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FOREWORD 

Th is  r e p o r t  i s  one o f  a  c o n t i n u i n g  s e r i e s  o f  p o l i c y  a n a l y s i s  and 

model development s t u d i e s  i n  the  area o f  energy f a c i l i t y  s i t i n g  prepared 

by t h e  Brookhaven Na t iona l  Labora tory  Regional Energy Stud ies  Program, 

sponsored by t h e  D i v i s i o n  o f  Biomedical  and Environmental Research, U.S. 

Energy Research and Development ~ d m i  n i s  t r i t i o n .  The i n t e n t .  o f  t h e  r e -  

search component addressed t o  s i t i n g  model development i s  t o  prepare  

assessment t o o l s  app rop r ia te  t o  t h e  r e g i o n a l  s c a l e  o f  energy p o l i c y  analy-  

s i s .  This c o n t r i b u t i o n ,  prepared by consu l tan ts  t o  the  Regional S tud ies  

Program, exp lores  t h e  ' a p p l i  c a t i o n  o f  new mu1 t i - o b j e c t i  ve programming and 

l o c a t i o n  t h e o r e t i c  techniques t o  t h e  r e g i o n a l  s i t i n g  problem. 

Other r e p o r t s  i n  t h i s  s e r i e s  on energy f a c i l i t y  s i t i n g  i n c l u d e :  

P. Meier, "Energy Faci 1  i ty Loca t ion  : A  Regional Viewpoint" ,  BNL- 

20435, May 1975. 

Energy P o l i c y  Ana lys is  Group, e t  a l . ,  "A Prel iminary.Assessment o f  a  

Hypo the t i ca l  Nuc lear  Energy Center i n  New Jersey",  BNL-50465, Nov. 1975. 

T. - ~ a c k s t r o m  and M. Baram, " A r t i  f i  c i a 1  I s l a n d s  f o r  Cl .usters i  ti ng o f  

Of fshore  Energy Faci  1  i t i e s  : An Assessment o f  t he  Legal and Regulatory 

Framework" , BNL-50566. 

P. Meier  and D. Morel 1, "Tssues i n  C lus te red  Nuc lear  S i t i n g :  A  Com- 

pa r i son  o f  a  Hypo the t i ca l  Nuc lear  Energy cen te r  i n  New Jersey w i t h  Dis-  

persed Nuclear S i t i n g " ,  BNL-50561. 

- iii. - 
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I. INTRODUCTION 

A. Background 

I n  t h e  pas t  decade, due a t  l e a s t  i n  p a r t  t o  t h e  passage o f  t h e  Nat iona l  

Environmental P o l i c y  Act  t h a t  emphasized the  necess i t y  f o r  demonstrating' an 

environmental eva lua t ion  o f  a1 t e r n a t i v e s ,  u t i  1 i t i e s  and the . i r  consu l tants  

have made inc reas ing  use o f  mathematical model 1 i ng and computer techniques 

i n  t h e  s i t i n g  decis ion-process.  I n  p a r t i c u l a r ,  so-cai l e d  s i t e  screening 

and over1 ay techniques have become w i d e l y  used by t h e  Archf tec t -Engineer  

c o n s u l t i n g  f i r m s  commonly r e t a i n e d  by e l e c t r i c  u t i l i t i e s  f o r  s i t e  s e l e c t i o n  

advice and environmental eva l  u a t i  on. A1 though a recen t  rev iew o f  these 

models (Graf-Webster, 1975) revea l  some d i f f e r e n c e s  i n  t h e  mechanics o f  

the  process (manual map over lays as opposed t o  computerized systems, 

d i f f e r e n c e s  i n  weight ing c r i t e r i a ,  and o thers ) ,  a l l  a re  based on the  common 

procedure o f  s e l e c t i n g  candidate areas (10 's  t o  100 's  o f  square m i l e s )  from 

candidate reg ions (100's t o  1000's o f  square m i l e s )  ; subsequently d e f i n i n g  

candidate s i t e s  (1 t o  10 square m i les ) ;  and f i n a l l y  s e l e c t i n g  s i t e s  by some 

we igh t ing  o f  eva lua t ion  c r i t e r i a  t o  y i e l d  p o t e n t i a l  and p r e f e r r e d  s i t e s .  

Pub l i c  agencies invo lved  i n  t h e  s i t i n g  process have a l s o  shown i n t e r e s t  

i n  t h e  development and use o f  such t o o l s .  A t  t h e  Federal l e v e l ,  two o f  

the  ERDA Laborator ies  have on-going research programs emphasizing computerized 

s i t i n g  methodologies based on t h e  screening-weight ing approach; The Regional 

and Urban Studies Department o f  Oak Ridge Nat iona l  Laboratory has developed 

a computerized s i t e  screening model f o r  both  nuc lear  and f o s s i l  f a c i l i t i e s  

us ing  t h e  S b t e  o f  Maryland as a case stl,dy (Yaf fee & M i l l e r ,  1974) and t h e  

Energy and Environmental Systen~s D i v i s i o n  o f  Argonne Nat iona l  Laboratory  



has developed a  somewhat s i m p l e r  model c a l l e d  "SITE" ( F r i g e r i o  e t  a1 , 1975). 

And a t  the  S t a t e  Agency l e v e l ,  t h e r e  a r e  severa l  examples o f  screen ing 

s t u d i e s  focussed on t h e  i d e n t i f i c a t i o n  and e v a l u a t i o n  o f  power p l a n t  s i t e s  

i n  a  p a r t i c u l a r  s t a t e .  (New York, 1974). 

To what e x t e n t  such s i t e  screen ing and o v e r l a y  methods a r e  a p p r o p r i a t e  

f o r  r e g i o n a l  a n a l y s i s ,  however, remains i n  some quest ion .  In r e g i o n a l  s c a l e  
/ 

energy p o l i c y  a n a l y s i s  t h e  focus i s  on t h e  a n a l y s i s  and r e s o l u t i o n  o f  r a t h e r  

broad t r a d e - o f f s  ; i n  r e g i o n a l  s i t i n g  a n a l y s i s ,  f o r  example, t h e r e  i s  t y p i c a l  l y  

'1 ittlr? emphacis on p i l l - t i c u l a r  b i  l e s ,  bur much concern w i t h  s i t e  ca tegor ies  

(e. g. e s t u a r i n e  v. i n l a n d ,  c l u s t e r e d  energy cen te rs  v. d ispersed s i  t l 'r ly, l o a d  

c e n t e r  v. mine-mouth, e t c . ) .  The s tudy o f  such t r a d e - o f f s  a r e  n o t  e a s i l y  

hand1 ed w i t h  convent iona l  approaches. 

Another i m p o r t a n t  shortcoming o f  t h e  s i t e  screen ing approach i s  i t s  

l i m i t e d  a b i l i t y  t o  address adequately t h e  problem o f  cumula t ive  impact, due 

m a i n l y  t o  i t s  i n h e r e n t  focus on t h e  i n d i v i d u a l  s i t e  and t h e  environmental  

impact  a t  t h a t  p a r t i c u l a r  l o c a t i o n .  Even though a  p a r t i c u l a r  f a c i l i t y  may 

be judged t o  have no s i g n i f i c a n t  impact. on a p a r t i c u l a r  resource a t  a 

p a r t i c u l a r  s i t e ,  a more p e r t i n e n t  ques t i on  .fr'ull~ the reg lo r i a l  view p o i n t  

concerns the  cumu la t i ve  impact  o f  a l l  f a c i l i t i e s  on t h a t  resource,  n o t  o n l y  

those power f a c i l i t i e s  proposed f o r  t h e  sho r t - te rm (which a r e  w i t h i n  t h e  focus 

o f  a  s i t e  screen ing approach), b u t  a l s o  a l l  t h e  f a c i l i t i e s  t h a t  m igh t  be 

proposed i n  t h e  f u t u r e ,  and i n c l u d i n g  a  c o n s i d e r a t i o n  o f  t h e  resource demands, 

by  o the r ,  competing uses (which a r e  c l e a r l y  beyond t.he c a p a b i l i t y  o f  t h e  s i t e  

sc reen ing  approach). T h i s  problem has been s t a t e d  r a t h e r  e l e g a n t l y  by E r t e l ,  

(1974) i n  her  a n a l y s i s  o f  t h e  con t rove rsy  over  t h e  proposed d i v e r s i o n  o f  



Connect icut  R ive r  f l ood  waters t o  Quabbin Reservo i r  and the  Boston Water Supply 

System us ing  t h e  N o r t h f i e l d  Pumped Storage f a c i l  i t y  

"...the i n s t i t u t e  found no reason t o  quest ion t h e  assumption t h a t  
the  minimal f l o w  r e d u c t i o n  from t h i s  p a r t i c u l a r  p r o j e c t  would n o t  
have a  " s i g n i f i c a n t "  impact upon t h e  r i v e r i n e  ecosystem. What d i d  
appear, however, was general agreement t h a t  the cumula t ive  e f f e c t s  o f  
t h i s  d i ve rs ion ,  o f  p o s s i b l e  f u t u r e  +d ive rs ions ,  o f  i n c r e a s i n g  needs f o r  
water supply i n  the  Basin i t s e l f ,  and o f  o t h e r  consumptive uses o f  
water ( i  .e., f o r  nuc lea r  p l a n t  c o o l i n g  purposes) would have a  se r ious  
impact. That p o i n t  o f  impact, however, cannot, on the  bas is  o f  
e x i s t i n g  knowledge, be p red ic ted .  Therefore,  p r o j e c t - b y - p r o j e c t  
environmental impact  p r e d i c t i o n  w i l l  never s p e c i f y  t h a t  " th resho ld  
p o i n t "  a t  which t h e  ecosystem would be s e r i o u s l y  and i r r e t r i e v a b l y  
impaired.  Each p r o j e c t  w i l l  s p e c i f y  o n l y  the  "minimal"  e f f e c t  o f  i t s  
own needs, n o t  t h e  cumula t ive  e f f e c t  o f  t h e  many demands be ing p laced 
on t h e  r i v e r . "  

Yet, i t  i s  p r e c i s e l y  t h i s  cumulat ive impact  on a  p a r t i c u l a r  reg iona l  resource, 

over t ime and over a1 1  uses, t h a t  i s  o f  p r i n c i p a l  i n t e r e s t  t o  the r e g i o n a l  

perspect ive .  Thus t o  t h e  r e g i o n a l . p o l i c y  ana lys t ,  t h e  quest ion o f  whether o r  

n o t  a  p a r t i c u l a r  proposed generat ing f a c i l i t y  a t  a  p a r t i c u l a r  l o c a t i o n  wi 11 

cause s i g n i f i c a n t  environmental  impact i s  n o t  n e a r l y  as impor tan t  as the 

ques t ion  o f  whether o r  n o t  t h i s  f a c i  1  i t y  i s  cons is ten t '  w i t h  t h e  optimum use 

o f  resources f o r  power generat ion i n  t h e  e n t i r e  reg ion.  Thus, the  reg iona l  

pe rspec t i ve  i m p l i e s  a  l onger  temporal view than t h a t  necessary f o r  t h e  eva luat . ion  

o f  a  s i n g l e  p r o j e c t .  

None o f  these arguments st-~ould be viewcd as a  c r i t i c i s m  o f  qi te  

screening and e v a l u a t i o n  techniques and t h e i r  proponents, o r  indeed as a  

c r i t i c i s m  o f  t h e i r  u t i l i t y .  It i s  p a t e n t  t h a t  t h e  s e l e c t i o n  o f  s p e c i f i c  

s i t e s  i s  a  ve ry  impor tan t  p a r t  o f  t h e  p lann ing  process, and the  screening 

and o v e r l a y  tecl-iniques now i n  use do rep resen t  a  s i g n i f i c a n t  advance over 

methods l e s s  s c i e n t i f i c .  However, as a  t o o l  f o r  r e g i o n a l  p o l i c y  a n a l y s i s  

they  would appear t o  r e q u i r e  cons iderab le  extension.  



B. Approaches t o  Regional S i t i n g  Analys is  

The reg iona l  Energy Studies Programs a t  the ERDA Nat iona l  Laborator ies ,  w i t h  

t h e i r  emphasis on reg iona l  energy p o l i c y  issues, have suggested a number o f  

a1 t e r n a t i v e  approaches t o  the  development o f  s i t i n g  models t h a t  are appropr ia te  

t o  the reg iona l  sca le  of ana lys is .  A t  Oak Ridge Nat ional  Laboratory a  soph is t i ca ted  

approach based on p o l i t i c a l  i n t e r a c t i o n  ana lys is  has been developed as an ad junc t  

t o  t h e i r  s i t i n g  model, a l l ow ing  r e s o l u t i o n  o f  reg iona l  s i t i n g  issues i n  the 

con tex t  o f  a  p r e d i c t i o n  o f  p o l i t i c a l  f e a s i b j l i t y  (YafPee, 1976). And a t  

Brookhaven, emphasis has been on the development o f  operat ior ls r~esearch approaches 

t h a t  cou ld  i n t e r f a c e  w i t h  the ensemble o f  energy systems ana l s i s  models r e s i d e n t  

a t  BNL's Nat iona l  Center f o r  -Analysis o f  Energy Systems, and the  reg iona l  

environmental impact models a t  the BNL Atmospheric and Oceanographic Sciences 

d i v i s i o n s  (Meier, 1975). 

As an i n i t i a l  s t ep  i n  the development o f  such an operat ions research . 

approach t o  reg iona l  s i t i n g  po l  i c y  ana lys is ,  t h i s  r e p o r t  presents an exp lo ra to r y  

ana l ys i s  o f  two areas o f  i n q u i r y  t h a t  appear e s p e c i a l l y  promising. The f i r s t ,  

examined i n  Chapter 11, r e s t s  on the a p p l i c a t i o n  of l o c a t i o n  theory, an area o f '  

i n q u i r y  t h a t  hds seen a s t r ong  resurgence i n  the r ecen t  mathematical geography 

and reg iona l  economics l i t e r a t u r e  as a  r e s u l t  of i t s  a b i l i t y  t o  address a r a t h e r  

l a r g e  number o f  f a c i l i t y  p lanning problems, i n  both the  p r i v a t e  and pub l i c  

sectors .  The second area nf i nqu i r y ,  the focus o f  Chapter- 111, i s  rsul t l - o b j e c t i v e  

programming, a  fo rma l i za t ion  o f  the no t i on  t h a t  s i t i n g  decision-making i s  an 

a d v e r q r y  process, i n  which a r e s o l u t i o n  o f  c o n f l  i c t i  ng ob jec t i ves  i s  the key 

issue.  

Mu1 t i - o b j e c t i v e  l o c a t i o n  modeling, a  merger o f  the two areas o f  i n q u i r y ,  may 

p rov ide  a useful a n a l y t i c a l  framework f o r  reg iona l  energy planning. The Reyional 

Energy F a c i l i t y  Locat ion Model, which i s  based on such a merger, i s  presented i n  

Chapter I V  and var ious extensions o f  the bas ic  model fo rmu la t ion  are presented i n  

the Appendices. 
- 4 -  



C. References 

E r t e l ,  "Study o f  Poss ib le  Environmental E f f e c t s  o f  Proposed D ive rs ion  o f  
Connect icu t  R ive r  t o  Quabbin Reservo i r  Report  on Phase I". I n s t i t u t e  f o r  
Man and h i s  Environment, U n i v e r s i t y  o f  Massachusetts, Amherst, Feb. 1974. 

F r i g e r i o  e t  a1 , I~SITE:.. >A Methodology f o r  Assessment o f  Energy F a c i l i t y  
S i t i n g  Pa t te rns "  .Argonne Na t iona l  Labora tory ,  Report ANLIAA-2, Aug. 1975. 

Graf-Webster, E., "Methodologies f o r .  Power P l a n t  S i t i n g "  Report  by t h e  
MITRE Corpo ra t i on  t o  U.S. Geological  Survey, #M75-19, Feb. 1975. 

-Meier, P. "Energy F a c i l  i t y  Locat ion :  A Regional V iewpoin t "  Brookhaven 
Na t iona l  Laboratory,  Report  BNL 20435, Aug. 1975. 

New York S ta te  P u b l i c  Serv ice  Commission, "Generat ing S t a t i o n  S i t e  Survey", 
D r a f t  Report  on t h e  Hudson R ive r  Val ley/Long I s l a n d  P i l o t  Area S i t e  Survey, 
J u l y  1974. 

Yaffee, S.L. and C.A. M i l l e r ,  "Toward a Regional Power P l a n t  S i t i n g  Method; 
AEC-Mary1 and Regional S i t i n g  Factors  Study", Regional and Urban Stud ies  
Department, Oak Ridge Nat iona l  Labora tory ,  FY 74 Progress Report,  Nov. 1974. 

Yaffee, S.L. "S imu la t i on  and Ana lys i s  o f  P o l i t i c a l  I n t e r a t i o n  i n  Regional 
Systems" Oak Ridge Na t iona l  Laboratory,  Report  ORNLIRUS-23, J u l y  1976. 



THIS PAGE 

WAS INTENTIONALLY 

LEFTBLANK 



11. .LOCATION ANALYSIS 

A. I n t r o d u c t i o n  

The l o c a t i o n - a l l o c a t i o n  problem can genera l l y  be descr ibed as t h e  

problem o f  f i n d i n g  the l o c a t i o n  o f  sources i n  some s p e c i f i e d  space so as 

t o  serve c e r t a i n  s inks  w i t h  known 1  ocat ions and requ i  rements i n  such a  

way t h a t  some o b j e c t i v e  i s  opt imized.  For example, i n '  power p l a n t  l oca -  

t i o n  the  problem would be t h a t  o f  o b t a i n i n g  the bes t  combination o f  s i t e s  

and t ransmiss ion l i n e s  so as t o  minimize the t o t a l  costs w h i l e  m a i n t a i n i n g  

desi  r a b l e  env i  ronrnental standards. A genera l i zed  d e s c r i p t i o n  o f  the  loca -  

t ion-a1 l o c a t i o n  problem i s  as f o l l o w s  : 

G i  ven : 

1. The l o c a t i o n s  o f  the s inks  on a  f i n i t e  demand sur face.  

2. The requirements o r  demand l e v e l .  

3. The costs  o f  t r a n s p o r t  o r  d e l i v e r y  o f  s e r v i c e  f o r  a  p r e s p e c i f i e d  

me tri c. 

4. The c o s t  assoc ia ted w i t h  any p o t e n t i  a1 source f a c i  li c ies .  

Find: 

1. The nunber o f  sources. 

2. The l o c a t i o n s  o f  the sources. 

3. The a l l o c a t i o n  o f  the s inks  t o  the sources and amounts d e l i v e r e d  

o r  i n t e r a c t i o n  l e v e l .  

4. The capac i t y  o r  t o t a l  i n t e r a c t i o n  l e v e l  o f  each source. 

5. The t o t a l  cos ts  o r  some measure o f  performance o f  the  system. 

Depending on the  types o f  space and costs  as w e l l  as t h e  o b j e c t i v e  be ing 

opt imized,  a  g r e a t  v a r i e t y  of mode l l i ng  fo rmu la t ions  i s  poss ib le .  



B. Regional Science and Mathematical Programming Approaches 

The s u b j e c t  o f  l o c a t i o n  a n a l y s i s  has undergone tremendous .advancement 

i n  t h e  pas t  decade. Much o f  t h i s  i n t e r e s t  and assoc ia ted research can be 

a t t r i b u t e d  t o  the  presence o f  t h e  e l e c t r o n i c  computer. Most l o c a t i o n  re -  

search has been c l a s s i f i e d  as be long ing  t o  one o f  two 'ca tegor ies .  The 

f i r s t  i s  t h a t  area assoc ia ted w i t h  reg iona l  science, economics, and s o c i -  

01 ogy.' Many .model 1  i ng a t tempts  have centered around d e s c r i p t i o n  and' p r e d i  c- 

t i on o f  m i g r a t i o n  p a t t e r n s  and c l  us t e r i n g  and o t h e r  i m p o r t a n t  pa t te rns .  

Most r e g i o n a l  sc i cncc  approaches can be .Ll~uuyt~ o f  as s f m u l a t ~ o n s  o f  a  

l o c a t i o n a l  problem: t h e o r i e s  about  l o c a t i o n  a re  i n c o r p n r a t e d  i n t o  a  model. 

A  l i m i t e d  range o f  l ' oca t i on  dec i s ions  can be eva lua ted  by t e s t i n g  p o l i c i e s  

w i t h  t h e  s i m u l a t i o n  model. 

The second area i s  essen t i  a1 l y  o r i e n t e d  toward mathematical programming. 

T h i s  ca tegory  has developed f rom t h e  oppos i te  sense than  t h e  f i r s t  category.  
I 

Rather than t r y i n g  t o  p r e d i c t  changes i n  p a t t e r n s  o r  understanding why a  

c l u s t e r  o r  l o c a t i o n  appears, t h i s  area has concent ra ted on the  f o r m u l a t i o n  

and s o l u t i o n  o f  models t h a t  can be used t o  i d e n t i f y  s l . lper io r  l o c a t i o n  a l t e r -  

n a l i  ves. These techniques a r e  p r e s c r i p t i v e ;  they a r e  used t o  suppor t  

d e c i s i o n  making. Th is  second category  which deals w i t h  t h e  f o r m u l a t i o n  and 

s o l u t i o n  o f  d e c i s i o n  ( p r e s c r i p t i v e )  models i s  f u r t h e r  ca tegor i zed  below. 

C. Two Di vergent  Approaches 

Bas ic  research i n  mathematical programming approaches t o  i d e n t i f y i n g  

op t ima l  l o c a t i o n  p a t t e r n s  has developed i n t o  the  f o l l o w i n g  two major  areas: 



1. P lana r  f a c i l i t y  l o c a t i o n  models. 

2. Network f a c i l i t y  l o c a t i o n  models. 

The c l a s s i f i c a t i o n  o f  the  two ca tegor ies  r e s t s  n o t  'on what t ype  of  f a c i l i t y  

i s  be ing  l o c a t e d  b u t  the  s p a t i a l  c h a r a c t e r i s t i c s  o f  t h e  s o l u t i o n  space. 

The f i r s t  major  area has r i s e n  from the  use o f  t he  euc l i dean  p lane as t h e  

p o t e n t i  a1 s o l u t i o n  space. Usua l l y  demand areas o r  customer areas a r e  

l o c a t e d  on the  plane as po in ts .  P o t e n t i a l  f a c i l i t y  s i t e s  a r e  e i t h e r  a1 lowed 

t o  be anywhere on the  p lane o r  o n l y  i n  s p e c i a l  p r e s p e c i f i e d  p o s i t i o n s .  Dis-  

tances a r e  u s u a l l y  measured w i t h  a  euc l i dean  m e t r i c ,  a  r e c t i l i n e a r  m e t r i c ,  

o r  a  f u n c t i o n  o f  e i t h e r  one. The secondary ca tegory  has developed f r o m  t h e  

use o f  networks t o  rep resen t  t h e  b a s i c  p r o p e r t i e s  o f  t h e  problem. Nodes of  

t h e  ne-twork a re  u s u a l l y  considered demand areas and p o t e n t i a l  s i t e s .  Arcs 

denote t h e  t r a n s p o r t a t i o n  routes  o r  l i n k s  between nodes. I n  c e r t a i n  prob- 

lems a1 1  p o i n t s  on the  network ( i  .e., nodes and a rcs )  a re  cons idered as 

p o t e n t i a l  f a c i  li ty  s i t e s .  Thus, t he  essen t i  a1 d i f f e r e n c e  between p l a n a r  

and network models i s  t h e  d e f i n i t i o n  o f  t he  area o f  f e a s i b l e  l o c a t i o n s .  

