/Tnterrnedia te  

Sodium Flow R a t e ,  l o 6  l b l h r  
Pr imary ( t o t a l / l o o p )  128.8132.2 
I n t e r m e d i a t e  ( t o t a l / l o o p )  120.1130.0 

Number of F u e l  Elements 
Core F u e l  678 
A x i a l  B lanke t  678 
R a d i a l  B lanke t  420 

F u c l  Type Oxide F u e l  

I n i t i a l  Core ( ~ v e r a g e )  
Discharge  Burnup 45,983 MWD~MTHM 
Corc Loading 22,668 MTHA 

Replacement Core Loadings  
Discharge  Burnup 67,530 MWD/MTHM 
Core Loading 23.316 MTHM 

A x i a l  B lanke t  
L o a d i n g  19.038 ?lTITl.i 
Pu Dicchargcd 22.691 kg/M'l'lli 

R a d i a l  R l  a n k e  t 
Loading 
Pu Discharged 

Rcsourcc  Rcqui r ~ r n ~ n  t * 
Land 
Water ( l o 6  g a l l o n s l d a y )  

C o n s t r u c t i o n  & O p e r a t i o n  C h a r a c t e r i s t i c s  
D i r e c t  C o n s t r u c t i o n  Labor 

Hours (1000 h r s )  
O p e r a t i o n s  S t a f f  
D i r e c t  C a p i t a l  C o s t s  ($1000) 
I n d i r e c t  C a p i t a l  C o s t s  ($1000) 
O&M Coscs ($1000) 

44,796 MTHM 
.20.895 ~ C / M T H ~  

500 a c r e s  
20.8 

12,680 
225 

702,865 
262,590 

21,985 

I 
I 

I 
I 
I 



Magnetic Fus ion  Power P l a n t  

The c h a r a c t e r i z a t i o n  o f  a f u s i o n  power p l a n t  p r e s e n t e d  h e r e  i s  based on 

t h e  NUWMAK power p l a n t  d e s i g n  developed by t h e  U n i v e r s i t y  of Wisconsin  Fus ion  

Engineer ing  Program of t h e  Nuclear  Engineer ing  Department and p u b l i s h e d  i n  

March, 1979. The NUWMAK power p l a n t  produces  e l e c t r i c i t y  th rough  a  b o i l i n g  

wate r  r e a c t o r  (BWR) power c y c l e  w i t h  h e a t  s u p p l i e d  by a  Tokamak f u s i o n  r e a c t o r .  

One p l a n t  produces  660 MWe n e t .  The power f a c i l i t y  c h a r a c t e r i z e d  h e r e  con- 

sists of two NUWMAK r e a c t o r s  and produces  a  n e t  power of 1320 MWe o p e r a t i n g  

a t  a n  o v e r a l l  the rmal  e f f i c i e n c y  of 31.5%. 

The NUWMAK i s  a  newer and more r e a l i s t i c  d e s i g n  t h a n  t h e  UWMAK s e r i e s  

developed by t h e  U n i v e r s i t y  of Wisconsin.  The d e s i g n  ph i losophy  i n  NUWMAK h a s  

been t o  make mechanical  d e s i g n  and m a i n t a i n a b i l i t y  e a s i e r .  The power d e n s i t y  
3 

i n  NUWMAK i s  i n c r e a s e d  t o  abou t  1 0  wlcm3 a s  compared t o  0 . 5  t o  2  Wlcm i n  

e a r l i e r  d e s i g n s .  The NUWMAK d e s i g n  does  n o t  u s e  a  d i v e r t o r  t o  c o n t r o l  impur- , 

I .  I 

i t i e s ,  t h e r e b y  c o n s i d e r a b l y  s i m p l i f y i n g  t h e , r e a c t o r  d e s i g n  and a l l o w i n g  e a s i e r  

a c c e s s  and maintenance.  I n s t e a d ,  i m p u r i t y  c o n t r o l  i n  NUWMAK i s  a c h i e v e d  

through a  sys tem u s i n g  g a s  p u f f i n g  (which a l s o  s e r v e s  t o  p a r t i a l l y  f u e l  t h e  

r e a c t o r ) .  Hea t ing  of t h e  plasma i s  ach ieved  v i a  rad io - f requency  (RF) h e a t i n g  

r a t h e r  t h a n  b,y neutral-beam i n j e c t i o n ,  s i m p l i f y i n g  t h e  e n g i n e e r i n g .  The r e -  1 .,. - I  , 

.. , .  
a c t o r  b l a n k e t  employs phase  change energy s t o r a g e ,  r e d u c i n g  t h e  need f o r  and . . 

'' s i m p l i f y i n g  e x t e r n a l  energy s t o r a g e  sys tems .  T i tan ium a l l o y s  r e p l a c e  s t a ' in -  

l e s s  s t e e l  a s  s t r u c t u r a l  m a t e r i a l s  f o r  t h e  f i r s t  w a l l  and b l a n k e t  of t h e  re- 

a c t o r ,  i n  o r d e r  t o  i n c r e a s e  m a t e r i a l  l i f e  under n e u t r o n  bombardment and r e d u c e  

t h e  impact on m i n e r a l  r e s o u r c e s .  

S c h e m a t i c a l l y ,  F i g u r e  5 shows a  s i m p l i f i c a t i o n  of t h e  power c y c l e  f o r  a  

NUWMAK Tokamak power p l a n t .  Although many t e c h n i c a l  q u e s t i o n s  remain concern-  

i n g  t h e  NUWlfAK d e s i g n ,  t h e  NUWMAK d e s i g n  i s  a n  improvement over  e a r l i e r  f u s i o n  

r e a c t o r  d e s i g n s .  Key p l a n t  pa ramete rs  a r e  shown i n  T a b l e  6. 
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T a b l e  6 . Key P l a n t  Paramete rs  f o r  One NUWMAK Reac tor  

Power Output (During Burn) 

Blanke t  Energy (Continuous) 

Neutron Wall Loading 

Plasma Burn Time 

Plasma Down Time 

S t r u c t u r e  

Breed ing  M a t e r i a l  

Energy S t o r a g e  M a t e r i a l  

Coolant  

Coolant  Temperature 

Coolant  P r e s s u r e  

Net Power Output  (Continuous) 

Net Thermal E f f i c i e n c y  

Parameter  

Environmental  R e s i d u a l s  

Value 

T r i t i u m  

S o l i d  Waste 

Resource Requirements 

Land 
6 

Water ( e s t . )  (10 g a l l o n s / d a y )  

I 225 Seconds 

I 20 Seconds 

I T i  A l l o y  

The b l a n k e t  w i l l  b e  
r e p l a c e d  e v e r y  two 
y e a r s  

. 

500 a c r e s  

2 3 

Li62Pb38 E u t e c t i c  
- 

Li62Pb38 E u t e c t i c  

B o i l i n g  H20 

300°C = ( 5 7 2 P ~ )  

8 .6  MPa = (1250' p s i )  

660 MWe 

C o s n t r u c t i o n  & Opera t ion  C h a r a c t e r i s t i c s  

D i r e c t  C o n s t r u c t i o n  Labor Hours (1000 h r s )  

O p e r a t i o n s  S t a f f  

D i r e c t  C a p i t a l  Cos t s  ($1000) I 1 ,533 ,241  

I n d i r e c t  C a p i t a l  C o s t s  ($1000) I 628,628 
O&M C o s t s  ($1000) 57,903 
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