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Pre face  

This  r e p o r t  i s  one of  a series d e s c r i b i n g  a m u l t i -  
d i s c i p l i n a r y  m u l t i n a t i o n a l  IIASA r e s e a r c h  s tudy  on Management 
of Energy/Environment Systems. The pr imary o b j e c t i v e  of  t h e  
r e s e a r c h  i s  t h e  development of  q u a n t i t a t i v e  t o o l s  f o r  energy 
and environment p o l i c y  des ign  and ana lys i s - -o r ,  i n  a b roader  
sense ,  t h e  development of a coheren t ,  r e a l i s i t c  approach t o  
energy/environment management. P a r t i c u l a r  a t t e n t i o n  i s  be ing  
devoted  t o  t h e  des ign  and use  of t h e s e  t o o l s  a t  t h e  r e g i o n a l  
l e v e l .  The o u t p s t s  of t h i s  r e s e a r c h  program i n c l u d e  concep ts ,  
a p p l i e d  methodologies,  and c a s e  s t u d i e s .  During 1975, c a s e  
s t u d i e s  w e r e  emphasized; t hey  focused on t h r e e  g r e a t l y  d i f f e r i n g  
reg ions ,namely ,  t h e  German Democratic Republ ic ,  t h e  Rhone-Alpes 
reg ion  i n  sou the rn  France,  and t h e  s t a t e  o f  Wisconsin i n  t h e  
USA. The IIASA r e s e a r c h  was conducted w i t h i n  a network o f  
c o l l a b o r a t i n g  i n s t i t u t i o n s  composed of  t h e  I n s t i t u t  f u e r  E n e r g e t i k ,  
Le ipz ig ;  t h e  I n s t i t u t  Economique e t  J u r i d i q u e  de l l E n e r g i e r  
Grenoble;  and t h e  U n i v e r s i t y  of  Wisconsin,  Madison. 

Th is  memorandum d e s c r i b e s  a model t h a t  q u a n t i f i e s  c e r t a i n  
h e a l t h  e f f e c t s  a s s o c i a t e d  w i th  emiss ions  from c o a l - f i r e d  power 
p l a n t s .  

P u b l i c a t i o n s  on t h e  management of  energy/environrnent 
systems a r e  l i s t e d  i n  Appendix C a t  t h e  end of  t h i s  r e p o r t .  

Wesley K. F o e l l  





E v a l u a t i o n  o f  H e a l t h  E f f e c t s  f rom S u l f u r  D iox ide  
Emiss ions  f o r  a ~ e f e r e n c e  Coa l -F i red  Power P l a n t  

Abs t rac t  

H e a l t h  e f f e c t s  f rom c o a l - f i r e d  power p l a n t s  a r e  
c a u s i n g  growing conce rn .  I n t e r e s t  i s  s t i m u l a t e d  by 
d e l a y s  i n  t h e  u s e  o f  n u c l e a r  power and t h e  p o s s i b i l i t y  
o f  g r e a t e r  u s e  o f  c o a l .  A  model t o  e v a l u a t e  
h e a l t h  e f f e c t s  h a s  been deve loped ,  based  on t h e  c o n c e p t  
o f  a r e f e r e n c e  1 , 0 0 0  MW p l a n t .  T h i s  model h a s  p a r t i c u l a r  
r e l e v a n c e  t o  s t u d i e s  o f  a l t e r n a t i v e  f u t u r e s  and a n a l y s i s  
f o r  l ong  range  p l a n n i n g .  The model c o n s i s t s  o f  two 
p a r t s ,  d e a l i n g  w i t h  h e a l t h  impac t  and d i s p e r s i o n  t o  
dosage .  The h e a l t h  submodel i s  based  on a  s t u d y  by 
F i n k l e a  e t  a l .  a t  t h e  USEPA, and t h e  d i s p e r s i o n  sub-  
model i.s based on r e s u l t s  o f  d e t a i l e d  d i s p e r s i o n  
mode l l i ng  and m o n i t o r i n g  f o r  a t y p i c a l  power p l a n t .  The 
human h e a l t h  impac ts  a r e  p a r a m e t e r i z e d  i n  t e r m s  of  S O 2  
e m i s s i o n s ,  p o p u l a t i o n  and s i t e  c h a r a c t e r i s t i c s ,  and back- 
ground SO2 c o n c e n t r a t i o n .  A l though t h e s e  q u a n t i f i e d  impac ts  
a r e  o n l y  a  p a r t i a l  i n d i c a t o r  o f  t h e  t o t a l  a i r  p o l l u t i o n  
impac t ,  t h e  r e s u l t s  show t h a t  t h e s e  impac ts  may be  s i g -  
n i f i c a n t  and t h a t  t h e y  shou ld  be  c o n s i d e r e d  i n  t h e  ana l y -  
s is  of power p l a n t  impac ts .  