P lana r  models may a l l o w  l o c a t i o n  anywhere w i t h i n  a  p r e s p e c i f i e d  area, w h i l e  

network models r e s t r i c t  f e a s i b l e  l o c a t i o n s  t o  a  s e t  of p o i n t s  t h a t  a r e  con- 

nected by a  network o f  arcs. 

Controversy e x i s t s  as t o  which b a s i c  approach ( i  .e., network o r  p l a n a r  

f a c i l i t y  models) i s  s u p e r i o r  n v e r a l l .  Both approaches l ~ d v e  t h e i  r advantages 

and disadvantages. The main appeal o f  t he  network problem i s  t ranspor ta -  

t i o n a l l y  mo t i va ted :  t r u e  l i n k s  and cos ts  of t r a v e l  can be e a s i l y  rep re -  

sented by t h e  network. These s p a t i a l  d i f f e r e n c e s  cannot e a s i l y  be i n c o r p o r -  

a ted  i n  p l a n a r  models. On t h e  o t h e r  hand, t h e  p l a n a r  approaches seem more 

genera l ,  l c s s  t i e d  t o  s p e c i f i c s ,  and more s e n s i t i v e  t o  t h e  b a s i c  p r o p e r t i e s  



o f  t h e  problem than the seemingly i n s i g n i f i c a n t  p e c u l a r i t i e s  o f  a  p a r t i c u -  

l a r  example. ,Bu t  i n  r e a l  a p p l i c a t i o n s ,  t he  opt imal  s o l u t i o n  shou ld  be 

s e n s i t i v e  t o  the  p e c u l i a r i t i e s  o f  the  s p e c i f i c  problem a t  hand r a t h e r  than 

t h e  b a s i c  p r o p e r t i e s  o f  a  general  problem. Th is  has added l u s t r e  t o  t h e  

network approaches. I n  a d d i t i o n ,  many network problems have appeared 

e a s i e r  t o  s o l v e  than s i m i l a r  p l a n a r  problems. Furthermore, t h e  proof  o f  

o p t i m a l i t y  o f  a  p a r t i c u l a r  network approach i s  u s u a l l y  e a s i l y  developed 

due t o  t h e  use of  many i n t e g e r - l i n e a r  p r o g r a m i n g  p r i n c i p l e s .  The approaches 

i n  euc l i dean  space. have been ha rde r  t o  d e f i n e  i n  neat  mathemat ical  ler'liis and 

have, thus ,  been ha rde r  t o  so l ve  o r  the  o p t i l n a l i t y .  o f  approaches t ~ d s  been 

more d i f f i c u l t  t o  prove. Huwever, as t h c  number o f  nodes increases i n  the  

network problem, computat ional  d i f f i c u l t y  increases s u b s t a n t i a l l y .  

Network approaches Rave  beer^ used i n  morc a p p l i c a t i o n s  than p l a n a r  

approaches due t o  the  above p r o p e r t i e s .  I n  a  sense, p l a n a r  problems have 

r e c e i v e d  t h e i  r w i  des t acc la im i n  t h e o r e t i  c a l  c i  r c l e s .  However, c e r t a i n  

p r o p e r t i e s  o f  t he  p l a n a r  approach have made them p a r t i c u l a r l y  i n t e r e s t i n g  

i n  c e r t a i n  communications, observat ion ,  and defense o r i e n t e d  problerr~s. 

D, P r i  vatc?- and Pub1 i-C; The D i f f e rences  I 

Another b a s i c  area o f  c l a s s i f i c a t i o n  i n  l o c a t i o n  model1 i n g  i s  m o t i v a t e d  

by t h e  use t h a t  a model i s  designed t o  serve. B a s i c a l l y  t h e  ma jo r  areas a re  

c l a s s i f i e d  as p u b l i c  f a c i l i t y  l o c a t i o n  models and p r i v a t e  f a c i l i t y  l o c a t i o n  

mndels (Revel l e ,  e t  a1 . , 1970). The major  d i  f f e rence  between pub1 i c  f a c i  1 - 
l t y  models and p r i v a t e  f a c i l i t y  r n o d ~ l s  r e s t s  on thc? i d e n t i f i c a t i o n  o f  a  

r e a l i s t i c  o b j e c t i v e  f u n c t i o n .  

The be1 i e f  t h a t  mathematical l o c a t i o n  model 1  i n g  can i d e n t i f y  "op t ima l "  



l o c a t i o n  p a t t e r n s  r e s t s  on t h e  b a s i s  t h a t  some r e a l i s t i c  o b j e c t i v e  can be 

i d e n t i f i e d  and by some measure q u a n t i f i e d .  For example, i n  the  area o f  

p r i v a t e  f a c i l i t i e s  l o c a t i o n  ana lys i s ,  a  reasonably accura te  statement o f  

t h e  o b j e c t i v e  o f  l o c a t i n g  warehouses i s  t o  min imize manufac tur ing  and d i s -  

t r i b u t i o n  costs. Since most c o s t  elements i n c l u d e d  i n  the  o b j e c t i v e s  o f  

p r i v a t e  f a c i l i t y  l o c a t i o n  can be reasonably est imated,  t h e  models can p i c -  

t u r e  w i t h  some degree o f  accuracy t h e  r e a l  l o c a t i o n  problem they a r e  designed 

t o  so lve .  

U n l i k e  p r i v a t e  f a c i l i t y  l o c a t i o n  ana lys i s ,  t h e  o b j e c t i v e s  o f  p u b l i c  

f a c i l i t y  l o c a t i o n  a n a l y s i s  a r e  more d i f f i c u l t  t o  cap tu re  and t o  quant i ' fy .  

The d i f f i c u l t y  i n  d e f i n i n g  d i r e c t  measures f o r  p u b l i c  f a c i l i t i e s  ,has re-  

s u l t e d  i n  a search f o r  some su r roga te  measure w i t h  which t h e  . d e c i s i o n  maker 

may be comfortable. Three d i f f e r e n t  su r roga te  measures which have rece ived  

a t t e n t j o n  i n  l o c a t i o n  models are:  (1 )  t o t a l  we ighted d i s tance  o r  t ime  f o r  

t r a v e l  t o  the  f a c i l i t i e s ,  ( 2 )  t h e  d i s tance  o r  t ime  t h a t  t h e  user most d i s -  

t a n t  from a  f a c i l i t y  would have t o  t r a v e l  t o  reach t h a t  f a c i l i t y ,  i .e., t h e  

maximal s e r v i c e  d is tance,  and (3 )  , the p o p u l a t i o n  covered . w i t h i n  a  prespec i -  

f i e d  d is tance.  

The development o f  a  r e g i o n a l  energy f a c i l i t i e s  1  o c a t i o n  model a l s o  

r e s t s  on t h e  b a s i s  t h a t  some r e a l i s t i c  o b j e c t i v e ( s )  can be i d e n t i f i e d  and 

i n  some way q u a n t i f i e d .  Un fo r tuna te l y ,  a major  c o m p l i c a t i n g  i s s u e  i s  t h a t  

t h e  r e g i o n a l  energy model i s  n o t  c l e a r l y  p u b l i c l y  o r  p r i v a t e l y  o r i e n t e d  

b u t  a  m i x t u r e  o f  t h e  two areas ( i  .e. , t h e r e  w i  11 bo th  pub1 i c l y  mo t i va ted  

and p r i v a t e l y  m0.L.i vated o b j e c t i v e s )  . T h i s  means t h a t  t r a d e o f f s  between t h e  

ob jec t4  ves motivated by t h ~  p r i v a t e  developers o f  t h e  u t i  1  i t i e s  (e, g. , m i n i -  

mize c o s t  o f  f a c i l i t y  and d i s t r i b u t i o n  l i n e s )  and t h e  o b j e c t i v e s  m o t i v a t e d  



by t h e  p u b l i c  s e c t o r  (e.g., keep f a c i l i t i e s  as f a r  as p o s s i b l e  f rom popu- 

l a t i o n  cen te rs )  must be evaluated.  Th is  i s  a  m a j o r  comp l i ca t i ng  f a c t o r  

t h a t  makes t h e  development o f  a  r e g i o n a l  energy f a c i l i t i e s  l o c a t i o n  model 

d i f f i c u l t  and complex. 

E. S p e c i f i c  L o c a t i o n  Problems 

I t  i s  beyond t h e  scope o f  t h i s  b r i e f  rev iew t o  d iscuss a1 1  p o s s i b l e  , 

areas i n  which t.opics o f  l o c a t i o n  d l l a l y ~ ? $  can p l a y  a  r o l e  i n  t h e  r e g i o n a l  

decis- iun making f o r  energy f a c i l i t y  l o c a  L ion and a l l o c a t i o n .  However, i n  

o rde r  t o  h o p e f u l l y  show wide a p p l i c a t i o n  o f  l o c a t i o n  a n a l y s i s  techniques as 

w e l l  as mu1 t i o b j e c t i v e  a n a l y s i s  techniques a  major  p o r t i o n  o f  t h i s  paper 

deals w i t h  t h e  development o f  a  p r o t o t y p e  mndel ( i n c o r p o r a t i  r ~ y  severa l  'loca- 

t i o n  and mu1 t i o b j e c t i  ve techn iques)  which co111 rl prove use fu l  i 11  such d e c i s i o n  

making. The remain ing p a r t  o f  t h i s  s e c t i o n  dea ls  w i t h  seve ra l  cove r ing  l oca -  

t i o n  problems which have proved ex t remely  u s e f u l  i n  p u b l i c  f a c i l  i t y  l o c a t i o n  

a n a l y s i s .  I r l i th  t h i s  i n f o r m a t i o n  p a r t  3 o f  t h i s  s e c t i o n  deals w i t h  t h e  r e -  

s t r u c t u r i n g  o f  a  s p e c i f i c  cove r ing  problem i ~ s e f u l  f a r  n u c l e a r  p l a n t  l o c a t i o n  

d e c i s i o n  making. 

1. I n t r o d u c t i o n  t o  Cover ing Problems 

P u b l i c  f a c i l i t y  l o c a t i o ~ ' ~  r r lodel l ing has r e c e i v e d  a  g r e a t  deal o f  i n t e r -  

e s t  i~ t h e  pas t  f i v e  years. 'ihe main d i f f e r e n c e  among many o f  t h e  d i f f e r e n t  

approaches t o  p u b l i c  f a c i l i t i e s  l o c a t i o n  model1 i n g  i s  i n  t h e  measure o f  

e f t e c l i v e n e s s  used. These measures a r e  used t o  s p e l l  o u t  how e f f e c t i v e  a  

p a r t i c u l a r  l o c a t i o n  c o n f i g u r a t i o n  i s  w i t h  respec t  t o  t h e  o v e r a l l  purpose o f  

t h e  s e r v i c e  and t o  t h e  area the  f a c i l i t i e s  a r e  ' i r~tended t o  serve. Numerous 



measures have been developed; t h e  use o f  a p a r t i c u l a r  one be ing  dependent 

on t h e  t ype  o f  s e r v i c e  prov ided.  ,One example o f  an e f fec t i veness  measure 

wh ich  .has been w i d e l y  used i s  t h e  t o t a l  weighted d i s tance  o r  t ime f o r  

t r a v e l  t o  t h e  f a c i l i t i e s  (ReVelle, e t  a l . ,  1970). The s m a l l e r  t h e  t o t a l  

weighted d i s tance  o r  t ime  t h e  more access ib le  t h e  f a c i l i t i e s  a re  i n  general .  

Another example o f  an e f f e c t i v e n e s s  measure i s  t h e  d i s tance  o r  t ime t h a t  t h e  

user  most d i s t a n t  f rom a f a c i l i t y  would have t o  t r a v e l  t o  reach t h a t  f a c i l i t y ,  

t h a t  is., t h e  maximal s e r v i c e  d i s tance  (Toregas, 1971). For a g i ven  l o c a t i o n  

c o n f i g u r a t i o n ,  t h e  maximum d is tance  which any user  would have t o  t r a v e l  t o  

reach a f a c i l i t y  would r e f l e c t  t h e  w o r s t  p o s s i b l e  performance o f  t h e  sys.tem. 

Many o f  t h e  1 o c a t i o n  problems i n c o r p o r a t i n g  t h e  maximal s e r v i c e  d i s tance  

concept can be l o o s e l y  d e f i n e d  as be long ing  t o  a c l a s s  o f  " cove r ing  problems" 

One cove r ing  problem which has rece ived  a t t e n t i o n  i s  t h e  l o c a t i o n - s e t  

cover ing  problem developed by  Toregas (1971),  Toregas and ReVel le (1972) 

and Toregas, e t  al. ,  (1971). Th is  problem i d e n t i f i e s  t h e  minimal  number and 

the  l o c a t i o n  o f  f a c i l i t i e s  which i nsu res  t h a t  no demand p o i n t  (node) w i l l  be 

f u r t h e r . t h a n  the maximal s e r v i c e  d i s tance  f rom a f a c i l i t y .  Case and White 

(1974) have des ignated t h i s  as t h e  t o t a l  cover problem. 

Recognizing t h a t  i n  many c i rcumstances i t  i s  n o t  p o s s i b l e  t o  p r o v i d e  

t h e  number o f  f a c i l i t i e s  t o  t o t a l l y  cover a l l  demand w i t h i n  a d e s i r e d  maxi- 

mal s e r v i c e  d is tance,  Church and ReVel le (1974) d e f i n e d  t h e  maximal cove r ing  

l o c a t i o n  problem. Th is  problem may be s t a t e d  as: 

Maximize coverage (popul a t i  on covered) w i t h i n  a desi  r e d  

d i s tance  S Ly 1ucclCirlg f i x e d  rlurrlLer. uT rdc- i l  f t ' ies. 

Church and ReVelle have presented a l i n e a r - i n t e g e r  programming f o m u l a -  

t i o n  f o r  t h e  maximal cover ing  problem which can be a p p l i e d  t o  e i t h e r  a network 



o r  a  euc l i dean  p lane problem. For e i t h e r  case, p o t e n t i a l  f a c i l i t y  s i t e s  

a r e  p rede f ined  and f i n i t e  i n  number and demand .po in ts  des i rous o f  coverage 

a r e  f i x e d  and f i n i t e  i n  number. Each demand p o i n t  has a  number o r  we igh t  

(e.g., p o p u l a t i o n  a t  t h a t  p o i n t )  assigned t o  i t  which i s  t h e  va lue  assoc- 

i a t e d  w i t h  cove r ing  t h a t  p o i n t  w i t h  a  f a c i l i t y .  A demand p o i n t  i s  "covered" 

when the  c l o s e s t  f a c i l i t y  t o  t h a t  p o i n t  i s  a t  a  d i s tance  l e s s  than o r  equal 

t o  t h e  d e s i r e d  maximal s e r v i c e  d i s tance .  A demand node i s  "uncovered" when 

the  c l o s e s t  f a c i l i t y  t o  t h a t  node i s  a t  a  g r e a t e r  d i s t a n c e  than the  d e s i r e d  

maximal s e r v i c e  d is tance.  T h e i r  o b j e c t i v e  i s  t o  maximize t h e  number served 

o r  "covered" w i t h i n  t h e  d e s i r e d  maximal s e r v i c e  d i s tance  by  l o c a t i n g  a  f i x e d  

number o f  f a c i l i  t i e s .  T h e i r  f o r m u l a t i o n  can be used w i t h  l i n e a r  programming 

and a  branch and bound a l g ~ r i t h m  t o  i d e n t i f y  op t ima l  s ~ l u t i o n s  t o  t h i s  t.ype 

o f  maximal cove r ing  problem. Church (1974) has a1 so employed severa l  h e u r i  s- 

t i c s  i n  s o l v i n g  t h i s  t ype  of maximal cover ing  problem which i d e n t i f y  good o r  

op t ima l  s o l u t i o n s  w i t h  g r e a t  frequency. 

Case and White (1974) have r e p o r t e d  on a  problem r e l a t e d  t o  t h e  maximal 

cove r ing  problem which they  have des iqnated as t h e  p a r t i  a1 cove r i  nq problem, 

Whereas the  t o t a l  cover  problem i n v o l v e s  t h e  de te rm ina t ion  o f  t h e  minimum 

number and l o c a t i o n  of  f a c i l i t i e s  such t h a t  a l l  demand p o i n t s  a r e  covered, 

t h e  p a r t i a l  cover problem seeks t h e  de te rm ina t ion  and l o c a t i o n  o f  a  g i v e n  

number o f  f a c i l i t i e s  such t h a t  a  maximum number o f  demand p o i n t s  i s  covered. 

The p a r t i a l  cover  problem i s  ac tua l  l y  a  spec ia l  case o f  t h e  maximal cover- 

i n g  problem where t h e  cove r ing  weights assigned t o  each demand p o i n t  a r e  

equal t o  one. Case and White have a l s o  d iscussed t h e  use o f  a  h e u r i s t i c  

approach t o  t h e  s o l u t i o n  o f  t h e  p a r t i a l  cover problem. 

I n  the  case o f  the  maximal cove r ing  approach g i v e n  by Church and ReVelle 

and t h e  p a r t i a l  cove r ing  approach developed by  Case and White, t h e  p o t e n t i a l  

f a c i l i t y  s i t e s  a r e  r e s t r i c t e d  t o  a  f i n i t e  number o f  p respec i  f i e d  p o i n t s .  



2. Sol v i  ng  the  Maximal Cover ing Loca t ion  Problem w i t h  Prespeci f i e d  

Faci li ty  Si tes  

The maximal cover ing  l o c a t i o n  problem was fo rmu la ted  by Church and 

ReVelle (1974) i n  the  f o l l o w i n g  manner: 

s u b j e c t  t o  

Max Z = 1 aiyi 
i e I  

f o r  a l l  i e I  

f o r  a l l  j e J  

f o r  a l l  i ~ 1  

where 

I = denotes the  s e t  o f  demand p o i n t s  

J = denotes the  s e t  o f  p o t e n t i  a1 f a c i  li t y  s i t e s  

S = the  d i s tance  beyond whi ch a  demand po i  n t  i s 
consi dered "uncovered" 

1  i f  a  f a c i l i t y  i s  a l l o c a t e d  a t  s i t e  j, 
0 o the rw ise  

Ni = 
{ j e J l d i j  5 S \  , t h e  s e t  o f  f a c i l i t y  s i t e s  e l i g i b l e  

t o  p r o v i d e  coverage t o  p o i n t  i . 

di j 
= t h e  s h o r t e s t  d i s tance  f rom p o i n t  i t o  p o i n t  j. 

'i = popu la l z i  un t o  be served a t  demand p o i n t  i . 
p = t h e  number o f  f a c i l i t i e s  t o  be l o c a t e d  

1  i f  a  f a c i l i t y  i s  l o c a t e d  w i t h i n  t h e  coverage 
d is tance,  S, o f  p o i n t  i, i.e. ,  i s  covered 

O o the rw ise  



The o b j e c t i v e  i s  t o  maximize the  number of people served o r  "covered" 

w i t h i n  the  des i red  s e r v i c e  distance. Type (1)  c o n s t r a i n t s  a l l ow yi t o  

equal one on ly  when one o r  more f a c i l i t i e s  are es tab l i shed  a t  s i t e s  . i n  

the  s e t  Ni. The number o f  f a c i l i t i e s  a1 l o c a t e d  i s  r e s t r i c t e d  t o  equal p  

i ,n c o n s t r a i n t  (2) .  

An equ iva len t  form t o  the above problem can be s t r u c t u r e d  as : 

sub jec t  t o  

( 5 )  1 x j + Y i  2 1  f o r  a l l  ~ E I  
j€Ni 

(7) x = 0, l .  j 
f o r  a l l  j e J  

- 
(8) yi = 0,l f o r  a l l '  i ~ 1  

where I 1 i f  demand node i - n o t  covered by a  
Y .  = I  - y l  = f a c i  1 i t .y  w i t h i n  S d i s tance  

1 0 otherwise. 

The Formulations I and I1  are equ iva len t  s ince  one can be t ransformed 

mathemat ica l ly  i n t o  the o t h e r  by  a  simp'le v a r i a b l e  s u b s t i t u t i o n .  The objec- 

ti ve o f  Form I1 can be i n t e r p r e t e d  as m in im iz ing  the  number o f  people t h a t  

wi  11 n o t  be served w i t h i n  the des i red  maximal s e r v i c e  d is tance S. Formul a- 

t i n n  11 has been u t i l i z ~ d  i n  n p t i m a l l y  s o l v i n g  the  maximal cover ing l o c a t i o n  

problem us ing l i n e a r  programming and a  branch and bound a lgor i thm.  Computa- 

t i o n a l  experience and f u r t h e r  ref inements o f  t h e  approach are g iven i n  Church 



and ReVelle (1974) and Church (1974). Formulat ion I 1  can a l s o  be used t o  

so lve  the  p a r t i  a1 cover problem de f ined  by Case and White by ass ign ing ai = 1  

f o r  a l l  i c I .  

3. The Minimum Impact Loca t ion  Problem 

Par ts  1  and 2 o f  t h i s  s e c t i o n  have been i n c l u d e d  i n  o rde r  t o  c l e a r l y  

de f ine  some o f  the developments o f  cover ing l o c a t i o n  problems. However, 

u n t i l  now no mention has been. made about how these developments can h e l p  

i n  energy f a c i  li t y  p l  anning. A1 though t h e  maximal cover ing l o c a t i o n  prob- 

lem i s  n o t  d i r e c t l y  a p p l i c a b l e  t o  power p l a n t  f a c i l i t y  l o c a t i o n ,  c e r t a i n  

elements o f  the maximal . c o v e r i n g  problem can be used advantageously i n  

nuc lea r  power p l a n t  f a c i l i t y  l o c a t i o n .  E s s e n t i a l l y ,  i n  l o c a t i n g  nuc lea r  

power p l a n t s  one would want t o  (1 )  p rov ide  an exc lus ion  area and ( 2 )  m i n i -  

mize the  amount o f  p o p u l a t i o n  w i t h i n  a  given d i s tance  o f  t h e  p l a n t s .  This 

i s  done i n  o rde r  t o  p rov ide  a  measure o f  s a f e t y  f o r  l o n g  te rm low l e v e l  

exposure and f o r  the r i s k  o f  an a c c i d e n t i a l  breakdown. The second ob jec-  

t i v e  i s  very  i n t e r e s t i n g  i n  t h a t  i t  i s  e s s e n t i a l l y  t h e  oppos i te  o f  what 

t h e  o b j e c t i v e  i s  i n  t h e  maximal cover ing problem. I n  essence one would 

t r y  m in im iz ing  the coverage by l o c a t i n g  a  number o f  f a c i l i t i e s .  Th is  

problem w i l l  be c a l l e d  the minimum impact  l o c a t i o n  problem (MILP) and i s  ., 

essen t i  a1 l y  the  oppos i te  o f  the maximal cover ing l o c a t i o n  problem. ' B ~ '  us ing 

i n f o r m a t i o n  on the  MCLP one can e a s i l y  d e f i n e  t h e  f o l l o w i n g  MILP: 

Min Z = a l i f  
i = l  



sub jec t  t o  

n  

where 

( 9  1 xj = n-p 
j = l  

f o r  a1 1  jsNi and a1 1  i 

(11) 
- 

x  yi = 0,1 
j ' 

f o r  a l l  i and j 

S = sho r t es t  des i red se rv i ce  distance 

dij = sho r t es t  d i s l d l ~c t !  between i and j 

a = popu la t ion  a t  p o i n t  i i 

ii = 
1 i f  demand area i i s  covered by any s i  t e  
0 otherwise 

1 i f  f a c i l i t y  i s  not es tab l i shed  a t  p o i n t  j 
0  otherwise 

n  = number o f  s i t e s  

p  = number o f  f a c i l i t i e s  

The above problem locates a  f i x e d  nunber o f  f a c i l i t i e s  w h i l e  min imiz ing 

the n u h e r  o f  people w i t h i n  S d is tance o f  the f a c i l i t i e s .  

The above ~ t ~ t ' i u r t  has showii the development o f  cover ing problems and 

associated a p p l i c a t i o n  i n  nuc lear  p l a n t  l oca t i on .  S i m i l a r  problems e x i s t  

i n  the ' locat ion l i t e r a t u r e  which can be app l ied  o r  modif ied f o r  nuc lear  

f a c i  1  i t y  l oca t i on .  The above example i s  incnrpora ted  i n  the deve lop~~ar r t  

o f  the sa fe t y  sec t ion  o f  t he  RELM model g iven i n  t h i s  paper. 



F. Summary 

I t  i s  i m p o r t a n t  t o  recognize t h a t  b o t h  t h e  r e g i o n a l  sc ience approaches 

and the mathemati c a l  programming approaches t o  1  o c a t i  on a n a l y s i s  can prove 

va luab le  i n  r e g i o n a l  d e c i s i o n  making f o r  t he  l o c a t i o n  o f  power p l a n t s  and 

r e f i n e r i e s .  D i s c i p l i n e s  i n  r e g i o n a l  sc ience can h e l p  analyze and p r e d i c t  

s p a t i a l  and socioeconomic impacts f o r  a  g iven f a c i l i t y  l o c a t i o n  con f igu ra -  

t i o n .  The mathemati c a l  programmi ng approaches t o  1  o c a t i  onal  a n a l y s i s  can 

prove e q u a l l y  va luab le  i n  r e g i o n a l  d e c i s i o n  making by us ing  imputed in forma-  

t i o n  ( l i k e  the  socioeconomic impacts)  and de te rm in ing  a  b e s t  o r  op t ima l  

c o n f i g u r a t i o n  on t h e  b a s i s  o f  a  s t a t e d  o b j e c t i v e  and a  s t r u c t u r e d  c o n s t r a i n t  

se t .  When more than one o b j e c t i v e  i s  considered then s p e c i a l  approaches o f  

mu1 t i o b j e c t i  ve ana lys i s  must be used. 
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I I I. MULTIOB JECTI VE ANALYSIS 

A. I n t r o d u c t i o n  

Mu1 ti o b j e c t i  ve ana lys i s  represents a  re1 a t i v e l y  new approach t o  p l  an- 

n i n g  and problem-solving. I t s  r o l e  i n  p u b l i c  investment theory  was f i r s t  

de l i nea ted  by the  economist Stephen M a r g l i n  i n  Maass, e t .  a l . ,  (1962) and 

i n  Marg l i n  (1967). The i m p l i c a t i o n s  o f  mu1 t i o b j e c t i v e  ana lys i s  f o r  mathe- 

mati'cal p r o g r a m i n g  were f i r s t  d iscussed by  Kuhn and Tucker (1952) a l though 

t h e i  r observat ions were general l y  unused u n t i  1  the e a r l y  1960's. I n  t h i s  

s e c t i o n  m u l t i o b j e c t i v e  ana lys i s  i s  exp la ined  b o t h  as a  p lann ing  dev ice and 

as a mathemati ca l  programming procedure; severa l  mu1 t i o b j e c t i  ve s o l  u t i o n  

methods are  ca tegor i zed  and reviewed; and p o t e n t i a l  a p p l i c a t i o n  o f  mu1 t i o b -  

j e c t i v e  ana lys i s  t o  reg iona l  energy f a c i l i t y  s i t i n g  i s  discussed. 

B. The Economic Rat iona le  f o r  Mu1 t i o b j e c t i v e  Analys is  

Mu1 ti o b j e c t i v e  ana lys i s  has been developed and a p p l i e d  t o  r e a l  problems 

because i t  represents an impor tan t  g e n e r a l i z a t i o n  o f  convent iona l  s i n g l e -  

o b j e c t i v e  a n a l y t i c  methods. A mu1 t i o b j e c t i v e  problem e x i s t s  whenever i t  i s  

i n a p p r o p r i a t e  t o  s e l e c t  a  s i  ngle,  unambi guous measure o f  sys tem performance. 

An acceptable s i n g  l e  c r i  t e r i  UII  f o r  s e l  c c t i n g  one a1 t .e rnat i  ve over  another i s  

f r e q u e n t l y  n o t  found i n  p r i v a t e  s e c t o r  problems and r a r e l y  found i n  p u b l i c  

s e c t o r  problems so t h a t  i t  can be s t a t e d  w i t h  some conf idence t h a t  mu l t i ob -  

j e c t i  ve problems a r e  ub iqu i  tous and t h e i  r s o l  u t i  on, t h e r e f o r e ,  i s  o f  p r a c t i c a l  

s ign i f i cance .  The remainder o f  t h i s  review w i l l  concent ra te  on p u b l i c  s e c t o r  

problems . 



Conventional approaches f rom neoc lass ica l  we1 f a r e  economics base t h e  

eva lua t ion  o f  a l t e r n a t i v e s  i n  the  p u b l i c  s e c t o r  on a  s i n g l e  o b j e c t i v e  - 

t h e  maximizat ion o f  n e t  economic e f f i c i e n c y  b e n e f i t s .  The value o f  these 

b e n e f i t s  have a  p rec ise ,  t h e o r e t i c a l  meaning (gross economic e f f i c i e n c y  

b e n e f i t s  r e s u l t i n g  from a  good o r  s e r v i c e  are  def ined as the area under t h e  

demand' curve up t o  the amount o f  good o r  s e r v i c e  prov ided) ,  b u t  i n  p r a c t i c a l  

a p p l i c a t i o n  measurement problems f r e q u e n t l y  a r i s e  because o f  inadequate o r  

nonex is ten t  data, t h e  absence o f  markets f o r  c e r t a i n  goods and serv ices,  u r  

t h e  inappropr ia teness o f  the  c r i t e r i o n  for? ~neasur ing Cer ta in  p r o j e c t  e f  Fec.ts. 

Thus, f o r  example, t h e  economi c  e f f i  c i  ency bene f i  t s  which woul d  res u l  t from 

the c o n s t ~ ~ u c t i o r ~  u,P 10,000 FanJ o f  new e l e c t r i c a l  generat ing capac i ty  i n  the  

Nor theast  Un i ted  Sta tes are d i f f i c u l t  t o  es t imate f o r  a l l  t h ree  o f  the 

reasons c i t e d  above. Data problems are p r e v a l e n t  i n  the e s t i m a t i o n  o f  

demand curves f o r  e l e c t r i c i t y .  Markets do n o t  e x i s t  f o r  the  c o o l i n g  capa- 

c i t y  o f  water  so t h a t  the economic e f f i c i e n c y  b e n e f i t s  (d i sbene f i  t s )  o f  

c o o l i n g  water  use f o r  the new capaci t.y cou ld  nnt. he e a s i l y  estimated. 

F ina l  ly, i t  would be c l e a r l y  i nappropr i  a te  t o  place s monetary value on ,lilt! 

sa fe ty  aspects o f  nuc lea r  generators (a1 though, nu doubt, some economists 

would dttenlprt t o  do j u s t  t h a t ) .  

M u l t i o b j e c t i v e  problems a r i s e  whet] p r o j e c t  impacts cannot be cnnvenient ly  

p u t  i n  monetary terms i n  t h a t  non-com~~~ens~rrah le  e f f e c t s ,  e.g., d o l l a r s  and 

degrees above n a t u r a l  water  t e m p ~ r a t u r e ,  e x i s t .  r u ~ ~ ~ l l l e r ~ ~ ~ n r e ,  even when a l l  

would agree on a  monetary measure, t h e  ex is tence o f  many con f l i c1 , ing  i n t e r e s t  

groups and actors  i t1 the p u b l l c  dec is ion  making process a l s o  promotes mu1 ti- 

o b j e c t i v e  ana lys is .  



I t  i s  g e n e r a l l y  accepted t h a t  many (some would say most o r  a l l )  p u b l i c  

s e c t o r  problems a r e  m u l t i o b j e c t i v e  i n  na tu re  and t h a t  t h i s  i s  due t o  incom- 

mensurable p r o j e c t  impacts and t h e  mu1 t i p l i c i  t y  o f  a c t o r s  i n  t h e  d e c i s i o n  

making process. I t  i s  imposs ib le  t o  make a general  s tatement about t h e  

s p e c i f i c  o b j e c t i v e s  t h a t  shou ld  be considered i n  pub l  i c  s e c t o r  p lann ing  

s i n c e  they  are  (and should be) problem s p e c i f i c .  A d i scuss ion  o f  t h e  major  

types o f  o b j e c t i v e s  t h a t  f r e q u e n t l y  occur  i n  p u b l i c  investment  p l a n n i n g  may 

be o f  i n t e r e s t  so t h a t  t h r e e  types a r e  discussed. 

Economic e f f i c i e n c y  cont inues,  o f  course, t o  be a ma jo r  o b j e c t i v e  o f  

p u b l i c  investment - no one wants t o  be i n e f f i c i e n t  un less  t h e r e  i s  a good 

reason. The severa l  i.ssues which a r i s e  i n  measuring economic e f f i c i e n c y  

b e n e f i t s  a r e  tho rough ly  d iscussed b y  P r e s t  and Turvey (1965). 

One o f  those good reasons may be a d i s t r i b u t i o n a l  o r  e q u i t y  o b j e c t i v e  

o r  o b j e c t i v e s .  An e q u i t a b l e  ( o r  t o  be more c y n i c a l ,  " p o l i t i c a l l y  f e a s i b l e " )  

d i s t r i b u t i o n  o f  p r o j e c t  impacts i s  rapid1.y becoming an o b j e c t i v e  which a l l  

publ i c p lanners  everywhere must e x p l i c i t l y  cons ider .  Whether a b e n e f i c i a l  

p r o j e c t  o u t p u t  such as wa te r  o r  e l e c t r i c i t y  o r  an undes i rab le  impact  such 

as cos ts ,  displacement, p o l l u t i o n  o r  inconvenience i s  a t  i ssue,  people o r  

groups can be expected t o  make a c l a i m  f o r  i n e q u i t i e s ,  where an "equ i ' tab le"  

a1 t e r n a t i v e  i s  one i n  which they  a r e  b e t t e r  o f f .  Cohon and Marks (1973) 

demonstrate one procedure f o r  i n c o r p o r a t i n g  an e q u i t y  ob jec t i . ve  i n t o  m u l t i -  

o b j e c t i v e  r i v e r  b a s i n  p lann ing.  Major  e t  al. ,  (1975) show another approach 

whi 1 e B r i  11 (1 972) discusses many d i f f e r e n t  mathemat ical  f o rmu la t i ons  o f  an 

e q u i t y  o b j e c t i v e  f o r  wa te r  qua1 i t y  p lann ing.  

A t h i r d  ca tegory  o f  o b j e c t i v e s  i s  environmental  q u a l i t y  - a popu la r  

i s s u e  o f  t h e  1960's and a formal  p lann ing  requirement s i n c e  t h e  N a t i o n a l  



Environmental P o l i c y  Act  (NEPA) o f  1970. Environmental qual i t y  i s  a l s o  

ub iqu i tous  i n  p u b l i c  investment p lann ing i n  t h e  Uni ted Sta tes s ince  any 

s t r u c t u r a l  a1 t e r n a t i  ve d i s t u r b s  the  environment and s ince  t h e  o b j e c t i v e  has 

been i n s t i t u t i o n a l i z e d .  A major  d i f f i c u l t y  w i t h  t h e  measurement o f  env i ron-  

mental q u a l i t y  i s  i t s  mu1 t id imens iona l  nature :  the re  i s  a i r ,  water, l and  

and no ise  p o l l u t i o n  each o f  which i s  measurable by a l a r g e  s e t  o f  parameters. 

Thus, f o r  any p a r t i  cu l  a r  problem t h e r e  may be several  env i  ronmenta.1 qual i t y  

ob jec t i ves ,  e.g., min imize d isso lved  oxygen d e f i c i t s  i n  streams, and m i n i -  

mize the  d i f f e r e n c e  o f  e f f l u e n t  temperature and ambient stream temperature. 

M i  1 l e r  and Byers (1973) a p p l i e d  mu1 t i o b j e c t i  ve programming t o  a watershed 

design pr.ublern i n  whi ch envi ronmental qua l  i ty o b j c c t i  ves were impor-tant. 

Procedures f o r  the  f d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  o f  o b j e c t i v e s  have 

been l a r g e l y  unexplored owing, perhaps, t o  an emphasis on the development o f  

s o l  u t i o n  techniques r a t h e r  than app l i ca t ion .  Cohon (1975) has discussed 

t h i s  aspect o f  p lann ing i n  the context  o f  experiences gained f rom app l i ca -  

t i o n s .  

C. Mu1 ti o b j e c t i  ve Ana lys is  and Mathemati ca l  Programming - 

MuDt iob jec t i  ve ana lys is  has had a s i g n i  f i c a n t  impact on systems ana lys is  

and on one of i t s  major  se ts  o f  techniques - mathemati ca l  programming. The 

development o f  mu1 t i o b j e c t i v e  progranlrr~ing ( n r  vec to r  op t im i  z a t i o n )  t c c h n i q ~ ~ c s  

has brought  a new dimension o f  r e a l i t y  t o  systems ana lys is  t h a t  may a l l ow 

i t  t o  f u l f i l l  i t s  p o t e n t i a l  as a p r a c t i c a l  e v a l u a t i v e  t o o l .  Conventional 

models w,i th a s i n g l e  o b j e c t i v e  func ' t ion y i e l d  a s i n g l e ,  "opt imal "  s o l u t i o n  

which prescr ibes a course of a c t i o n  f o r  dec is ion  makers. A s i n g l e  s o l u t i o n  



f o r  a  m u l - t i o b j e c t i v e  p u b l i c  s e c t o r  problem i s  useless f o r  d e c i s i o n  makers. 

Ins tead,  dec i s ion  makers must be i n t i m a t e l y  concerned w i t h  t h e  range of 

choice;  i f  t h a t  r a n y e , i s  a  . s ing le  a l t e r n a t i v e ,  then d e c i s i o n  makers a re  

unnecessar i l y  const ra ined.  Furthermo,re, i f  the  imp1 i c a t i o n s  o f  a1 t e r n a t i v e s  

f o r  a l l  o f  t he  r e l e v a n t  o b j e c t i v e s  a re  n o t  ind ica ted. ,  a  s i n g l e - o b j e c t i v e  

approach may be a c t u a l l y  mis lead ing.  

Several  mu1 ti ob j e c t i  ve programni ng methods have been presented i n  the  

1  i t e r a t u r e .  [See, f o r  example, t he  conference proceedings: Cochrane and' . 

Zeleny (1973) and Zeleny (1976) .] Before  d i scuss ing  these techniques a  

few d e f i n i t i o n s  w i  11 be presented.  The general  mu1 ti o b j e c t i v e  max imizat ion  

problem can be s t a t e d  as, 

Max [Z1 ( i ) ,  Z 2 ( i )  ,..., Z p ( i ) ]  

- 
x  f e a s i b l e  

where i i s  an n-dimensional v e c t o r  o f  d e c i s i o n  v a r i a b l e s  and z k ( i )  i s  t he  . ' 

kth o b j e c t i v e  which i s  a  f u n c t i o n  o f  t he  n  d e c i s i o n  va r iab les .  Thus, t h e  

problem i s  t o  maximize a l l  o f  t h e  p  o b j e c t i v e s  s imul taneous ly  w h i l e  ma in ta in -  

i n g  f e a s i b i l i t y  which i s  d e f i n e d  by  c o n s t r a i n t s  on t h e  d e c i s i o n  va r iab les .  

Convent ional ,  s i n g l e - o b j e c t i v e  problems d i f f e r  f rom the  problem s t a t e d  i n  

(12) o n l y  b y  t h e  d i m e n s i o n a l i t y  o f  t he  o b j e c t i v e  f u n c t i o n .  

The c e n t r a l  n o t i o n  i n  mu1 t i o b j e c t i  ve problems i s  t h a t  o f  n o n i n f e r i o r i  t y  

( e f f i c i e n c y  , Pareto  opt imal  i ty o r  admissabi 1  i ty  a re  e q u i v a l e n t  concepts i n  

d i  f f e : r e n t  con tex ts )  whi ch replaces the  i d e a  o f  op t ima l  i t y  o f  s ing le -ob jec -  

t i v e  problems. A s o l u t i o n  i s  n o n i n f e r i o r  i f  the re  i s  no o t h e r  f e a s i b l e  

s o l  u t i o n  which y i e l d s  a  h i g h e r  va lue of one ob, jec t ive  w i t hou t  y i e l d i n g  

l ower  values of a t  l e a s t  one o t h e r  o b j e c t i v e .  I n f e r i o r  s o l u t i o n s  , t h e r e f o r e ,  



are dom'inated so lu t ions  i n  t h e  sense t h a t  the re  e x i s t  f eas i b l e  a1 te rna t i ves  

which are b e t t e r  on the bas is  of a l l  ob jec t i ves .  These concepts are shown 

i n  Figure 1  i n  which p o i n t  C i s  c l e a r l y  i n f e r i o r  s ince there  e x i s t  f e a s i b l e  

so l u t i ons  such as B and D t h a t  dominate C, e.g., Z2 can be increased by mov- 

i n g  from C t o  D w i t hou t  decreasing Z1. Poin ts  A, B and D are n o n i n f e r i o r  
I 

s ince there are no f eas ib l e  po in t s  which dominate them. C lear l y  t he  solu- 

t i o n s  o f  i n t e r e s t  are the n o n i n f e r i o r  so lu t ions .  The c o l l e c t i o n  o f  nonin- 

f e r i o r  so l u t i ons  i s  c a l l e d  the n o n i n f e r i o r  s e t  which i s  shown as the cross- 

hntchcd p o r t i o n  o f  the boundary o f  the f e a 5 i h l e  reg inn i n  ob jec t i ve  space 

i n  F igure 1. I n  m u l t i o b j e c t i v e  problems there are t r adeo f f s  among the  

ob jec t i ves .  I n  F igure 1  as one moves along the  n o n i n f e r i o r  se t  f rom A t o  

D t o  B, one o b j e c t i v e  increases wh i l e  the o the r  o b j e c t i v e  decreases. The 

amount which one o b j e c t i v e  must be sac r i f i ced  t o  ga in  some amount o f  another 

o b j e c t i v e  i s  t h e  t r adeo f f .  

The n o n i n f e r i o r  s e t  contains fewer than a l l  o f  the f eas ib l e  so lu t ions ,  

bu t  the re  i s  s t i  11 a wide range o f  choice w i t h i n  the se t .  I f  preferences 

de f ined  over the ob jec t i ves  are s t a ted  then one a1 t e r n a t i v e  from among the  

n o n i n f e r i o r  so l u t i ons  i s  unambJguously super ior .  This s o l u t i o n  i s  c a l l e d  

the "best  compromise so lu t i on " ,  and i t  can be shown g raph i ca l l y  as the 

p o i n t  i n  the n o n i n f e r i o r  s e t  a t  which an i n d i f f e r e n c e  curve i s  tangent t o  

the  n o n i n f e r i o r  se t  as shown i n  Figure 2.  

D. Mu1 t i o b j e c t i  ve Programning Techniques 

Cohon and Marks (1975) suggested three major categor ies f o r  mu1 t i o b  jec -  

t i  ve so lu t i ons  methods : generat ing techniques, techniques which r e l y  on a 
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Figure  1. D e f i n i t i o n  of n o n i n f e r i o r  s e t .  

F igure  2.  

' 1  , Indifference Curve 
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D e f i n i t i o n  of b e s t  compromise s o l u t i o n  



p r i o r  statement o f  pre ferences and techniques t h a t  develop preferences 

i t e r a t i v e l y .  A f o u r t h  category i s  d iscussed here, as w e l l  : m u l t i p l e  dec i -  

s i o n  maker methods. Each o f  these types o f  methods has a r o l e  i n  t h e  

ana lys i s  o f  p lann ing problems b u t  these r o l e s  d i f f e r  cons iderab ly  so t h a t  

t h e r e  i s  some danger o f  us ing  the  wrong technique i n  c e r t a i n  s i t u a t i o n s .  

Ttie c h a r a c t e r i s t i c s  o f  each o f  these categor ies  i s  d iscussed i n  more d e t a i l  

below. I n  a d d i t i o n  those s p e c i f i c  methods whi ch a re  c u r r e n t l y  a p p l i c a b l e  

t o  l g rqe -sca le  r e a l  problems are  mentioned. A review o f  most o f  the e x i s t -  

i r ~ y  ~ ip thods  i s  presented i n  C o h ~ n  and Marks (1975). 

1. Generating Techniques 

Generating techniques emphasize the  importance o f  i n f o r m a t i o n  i n  the  

d e c i s i o n  making process. The goal o f  these methods i s  t h e  development o f  

an adequate approximat ion o f  the noni n f e r i  o r  s e t  thereby d e l i  n e a t i n g  t h e  

f u l l  range o f  choice. Tradeof fs  a r e  shown e x p l i c i t l y  and the onus i s  on 

d e c i s i o n  makers t o  a r t i  cu l  a t e  t h e i  r. preferences i n  s e l e c t i n g  an a1 t e r n a t i  ve 

f rom among t h e  generated n o n i n f e r i o r  s o l u t i o n s .  An lmpur ldn t  r e s u l t  o f  

t h e  s o l u t i o n  process I s  d grea t  dcal o f  i n s i g h t  i n t o  $.ystem performance 

whi ch aria l y b  t3 and d c ~  i s i  on makrrr, g a i n  . 
Generating methods o f  s i  gn i  f i  cance i n c l  ude t h e  we igh t ing  and c o n s t r a i n t  

methods, the n o n i n f e r i o r  s e t  e s t i m a l i ' o ~ i  (NISE) method and t h e  mu1 ti o b j e c t i  ve 

simp1 e x  method. The w e i g h t i n g  and cons t r a i  n t  approaches proceed by convert-  

i n g  t h e  vec to r  o f  o b j e c t i v e s  i n t o  a s i n g l e - o b j e c t i v e  problem so t h a t  curl- 

vent.iona1 techniques may be used. V a r i a t i o n  o f  the  (weights o r  

c o n s t r a i n t s )  t races o u t  an approximat ion o f  the n o n i n f e r i o r  se t .  The con- 

s t r a i n t  method i s  r e l a t i v e l y  e a s i e r  t o  use because w i t h  most e x i s t i n g  l i n e a r  



programming codes parametr ic  v a r i a t i o n  o f  c o n s t r a i n t s  i s  more s t r a i g h t -  

fo rward than i s  parametr ic  ana lys i s  o f  the b b j e c t i v e  func t ion .  Cohon and 

Marks (1973, 1975) d iscuss both o f  these techniques i n  d e t a i l .  