Acknowledgement - 

The a u t h o r s  are i n d e b t e d  t o  s e v e r a l  i n d i v i d u a l s  f o r  t h e i r  

a i d  i n  c a r r y i n g  o u t  t h i s  r e s e a r c h .  W e  would l i k e  t o  e s p e c i a l l y  

t h a n k  J i m  Bigelow (IIASA Biomedica l  P r o j e c t )  f o r  p r o v i d i n g  v a l u -  

a b l e  a s s i s t a n c e  i n  t h e  ma thema t i ca l  development o f  t h e  d a i l y  

c o n c e n t r a t i o n  d i s t r i b u t i o n  and  J a c k i e  Buehr ing f o r  w r i t i n g  t h e  

program t o  e v a l u a t e  p rema tu re  m o r t a l i t y .  We would a l s o  l i k e  t o  

t h a n k  M .  B e n a r i e  o f  IRCHA i n  F r a n c e  f o r  h i s  h e l p f u l  comments. 

A s p e c i a l  n o t e  o f  g r a t i t u d e  g o e s  t o  J . F .  F i n k l e a  f o r  a l l o w i n g  u s  

t o  q u o t e  t h e  dose- response  f u n c t i o n  he  and h i s  c o l l e a g u r e s  d e v e l -  

o p e d .  





T a b l e  o f  C o n t e n t s  

P r e f a c e  

A b s t r a c t  

Acknowledgement 

. . . . . . . . . . . . . . . . . . . . . . . . .  I n t r o d u c t i o n  1 

. . . . . . . . . . . . . . . . . . . . . . . .  H e a l t h s u b m o d e l  2  

11.1  R e l a t i o n s h i p s  between SOz 

. . . . . . . . . . . . . . . . . . . . .  and S u l f a t e s  - 3  

. . . . . . . . . . . . . . .  11 .2  Dose-Response F u n c t i o n s  - 4  

. . . . . . . . . . . . . . . .  . 1  P r e m a t u r e m o r t a l i t y  6 

2  . Aggrava t i on  o f  h e a r t  and 

. . . . . . . . . . . . . . . . . . .  l u n g d i s e a s e  - 7  

. . . . . . . . . . . . . .  . 3  Agg rava t i on  o f  asthma - 8  

4  . Excess  a c u t e  lower  re- 

s p i r a t o r y  d i s e a s e  i n  

. . . . . . . . . . . . . . . . . . . . .  c h i l d r e n  9  

5  . Excess  r i s k  f o r  c h r o n i c  

. . . . . . . . . . . . . . .  r e s p i r a t o r y d i s e a s e  10 

1 1 . 3  L i m i t a t i o n s  o f  t h e  H e a l t h  Submodel . . . . . . . . . .  11 

. . . . . . . . . . . . . . . . . . . . .  Emiss ions  and Dosage 12 

111 .1  Annual Average C o n c e n t r a t i o n s  . . . . . . . . . . . . .  12 

. . . . . . . . . . .  111.2  D a i l y  C o n c e n t r a t i o n  D i s t r i b u t i o n  1 5  

1 1 1 . 3  P o p u l a t i o n D i s t r i b u t i o n  . . . . . . . . . . . . . . . .  19 