A technique which i s  a more e f f i c i e n t  ve rs ion  o f  the we igh t ing  method 

i s  t h e  n o n i n f e r i o r  s e t  e s t i m a t i n g  (NISE) technique presented f o r  two-objec- 

t i v e  problems i n  Cohon, e t .  a1 . , (1976) and a p p l i e d  i n  Church, e t .  a1 . , 
(1976). computational e f f i c i e n c y  i s  gained by e x p l o i t i n g  the shape o f  

the n o n i n f e r i o r  se t .  I n  add i t i on ,  the NISE a l g o r i t h m  guarantees t h a t  the  

b e s t  .avai l a b l e  approximat ion i s  a v a i l a b l e  even when the procedure i s  te rm i -  

nated prematurely.  

The m u l t i o b j e c t i v e  s implex method i s  presented i n  Zeleny (1975). 

Unl i k e  the o the r  generat ing methods, the mu1 t i o b j e c t i v e  s implex  f i n d s '  a1 1 

n o n i n f e r i o r  so l  u t ions.  I t  i s  too computational l y  i n t e n s i v e  f o r  l a rge -sca le  

problems, and as an approximat ing technique i t  i s  n o t  as e f f i c i e n t  as the 

o t h e r  generat ing methods. 

At  t h e i  r c u r r e n t  stage o f  development generat ing techniques. tend  t o  

be computational l y  burdensome f o r  problems w i t h  f o u r  o r  more o b j e c t i v e s .  

I n  a d d i t i o n ,  h i g h e r  dimensional problems present  d i f f i c u l t i e s  i n  the presen- 

t a t i o n  o f  r e s u l t s .  The t r a d e o f f s  among two o r  t h r e e  o b j e c t i v e s  can be 

conven ient ly  and d r a m a t i c a l l y  shown as i n  F igure  2, b u t  f o u r  o r  more objec- 

t i v e s  preclude a concise, g raph ica l  p resen ta t ion .  To a l a r g e  ex ten t ,  

h i g h e r  dimensional problems are  j u s t  s imply  d i f f i c u l t  f o r  ana lys ts  and 

d e c i s i o n  makers regard less  o f  the s o l u t i o n  technique which i s  used. 

2. Methods Which Rely on ~ r i . o r  A r t i c u l a t i o n  o f  Preferences 

Methods whi ch r e l y  on p r i o r  a r t i c u l a t i o n  of preferences prescr , i  be qu i  t e  



d i f f e r e n t  r o l e s  f o r  ana lys ts  and d e c i s i o n  makers. The emphasis o f  the  

methods i n  t h i s  category i s  on the  d e f i n i t i o n  o f  d e c i s i o n  makers' pre-  

ferences.  The statement o f  preferences can take the  form o f  weights on 

t h e  o b j e c t i v e s ,  c o n s t r a i n t s  on the  o b j e c t i v e s ,  a mu1 t i a t t r i b u t e  u t . i l i  t y  

f u n c t i o n ,  o r  goals and p r i o r i t i e s  f o r  t h e  o b j e c t i v e s .  With t h e  statement 

o f  preferences t h e  a n a l y s t  can then proceed d i r e c t l y  t o  the  bes t  compromise 

s o l u t i o n  w i t h o u t  generat ing an approximat ion o f  the  n o n i n f e r i o r  s e t .  Solu- 

t i o n s  " techniques" f o r  t h e  cases o f  weights and c o r ~ s t r a i n t s  are  n o t  r e a l l y  

r e q u i r e d  s ince  o n l y  hne s ing1 e - o b j e c t i v e  problem need be so lved .  Marg l i  n 

(1967) discusses these two cases. 

M u l t i a t t r i  bu te  u t i l i t y  theory  has been developed by R a i f f a  (1968, 

1969), Keeney (1969) and o thers .  An e x c e l l e n t  review n f  t h e  theory  and i t s  

a p p l i c a t i o n  i s  p rov ided  by Farquhar (1976). G e o f f r i a n  (1967) presented an 

a l g o r i t h m  f o r  proceeding f r o m  a statement o f  a mu1 t i a t t r i b u t e  u t i l i t y  func- 

t i o n  t o  the b e s t  compromise s o l u t i o n  f o r  two-ob jec t i ve  problems. Goal p ro -  

grammi ng (Charnes and Cooper, 1961) i s  perhaps t h e  b e s t  known mu1 t i o b  j e c t i v e  

technique.  I t  proceeds by  e l i c i t i n g  a t a r g e t  and a p r i o r i t y  f o r  each objec- 

t i v e .  A new problem I s  then fo rmu la ted  t o  minimize dev ia t i ons  (weighted by 

the  p r i o r i t i e s )  f rom t h e  t a r g e t s  on t h e  o b j e c t i v e s .  A p o s s i b l e  problem 

w i t h  t h i s  techn ique p o i n t e d  o u t  by Cohon and Marks (1975) i s  t h a t  some t a r -  

gets and p r i o r i t i e s  may l e a d  t o  i n f e r i o r  so lu t i ons .  

Thcre a re  dis tkdvaf~ ldgrs  which may be encountered i n  us ing  techniques . 

based on a p r i o r  a r t i c u l a t i o n  of preferences.  Several d i f f i c u l t i e s  may 

a r i s e  regard ing  d e c i s i o n  makers : t h e i r  i den t i  f i c a t i o n ,  t h e i r  access ib i  li t y  

and t h e i r  number. P u b l i c  s e c t o r  problems a re  t y p i f i e d  by a complex, sprawl- 

i n g  dec is ion  process i n  which d e c i s i o n  making a u t h o r i t y  may n o t  be c l e a r l y  

def ined.  An unambiguous statement o f  preferences whether weights , 



c o n s t r a i n t s  o r  a  u t i l i t y  f u n c t i o n  w i l l  be d i f f i c u l t  t o  d e f i n e  i n  such 

c i  rcumstances. Even when these d i f f i c u l t i e s  a re  surmounted a  major  weak- 

ness of these methods i s  t h a t  dec is ion  makers are  r e q u i r e d  t o  a r t i c u l a t e  

t h e i r  preferences w i t h o u t  complete knowledge o f  t h e  range o f  choice which 

i s  poss ib le .  The ex is tence o f  a  mu1 t i o b j e c t i  ve problem n e c e s s a r i l y  i m p l i e s  

t h a t  the o b j e c t i v e s  are  o f  importance which must mean t h a t  the  t r a d e o f f s  are  

s i g n i f i c a n t .  and t h a t  dec is ion  makers should understand t h e  t r a d e o f f s  be fo re  

a r t i  cu l  a t i  ng t h e i  r preferences.  

3. Methods Whi ch Rely on I t e r a t i v e  A r t i c u l a t i o n  o f  Preferences 

An i t e r a t i v e  a r t i c u l a t i o n  o f  preferences i s  f o s t e r e d  by t h i s  cate-  

gory o f  techniques. Analysts and dec is ion  makers i n t e r a c t  through a  pre-  

s c r i b e d  procedure w i t h  the  goa l  o f  coverging on the  b e s t  compromise s o l u t i o n .  

Most o f  the methods operate i n  the f o l l o w i n g  manner: a  n o n i n f e r i o r  s o l u t i o n  

i s  generated and i s  submi t ted f o r  cons ide ra t ion  by '  t he  dec is ion  makers a f t e r  

which t h e i r  reac t ions  are  inco rpora ted  i n t o  the process, a  new n o n i n f e r i o r  

s o l u t i o n  i s  gene,rated and the process i s  repeated u n t i l  d e c i s i o n  makers are 

s a t i s f i e d  o r  o t h e r  te rm ina t ion  r u l e s  become operable. 

The i t e r a t i v e  procedure which has rece ived  t h e  most a t t e n t i o n  i s  the  

s tep  method developed by Benayoun, e t .  a1 . , (1971). The method fo l lows t h e  

general a l g o r i t h m  s t a t e d  above. One cur.ious aspect  o f  the s t c p  mcthod i s  

i t s  t e r m i n a t i o n  r u l e .  I f  a dec is ion  maker i s  n o t  s a t i s f i e d  a f t e r  p  i t e r a -  

t i o n s ,  where p  i s  the  number of o b j e c t i v e s  then the  s tep  method terminates 

w i t h  the  conc lus ion t h a t  no b e s t  compromise s o l u t i o n  e x i s t s .  This i s  c l e a r l y  

a  useless r e s u l t  s ince  dec is ion  makers w i l l  s e l e c t  a  course o f  a c t i o n  regard- 

l e s s  o f  the  concl  us ion fro111 a  mathematical a1 g o r i  thm. 



Another i t e r a t i v e  approach i s  the  su r roga te  wor th  t r a d e o f f  method 

developed by Haimes and H a l l  (1974) and Haimes , e t .  a1 . , (1975). I n  the  

p r e l  i m i n a r y  s tage " t r a d e o f f  curves" between a1 1  p a i  r s  o f  o b j e c t i v e s  a re  

genera ted w i t h  t h e  c o n s t r a i n t  method. The t r a d e o f f  curves a r e  shown t o  

d e c i s i o n  makers who must r e a c t  by s c a l i n g  t h e  t r a d e o f f s .  The r e a c t i o n s .  

a r e  used by t h e  a n a l y s t  t o  c o n s t r u c t  " su r roga te  wor th  f u n c t i o n s "  f rom which 

p o i n t s  o f  i n d i f f e r e n c e  f o r  t he  t r a d e o f f s  a re  i n f e r r e d .  The i d e n t i f i c a t i o n  

o f  t h w e  p o i n t s  leads t o  t h e  b e s t  compromise s o l u t i o n .  The procedur.e i s  

~ b v i n u z l y  e laho ra te .  I t s  p r a c t i c a l  va lue i s  y c t  t o  be es tab l i shed .  

I t e r a t i v e  and i n t e r a c t i v e  procedures a re  s u b j e c t  t o  the  same c r i  ti c i  sms 

d i r e c t e d  a t  t he  techniques i n  t h e  prev ious category rega rd ing  t h e  a n a l y s t ' s  

ab i  1  i ty t o  e l i c i t  u s e f u l  p re fe rence  statements f rom t h e  p u b l i c  d e c i s i o n  

making process. I t e r a t i v e  methods do improve on p r i o r  a r t i c u l a t i o n  tech- 

n iques i n  t h a t  some i n f o r m a t i o n  i s  presented t o  d e c i s i o n  makers b e f o r e  va lue 

judgments are  made. 

.4. Mu1 t i p l  e  Deci s i  on Maker Techni ques 

The u n d e r l y i n g  ph i losophy of  the  p r e v i o ~ i s  t h r e e  c lasses was t h a t  t h e  

r o l e  o f  t h e  a n a l y s t  o r  p lanner  i s  t o  p r o v i d e  i n f o r m a t i o n  t o  o r  r e c e i v e  

i n f o r m a t i o n  f rom d e c i s i o n  makers so t h a t  a  b e s t  compromise s o l u t i o n  c o u l d  

be . i d e n t i f i e d .  There was no a t tempt  t o  p r e d i c t  t h e  outcome of  the  d e c i s i o n  

making process. Ins tead,  t h e  o b j e c t i v e  was t o  h e l p  t h e  d e c i s i o n  makers i n  

t h e i r  search f o r  good a l t e r n a t i v e s .  If the  p o l i t i c a l  d e c i s i o n  making p ro -  

cess i s  accepted b l i n d l y  o r  w i t h  f u l l  knowledge o f  what i t  i s ,  then these 

approaches are  q u i t e  reasonable. Even when t h e r e  i s  some s k e p t i c i s m  about 



t he  process, i t  i s  our  b e l i e f  t h a t  t h e  appropr ia te  r o l e  f o r  the a n a l y s t  

i s  t h a t  g iven him by the  previ .ously discussed techniques. 

Regardless o f ,  one's. view o f .  how t h e  p o l i t i c a l  dec is ion  making .process 

should work, i t  i s  o f  i n t e r e s t  t o  know how i t  does work. This i s  p r e c i s e l y  

.. the aim o f  t h e  m u l t i p l e  dec is ion  maker techniques (a l though some of  these 

methods are  normat ive).  Here, t h e  under l y ing  phi losophy i s  one o f  p red ic -  

t i o n ,  i . e . ,  g iven a s e t  o f  a l t e r n a t i v e s  and some i n d i c a t i o n  o f  the  dec is ion  

makers ' preferences, these methods attempt t o  p r e d i c t  the  outcome of t h e  

dec is ion  process. C lea r l y ,  these approaches are n o t  in tended f o r  use i n  

t h e  same manner as the previous methods. Instead, they are  envi 's ioned as 

models f rom which ana lys ts  and dec is ion  makers can l e a r n  about the  dec is ion  

making process. 

O f  the f o u r  classes o f  techniques, mu1 t i o b j e c t i  ve, mu1 ti p l e  dec is ion  

maker methods are  s i  mu1 taneous l y  the  1 east  developed and mos t compl i cated. 

The attempts a t  model l i n g  t h e  mu1 t i o b j e c t i v e ,  mu1 t i p l e  dec is ion  maker prob- 

lems have j u s t  begun. The authors who have considered .the problem w i t h  

va ry ing  degrees o f  success i n c l u d e  Con t in i  and Z ion ts  (1968), Dorfman and 

Jacoby (1970), H a i t h  (1971), and Russel 1, e t .  al., (1972). Only "Pare t ian  

envi  ronmental analysis1'  (Dorfman and Jacoby , 1970) i s  discussed here. 

I n  "Paret ian environmental ana lys is "  Dorfman and Jacoby (1 970) made a 

s irr1p1.i f.i c a t i o n  by reducing t h e  general mu1 t i o b j e c t i  ve, mu1 ti p i e  dec is ion  

- maker problem t o  a s i n g l e  o b j e c t i v e ,  mu1 t i p l e  dec is ion  maker problem. The 

s i n g l e  o b j e c t i v e ,  m u l t i p l e  dec is ion  maker problem was then formula ted as a 

weighted sum of the  p a r t i c i p a n t s '  u t i l i t i e s  which were measured by n e t  e f f i -  

c iency bene f i t s  accru ing t o  the const i tuency o f  each p a r t i c i p a n t  i n  t h e  



dec is ion  making process. The problem i s  i d e n t i c a l  t o  the weight ing method 

(see generat ing techniques),  bu t  i n  t h i s  case a weight i s  a measure o f  a 

dec is ion  maker's p o l i t i c a l  i n f l  uence i n  the dec is ion  making body. Dorfman 

and Jacoby va r i ed  t he  weights over  a range o f  values which they f e l t  were 

p o l i t i c a l l y  feas ib le .  By examining the r e s u l t s  and by us ing t h e i r  knowledge 

'of the p o l i t i c a l  s i t u a t i o n ,  the authors se lec ted  a range o f  outcomes which 

could  be reasonably expected t o  r e s u l t  from t h e  dec is ion making process. 

One o f  t h e  s t rengths o f  Pare t ian  analys is  i s  t h a t  i t  does no t  r e l y  on 

preference in format ion from dec is ion makers. But,  r e c a l l  t h a t  t h i s  i s  

avoided by reducing a l l  considerat ions t o  the monetary u n i t s  o f  economic 

e f f i c i e n c y  bene f i t s .  The other methods i n  t h i s  c lass mentioned above are 

more d e t a i l e d  i n  t h e i r  representat ion o f  the  dec is ion  making process. Vote- 

t r a d i n g  ( l o g r o l  l i n g ) ,  vo t i ng  p r o b a b i l i t i e s  and coal i t i o n s  a re  modeled. 



E. App l i ca t ions  o f  Mu1 t i o b j e c t i  ve Analys is  

There have been few r e a l - w o r l  d  a p p l i c a t i o n s  o f  mu1 t i o b j e c t i  ve ana lys i s  

s ince  i t  i s  a  r e l a t i v e l y  new approach t o  problems. "Text  book" a p p l i c a t i o n s  

such as those i n  Haimes, e t .  a l . ,  (1975 ) are  o f  l i t t l e  i n t e r e s t :  t h e  t r u e  

t e s t  o f  a  technique i s  i t s  a b i l i t y  t o  a f f e c t  dec is ions i n  a  r e a l - w o r l d  

s e t t i n g .  

App l i ca t ions  t o  r e a l  problems i n c l u d e  t h e  ana lys i s  o f  r i v e r - b a s i n  p lan-  

n ing  i n  Cohon and Marks (1973), i n  which e f f i c i e n c y  and e q u i t y  o b j e c t i v e s  were 

considewd,and i n  M i l l e r  and Byers (1973) and Major (1974) i n  which e f f i -  

c iency and environmental  q u a l i t y  were the  impor tan t  o b j e c t i v e s .  Mu1 t i o b j e c -  

t i v e  a n a l y s i s  o f  f i  re s t a t i o n  l o c a t i o n  i n  Ba l t imore  C i t y  i s  be ing c u r r e n t l y  

pursued a t  Johns Hopkins. P r e l i m i n a r y  r e s u l t s  are discussed i n  S c h i l l i n g ,  

e t .  a1 . , (1976). The importance o f  t h i s  s tudy i s  t h a t  mu1 t i o b j e c t i v e  analy-  

s i s  and l o c a t i o n  ana lys i s  are merged f o r  the f i r s t  t ime,  ex tend ing t h e  work 

o f  Church and ReVelle (1974). There have been no a p p l i c a t i o n s  o f  mu l t i ob -  

j e c t i  ve ana lys i s  t o  energy problems. 

F. Mu1 t i o b j e c t i v e  Analys is  and Regional Enerqy Faci li ty S i t i n g  

A1 though t h e r e  have been no a p p l i c a t i o n s  o f  mu1 t i o b  j e c t i  ve ana lys i s  t o  

energy p lann ing  p r o b l e m ,  t h i s  i s  s u r e l y  n o t  a  r e s u l t  of t he  na tu re  o f  the 

problem. Energy problems are most d e f i n i t e l y  mu1 ti o b j e c t i  ve. Na t iona l  

p lann ing,  e.g., f o r  p r i c i n g  p o l i c i e s  o r  new exp lo . ra t i on  must c o n f r o n t  a t  

l e a s t  the fo l l ow ing  o b j e c t i v e s  : i n f l a t i o n a r y  impacts, n a t i o n a l  s.ecuri t y  

(energy independence) , env i  ronmental q u a l i  t y  and reg iona l  and c lass  d i s  tri bu- 

t i o n .  



Regional energy p lann ing  and, i n  p .a r t i  cu l  a r ,  reg iona l  energy f a c i  1  i ty 

s i t i n g  are mu1 t i o b j e c t i v e  problems as w e l l .  F a c i l i t y  s i t i n g  i s  sub jec t  t o  

a t  l e a s t  the f o l l o w i n g  ob jec t i ves  : cos t  i m p l i  cat ions f o r  u t i  li t i e s  and 

consumers, environmental q u a l i t y ,  r i s k  t o  popula t ions from nuc lear  f a c i  1  i- 

ti .es and equ i t y .  The ob jec t i ves  are discussed i n  d e t a i l  i n  t he  nex t  sec t i on  

i n  which a  reg iona l  energy f a c i l i t y  l o c a t i o n  model i s  presented. 

The dec is ion making process(es) t o  which reg iona l  energy p lann ing  must 

respond i s  obv ious ly  complex. For t h i s  reason, a s t rong  recommendation f o r  

the use o f  gene'ra.l;ing technl'ques can be made. Bar-.L;.i'cularly durlng pre' l im- 

i n a r y  p lanning the goal  o f  ana lys is  should  be i n s i g h t  which can bes t  be 

gained by exploring the n o n i n f e r i o r  s e t  and the  t r adeo f f s  which e x i s t  among 

ob jec t i ves .  The r e s u l t s  o f  such analys is  can be very use fu l .  
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I V .  A  REGIONAL ENERGY FACILITY LOCATION MODEL 

A. I n t r o d u c t i o n  

  he reg iona l  energy f a c i l i t y  s i t i n g  problem i s  a  very  complex one f o r  

severa l  reasons. . F i r s t ,  t he re  are many o b j e c t i v e s  which one would 1  i ke t o  

op t im ize  s imul  taneously i n  s e l e c t i n g  p l a n t  l o c a t i o n s ,  making i t  conceptual l y  

d i f f i c u l t  f rom the  pe rspec t i ve  o f  the a n a l y s t  as w e l l  as the d e c i s i o n  maker. 

The second complexi t y  i s  the  s i z e  o f  the  problem, i .e. , the 1  and area i n -  

c l  uded i n  the  reg ion  and t h e  a d d i t i o n a l  genera t ing  capac i t y  which must be 

l o c a t e d  are b o t h  l a r g e .  The r e g i o n ' s  s i z e  and t h e  l e v e l  o f  d e t a i l  a t  which 

i t  i s  analyzed are  i m p o r t a n t  determinants o f  model s i z e  and computational 

burden . 
T h i r d l y ,  the  dependence o f  system costs (one o f  the  p lann ing  o b j e c t i v e s )  

on t ransmiss ion d i s tance  as w e l l  as p l a n t  s i z e  and l o c a t i o n  resul- ts i n  ana- 

l y t i c a l  complexi ty. The t ransmiss ion l i n e  - genera t ing  p l a n t  re1 a t i o n s h i p  

has the e f f e c t  o f  c r e a t i n g  an enormous nunber' o f  l o c a t i o n  a1 t e r n a t i  ves. 

A f t e r  l o c a t i n g  a  genera t ing  f a c i l i t y ,  which i s  i t s e l f  a  d i f f i c u l t  problem i n  

the p resen t  contex t ,  one then must cont inue t o  search f o r  the  b e s t  t rans -  

miss ion rou te .  

A  f o u r t h  complex i ty  a r i ses  f rom t h e  economic forces a t  work i n  the  prob- 

lem. Our b a s i c  cons ide ra t ion  i n  the ana lys i s  o f  a d d i t i o n a l  genera t ing  capa- 

c i t y  i s  the  development o f  sources which can supp ly  e l e c t r i c a l  energy s u f f i -  

c i e n t  f o r  r e g i o n a l  needs. Whi l e  t h i s  o b j e c t i v e  i s  undoubtedly pe rce ived  by 

a l l ,  quas i -pub l i  c  u t i l i t i e s  must a l s o  be concerned w i t h  t h e  maintenance o f  

a  r a t e  o f  r e t u r n  which i s  h i g h  enough t o  a t t r a c t  r e q u i r e d  c a p i t a l .  The r a t e  



o f  r e t u r n  on investments i n  genera t i ng  capac i t y  i s  a  f u n c t i o n  o f  revenue 

f r o m  energy sa les  and t h e  cos ts  o f  new f a c i l i t i e s  which a re  func t i ons  o f  

consumption, p r i c e ,  p l a n t  l o c a t i o n  and t ransmiss ion  l i n e  r o u t i n g .  Fur ther -  

more, consumption i s  a  f u n c t i o n  o f  p r i c e  so t h a t ,  i n  the  end, a l l  o f  these 

q u a n t i t i e s  which are a f f e c t e d  by' s i t i n g  dec is ions  i n t e r a c t .  These i n t e r -  

a c t i o n s  shou ld  be taken i n t o  account i n  r e g i o n a l  energy p lann ing.  

A reg iona l  energy f a c i l i t y  l o c a t i o n  model (RELM) i s  presented i n  t h i s  

s e c t i o n .  The model merges mu1 t i o b  j e c t i  ve and l o c a t i o n  analyses discussed 

i n  Sect ions  I 1  and 111. RELM captures a good deal of t h e  r e g i o n a l  energy 

p l a n n i n g  problem d e f i n e d  above, b u t  t h e r e  a re  c e r t a i n  aspects t h a t  a r e  n o t  

inc luded.  The model s e l e c t s  l o c a t i o n s ,  s i z e s  and types o f  power p l a n t s  

w h i l e  t a k i n g  i n t o  account capac i t y  requirements,  p o p u l a t i o n  s a f e t y ,  env i  ron- 

mental q u a l i t y  and n a t u r a l  resource requirements,  t h e  e q u i t y  o f  capac i t y  

d i s t r i b u t i o n  among p o l i t i c a l  j u r i s d i c t i o n s  o r  subregions,  p l a n t ,  t ransmis-  

s i o n  and i n f r a s t r u c t u r e  cos ts  and wa te r  t r a n s f e r  cos ts .  The economic con- 

sequences of demand f o r  energy are  n o t  i nc luded ,  and t h e  t ransmiss ion  

problem i s  n o t  cap tu red  i n  i t s  e n t i r e t y .  I t  i s  suggested, t h e r e f o r e ,  t h a t  

RELM be viewed as o n l y  a  p a r t  o f  a  l a r g e r  p lann ing  methodology. 

One p o s s i b l e  p lann ing  methodology i n  which RELM cou ld  be employed i s  

shown i n  F igu re  3. The methodology begins by i n p u t t i n g  new genera t i ng  capa- 

c i  t y  r e q u i  rements ( d e r i  ved f rom p r o j e c t e d  r e g i o n a l  energy demand and gross 

r e l i a b i l i t y )  and a  f u e l  mix i n t o  RELM. Wi th  t h i s  i n f o r m a t i o n  and t h e  data  

d iscussed i n  t h e  d e s c r i p t i o n  o f  t h e  model below, RELM generates a  s p a t i a l  

c o n f i g u r a t i o n  o f  genera t i ng  f a c i l i t i e s .  The model i s  mu1 t i o b j e c t i v e  so t h a t  

t he  c o n f i g u r a t i o n  i s  n o n i n f e r i o r  and i t  i s  found by us ing  one of  the genera t  

i n g  techniques discussed i n  Sec t i on  111. 
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It i s  assumed i n  RELM t h a t  p lan ts  assign t o  the  c loses t  load  center. 

Sin,ce t h i s  w i l l  n o t  be t rue ,  i n  general ,  the con f i gu ra t i on  from RELM i s  

sub jected t o  a  l oad  f low analys is  t o  determine transmission losses and 

routes and so t h a t  mow r e l i a b l e  t ransmission cos t  estimates can be made. 

The transmission costs from t h i s  s tep and the f a c i l i t y  costs from t h e  so lu-  

t i o n  o f  RELM are  used i n  con junct ion w i t h  p ro jec ted  p r i ces  and demands f o r  

energy t o  compute a  r a t e  o f  r e t u r n  f o r  investment i n  new capaci ty.  I f  the 

r a t e  o f  r e t u r n  i s  no t  s u f f i c i e n t l y  h igh  then e i t h e r :  p r i ces  are increased , 

u n t i  1  the r a t e  o f  , r e t u rn  i s  acceptable o r  some p respec i f i ed  ce i  1  i n g  on 

p r i ces  i s  reached; o r ,  l o c a t i o n  ob jec t i ves  are s a c r i f i c e d  i n  order  t o  generate 

a new con f i gu ra t i on  which a1 lows f o r  'lower f a c i l i t y  and/or t ransmission costs. 

An example may be the  generat ion o f  a  " l ess  safe" o r  " less  equi tab le"  con- 

f i g u r a t i o n  t o  achieve lower costs. The e f f e c t  would be t o  t r a d e o f f  l o c a t i o n  

ob jec t i ves  against  r a t e  o f  r e t u rn  and i n f l a t i o n a r y  impact. When the r a t e  o f  

r e t u r n  i s  acceptable then, i f  desired, a  new n o n i n f e r i o r  s o l u t i o n  i s  gene- 

r a t e d  by a l t e r i n g  the weights o r  cons t ra in ts  and so l v i ng  RELM again. 

One aspect o f  the s i t i n g  problem which i s  not  captured by the proposed 

methodology i s  the  aes the t i c  impact o f  t ransmission l i n e s .  This could, per-  

haps, be incorporated by using a  procedure t o  determine an est imate o f  t he  

v i sua l  impact of l i n e s  a f t e r  they have been routed by t h e  load  f l o w  model. 

The goal o f  the proposed methodology i s  the  development of i n t e r e s t i n g  

and usefu l  a l t e r n a t i v e s  f o r  reg iona l  energy planning. The generat ion o f  

several  non in fe r i  o r  a1 t e r n a t i  ves and extensive s e n s i t i v i t y  analyses. on i n p u t  

such as demands and f u e l  mix would be expected t o  p rov ide  a  g.reat deal o f  

i n s i g h t  i n t o  wasonable p lanning p o s s i b i l i t i e s  w i t h i n  a  reg ion,  the  degree 

t o  which ob jec t i ves  c o n f l i c t ,  and the s e n s i t i v i t y  o f  p o t e n t i a l  so l u t i ons  



t o  the  va l  i d i  ty o f  assumptions about p r e v a i  1  i ng r e g i o n a l  cond i t i ons .  Keep 

i n  mind, however, t h a t  the reg iona l  s c a l e  o f  the  a n a l y s i s  does n o t  a1 low 

RELM o r  t h e  proposed methodology t o  i d e n t i f y  s p e c i f i c  f a c i l i t y  l o c a t i o n s .  

Rather, "gross" l o c a t i o n s  such as a t  t h e  county o r  mu1 t i - c o u n t y  l e v e l  a re  

found. The i d e n t i f i c a t i o n  o f  s p e c i f i c  l o c a t i o n s  would r e q u i r e  f u r t h e r ,  

d e t a i l e d  ana lys i s .  

The energy f a c i  1  i ty 1  o c a t i o n  model i s  t h e  c e n t r a l  element o f  t h e  meth- 

odology. I t  i s  a  m u l t i o b j e c t i v e  l o c a t i o n  model which has t h e  f o l l o w i n g  form: 

Ob jec t i ves  : 

Minimize. Faci 1 i  t y  Costs 

Minimize Water Transfers ' 

Maximize E q u i t y  o f  P l a n t  D i s t r i b u t i o n  

Minimize Popu la t i on  Sa fe ty  Impact 

Sub jec t  t o  the  Cons t ra in t s :  

M i  nimum Capaci ty  and Concent ra t ion  Const ra in ts .  

Fuel Mix C o n s t r a i n t  

Water Q u a n t i t y  Requirements 

Water Requirements f o r  Heat D i s s i p a t i o n  

Ai  r Pol 1  u t i o n  Cons t ra in t s  

Cons t ra in t s  Required f o r  Formula t ion  of t h e  Ob jec t i ves  Above. 

I n  t h e  remainder of  t h i s  s e c t i o n  each of these components o f  t h e  model 

i s  d iscussed i n  d e t a i l  a f t e r  wh ich  some o f  t h e  issues r e l a t i v e  t o  implemen- 

t a t i o n  o f  t h e  model a re  presented. A summary o f  t h e  fo rmu la t i on  and a  l i s t  

o f  t h e  symbols used a re  i n c l u d e d  i n  appendices a t  t h e  end o f  t h e  sec t ion .  

The ve rs ion  o f  RELM presented i n  t h i s  s e c t i o n  assumes a  f u e l  mix;  f u e l  

ava i  1  a b i l i t y  i s  n o t  model1 ed. Another v e r s i o n  f o r  c o a l - f i  r e d  energy f a c i  1  i- 

t i e s ,  RELMC (RELM f o r  coa l ) ,  i s  p resented i n  Appendix D. RELMC takes i n t o  

acco~unt coal  ava i  1 a b i l i t y  and the  t r a n s p o r t a t i o n  requirements f o r  moving 

the  coa l  t o  convers ion f a c i  1  i t i e s  (power and g a s i f i c a t i o n  p l a n t s ) .  



B. Minimum Capaci t y  ; Concentration Requi rements 

There are two types o f  generat ing capaci t y  cons t ra in ts  i n  RELM: 

minimum new generat ing capac i ty  requ i red  t o  meet demands ; and maximum a1 low- 

ab le  concent ra t ion a t  any s i t e .  Both o f  these cons t ra i n t s  a re  discussed i n  

t h i s  sec t ion .  

The t h e o r e t i  ca l  l y  c o r r e c t  approach t o  determining capac i ty  add i t i ons  

t o  an e x i s t i n g  supply  system i s  grounded i n  neoc lass ica l  economics. The 
1 

u p l i l l ~ a l  capac i ty  add i t i on  shou I d  take i n t o  account consumers surplus and 

r%everlue f rum increased consumpti on o f  e l e c t r i c i t y  and the  costs o f  cons t r uc -  

t i n g  and opera t ing  new capaci ty.  These e f f e c t s  are no t  inc luded  i n  t he  

model, however, due t o  the complex i t ies  r e l a t e d  t o  es t imat ion  o f  consumption 

and p r i ces .  A methodology was proposed i n  Sect ion A f o r  i n co rpo ra t i ng  these 

economi c  considerat ions.  

The approach taken here i s  t o  spec i f y  new capac i ty  f o r  the reg ion  a 

pm:om'. This capac i ty  requirement i s  denoted as 0, and i t  represents the  

t o t a l  capac i ty  add i t i on ,  measured i n  W, which i s  requ i red  t o  meet e l e c t r i -  

c i t y  demands i n  the  region. The capac i ty  requirement i s  

where S represents the n u h e r  o f  u n i t s  o f  a, p respec i f i ed  amount . o f  new 
j k  

capac i ty  u f  type k loca ted  a t  s i t e  j. The type index k may r e f e r  t o  f u e l  

type, e.g. , nuc lear  o r  f oss i  1, coo l i ng  technology, e.g., once-through o r  

coo l i ng  tower and t o  any o ther  p l a n t  c h a r a c t e r i s t i c  which i s  considered 

impor tant .  I t  should be po in ted  ou t  t h a t  many d i f f e r e n t  assumptions o r  



scenar ios f o r  demand may be t e s t e d  by p a r a m e t r i c a l l y  va ry ing  D. 

Another s e t  o f  c o n s t r a i n t s  r e l a t e s  a  0, l  i n t e g e r  v a r i a b l e ,  F  f o r  
j ' 

each s i t e  t o  the  capac i t y  va r iab les  i n  a  way which c o n t r o l s  the  degree o f  

concen t ra t i on  a t  a  s i t e ,  

where F. equals one i f  a  p l a n t  i s  l o c a t e d  a t  j and zero o therwise and Q 
J j k 

i s  t h e  maximum number o f  u n i t s  o f  type k which may be l o c a t e d  a t  j. 
Qjk 

may be the same a t  a1 1  s i t e s ,  i .e. , Qk = Q. f o r  a l l  j would rep resen t  a  
J k 

p o l i c y  o f  no i n s t a l l a t i o n s  o f  a  g iven type l a r g e r  than a  p r e s p e c i f i e d  l i m i t .  

A l t e r n a t i v e l y ,  Q may vary  f rom s i t e  t o  s i t e  t o  r e f l e c t  geographical  o r  
j k 

design consi dera t ions.  

It i s  i n t e r e s t i n g  t o  note  t h a t  capac i t y  cou ld  be considered an objec- 

t i v e .  Parametr ic  v a r i a t i o n  o f  Q i n  (14) would t r a c e  o u t  the t r a d e o f f  
j k  

between capac i t y  concen t ra t i on  and ob j e c t i  ves such as the m i n i m i z a t i o n  o f  

wa te r  t ransfers .  Whether o r  n o t  i t  i s  appropr ia te  t o  i n v e s t i g a t e  such 

t r a d e o f f s  w i  11 depend on the con tex t  w i t h i n  which t h e  model i s  used. 

C. Fuel Mix Const ra in ts  

For var ious reasons, one may want t o  r e q u i r e  a  p r e s p e c i f i e d  m ix  among 

the types o f  capac i ty .  I n  p a r t i c u l a r ,  one may want t o  c o n s t r a i n  the so lu -  

t i o n  so t h a t  a  c e r t a i n  f r a c t i o n  o f  the  new capac i t y  use a  c e r t a i n  f u e l .  

Such c o n s t r a i n t s  may be mot i va ted  by  f u e l  a v a i l a b i l i t y  or the  d e s i r e  t o  be 

independent f rom f o r e i g n  sources. Such c o n s t r a i n t s  would tend t o  be r e g i o n  



s p e c i f i c  t o  r e f l e c t  the r e l a t i v e  s c a r c i t y  o f  some f ue l s  i n  a  region. 

Ca l l  -rN the s e t  o f  a l l  types o f  new capac i ty  k  t h a t  are powered by 

nuc lear  energy and aN the maximum f r a c t i o n  a l l  new capac i ty  t h a t  may be 

nuc lear .  Then we can requ i re  t h a t  no more than a,,, of new capac i ty  i n  the 

reg ion may be nuc lear  by the cons t ra in t ,  

S i m i l a r l y ,  a  minimum foss i  1  f u e l  capac i ty  requirement i s ,  

where rF i s  the  s e t  o f  a l l  f o s s i l - f u e l e d  p l an t s  and a+ i s  t h e  minimum f r ac -  

t i o n  o f  new p lan t s  which must be f o s s i l - f u e l e d  i n  the region. 

A f u r t h e r  d i s t i n c t i o n  may be made among the  capac i ty  types. One may 

1  i k e  t o  r equ i r e  t h a t  o f  a l l  new f o s s i  1- fue led p lan ts ,  a t  l e a s t  uc o f  them 

should be coa l - f i r ed .  De f in ing  rc  as the s e t  o f  a l l  types t h a t  are coa l -  

f i r e d ,  the f o l l ow ing  c o n s t r a i n t  would be included, 

Other fue l -m ix  cons t ra in ts  of t h i s  form can be inc luded  by def in ing 

appropr ia te  new parameters analagous t o  the a ' s  and T'S above. 

D. Envi ronmen t a l  Qua1 l ty and Natura l  Resource Cons t r a ' i  n t s  

Power p l an t s  impact the environment i n  many d i f f e r e n t  ways. . I n  t h i s  



s e c t i o n  we w i l l  concentrate on f o u r  envi.ronmenta1 q u a l i t y  and resource use 

aspects o f  the problem: l a n d  impacts, wa te r  use, heat  discharges i n t o  

water,  and a i r  q u a l i t y .  I t  should  be k e p t  i n  mind t h a t  a1 though these con- 

s i  de ra t ions  can be captured i n  the model, t h e i  r rep resen ta t ion  i s  re1  a t i  v e l y  

simp1 i s t i  c  so  t h a t  more d e t a i l e d  analyses w i  11 probab ly  be requ i red.  

1. Land Impacts 

A power p l a n t  ( n o t  i n c l u d i n g  t ransmiss ion  l i n e s )  impacts l a n d  and i t s  

use by d i s r u p t i n g  o r  p rec lud ing  o t h e r  p o t e n t i a l  l a n d  uses, by a1 t e r i n g  the  

landscape, and by a l t e r i n g  s o i l  composi t ion due t o  p l a n t  c o n s t r u c t i o n  and 

t o  emissions o f  var ious types. None o f  these impacts are taken i n t o  account 

e x p l i c i t l y  i n  RELY. They are considered, however, i n  the d e f i n i t i o n  o f  J ,  

the s e t  o f  f e a s i b l e  f a c i l i t y  l o c a t i o n s .  

A1 1 o f  the land  impacts mentioned above tend t o  be l o c a l i z e d  i n  t h a t  

they occur w i t h i n  the s c a l e  o f  ou r  s m a l l e s t  p lann ing  u n i t  o f  a county. 

Thus, l a n d  impacts are b e s t  taken i n t o  account e a r l y  i n  the  ana lys i s  when 

p o t e n t i a l  p l a n t  l o c a t i o n s  a re  assembled. Those count ies  i n  which t h e  known 

1 and impacts would be unacceptable (because o f  p o l  i ti ca l  opposi ti on, spec i  a1 

s o i l  c h a r a c t e r i s t i c s ,  zoning, l o c a l  topography o r  t h e  l a c k  o f  s u f f i c i e n t  

space fo r  a p l a n t )  shou ld  be excluded f rom the  s e t  J. I n  e f f e c t  l a n d  impact  

i s  t r e a t e d  here as a s t r i c t  cons. t ra in t  r e s u l t i n g  i n  the i n f e a s i b i l i t y  o f  a 

l o c a t i o n  i f  any o f  the vdr ious l a n d  Smpacts a re  unacceptable. 

2. Envi ronmental Q u a l i  ty - Ai r Cons t r a i  n t s  

There a re  essen t i  a1 l y  two types o f  gaseous emissions f rom power p l a n t s .  

The f i r s t  t ype  i s  assoc ia ted w i t h  t h e  p r o d u c t i o n  o f  power, e. g., combustion 



* 
products ,  f l y  ash, o r  r a d i o a c t i v e  emissions. The second type i s  assoc- 

i a t e d  w i t h  the type o f  c o o l i n g  process,  e.g., w a t e r  vapor, warmer a i r ,  

e t c .  Both  types o f  emissions can be considered undes i rab le  i f  t h e  magni - . 

tude o f  emissions i s  r e l a t i v e l y  l a r g e .  For  example, i t  c o u l d  happen t h a t  

due t o  l o c a l  me teo ro log i ca l  c o n d i t i o n s ,  any i nc rease  i n  wa te r  vapor cou ld  

b r i n g  on troublesome fogg ing.  Th is  would n e c e s s i t a t e  a  c e r t a i n  type of coo l -  

i n g  process,  o r  s t a t e d  i n  another  way, t h i s  d i c t a t e s  t h a t  a  c e r t a i n  process 

c o u l d  n o t  be used. A  s imple  method f o r  i n s u r i n g  t h a t  a  p a r t i c u l a r  tech-  

no logy i s  not used would b e '  t o  use t h e  f o l l o w i n g  t y p e  a f  c o n s t r a i n t  

Sjk = 0 f o r  those s i t e s  j where technology k would be i n -  
compat ib le  w i t h  me teo ro log i ca l  o r  o t h e r  c o n d i t i o n s  (18) 

A  more r e a l  i s t i  c  approach would be t o  l i m i t  t he  c a p a c i t i e s  o f  u n i t s  

es tab1 i shed on t h e  b a s i s  o f  meteoro log i  c a l  cond i t i ons .  For example: 

- 
'jk 2 'jk (19) 

where C = t h e  maximum a l l owab le  number of u n i t s  due t o  me teo ro log i ca l  
j k  

o r  o t h e r  p reva i  1  i n g  cond i t i ons .  

I t  i s  a l s o  p o s s i b l e  t o  i n c o r p o r a t e  a  more s u b s t a n t i a l  approach w i t h i n  

RELM t o  m a i n t a i n  a i r  q u a l i t y  standards. For exdmple, t h e  elements o f  T e l l e r ' s  

f u e l  s u b s t i t u t i o n  modelt can be i n c l u d e d  i n  RELM t o  model i n t e r a c t i v e  meteor- 

o l o g i c a l  e f f e c t s .  Th is  i s  done i n  t h e  f o l l o w i n g  way: 

* 
However, i t  i s  assumed here  t h a t  r a d i o a c t i v e  emissions a r e  t o  be c o n t r o l l e d  
and do n o t  p resen t  any r e a l  l o c a t i o n a l  p rob le l~ is  o t h e r  than t h e  o b j e c t i v e s  o f  
m a i n t a i n i n g  a f .ree zone and m in im iz ing  t h e  popu la t i on  w i t h i n  a  c e r t a i n  d i s -  
tance o f  t h e  p l a n t  which are  d iscussed below. 

T e l l e r ,  A., "The Use o f  L i n e a r  Programming t o  Est imate  t h e  Cost of Some 
A1 t e r n a t i v e  A i r  Pol 1  u t i o n  Abatement. P o l i c i e s "  , Proceedings o f  t h e  IBM 
S c i e n t i f i c  Computing Symposium on Water and A i r  Resource Management, IBM, 
Whi te P l a i n s ,  New York, 1968, pp. 345-353. 



where E mn = s tandard f o r  a i r  p o l l u t a n t  m a t  mon i to r ing  s t a t i o n  n. 

Emk = emission l e v e l  o f  p o l l u t a n t  m, technology k .  

rm = n e t  t r a n s f e r  o f  p o l l u t a n t  m from s i t e  j t o  
jn m o n i t o r i n g  s t a t i o n  n. 

Sjk = s i z e  o f  capac i t y  e s t a b l i s h e d  a t  s i t e  j us ing  
techno1 ogy k.  

This l a t t e r  approach, perhaps, cou ld  be c l a s s i f i e d  a t  a  l e v e l  of d e t a i  1  

g r e a t e r  than what i s  a c t u a l l y  c a l l e d  f o r  i n  t h e  Regional Energy Locat ion 
. . 

Model. Whether t o  i n c l u d e  t h i s  rep resen ta t ion  o r  t h e  more s imple  approaches 

depends on the a n a l y t i c a l  context .  

3. Water A v a i l a b i l i t y  I n c l u d i n g  Low Flow Augmentation 

Power p l a n t s  need wa te r  f o r  c o o l i n g  which i s  taken i n t o  account i n  the 

model by  the wa te r  a v a i l a b i l i t y  c o n s t r a i n t s .  A  rep resen ta t ion  o f  'two r i v e r  

basins i s  shown i n  F igure  4. There a r e  th ree  power p l a n t s  shown (a1 though 

t h e r e  c o u l d  be any a r b i t r a r y  number) each of  which has wa te r  d i v e r t e d  t o  i t  

from t h e  stream. The q u a n t i t y  o f  t h i s  d i v e r s i o n  a t  s i t e  j i s  

D ive rs ion  a t  s i t e  j = r W k S j k  
k 

where Wkis the c o o l i n g  wa te r  f l o w  r e q u i r e d  p e r  p e r i o d  (say a  year )  by  a  u n i t  

o f  p r e s p e c i f i e d s i z e  o f  type k  ( fue l  type,  c o o l i n g  o p t i o n ,  e tc . )  a n d S  i s  
j k  

the number.of  unit.s o f  type k t o  be i n s t a l l e d  a t  s i t e  j. Note t h a t  i f  wa te r  

req~r i rements  are s i t e  s p e c i f i c  then the  water  use c o e f f i c i e n t s  shou ld  be 



p o i n t  II 

upstream - 

River 1 
River 2 

Figure  4 .  Schematic r e p r e s e n t a t i o n  f o r  water  use  formulat ion.  



f u r t h e r  subscr ip ted,  i .e. ,  ' j k .  

The consumptive use a t  a p l a n t ,  i.e., t h e  di f ference between wa te r  

d i v e r t e d  and water  re tu rned  t o  t h e  stream, i s  denoted by vk whi ch i s  again 

f o r  a u n i t  o f  p r e s p e c i f i e d  s i z e  o f  type k.  Assuming l i n e a r i t y ,  t h e  t o t a l  

consumptive use a t  s i t e  j i s  

Consumptive use a t  s i t e  j = 1 vk Sjk 
k 

and the  t o t a l  wa te r  re tu rned  from s i t e  j i s  

Return f l o w  f rom j = 1 W k  Sjk - 1 mk Sjk = 1(wk - Wk) Sjk 
k k k 

as shown i n  Figure 4 .  