111 .4  Background Exposures  . . . . . . . . . . . . . . . . .  19 

111 .5  Summary of  Key Assumpt ions f o r  

t h e  Dosage Methodology . . . . . . . . . . . . . .  20 

Q u a n t i f i e d  H e a l t h  Impac ts  f o r  Coa l -F i red  

. . . . . . . . . . . . . . . . . . . . . . . .  P o w e r p l a n t s  - 2 1  

C o n c l u s i o n s  . . . . . . . . . . . . . . . . . . . . . . . . . .  34  

Appendix A: D e r i v a t i o n  o f  D a i l y  C o n c e n t r a t i o n  

. . . . . . . . . . . . . . . . . . . . .  D i s t r i b u t i o n  38 

Appendix B: Some R e s u l t s  f o r  t h e  L e a s t  S q u a r e s  Model . . . . . . .  43 

Appendix C :  P a p e r s  i n  t h e  IIASA P u b l i c a t i o n s  S e r i e s  

. . . . .  on Management of  Energy/Environment Systems 48 



L i s t  o f  Tab les  

Tab le  

. . . . . . . . . . .  1. B e s t  Judgment Dose-Response Func t i ons  - 5  

2 .  Annual A r i t h m e t i c  Average SO2 C o n c e n t r a t i o n s  a t  
Ground Leve l  f o r  a  1,000 MWe Reference Coal  P l a n t  . , . , , 1 4  

3. Annual Premature F a t a l i t i e s  a t  t h e  Urban S i t e  a s  
a  Func t i on  o f  Background C o n c e n t r a t i o n s  and Power 
P l a n t E m i s s i o n s  . . . . . . . . . . . . . . . . . . . . .  .25 

4 .  Annual Premature  F a t a l i t i e s  a t  t h e  Rura l  S i t e  a s  a  
Func t i on  o f  Background Concen t ra t i ons  and Power 
P l a n t  Emiss ions  . . . . . . . . . . . . . . . . . . . . . .  26 

5 .  Excess  Acute Lower R e s p i r a t o r y  D i sease  i n  C h i l d r e n  a s  
a  Func t i on  o f  Background C o n c e n t r a t i o n  and  Power P l a n t  
E m i s s i o ~ l  . . . . . . . . . . . . . . . . . . . . . . . .  .31  

6 .  E x t r a  Non-Smokers Showing Chron ic  R e s p i r a t o r y  D isease  
Symptoms a s  a  Func t i on  o f  Background Concen t ra t i on  and  
Power P l a n t  Emiss ion . . . . . . . . . . . . . . .  32 

7.  E x t r a  Smokers Showing Chron ic  R e s p i r a t o r y  D i sease  
Symptoms a s  a  Func t i on  o f  Background Concen t ra t i on  . . . . . . . . . . . . . . . .  and Power P l a n t  E m i s s i o n .  .33 

B-1  Comparison o f  B e s t  Judgment and L e a s t  Squa res  Dose- 
Response Func t i ons  . . . . . . . . . . . . . . . . . . . .  .45 

B-2 Comparison of  S e l e c t e d  R e s u l t s  f o r  t h e  B e s t  Judgment . . . . . . . .  and L e a s t  Squa res  Dose-Response Funct ions.  .46 

B-3 Annual Premature  F a t a l i t i e s  a t  t h e  Urban S i t e  a s  a  
Func t i on  o f  Background Concen t ra t i on  and Power P l a n t  
Emiss ion - L e a s t  Squa res  Mode l .  . . . . . . . . . . .  .47 

L i s t  o f  F i g u r e s  

F i g u r e  

1. Assumed SO2 S t a n d a r d  D e v i a t i o n  a s  a  Funct ion,  o f  
D i s t a n c e  From t h e  Reference  P l a n t  . . . . . . . . . .  .17 

2 .  Premature  F a t a l i t i e s  f rom Acute SO2 Exposure f o r  t h e  
Urban S i t e  . . . . . . . . . . . . . . . . . . . .  .2: 

3. Premature  F a t a l i t i e s  f o r  Acute SO2 Exposure f o r  t h e  
Average S i t e  . . . . . . . . . . . . . . . . . . . .  2 3  

4 .  Premature F a t a l i t i e s  f rom Acute SO2 Exposure f o r  t h e  
Rura l  S i t e  . . . . . . . . . . . . . . . . . . . . .  .24 