The purpose o f  the  wa te r  requ i  rement c o n s t r a i n t s  i s  t o  ensure s u f f i c i e n t  

water f o r  power p l a n t  operat ions.  This can be accomplished by imposing con- 

t i n u i t y  a t  each s i t e  f r o m  which water  i s  d i v e r t e d  f rom the  stream f o r  c o o l i n g  

purposes. For s i t e  j we would w r i t e ,  

Water D i v e r t e d  - < Water Ava i lab le  

which can be represented mathemat ica l ly  8s , 

1 W k  Sjk 
< A. - Water l o s t  upstream + water added upstream ( 2 4 )  

k  J 

where A .  i s  the sa fe  y i e l d  a t  s i t e  j assuming no upstream development beyond 
J 

what c u r r e n t l y  e x i s t s  . 



The i n e q u a l i t y  i n  (24) can be f u r t h e r  developed by cons ider ing Figure 

4. The sources o f  upstream water losses are a l l  o f  the upstream power 

p l an t s  and the p o t e n t i a l  i n t e r b a s i n  t r ans fe r s  (expor ts)  between upstream 

po in t s  e and t, denoted The source f o r  a  water add i t i on  ( impor ts)  i s  

the i n t e r b a s i n  t r a n s f e r  i n  the oppos i te  d i  r e c t i o n  , rite. Incorpora t ing  

these f lows i n t o  (24) gives, 

where U .  i s  the s e t  o f ' a l l  power p l a n t  and impor t  s i t e s  upstream o f  s l t e  j, 
J 

and V .  i s  the s e t  of a l l  e xpo r t  s i t e s  upstream of j. 
J 
As mentioned be fo re  A .  represents the  water  ava i l ab l e  assuming no develop- 

J 

ment i n  the stream o the r  than what c u r r e n t l y  e x i s t s .  A .  mqy be measured as 
J 

the cr percent  safe' y i e l d  o r  t h a t  f l ow i n  the stream which, based on p a s t  

records, would be equa l led  o r  exceeded percent  o f  the t ime where cr i s  pre- 

spec i f i ed .  The choice o f  a fo ' r  the determinat ion o f  A .  would depend on the 
J 

a n a l y t i c a l  p o i n t  o f  view. 

Another cons idera t ion  r e l a t i v e  t o  water  use i s  t o t a l  consumptive use i n  

a  r i v e r  bas in  i n  add i t i on  t o  consumpt ' i~ t~  d t  each s i t e .  Tu ld l  consumptive 

use const ructed f o r  a  p a r t i c u l a r  bas in  could be w r i t t e n  as: 

f o r  a1 9 j 'k  

where j* i s  the f a r t h e s t  downstream p o i n t  i n  any def ined basin;  * i s  the 
* 

s e t  of a l l  s i t e s  i n  the bas in  upstream o f  j , and cx i s  the t o t a l  amount 
j * * 

o f  a l lowable consumptive use i n  the bas in  w i t h  f a r t h e s t  downstream p o i n t  j . 



aj.* may be a f r a c t i o n  o f  the amount o f  a seven consecutive day low f low 

occur r ing  once i n  ten years. 

I f  the above cons t ra in ts  are impor tant ,  then i t  seems t h a t  a p a r t i c u -  

l a r l y  impor tant  a1 t e r n a t i  ve i n  reg iona l  development would be t o  analyze 

the bene f i t s  due t o  b e t t e r  f a c i  li t y  placement as opposed t o  costs o f  develop- 

i n g  low flow augmentation f a c i  li t i e s .  This a1 t e r n a t i  ve cou ld  add a com- 

p l e t e l y  new dimension t o  RELM. Bas ica l l y ,  t h e w  could be a r ese rvo i r  

development and operat ing model which could  be developed f o r  each basin.  

Then an i n t e r a c t i n g  element could be developed which would check t o  see 

i f  major improvements i n  ob jec t i ve  values could be accomplished by f low 

augmentation and a t  what costs these improvements i n  o b j e c t i v e  values are 

obtained. The l i n k  between RELM and such a r e s e r v o i r  development model i s  

the value o f  a whi ch i s  a f unc t i on  o f  r ese rvo i r  development. 
j * 

4. Thermal Discharges 

Power p l an t s  generate waste heat  which i s  released i n  discharges o f  

heated coo l ing  water. Since the  discharged water i s  warmer than the rece iv -  

i n g  water body, a temperature r i s e  o f  the  l a t t e r  i s  experienced. The purpose 

o f  the thermal discharge cons t ra in ts  i s  t o  insure  t h a t  temperature r i s e  stan- 

dards o f  r ece i v i ng  water  bodies. can be met. 

The maximum pe.rmissible temperature r i s e  i n  O F  a t  s i t e  j (a l l ow ing  f o r  

va r i  a t i  ons i n  standards from s t a t e  ' t o  s t a t e )  w i  11 be denoted as T 
j ,max' 

The maximum a l lowable heat  discharge from p l a n t  j i n  BTU/hour, Hj y m a x y  i s  

r e l a t e d  t o  Tj y,llax by 

H 
j ,max 

= 3600 T 
j ,max P CpTj  



were p i s  the dens i t y  o f  wa te r  i n  l b / f t 3 ,  Cp i s  the s p e c i f i c  heat  of water  

3  i n  BTU/lb - OF, z. i s  the f low a t  s i t e  j i n  ft /sec. Equation (27) can be 
J 

r e w r i t t e n  as, 

where 

The maximlrm a l lowable heat  i n p u t  t o  the stream represents an upper 

bound on the  heat  discharge from power p l an t s  on c o n t r o l l e d  water bodies. 

Taking i n t o  account a l l  o f  the power p lan ts  which discharge a t  j o r  a t  

po i n t s  upstream o f  j (neg lec t ing  d ispers ion)  leads t o  t he  cons t ra in t ,  

where H i s  the average heat  l oad  discharged i n  BTU per  u n i t  p l a n t  s i z e  
j k 

of type k ( i n c l u d i n g  coo l i ng  op t i on )  a t  s i t e  j, e i s  an a t tenua t ion  coef- 
a j  

f i c i e n t  which represents the  decay o f  thermal impact o f  heat  discharged 

from an upstream p o i n t  a t o  p o i n t  j , ,  and a1 1 o ther  symbols are as def ined 

before. I n  e f f e c t  (30) requi res t h a t  the heat  load  discharged a t  j and the 

heat  l oad  remaining from upstream discharges no t  exceed the maximum permis- 

s i b l e  heat  l oad  i n  the wa te r  body a t  p o i n t  j. 

s u b s t i t u t i n g  the  re l a t f onsh ip  i n  (28) i n t o  (30) y i e l d s ,  



where, 

which fo l lows from (25).  

It should be 'noted t h a t  the s p e c i f i c  form o f  the  water  requirement and 

thermal impact cons t ra in ts  may take on d i f f e r e n t  forms depending on the 

phys ica l  con f i gu ra t i on  under cons iderat ion.  For exanple, more than one 

generat ing s i t e  may withdraw o r  discharge a t  the same p o i n t  i n  the stream. 

P a r t i c u l a r  va r i a t i ons  such as t h i s  can e a s i l y  be considered by a l t e r i n g  t he  

appropr ia te  terms i n  the cons t ra in ts .  I t  should a lso  be po in ted  o u t  t h a t  

the heat  cons t ra in ts  cou ld  e a s i l y  be made seasonal i f  the  temperature r i s e  

standards vary f rom one season t o  the next. F i n a l l y  , note t h a t  A t he  safe 
j ' 

y i e l d ,  i s  used here. This seems reasonable s ince  one i s  concerned w i t h ,  

i n  t h i s  case, events o f  r e l a t i v e l y  common frequency. Any appropr ia te  value 

o f  A .  could, o f  course, be included. 
J . . 

E .  F a c i l i t y  and I n f r a s t r u c t u r e  Costs; Se lec t ion  o f  U n i t  P lan t  S ize 

The costs f o r  new capac i ty  a r i s e  f rom c a p i t a l  expendi tures and operat-  

i n g  and maintenance costs f o r  a l l  o f  the  necessary equipment and s t r uc tu res  r e -  

l a t e d  t o  generation, t ransmission and cool i nq and from i n f r a q t r ~ ~ c t u r e  costs.  

These costs are non l inear  f o r  a  given plant,  and they vary w i t h  p l a n t  type. For 

the purposes o f  a  reg ional  p lann ing model the p l a n t  cos t  representat ion i n  Figure 

5 should be s u f f i c i e n t .  I t i s  assumed t h a t  costs are composed o f  f i x e d  costs,  

p j ,  f o r  s i t e  p repara t ion  and l i n e a r  va r i ab l e  costs,  ajk which are a  f unc t i on  

of p l a n t  type. The f a c l  Lhat f i xed  cos ts  may themselves be a f unc t i on  o f  



1 2 3 . 4  
S (Number o f  u n i t s  o f  type k a t  s i t e  j) 
j k 

Figure  5. F a c i l i t y  c o s t  func t ion .  



p l a n t  s i z e  and type i s  n o t  captured by t h i s  func t ion .  To ta l  p l a n t  costs  

a t  s i t e  j, Cj, a r e  thus, 

C j  = B.F. + 1 a S 
J J  k  j k  j k  

and t o t a l  system costs, C, are,  

Water use f a c i l i t i e s  such as t r a n s f e r s  and r e s e r v o i r s  should  a l so  e n t e r  i n t o  

the  cos t  func t ion .  These elements should be inc luded  as t h e  a p p l i c a t i o n  o f  

the  model requ i res .  

The l i n e a r i t y  o f  t h e  v a r i a b l e  costs i n  F igure 5 i s  n o t  unreasonable 

s ince  the cos t  f u n c t i o n  i s  de f ined  f o r  the  n u h e r  o f  u n i t s  o f  a  f i x e d  s i ze .  

The s e l e c t i o n  o f  u n i t  s i z e  w i  11 a f f e c t  t h e  accuracy o f  t h e  c o s t  approximation, 

and u n i t  s i z e  should,  therefore ,  vary w i t h  p l a n t  type. For example, a l l  

p l a n t s  which burn  a  f o s s i l  f u e l  may have a  u n i t  s i z e  o f ,  say, 800 w h i l e  

j l uc lea r  f a c i l i t i e s  may be s i z e d  i n  1000 M4 un i t s .  The ac tua l  u n i t  p l a n t  

s izes should  be chosen so as t o  ga in  as much accuracy as p o s s i b l e  i n  t h e  

cos t  es t imat ion.  

Ihe f i x e d  c o s l  p o r t i o n  sf: t hc  cost  func t ion ,  P r e f l e c t s  t h e  economies 9 ' 
o f  sca le  and the importance o f  i n f r a s t r u c t u r e  i n  energy f a c i l i t i e s .  I f  

f i x e d  costs are  n o t  s i g n i f i c a n t  then t h e  term B .F. may be omit ted.  
J J  

Transmission o f  energy r e s u l t s  i n  another cos t  f a c t o r .  A r e l i a b l e  t rans -  

miss ion cos t  e s t i ~ i i a t e  requ i res  a  l o a d  flow analys is  as i n d i c a t e  i n  Figure 3. 

It i s  poss ib le ,  however, t o  i n c l u d e  a good rep resen ta t lon  o f  the t ransmiss ion 



problem w i t h i n  RELM i t s e l f .  The necessary a d d i t i o n s  t o  the  model a r e  pre-  

sented i n  Appendix C. A  more s imple,  and l e s s  r e a l i s t i c ,  approach i s  

presented here. I t i s  based on the  assumption t h a t  energy f a c i l i t i e s  w i l l  

be ' t i e d  i n t o  an e x i s t i n g  t ransmiss ion  g r i d  a t  t h e  neares t  l o a d  c e n t e r  t o  

t h e  f a c i l i t y .  Th is  assumption i s  u n r e a l i s t i c  when energy centers  o r  concen- 

t r a t e d  areas o f  c a p a c i t y  a r e  contemplated. However, t h e  s imple  approach does 

promote a  w i d e r  d i s t r i b u t i o n  o f  f a c i l i t i e s ,  and i n  so doing, t he  i t e r a t i v e  

methodology presented i n  F igu re  3 woul d  be expected t o  converge more q u i c k l y  

t o  a  s o l u t i o n  which y i e l d s  a s a t i s f a c t o r y  r a t e  o f  r e t u r n .  

Def ine  a. as the  t ransmiss ion  c o s t  o r  d i s tance  f r o m  f a c i l i t y  s i t e  j t o  
J 

i t s  c l o s e s t  l o a d  center .  Th i s  parameter i s  i n c o r p o r a t e d  i n  (34) t o  g i ve ,  

N o t i c e  t h a t  t ransmiss ion  cos ts  do n o t  va ry  wi ' th capac i ty .  I t  i s  a l s o  wor th  

r e i t e r a t i n g  t h a t  a  RELM s o l  u t i o n  w i  11 g e n e r a l l y  underest imate t ransmiss ion  

costs.  The l o a d  f l o w  a n a l y s i s  i s  s t i l l  an impor tan t  p a r t  o f  t h e  methodology. 



F. Water Transfers  as an Ob jec t i ve  

The i nterbasim t r a n s f e r  o f  wa te r  i s  a  con t rove rs i  a1 .a1 t e r n a t i  ve regard- 

l ess  o f  the  reasons f o r  t h e  t r a n s f e r .  The m in im iza t ion  o f  i n t e r b a s i n  

t r a n s f e r s  t o  p rov ide  c o o l i n g  wa te r  may be impor tant ,  t he re fo re ,  t o  enhance 

t h e  f e a s i b i l i t y  o f  s i z i n g  a l t e r n a t i v e s .  The statement o f  t h i s  o b j e c t i v e  i s  
, . 

q u i t e  s t r a i g h t f o r w a r d ,  

where ntk i s  as d e f i n e d  p rev ious ly .  

It would be expected t h a t  i n t e r e s t i n g  t r a d e o f f s  among t r a n s f e r s  and 

low f l ow  augmentation and the  degree o f  capac i t y  concen t ra t i on  c o u l d  be 

generated. I t  shou ld  a l s o  be p o i n t e d  o u t  t h a t  i t  i s  q u i t e  appropr ia te  t o  

i n c l u d e  a  separate o b j e c t i v e  f o r  wa te r  t r a n s f e r s  when these a1 t e r n a t i v e s  

a l s o  e n t e r  i n t o  the cos t  o b j e c t i v e .  This i s  n o t  double-count ing!  

6. Popula t ion Sa fe ty  Impact 

Quest ions have been r a i s e d  w i t h  respec t  t o  t h e  s a f e t y  o f  n u c l e a r  power 

p l a n t s .  Un fo r tuna te l y ,  t h e r e  i s  no easy way t o  i d e n t i f y  t h e  r i s k s  o f  l o n g  

t e r m  low l e v e l  r a d i a t i o n  exposure. I n  a d d i t i o n ,  t h e  impact. o f  a s i g n i f i c a n t  

u n c o n t r o l l e d  breakdown i s  known, b u t  the r i s k  o f  such an occurrence i s '  hard  

t o  q u a n t i f y .  I t  appears t h a t  the s e c u r i t y  o f  t ranspor ted  m a t e r i a l s  and t h e  

r i s k  o f  an e x t o r t i o n  i n s p i r e d  a t t a c k  on a  f a c i l i t y  o r  t r a n s p o r t e d  m a t e r i a l s  

loonls as it ~ e r i o u s ,  ha rd  t o  c o n t r o l  unknown. S e c u r i t y  procedures proposed 

t o  p r o t c c t  the p u b l i c  are a f u n c t i o t i  u f  t he  q u a n t i t y  t ranspor ted ,  how 



mate r i  a l s  a re  t ranspor ted ,  and t h e  s e c u r i t y  precaut ions  i n  personnel 

h i r i n g ;  b u t  t h e y  are  n o t  a  f u n c t i o n  o f  f a c i l * i t y  l o c a t i o n .  F a c i l i t y  p lace-  

ment a f f e c t s  o n l y  those s a f e t y  issues r e l a t e d  t o  l ong  term low l e v e l  

exposure o r  a c c i d e n t a l  breakdown. 

The c u r r e n t l y  accepted approach t o  mi n im i  z i n g  t h e  impact  o f  nuc lea r  

r e a c t o r s ,  based on t h e  i n d i v i d u a l  dose g u i d e l i n e s  o f  10 CFR 100, i s  t o  

p r o v i d e  an e x c l  us ion  area immediate ly around a  f a c i l i t y  and t o  min imize 

t h e  number o f  people w i t h i n  an area o f  c e r t a i n  r a d i u s  around t h e  p l a n t .  

The exclt .rsian area aspec t  i s  d e a l t  w i t h  i n  RELM du r i t i g  t h e  s i t e  s e l e c t i o n  

process w h i l e  o t h e r  c r i t e r i a  r e l a t e d  t o  t h e  l a r g e r  impact  area a r e  e x p l i c i t l y  

consi  dered. 

Two a1 t e r n a t i  ve fo rmu la t i ons  a r e  presented below. The f i r s t  minimizes 

t h e  number o f  people w i t h i n  a  p r e s p e c i f i e d  d i s tance  o f  t h e  p l a n t .  The 

second approach maximizes t h e  d i s tance  f rom a  f a c i l i t y  t o  p o p u l a t i o n  centers .  

Note, t h a t  n e i t h e r  approach takes i n t o  account  t h e  p o p u l a t i o n  d i s t r i b u t i o n  

(a l t hough  t h e  second f o r m u l a t i o n  may do t h i s  i m p l i c i t l y )  o r  me teo ro log i ca l  

condi t i o n s .  These c o u l d  perhaps be i n c o r p o r a t e d  w i t h  f u r t h e r  model develop- 

men t . 

1. M in im iz ing  Popu la t i on  o r  Exposure W i t h i n  a  Given Dis tance o f  t h e  

F a c i l i t y  S i t e s .  ..,--"~-....- .-,-.-....-- 

There a r e  e s s e n t i a l l y  two ways o f  v iew ing  t h e  r i s k  associ 'ated wl'th I l v -  

i n g  w i t h i n  a  g i ven  d i s tance  o f  a  n u c l e a r  f a c l l l t y .  The I l i r ssL  i s  t h a t  t l i e  

more f a c i l i t i e s  e s t a b l i s h e d  w i t h i n  t h a t  d i s tance ,  t h e  l a r g e r  the  r i s k ,  and 

t h e  second i s  t h a t  t he  major  r i s k  o r  impact  i s  assoc ia ted  w i t h  t h e  mere 



presence o f  one o r  more p l an t s  w i t h i n  t h a t  g iven distance. For the f i r s t  

case, i t  seems appropr ia te  t o  consider the f o l l o w i n g  ob jec t i ve :  

Min 1 FjPi 
i jeIAi 

where Pi i s  the popu la t ion  w i t h i n  the area represented by p o i n t  i, F. i s  
J 

a 0,l va r i ab l e  defined above and IA i  i s  t he  s e t  o f  p o t e n t i a l  f a c i l i t y  loca-  

t i o n s  which may impact p o i n t  i. 

This o b j e c t i v e  has un i t s  o f  p lant-people.  A p lant-person i s  one per-  

son l i v i n g  w i t h i n  a given distance o f  a nuc lear  power p l an t .  I f  t h a t  person 

l i v e s  w i t h i n  a given distance o f  two p lan ts ,  then h i s  impact i s  counted 

twice and equal to two plant-people.  The o b j e c t i v e  i s  t o  minimize the  

t o t a l  impact i n  plant-people as a sur rogate approach t o  maximizing sa fe ty .  

The above approach does n o t  capture the  p o t e n t i a l  dependence of ' r i s k  

t o  popula t ions on the capac i ty  o f  p l an t s  l oca ted  w i t h i n  the impact area. 

However, t h i s  can be inc luded  i n  the above approach by using: 

This nh jec t . i  ve i s  measured i n  uni t c ,  o f  capac i ty  - peopl e (e .  y. , 1000 

bbJ - people). A capacity-person i s  one person l i v i n g  w i t h i n  a p respec i f i ed  

distance o f  an es tab l i shed  u n i t  o f  'capaci ty.  This ob jec t i ve  a lso  has t he  

advantage o f  a l l ow ing  a d i s t i n c t i o n  t o  be made between nuc lear  and f o s s i l -  

f u e l  p lan ts .  One would want t o  exclude a l l  S f o r  which k i s  r e l a t e d  t o  
j k 

f o s s i l  p l an t s  o r  t o  define a d i f f e r e n t  impact area. 



For the second case where a person i s  impacted by t h e  mere presence 

o f  one o r  more f a c i l i  t i e s  bu t  n o t  as a  f unc t i on  o f  how many , f a c i l i t i e s ,  

one can consider t he  f o l l ow ing  approach: 

sub jec t  t o  the  add i t i ona l  cons t ra i n t ,  

- F. + Ci > 0 f o r  a l l  i and a l l  j € I A i  
J - 

The v a r i a b l e  Ci i s  equal t o  one on l y  if one o r  more f a c i l i t i e s  are placed 

w i t h i n  a given d is tance of area i. Thus, t he  o b j e c t i v e  f unc t i on  measures 

t he  t o t a l  popu la t ion  w i t h i n  a  f i x e d  d is tance of one o r  more nuc lear  power 

p l  ants. Min imiz ing t h i s  funct ion i s  another s'urrogate approach t'o maximiz- 

i n g  sa fe ty .  For t h i s  formulat ion,  the  cons t ra i n t  i n  (14) would r equ l r e  

adjus.tment t o  r e l a t e  the 0.1 va r i ab l e  F. t o  nuc lear  p l a n t  types on ly .  I t 
J 

i s  wor th  p o i n t i n g  out ,  however, t h a t  f o s s i l  p l an t s  are c l e a r l y  obnoxlous 

f a c i l i t i e s  so t h a t  - n d t  ad jus t i ng  (14)  t o  conf ine the sa fe ty  o b j e c t i v e  ' t o  

nuc lear  f a c i l i  t i e s  on l y  mqy he appropr iate.  

2. Maximizing the Distance o f  the  Nuclear Power F a c i l i t i e s  from Populat ion 

Centers as a Surrogate Approach f o r  Maximizing Safety  

This approech can be accomplished by t he  fo l low ing  o b j e c t i v e  and con- 

s  t r a i  n t s  : 



sub jec t  t o  the add i t i ona l  cons t ra in t ,  

where 

- - Fr + -1 YiJ 2 0 f o r  ~EI* and r = 1,2 ,... , r. 
1 (42) 

J&rri 

Yij = 1 1 i f  the  c loses t  f a c i l i t y  t o  i i s  j 
0 otherwise 

rri = the s e t  o f  r c l oses t  s i t e s  t o  i. 

M = l a r g e s t  i n t e r p o i n t  d istance 

dij 
= sho r t es t  d is tance from p o i n t  i t o  p o i n t  j 

- 
ri 

= t o t a l  nulrber o f  s i t e s  j w i t h i n  S d is tance o f  i 

Essent i  a1 l y  , the ob jec t i ve  measures the  negat ive value o f  the  average 

distance o f  popu la t ion  centers t o  t h e i r  c loses t  nuc lear  p lan ts .  By minimiz- 

i n g  t h i s  quan t i t y ,  one actua l  l y  maximizes the p o s i t i v e  va l  ue o f  the average 

distance o f  popu la t ion  centers t o  t h e i  r respect ive c loses t  nuc lear  f a c i  1  i t y .  

The cons t ra in ts  are inc luded  t o  de f ine  the  values of the  va r iab les  Yi f o r  

a  p a r t i c u l a r  f a c i l i t y  con f igu ra t ion .  

H. D i s t r i b u t i o n  o f  New Capacity 

Without some .type - o f  cons t ra i n t  1  i m i  t i n g  the  use o f  each p a r t i c u l a r  

geographical o r  p o l i t i c a l  area, i t  i s  poss ib le  t h a t  a  l a rge  f r a c t i o n  o f  t h e  

generat ing capac i ty  could be assigned t o  one p a r t i c u l a r  area i n  the region. 

This would occur i f  there  i s  an unusual ly la rge  wate r -supp ly ,  c lose t o  bu t  

w i t h  ,no s i g n i f i c a n t  impact on load  centers,  no appreciable problem w i t h  heat  

d i ss i pa t i on ,  o r  no major environmental o r  aes the t i c  d i f f i c u l t y .  It could 



a l s o  occur i f  any one area would prove t o  be a  g e n e r a l l y  b e t t e r  area. 

( i  .e. , fewer impacts than  o t h e r  areas).  Such a  c o n f i g u r a t i o n  i f  i t  indeed 

does occur, wou ld  most 1  i k e l y  generate s t r o n g  o b j e c t i o n s  f rom t h e  " ta rge ted"  

area and p o s s i b l y  l e a d  t o  s t r o n g  c r i t i c i s m s  o f  t h e  o v e r a l l  approach f o r  

l o c a t i n g  genera t i ng  capac i ty .  

The c r i t i c i s m  generated by  such a  p o s s i b i l i t y  c o u l d  be along severa l  

arguments o f  which we g i v e  t h r e e :  

1. "Why c a n ' t  o t h e r  areas make s :ac r i f i ces  and s u f f e r  t h e  nega t i ve  

impacts o f  a nearby f a c i l i t y ? "  

2. "Th is  i s  n o t  e q u i t a b l e ,  we a r e  be ing  taken advantage of . . .. You 

a r e  dumping genera t i ng  capac i t y  on us." 

3. "We d o n ' t  need a l l  t h a t  power. L e t ' s  o n l y  b u i l d  what we need 

f o r  t h e  needs o f  o u r  immediate area." 

Whether these arguments a r e  cons idered v a l i d  o r  n o t  t hey  must be addressed 

b y  t h e  d e c i s i o n  making process and they  shou ld  a l s o  be addressed, t h e r e f o r e ,  

by t h e  a n a l y t i c a l  process. One approach which m igh t  be used t o  address these 

arguments wou ld  be t o  r e q u i r e  t h a t  each geographical  a rea  house a t  l e a s t  a  

f r a c t i o n  o f  t h e  c a p a c i t y  needed f o r  t h e i r  area. This  approach cou ld  be 

accomplished mathemat i ca l l y  i n  the  f o l l o w i n g  manner: 

L e t  

GA = ~E I  and  jsJ such t h a t  i and j be long t o  geograph ica l  area g  
'J 
D = t o t a l  genera t i ng  capac i t y  t o  be developed. 

Pi = p o p u l a t i o n  o f  impact  area i. 

Sjk = 
arnnimt o f  generat ing ~dpi4c.i Ly a t  5 1  t e  j u s i  ng technology k. 

Min G = minimum acceptab le  f r a c t i o n  o f  needed capac i t y  e s t a b l i s h e d  i n  
immediate area of g. e.g., 75 percent .  



i EGA - (D)  in G 9 ) - 1 1 Sjk 5 0 f o r  a l l  g  
I Pi j€Wg k 

. (43)  

i 

minimum acceptable es tab l i shed  
capaci t y  i n  area capac i t y  

The above r e l a t i o n s h i p  requ i res  t h a t  es tab l i shed  capac i ty  i n  area g  be a t  

l e a s t  as l a r g e  as t h a t  f r a c t i o n  o f  t o t a l  demand generated by t h e  area m u l t i -  

p l i e d  by some minimum supply f r a c t i o n ,  Min G . 
9 

Even i f  each area i s  r e q u i r e d  t o  serve a  c e r t a i n  f r a c t i o n  o f  t h e i r  

needs, i t  cou ld  a l so  happen t h a t  a  p a r t i c u l a r  area cou ld  be c a l l e d  upon t o  

serve cons iderab ly  more than t h e i r  needs. This cou ld  be m i  t i g a t e d  by i n c o r -  

p o r a t i n g  t h e  f o l l o w i n g  c o n s t r a i n t :  

where Max G i s  the  maximum a l lowable  f r a c t i o n  o f  needed capac i t y  estab- 
9  

l i s h e d  i n  the  immediate area o f  g, e.g., 150 percent.  

Another poss ib i  li ty  worth cons ide ra t ion  i s  a  c o n s t r a i n t  1  i m i  t i n g  the  

amount o f  capac i ty  es tab l i shed  i n  a  p a r t i c u l a r  area t o  be less  than a  per- 

centage o f  the r e g i o n ' s  t o t a l  capac i ty .  For example: 

f o r  a l l  g  

where Max G = l a r g e s t  percentage o f  t o t a l  developed capac i t y  a l l o c a t e d  
9 



t o  a  p a r t i c u l a r  area o f  g. 

Note t h a t  a l l  o f  t h e  above representat ions en te r  as cons t ra in ts  i n  the 

model. Tradeoffs between the capaci ty d i s t r i b u t i o n  o b j e c t i v e  and o t h e r  

ob jec t i ves  cou ld  be generated by vary ing the minimum o r  maximum funct ions,  

(Min Gg), (Max Gg) and ' ( 7 .  An a1 t e r n a t i  ve approach t o  equi t a b l y  d is -  

t r i b u t i n g  p l a n t  capac i ty  i s  t o  minimize the range o f  the  d i s t r i b u t l o n  

d i r e c t l y ,  

Min Z ,= ymax - Ymi n  

sub jec t  t o  the add i t i ona l  cons t ra in ts  

(Max G' 5 Ymax 
9 

f o r  a l l  g  

 i in GI  ) > y g - min f o r  a l l  g  

L Pi 

~ E G A '  

D 2 (Min G$) - 1 5,.k 2 0 f o r  a l l  g 
L Pi ~.EGA 9 k 
i 

wheE ''inax = the  l a rges t  f r a c t i o n a l  generat ing excess f o r  any area 

Yrn~ n = t h e  l a r g e s t  f r a c t i o n a l  generat ing d e f i c i t  f o r  any area 

Max G '  = the  f r a c t i o n  o f  generat ing capac i ty  es tab l i shed  i n  area g, 
9  

w h i  ch i s i n  excess o f  the area 's  needs, 

Min G'  = the  f r a c t i o n  o f  generat ing capac i ty  which needs t o  be impor- 
9 

t e d  f rom o ther  geographical areas t o  area g. 



By using the ob jec t i ve  i n  (46) one would be min imiz ing the range o f  each 

areas f r a c t i o n a l  dev i a t i on  o f  .capaci t y . f r o m  t h e i r  needs. Note t h a t  Max G'  
9  

and Min G' are now dec is ion var iab les.  Whi le the above fo rmu la t ion  minimizes 
9 

the range of  f r a c t i o n a l  supply, one can a lso  minimize. the maximum f r a c t i o n a l  

supply (Min ymax) o r  maiimize the minimum f r a c t i o n a l  supply (Max ymin). 

Another p o s s j b i l i  ty would be t o  minimize t h e  sum o f  the dev ia t ions  o f  

each areas new capac i ty  from t h e i r  needs. This can be done i n  the f o l l o w i n g  

manner : 

Min 1 y + z  
9  9  9  

sub jec t  . to the add i t i ona l  cons t ra i n t ,  

I t  i s  impor tant  t o  note t h a t  t h i s  ob jec t i ve  i s  presented i n  terms of capa- 

c i t y  excess o r  d e f i c i t  whereas, the prev ious approaches are couched i n  terms 

o f  f r a c t i o n a l  capac i ty  excess o r  d e f i c i t .  A f u r t h e r  p o s s i b i l i t y  cou ld  be . 

t o  e i t h e r  minimize the maximum excess o r  minimize the  maximum-defi c i  t. This 

can be done as fo l lows  : 

Min (Max E)  

sub jec t  t o  the addi ti onal cons t ra i n t  



where (Max E )  i s  t he  l a r g e s t  excess i n  generat ing capac i ty  over a l l  geo- 

graphi c a l  areas. 

Min  ax D) (55) 

sub jec t  t o  the  addi t i o n a l  cons t ra i n t  

where (Max D) i s  the l a r g e s t  d e f i c i t  i n  generat ing capac i ty  over  a l l  geo- 

graphica l ,  areas. 

I n  the d i s t r i b u t i o n  o f  power p l an t s  another major c r i t i c i s m  may be 

voiced i f  i n  so l v i ng  a p a r t i c u l a r  s i t i n g  problem an area 's  new capac i ty  i s  

t o  be 100 percent  nuc lear  when on the  average, nuc lear  wi  11 comprise a much 

sma l le r  percentage o f  newly es tab l i shed  generat ing capaci ty.  A .basic c r i  ti- 

cism cou ld  be along t h i s  argument: 

Why i s  our  arca s c l e ~ t e d  for: 100 percent !1.!c1~ar? Because of 

sa fe t y  issues, why should be have so much nuc lear  capac i t y  when 

o the r  areas are b e n e f i t i n g  f rom increased safety due t o  a l a r g e r  

f r a c t i o n  o f  f oss i  1 p l  an t  capaci ty? 

One way t o  at tempt t o  increase fa i rness  i n  l i g h t  o f  t h i s  problem would be . 

t o  modify the  prev ious approaches i n  t h i s  sect ion.  For example, i f  i t  was 

e s t a b l i  shed t h a t  f o r  each geographi ca l  area a nri nimuni acceptable f r a c t i o n  

o f  t he  t o t a l  newly developed capac i ty  i s  t o  be nuclear,  we could  w r i t e  



mini  mum acceptable es tab l i shed  
nucl  ear capaci ty nuc lear  capac i ty  

a = minimum acceptable f r a c t i o n  o f  nuc lear  capac i ty  i n  geographical 
n g 

area g. 

T n 
= the  s e t  o f  technology k which i s  nuc lear  or iented.  

No t i ce  t h a t  t h i s  cons t ra i n t  i s  o f  s i m i l a r  form t o  t h a t  o f  the f i r s t  

cons t ra i n t  mentioned i n  t h i s  sect ion.  Each and every cons t ra i n t  o r  technique 

discussed i n  t h i s  sec t ion  can be mod i f ied  i n  the  above manner t o  prov ide 

equi tab1 e d i s t r i b u t i o n  o f  generat ion types over  d i f f e r i n g  geographical areas. 

S i m i l a r  d i s t i n c t i o n s  can be made w i t h  respect  t o  developed coal  o r  o i l  capa- 

c i t y  i n  a p a r t i c u l a r  geographical area. This i s  appealing s ince there  could 

be s i g n i f i c a n t l y  d i f f e r e n t  costs associated w i t h  coal  o r  o i l  suppl ies ,  and 

one would no t  want t o  burden one area w i t h  an abnormally h igh  average genera- 

t i o n  cost  . 

I. Implementation and Use o f  RELM 

There i s  f requen t l y  a gap bctwe.cn thc  t h c o r c t i c a l  statement o f  a model 

and i t s  implementation f o r  the  analys is  o f  rea l -wor l  d problems. A t  t h i s  

stage o f  RELM's development, t h i s  gap e x i s t s  and one would expect i t  t o  be 

s i g n i f i c a n t .  A g rea t  deal o f  p re l im ina ry  analys is  w i l l  be requ i red  t o  

develop the inpu ts  req,uired by the model. The elements which are requ i red  

are discussed (hypo the t i ca l l y )  be1 ow. Computational. requirements are a lso  

consi dered. 



1 . S i  t e  and Analysis Area Select ion 

RELM i s  based on a d iscrete '  representat ion o f  a geographi cal  area. 

" S i  tes "  i n  the model are a c t u a l l y  po in t s  i n  space which may represent any 

l and  area which may range i n  s i z e  from a few square mi les t o  several  counties. 

The se lec t i on  o f  the area which a p o i n t  i s  t o  represent should be based on 

computational and a n a l y t i  ca l  considerat ions. A useful  r u l e  would be t o  

s e l e c t  po in t s  t o  represent  the l a r g e s t  contiguous area poss ib le  which w i  11 

s t i l l  'capture a l l  o f  the impor tant  aspects o f  the problem, i .e., the  area 

shoul d be approxi m i t e l y  homogenebus w i t h  respect t o  populat ion dens i ty  , 

land  use, environmental a t t r i b u t e s  and e x i s t i n g  in f ras t ruc tu re . '  One i m p l i -  

ca t i on  of t h i s  r u l e  i s  t h a t  the area represented m a y  vary from p o i n t  to' 

po in t ,  e. g., small f o r  urbanized areas and r e l a t i v e l y  l a r g e  i'n r u r a l  areas. 

S i t e  se lec t i on  i s  a l so  an i n i  ti a1 screening process. Only those areas 

which are f e a s i b l e  f a c i  li t y  loca t ions  should be included. Considerations 

such as land use and sa fe t y  exc lus ion zones w i l l  d i s q u a l i f y  some areas. 

Note, however, t h a t  s p a t i  a1 a t t r i b u t e s  such as populat ion must be adequately 

captured so t h a t  l o c a t i o n  impacts aye r e a l i s t i c a l l y  r e f l e c t e d  by the model. 

This requirement may r e s u l t  i n  the i n c l u s i o n  o f  i n f e a s i b l e  loca t ions  as 

"demand po in ts "  i n  the model a t  which f a c i l i t i e s  may n o t  be placed. 

The t o t a l  area o r  reg ion t o  whi ch RELM may be app l l  ed I s  re1 ated ' to  L;tie 

s i t e  se lec t i on  process. Computational requirements o f  RELM are a func t ion  

o f  the nurrber o f  d i sc re te  po in t s  which are inc luded  i n  the model. Thus, 

as the area  o f  analys is  increases, the area represented by a s i n g l e  p o i n t  

must a lso  increase t o  mainta in  computational e f f i c i e n c y .  A s p e c i f i c  poten- 

t i a l  app l i ca t i on  of the model i s  t o  an area covered by a s i n g l e  energy pool. 



This sca le  o f  ana lys is  would appear t o  be q u i t e  reasonable i n  terms o f  the  

area represented by a p o i n t  and the  number o f  po i n t s  t o  be modeled. For 

example, the PJM power pool inc ludes s l i g h t l y  more than 100 count ies.  The 

s e l e c t i o n  o f  count ies as the a n a l y t i  ca l  u n i t  would n o t  cause an i n o r d i n a t e l y  

l a rge  computational burden, no r  would t h i s  sca le  smooth ou t  impor tan t  spa- 

ti a1 l y  vary ing a t t r i b u t e s .  

2. Data Requirements 

The data requirements f o r  RELM are n o t  extensive,  bu t  each 

piece o f  data may imply  a s i g n i f i c a n t  amount o f  ana lys is  . f o r  i t s  de r i va t ion .  

This d i f f i c u l t y  i s  no t  necessar i l y  a c h a r a c t e r i s t i c  o f  RELM, bu t  i t  i s  

gener i  c t o  complex problems. 

The f i r s t  major r e q u i r e m n t  i s  the development of a d i sc re te  representa- 

t i o n  o f  the analys is  area. This aspect and the  s i t e .  screening process are 

discussed above. 

Data on c a p i t a l  and 0peratin.g costs o f  generat ing f a c i l i t i e s  and i n f r a -  

s t r u c t u r e  costs f o r  a1 1 s i t e s  and techno1 ogi  ca l  a1 t e rna t i ves  a re  required. 

I n .  add i t i on ,  water t r a n s f e r  and rese rvo i r  costs ( i f  low f low augmentation 

i s  considered) must be derived. This data would probably be the eas ies t  

t o  obta in .  

iristarices f o r : l m p a c t  areas o f  nuclear f a c i  l.l.l;.les IIIUS 1 be suppl~le 'd .irl 

o rder  t o  s t a t e  the sa fe ty  ob jec t i ves .  There i s  some uncer ta in ty  regard ing 

the appropr ia te  value f o r  t h i s  d is tance so t h a t  s e n s i t i v i t y  analys is  w i l l  

be p a r t i  cu l  a r l y  impor tant  here. 

Upper bounds on capac i ty  concent ra t ion and f ue l  -mix requi  re~rlents nus t 

be derived. These are e s s e n t i a l l y  po l  i c y  issues which, again, may requ i r e  



a s i g n i f i c a n t  amount o f  exper imentat i  on. 

Water requirements, consumptive use and heat generat ion by f ue l  and 

coo l i ng  op t ion  must be derived. , These data may requ i r e  some e f f o r t ,  b u t  

one would expect 1  i t t l e  a n a l y t i c a l  d i f f i c u l t y .  A more nebulous task,  

however, i s  the es t imat ion  o f  heat  and a i r  p o l l u t i o n  a t tenua t ion  coe f f i c ien ' t s ,  

maximum a l lowable heat loads, and a i r  q u a l i t y  standards. S e n s i t i v i t y  ana- 

lyses should be emphasized here i n  an attempt t o  deal w i t h  the uncer ta in ty  

surrounding these numbers . 
There i s  a hos t  o f  nurrbers which must be est imated f o r  usc i n  thc  

methodology b u t  n o t  d i r e c t l y  i n  RELM. Energy demand, reserve capac i ty  re-  

qu i  rements, l o a d  f ac to r s  and gross r e l i a b i l i t y  are requ i red  t o  der i ve  

r equ i r ed  new capac i ty  which i s  a  parameter o f  RELM. Pr ices and transmission 

costs are r equ i r ed  t o  compute r a t e  o f  r e t u r n  which must then be compared 

t o  requ i red  r a t e  o f  re tu rn ,  another i npu t .  The r a t e  o f  r e t u r n  computation 

i s  expected t o  i n v o l v e  the most uncer ta in ty .  

There are undoubtedly o the r  data requirements which would become 

apparent on l y  when implementat ion i s  attempted. The data requ i red  i s  exten- 

s i  ve, bu t  r eg iona l  energy p lann ing  demands t h i s  compl ex i  ty. 

3. Computational Requirements 

RELM has been formul.ated as a  l i n e a r  i n t e g e r  programming problem of  

considerable s ize.  I t  i s  expected t o  be r e l a t i v e l y  computational l y  i n tens ive ,  

b u t  we would c l a im  t h a t  the  a n a l y t i c a l  b e n e f i t  gained would exceed t he  costs 

n f  npe r a t i  on, 

The s o l u t i o n  costs o f  RELM are a  funct ion o f  the  number of cons t ra in ts  

and , i n t ege r  va r iab les  inc luded  i n  the formulat ion.  A problem w i t h ,  say, 100 



d i sc re te  po in t s  (on the order  o f  a  county- level  ana lys is  o f  the  PJM poo l )  

and f i v e  t o t a l  technologi  ca l  opt ions ( f u e l  and coo l i ng  combinations), 

would have approximately 800-1 300 cons t ra in ts  and 100-200 in teger ,  

0,l va r iab les  depending on the s p e c i f i c  form o f  the  s a f e t y  and d i s t r i b u -  

t i o n  ob jec t i ves  employed. This i s  a  l a r g e  problem, b u t  c e r t a i n l y  n o t  

beyond the capabi 1  i t y  o f  ex is  ti ng 1  i near and i n t e g e r  programming packages 

such as IBM' s  Mathemati c a l  Programmi ng Sys tern Extended (MPSX) . 
A subs tan t ia l  sav ing could be r e a l i z e d  i f  the  f i xed -cos t  p o r t i o n  o f  

f a c i l i t y  costs were ignored and the sa fe ty  ob jec t i ves  which requ i r e  0,l 

i n t e g e r  va r iab les  were no t  used. I n  t h i s  case the  fo rmu la t ion  would 

r e s u l t  i n  a  1  i n e a r  programming problem w i t h  c lose  t o  800 cons t ra in ts .  

This i s  d e f i n i t e l y  no t  an i n o r d i n a t e l y  l a rge  problem. I t  would probably 

cos t  on the o rder  o f  $50 f o r  a  s i n g l e  s o l u t i o n  on a  computer w i t h  ra tes  

consi s  t e n t  w i  t h  academi c  computi ng f a c i  1  i t i e s .  O f  cours.e, the sac r i  f i ce 

o f  r ea l  ism associated w i t h  the  e l i m i n a t i o n  o f  i n t e g e r  va r iab les  must be 

ca re fu l  l y  exami ned. 



APPENDIX A. - SUMMARY OF THE RELM FORMULATION 

Object ives 

1. Mini'mize To ta l  Faci li ty Costs 

2. Minimize Water Transfers 

3. Minimize Populat ion Impact 

a) Minimize 1 1 F.P , o r  
i j e I A i  J i 

b) Minimize l P i C i  
i 

S.T. - Fj + Ci - > 0 .  f o r  a l l  i and a l l  je1Ai, o r  

c )  Minimize 1 ai jyi 
i e I *  j 

S.T. - Fr + -1 yij 2 0  f o r  i e I *  and r = 1.2 ...., r 
JCrri i 

4. D i s t r i b u t i o n  o f  Capacity 

i EGA 
a)  - (Max Gb) ---9 + 1 1 Sjk  - < 0 f o r  a l l  geG 

I Pi jcGA k 
i 9 



and 
isGA 

(Min GI) --e - 1 Sjk 5 0 , o r  
Ipi ~ E G A  k 
i 9 

b)  Minimize ymax - Ymi n  

where Max Gb 5 YmaX 

Min G'  > y  g - min ' Or 

c)  Mini  mi ze dev ia t ions  f rom p r o p o r t i o n a l  capaci t y  

Min 1 y + z  
9 9 9 

d) Minimize (Max G'  ) 
9 

Const ra in ts  : 

1. Minimum Capacity and Concentrat ion 

< Q  F ' j k  - j k  j 4+. 
J ¶ k  

o r  cou ld  be w r i t t e n  as: 

1 Sjk 5 QjFj 
.k 'j 



where Q = maximum a l lowable generat ing capac i ty  a t  s i t e  area j. 
j 

2. Fuel - M i  x  Const ra in ts  

e.g. , f o s s i l - f u e l  p l an t s  comprise a t  l e a s t  uF of  a l l  new capac i ty  

3. Water Requi rements ( q u a n t i t y )  

4. Water Requi rements (hea t  d i s s i p a t i o n )  

5. A i r ' ~ o l 1 u t i o n  Const ra in ts  



APPENDIX B. - NOTATION USED I N  RELM 

J denotes s e t  .o f  po ten t i  a1 facS 1 i ty areas. 

I denotes s e t  o f  impact areas and demand centers. 

K denotes type o f  technology implemented a t  a  p a r t i c u l a r  s i t e .  

G denotes the s e t  o f  geographical areas. 

L denotes the  s e t  o f  stream po in t s  and r e s e r v o i r  water  source po in ts .  

T denotes the s e t  o f  p o t e n t i a l  water  t r a n s f e r  source s i t e s .  

N denotes the s e t  o f  a i r  p o l l u t i o n  moni tor ing s i t e s  o r  requirement g r i d .  

M denotes the  type o f  p o l l u t a n t  measured. 