5 .  H e a r t  and Lung D isease  Aggrava t ion  from S u l f u r  D iox ide  
Emiss ions  a t  Coa l -F i red  Power P l a n t s  . . . . . . . .  28 

6. Excess Asthma At tac l t s  f rom S u l f u r  Diox ide Ernissions a t  
Coa l -F i red  Power P l a n t s .  . . . . . . . . . .  30 



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

P u b l i c  h e a l t h  e f f e c t s  f rom c o a l - f i r e d  power p l a n t s  are a  

p r imary  c o n c e r n  as a l - t e r n a t i v e s  f o r  f u t u r e  e lec t r i ca l  g e n e r a t i o n  

are examined.  I n t e r e s t  h a s  been s t i m u l a t e d  by d e l a y s  i n  t h e  u s e  

o f  n u c l e a r  power and t h e  p o s s i b i l i t y  o f  g r e a t e r  u s e  o f  c o a l .  

The need f o r  q u a n t i t a t i v e  i n f o r m a t i o n  on h e a l t h  e f f e c t s  on a i r  

p o l l u t i o n  i s  e v i d e n t  as d e c i s i o n s  t h a t  w i l l  a f f e c t  a i r  q u a l i t y  

f o r  some t i m e  t o  come are r e g u l a r l y  b e i n g  made. 

The model  p r e s e n t e d  i n  t h i s  p a p e r  h a s  been deve loped  t o  es- 

t i m a t e  c e r t a i n  human h e a l t h  e f f e c t s  t h a t  c a n  be  a s s o c i a t e d  w i t h  

t h e  e m i s s i o n  o f  s u l f u r  d i o x i d e  f rom a c o a l -  o r  o i l - f i r e d  power 

p l a n t  t h a t  may c o n s i s t  o f  s e v e r a l  u n i t s  a t  a s i n g l e  s i t e .  The 

o b j e c t i v e  of t h i s  m o d e l ' s  deve lopment  is  t o  p r o v i d e  a f l e x i b l e  

t o o l  f o r  l ong - range  env i r onmen ta l  p o l i c y  d e s i g n  and  e v a l u a t i o n  

and f o r  a n a l y s i s  o f  a l t e r n a t i v e  f u t u r e s ;  it w a s  n o t  d e s i g n e d  

t o  answer  q u e s t i o n s  o f  a s i t e  s p e c i f i c  n a t u r e .  The model con-  

sists o f  two p a r t s :  o n e  c o n c e r n i n g  t h e  c a l c u l a t i o n  o f  h e a l t h  

impac t  and t h e  o t h e r  c o n c e r n i n g  t h e  c a l c u l a t i o n  o f  t h e  ground-  

l e v e l  c o n c e n t r a t i o n  d u e  t o  a g i v e n  l e v e l  o f  e m i s s i o n s .  
E s t i m a t e s  o f  human h e a l t h  impac t  due  t o  a i r  p o l l u t i o n  have 

been  d i f f i c u l t  t o  o b t a i n  and c o n t a i n  a g r e a t  d e a l  o f  u n c e r t a i n t y .  

N e v e r t h e l e s s ,  a r e c e n t  s t u d y  o f  h e a l t h  e f f e c t s  by F i n k l e a ,  e t  a l .  

a t  t h e  USEPA [ I 1  h a s  p r o v i d e d  q u a n t i t a t i v e  r e l a t i o n s h i p s  (dose -  

r e s p o n s e  f u n c t i o n s )  between i n c r e a s e d  l e v e l s  o f  a c i d  s u l f a t e  expo- 

s u r e  and f i v e  c a t e g o r i e s  o f  h e a l t h  e f f e c t s .  The F i n k l e a  s t u d y  

h a s  s e r v e d  as t h e  f o u n d a t i o n  f o r  t h e  h e a l t h  submodel,  d e s c r i b e d  

i n  S e c t i o n  11. I t  must  b e  emphas ized t h a t  dose - response  r e l a t i o n -  

s h i p  are n o t  c e r t a i n  a n d ,  f u r t h e r m o r e ,  t h a t  t h e  p o l l u t a n t  o r  

p o l l u t a n t s  r e s p o n s i b l e  f o r  t h e  h e a l t h  e f f e c t s  are a l s o  u n c e r t a i n .  