Sjk = the s i z e  i n  un i t s  o f  capaci ty es tab l i shed  a t  s i t e  j using technology k. 

- F j  - 1 i f  s i t e  area j i s  t o  be used f o r  f a c i l i t y  placement. 
0' otherwise 

Qjk = l a r g e s t  al lowable capac i ty  o f  type k a t  s i t e  j. 

' Wk = average amount o f  water needed f o r  type k pe r  u n i t  o f  i n s t a l l e d  
capaci ty.  

A j  
= t o t a l  upstream o r  s i t e  a v a i l a b i l i t y  o f  water f o r  s i t e  j. 

" j = t p o i n t  t i s  upstream o f  j. 

"a = amount o f  water t r ans fe r red  from s i t e s  t t o  s i t e  a. 
- 
Wk 

= average amount o f  consumed water  f o r  type k pe r  u n i t  o f  i n s t a l l e d  
capa c i  ty . 

H = waste heat (BTU/500  MJ) discharged by p l a n t  j o f  type k. 
j k 

- 
A = amount o f  upstream water  coming i n t o  a. 

o = a t tenua t ion  c o e f f i c i e n t  f o r  hea t  discharged a t  immediately upstream 
'j moni tor ing po in t s  o f  j. 

D = new capac i ty  requirement f o r  the  reg ion measured I n  t e r m  o f  u n i t s  
(e.g., 5 0 0  W ) .  

a = transmission cost  f r o m s i t e  j t o  nearest  load  center.  
j 



Uj* = 1 and j po in t s  j and 1 are upstream o f  j* 

lm = standard f o r  p o l l u t a n t  m a t  moni tor ing s t a t i o n  n. 

Emk = emission l e v e l  o f  p o l l u t a n t  m, technology k. 

rm = n e t  t r a n s f e r  o f  p o l l u t a n t  m from s i t e  j t o  s t a t i o n  n. 
j n 

GAg = j o r  i / j  o r  i i s  i n  geographical area g. 

'j 
= t / t r a n s f e r  s i t e  t i s  "upstream" o f  j. 

Pi = popula t ion a t  impact area i. 

IAi  = j / s i t e  j impacts area i. 

- Ci - 1 i f  area i s  impacted 
0 otherwise 

I* = ioI /Pi  - > P*, d e f i n i t i o n  o f  s i g n i f i c a n t l y  populated area. 

p* = minimum amount o f  popu la t ion  necessary t o  c l a s s i f y  an area as a 
mamior popul a t i  on center.  

"ij 
= 1 i f  j i s  the c l oses t  s i t e  t o . impac t  area i. 

0 otherwise 

rri = the s e t  o f  r c l o s e s t  s i t e s  t o  i. 
- 
ri = t o t a l  number o f  s i t e s  j w i t h i n  s d is tance o f  i . 

T 
C 

= se t  o f  technology k types associated w i t h  coal burn ing f a c i l i t i e s .  

'( F 
= se t  o f  technology types k associated w i t h  f o s s i l  f ue l  burnlng 

. f a c i l i t i e s .  
I .  

a = sma l les t  a l lowable f r a c t i o n  of fossi  1 capac i ty  t h a t  must be o f  a 
C coal  bu rn i ng  type. 

Bc = f r a c t i o n  o f  t o t a l  capac i ty  t h a t  i s  a minimum l i m i t  f o r  coal  capaci ty.  

a = minimum acceptable f r a c t i o n  of nuc lear  capac i ty  t o  be es tab l i shed  
ng i n g e o g r a p h i c a l a r e a g .  

T = s e t  o f  technology types k associated w i t h  nuc lear  fac i1 . i  t i e s .  n 

a j  * '= t o t a l  amount o f  consumptive use al lowed i n  bas in  j*. 



APPENDIX C. - ADDITIONS TO RELM TO INCLUDE AN EXPLIC1.T REPRESENTATION OF 

ENERGY TRANSMISSION 

I f  a1 1  th ings  are  e x a c t l y  the  same f o r  two power p l a n t  . s i t e s  except  

f o r  t h e i r  p o s i t i o n s  r e l a t i v e  t o  the  demand area they would serve*, i t  

would seem reasonable t o  p i c k  t h a t  s i t e  which i s  t he  c l o s e s t  t o  t h e  demand 

area due t o  r e s u l t a n t  lower  t ransmiss ion cos ts  and smal l e r  t ransmiss ion 

l i n e  losses.  I n  o r d e r  t o  b u i l d  t h i s  q u a l i t y  i n t o  t h e  model, i t  i s  necessary 

t o  determine which power p l a n t s  w i l l  serve which l o a d  centers .  

This can be approached i n  one o f  the  two f o l l o w i n g  ways: 

1  ) I n c l u d e  w i t h i n  RELM a f i x e d  charged t r a n s p o r t a t i o n  model w i t h  

t ransshipment nodes which w i l l  min imize the  t o t a l  c o s t  o f  t r a n s -  

m iss ion  s u b j e c t  t o  meeting demands a t  each l o a d  center .  Th is  

approach i s  d iscussed below. 

2 )  Assume t h a t  each power p l a n t  serves i t s  c l o s e s t  l o a d  center .  Th is  

approach was discussed i n  Sec t i on  IV-E o f  t he  main body o f  t h e  

r e p o r t .  

The f i  r s t  approach i s  based on the addi ti on o f  a  t ransshipment problem 

t o  the  RELM m a t r i x .  The t ransshipment problem w i t h  f i x e d  charges determines 
. . 

the  op t ima l  c o s t  c o n f i g u r a t i o n  o f  t ransmiss ion  l i n e s  and the amount of  

energy d e l i v e r e d  between p l a n t s ,  c i t i e s ,  and t r a n s f e r  po in ts** .  I t  would 

then be easy t o  i n c l u d e  the  t ranssh ipment  c o n s t r a i n t  s e t  and o b j e c t i v e  w i t h i n  

* 
Th is  i nc ludes  wa te r  a v a i l a b i l i t y ,  envi ronmental  impact  and f a c i l i t y  costs.  

** Transmission l i n e  losses arc! neg lec ted  so cvcn t h i s  more cu111p1 i c a t e d  
approach i s  , n o t  a  s u b s t i t u t e  f o r  the  l o a d  f l o w  ana lys i s .  The approach i s  
more r e a l i s t i c  than the s imple  approach n f f i l r e d  i n  Sec t i on  I V - E .  



t h e  RELM model t o  g i v e  RELM a  t ransmiss ion l i n e  and c o s t  e s t i m a t i n g  capa- 

b i  1  i ty along wi  t h  t h e  ab i  li ty t o  determine how each 1  oad cen te r  rece ives  

i t s  energy. On t h e  n e x t  few pages, a  s imple  t ransshipment model i s  d e f i n e d  

which can be i n c o r p o r a t e d  i n t o  RELM. 

We w i l l  d e f i n e  t h r e e  types o f  p o i n t s :  

power p l a n t s  - s h i p  energy t o  e i t h e r  t r a n s f e r  centers  o r  s i n k s  ( c i t y  

o r  1  oad c e n t e r ) .  

t r a n s f e r  cen te r  - an in te rmed i  a t e  p o i n t  which can r e c e i v e  energy f rom 

p l a n t s  and/or energy shipped f rom a  c i t y .  

c i t i e s  ( s i n k )  - r e c e i v e  energy f rom p l a n t s  and t r a n s f e r  p o i n t s  and can 

s h i p  energy t o  another c i t y  o r  t r a n s f e r  p o i n t .  

The f o l l o w i n g  symbols w i l l  be used. Note t h a t  t h i s  n o t a t i o n  i s  n o t  

c o n s i s t e n t  w i t h  the  RELM n o t a t i o n  i n  Appendix B. 

fji 
= f i x e d  c o s t  o f  establishing tu.ansmission l i n k  between 

f a c i  1  i ty s i t e  j and demand area i . 

f j k  = f i x e d c o s t o f e s t a b l i s h i n g t r a n s m i s s i o n l i n k b e t w e e n  

f a c i l i t y  s i t e  j and t r a n s f e r  p o i n t  k .  

f k i  = f i x c d c o s t o f  establishing l r . ~ r ~ s m i s s i o n  l i n k b e t w e e n  

t r a n s f e r  s i t e  k a r ~ d  l1e111ailJ areu i . 
fiz = f i x e d c o s t o f e s t a b l i s h i n g t r a n s m i s s i o n l i n k b e t w e e n  

c i t y  i and c i t y  z ( i  f z ) .  

( 1  i f  l i n k  j i i s  used 
Yji = I 

0 i f  l i n k  j i i s  n o t  used 

1 i f  l i n k  .j k i s  ! ~ t e d  

' jk = 1 0 if l i n k  j k i s  n o t  used 



\ 1  i f  l i n k  k  i i s  used 

Yki = 1 0  i f  l i n k  k  i i s  n o t  used 

1 i f  l i n k  i z  i s  used 

y i  z  = i 0 i f  l i n k  i z  i s  n o t  used 

tji 
= amount o f  power s  h i  pped from p l  a n t  j t o  c i  t y  i . 
- I I I I - II II I1 

t j k  
" j t o  t r a n s f e r  p o i n t  k. 

- II II I1 

t i z  - 
I1 It " c i t y  i t o  c i t y  z. 

- II I1 11 I I I1 

t i k  - " c i t y  i t o  t r a n s f e r  p o i n t  k. 

- II II I1 I I I I 

t k i  - 
" t r a n s f e r  p o i n t  k  t o  c i t y  i. 

Cji, Cjk ,  Ciz, Cik, Cki cos ts  o f  sh ipp ing  along var ious l i n k s .  

Minimize 1 l C j i t j i  + f .  .y  + 1 l c j k t j k  + f jkyjk + 1 1 Ciztiztfizyiz (C-1) 
i j J I  ji 

j k  i ~ E I  
i#Z 

t ransmiss ion costs  t ransmiss ion costs 
f o r  sh ipp ing  power f o r  sh ipp ing  power i n t e r c i t y  t ransmis-  
from power p l a n t s  f rom power p l a n t s  s i o n  costs 

t o  c i  t i e s  t o  t r a n s f e r  p o i n t s  

t ransmiss ion costs  f o r  sh ipp ing  
power from c i t i e s  t o  t r a n s f e r  , 

p o i n t s  o r  t r a n s f e r  p o i n t s  t o  
c i  t i e s  

The f i r s t  s u m a t i o n  g ives the  t o t a l  c o s t  f o r  t r a n s m i t t i n g  energy f rom power 

p l a n t s  t o  c i t i e s .  The second sum i s  f o r  power p l a n t - t r a n s f e r  p o i n t  l i n k s ;  

t h e  t h i r d  i s  f o r  i n t e r c i t y  t ransmiss ion;  and, t h e  l a s t  summation i s  f o r  

' t r a n s f e r  p o i n t - c i  t y  t r a n s t ~ ~ i s s i o n s  i n  e i t h e r  d i r e c t i o n .  These c o s t  terms 



can be t r e a t e d  as a  separate  ob jec t i ,ve  o r  t h i s  can be added t o  the f a c i l i t y  

c o s t  o b j e c t i v e  o f  equat ion (34). 

There are f o u r  se ts  o f  c o n s t r a i n t s .  Demand a t  each s i n k  must be s a t i s -  

f i e d :  

ltji + Itki - Itir - itik - > 
k  z d  Di f o r  a l l  i 

J 
zf i 

Incoming Incoming Outgoing Outgoing Demand 
energy energy energ.y t o  energy t o  f o r  

f r o m  from t rans -  o the r  o t h e r  t rans -  energy 
p l a n t s  f e r  po l n t s  c i  l i e s  f e r  p o i n t s  at. i 

The amount shipped from a  power p l a n t  cannot exceed t h e  q u a n t i t y  generated: 

Z t j i  1 t i t j t  i S j k  a f o r  a l l  j 

Outgoing Outgoing Energy 
ene rgy energy Product ion 

t o  c i  ti es t o  t rans -  capaci t y  
f rom j f e r  p o i n t s  a t  j 

from 3 

C o n t i n u i t y  a t  t r a n s f e r  p o i n t s  must be n ~ a i  nta ined:  

l t k i  = 0  f o r  a l l  k  

I ncomi ng 1 1 1  cowi ng Outyu i rrg 
energy energy energy 

f rom p l  an,ts fro111 c i t i e s  t o  c i t i e s  
t o  t r a n s f e r  t o  t r a n s f e r  

k  k  

The 0,1 i n t e g e r  va r iab les ,  yji , yjk, yki , yiZ must be r e l a t e d  t o  f lows 

i n  t h e '  corresponding l i n k s .  These c o n s t r a i n t s  ' a l so  represent  l i n k  capac i t y  



c o n s t r a i n t s .  

tji 5 CapjiYji a l l  j, i 

t jk  5 C a ~ j k Y j k  a l l  j, k . (C-6) 

tki i CapkiYki a l l  k, i . (C-7) 

a l l  i, z 

where Capji, . . . , Capiz a r e  the  c a p a c i t i e s  o f  t h e  corresponding 1  i n k s .  

A c t u a l l y ,  t he  capac i t y  parameters can be s p e c i f i e d  as an a r b i t r a r i l y  l a r g e  

number if i t  i s  d e s i r a b l e  t o  rep resen t  t ransmiss ion  l i n e s  as uncapaci tated.  



APPENDIX D. - A  REGrONAL ENERGY FACILITY LOCATION MODEL FOR COAL (RELMC) 

S ince coal  i s  an impor tan t  energy source i n  the  n o r t h e a s t  Un i ted  

S ta tes ,  a  m o d i f i e d  ve rs ion  o f  RELM, c a l l e d  RELMC, i s  presented f o r  t h e  analy-  

s i s  o f  c o a l - f i r e d  f a c i  li ty l o c a t i o n .  RELMC. draws on t h e  RELM model presented 

i n  t h e  main body o f  t h e  r e p o r t ,  a1 though t h e r e  a r e  some m o d i f i c a t i o n s  and 

a d d i t i o n s .  I n  those cases where a  RELM o b j e c t i v e  o r  c o n s t r a i n t  i s  used, 

the  reader  i s  s imp ly  r e f e r r e d  t o  t h e  approp r ia te  s e c t i o n  o f  t h e  r e p o r t .  

The o h j e c t i v e s f o r  RELMC a r e  s i m i l a r  t o  those o f  RELM. The m i n i m i z a t i o n  

o f  in terh ,as I r l  wdtel- t r a r ~ s  rbrs [ X c c t i ~ n  TV-F )  , and t h e  d i s t r i b u t i o n  o f  new 

power p l a n t  and g a s i f i c a t i o n  capac i t y  ( S e c t i o n  I V - H )  a re  unchanged. The 

s a f e t y  o b j e c t i v e s  o f  S e c t i o n  IV-G can be discarded,  however; i t  may be use- 

f u l  t o  i n c l u d e  them i n  o r d e r  t o  cap tu re  t h e  u n d e s i r a b i l i t y  o f  l o c a t i n g  c o a l  

u t i l i z a t i o n  f a c i l i t i e s  near  p o p u l a t i o n  centers .  

Costs s t i l l  r ep resen t  an impor tan t  objective (Sec t ion  IV-E) a1 though 

new f a c t o r s  must be considered. These f a c t o r s  i n c l u d e :  

r ,  t r a n s p n r t a t i o n  o f  coa l  f r o m  source t o  f a c i l i t y  by p i p e l i n e  (as a  

s l u r r y ) ,  t r u c k ,  o r  r a i l  

- t r a r i s ~ ~ l i s s i o n  o t  gas (frauln coa l  g a s i f i c a t i n r ~ )  as w e l l  as energy from 

coal - f i r e d  steam e l e c t r i c  p l a n t s  

- cos ts  f o r  convers ion f a c i l i t i e s  such as g a s i f i c a t i o n  p l a n t s  and 

s team-e lec t r i  c g l  ants  

- cubts f o r  c o o l i n g  f a c i l i t i e s .  

111 a d d i t i o n ,  t h ~ r e  a r e  a l l  o f  those f a c t o r s  t h a t  a f f e c t  a l l  energy f a c i l i t i e s  

such as wa te r  supp ly  ar~d d i s t r i b u t i o n  and i n f r a s t r u c t u r e  costs.  A new mathe- 

m a t i  c a l  formula ti on i s  n o t  p resented here. These f a c t o r s  can be i n c o r p o r a t e d  



i n t o  the  mathematical forms o f f e r e d  i n  S e c t i o n  IV-E. 

The a i r  p o l l u t i o n  c o n s t r a i n t s  [Sect ion  IV-D-2), and t h e  thermal d i s -  

charge c o n s t r a i n t s  (Sec t i on  I'V-D-4) a r e  unchanged. The wa te r  ava i  l a b i  1  i ty  

c o n s t r a i n t s  (Sec t i on  IV-D-3) can be used i n  t h e i r  fo rm i n  RELM a l though 

o t h e r  sources, such as w e l l  supp l i es ,  may be i n c o r p o r a t e d  by s i m p l y  adding 

a  new term t o  equa t ion  (25 ) .  

The new c o n s t r a i n t s  r e l a t e  t o  f a c i l i t y  c a p a c i t i e s  and demands t a k i n g  

i n t o  account the  need t o  s h i p  t h e  f u e l  ( c o a l )  f rom i t s  source. Four types 

of fac i  li t i e s  a re  considered:  sources (deep o r  su r face  mines), s l u r r y  

f a c i l i t i e s  t h a t  a re  n o t  l o c a t e d  a t  a  source, coa l  g a s i f i c a t i o n  p l a n t s ,  and 

power p lan ts .  The symbols which a re  used a r e  l i s t e d  below, Th is  n o t a t i o n  

i s  n o t  i n tended  t o  be c o n s i s t e n t  w i t h  t h e  RELM n o t a t i o n  i n  Appendix B. 

A d d i t i o n a l  N o t a t i o n  f o r  RELMC 

denotes s e t  o f  p o t e n t i a l  f a c i l i t y  areas 

denotes s e t  o f  coa l  source s i t e s  

BTU1s/ton o f  coal f r o m  source K 

tons of coa l  shipped f rom source k  t o  s l u r r y  . f a c i l i t y  i 

i s  t h e  tons o f  coa l  shipped f rom source k  t o  s i t e  j which w i l l  be 

u t i  1  i zed '  f o r  g a s i f i c a t i o n  

tons o f  coa l  shipped f m m  source k  t o  s i t e  j which w i l l  be u l i l i z e d  

f o r  s  team-el e c t r i  c  genera t i on  

i 1 i f  g a s i f i c a t i o n  p l a n t  i s  b u i l t  

0, o the rw ise  

e f f i c i e n c y  o f  g a s i f i c a t i o n  f r o m  d ry  coa l  

e f f i c i e n c y  o f  y a s i f i c a t i o n  f rom s l u r r i e d  coa l  



= capac i t y  a t  s i t e  j f o r  coal  g a s i f i c a t i o n  
'j 

I' 'I 'I I' " e l  e c t r i  c i  t y  genera t i  on 

= BTU's o f  gas shipped t o  demand area a. * j d  

1 
Dd = demand f o r  BTU's o f  gas a t  area d ( D ~ ~ ' )  

j 
2 

X jd  = BTU's of e l e c t r i c i t y  shipped t o  demand area d f rom p l a n t  j 

2 e l e c t .  Dd = demand f o r  BTU's o f  e l e c t r i c i t y  a t  area d (Dd 1 

P' = tons o f  coa l  p i p e d  f r o m  s l u r r y  s i t e  i t o  coa l  g a s i f i c a t i o n  f a c i l i t y  j i j 

1 
Pi = tons o f  coa l  p i p e d  f rom source' k t o  coa l  g a s i f i c a t i o n  dac i  1 i t y  j 

= tons  o f  coal  p i p e d  f rom s l u r r y  f a c i l i t y  i t o  power p l a n t  j 'i j 

p Z  = tons o f  coa l  p i p e d  f rom source k t o  power p l a n t  j. 
k j 

Capaci ty  l i m i t a t i o n s  a t  s i t e  j f o r  coa l  g a s i f i c a t i o n :  

Incoming BTU Incoming RTUis 
by t r u c k  0 1 ,  Prom p i  pe l i ne 
r a i l  t o  s i t e  1 s l ~ r r r y  t o  be 
t o  be used f o r  used f o r  coa l  
coa l  g a s i f i c a t i o n  g a s i f i c a t i o n  

D e f i n i t i o n  of t o t a l  coa l  gas generated:  

BTU's o f  coa l  gas BTU's o f  coa l  gas 
genera ted f rom generated f rom 
t r u c k  and r a i l  p i  p e l  i ne sources 

se rv i ces  



Coal gas suppl ied must exceed gas demand a t  each demand p o i n t  

Capacity 1 i m i t a t i o n  o f  power p l an t s  

a l l  d 

Incoming BTU's by Incoming BTU's f rom 
t r uck  and r a i l  t o  p i p e l i n e  s l u r r y  t o  
be used f o r  e lec -  be used f o r  e l e c t r i c  
t r i c  generat ion generat ion 

D e f i n i t i o n  o f  t o t a l  e l e c t r i c i t y  generated 

2 2 2 2 2 l(t .B ) + Ewet[lP- .B +lPkjBk] ' $xjd Edryk k~ k 1~ i a l l  j 0 5 )  

BTU's o f  e l e c t r i -  BTU's o f  e l e c t r i  - 
c i t y  generated c i t y  generated 
f rom t r uck .  and f rom p i  pe l  i ne 
r a i  1 sources sources 

2 ;xjd -?. D : ~ ~ ~ ~ *  

Coal shipments cannot exceed supply 

a l l  d 

1 2 
e ( t k j  t tfj + p l j  + pkj) + ltki coal a l l  k 
J 1 

D i r e c t  shipment f rom D i rec t  
source v i a  t ruck  o r  shipment 
r a i l  and p i p e l i n e  t o  t o  p i p e l i n e  

energy f a c i  li t.y s l  u r r y  f a c i  1 i t y  



Continuity a t  intermediate slurry faci 1 i t i e s  

a l l  i 

tons of coal tons s l  urri ed tons s l  urried 
i ncomi ng from to  plants t o  steam 

sources pl ants 



THE BROOKHAVEN NATIONAL LABORATORY 
REGIONAL ENERGY STUDIES PROGRAM 

The Brookhaven National Laboratory Regional Energy Studies Program 
is part of a national effMt supported by the U.S. Energy Research and 
Development Administration (ERDA) to create an energy assessment 
capability which is sensitive to  regional conditions, perceptions, and 
impacts. W ih in  ERDA, this program is supported by the Division of 
Technology~Ovenriew and includes, i n  addition to a concern for health 

' 

and envirodmehtill impacts of energy systems, analysis of the complex 
trade-offs be-tween ewnomitrr, environmental quality, technical con- 
siderations, national security, social impacts, and institutional ques- 
tions. The Brookhaven Program focuses on the Northeast including 
the New England states, New York, Pennsylvania, New Jersey, Mav-  
land, Delaware, and the Dist~ict of Columbia. The content o f  the pro- 
gram is determined through an identification of the major energy 
planning issues of the region i n  consultation with state and regional 
agencies. A major component of the program in 1976 was the North- 
east Energy Perspectives Study which examined the implications of 
alternative energy supply-demand possibilities for the reginn, In 1977 
a major component is the northeast portion of the National Coal 
Utilization Assessment carried out in collaboration with several other 
laboratories i n  other regions o f  the United States. 