The methodo logy and model t h a t  re lates power p l a n t  e m i s s i o n s  

t o  g round  l e v e l  c o n c e n t r a t i o n s  i s  based  on  p r e v i o u s  s t u d i e s  w i t h  

a Gauss ian  plume model and i s  p r e s e n t e d  i n  S e c t i o n  111. The 



q u a n t i f i e d  h e a l t h  impac ts  a s  a f u n c t i o n  of SO2 emiss ion ,  back- 

ground c o n c e n t r a t i o n ,  and popu la t i on  exposed a r e  g i v e n  i n  S e c t i o n  

I V .  I n  t h e  f i n a l  s e c t i o n  t h e  conc lus ions  of  t h e  s t u d y  a r e  ou t -  

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

11. H e a l t h  Submodel 

A d i f f i c u l t y  i n  q u a n t i f y i n g  t h e  h e a l t h  e f f e c t s  of a i r  po l -  

l u t i o n  i s  i d e n t i f i c a t i o n  of  t h e  c a u s a l  a g e n t  o r  a g e n t s .  S t a t i s -  

t i c a l  i n c r e a s e s  i n  m o r t a l i t y  and morb id i t y  have been shown t o  

cor respond t o  i n c r e a s e s  i n  i n d i c e s  of a i r  p o l l u t i o n  [2 ,3 ,41 . A l -  

though such  s t u d i e s  i n d i c s t e  on l y  an  a s s o c i a t i o n  between t h e  

index of p o l l u t i o n  and h e a l t h  e f f e c t s ,  t h e y  a r e  conv inc ing  e v i -  

dence t h a t  a i r  p o l l u t i o n  a . f f e c t s  human h e a l t h .  T y p i c a l l y ,  s t u d i e s  

have focused on t h e  impact. of sho r t - t e rm exposure  t o  h i g h  l e v e l s  

of  a i r  p o l l u t i o n  because t h e s e  a r e  t h e  e a s i e s t  e f f e c t s  t o  e x t r a c t  

from t h e  e p i d e m i o l o g i c a l  d a t a .  Al though one would l i k e  t o  know 

t h e  a c u t e  a s  w e l l  a s  t h e  c h r o n i c  e f f e c t s  caused by bo th  long- and 

sho r t - t e rm exposure  t o  s p e c i f i c  a i r  p o l l u t a n t s ,  o r  combina t ions  of  

a i r  p o l l u t a n t s ,  i n  t h i s  r e p o r t  t h e  b a s i c  ep idemio log i ca l  d a t a  are 

d e r i v e d  from p r e v i o u s  s t u d i e s  and,  hence,  most of t h e  q u a n t i f i e d  

h e a l t h  e f f e c t s  a r e  a s s o c i a t e d  w i t h  sho r t - t e rm exposure  t o  a s i n g l e  

p o l l u t a n t .  

The i u s e ~ r e s p o n s e  r e l a t i o n s h i p s  used i n  o u r  model a r e  based 

e n t i r e l y  on t h e  F i n k l e a  s t u d y  [ I ] .  These r e l a t i o n s h i p s  make it 

p o s s i b l e  t o  e s t i m a t e  some o f  t h e  h e a l t h  e f f e c t s  t h a t  cor respond 

w i t h  v a r i o u s  l e v e l s  of s u l f u r  d i o x i d e  c o n ~ e n t ~ a t i o n  and a s s o c i -  

a t e d  exposu res  t o  a c i d - s u l f a t e  a e r o s o l s .  Three  c a t e g o r i e s  of  

h e a l t h  e f f e c t s  are r e l a t e d  t o  sho r t - t e rm ( d a i l y )  p o l l u t a n t  ex - .  

posu re ,  and two o t h e r s  are r e l a t e d  t o  long-term ( s e v e r a l  y e a r s )  

exposu res  t o  r e l a t i v e l y  h i g h  l e v e l s  o f  p o l l u t i o n .  The F i n k l e a  

r e l a t i o n s h i p s  a r e  based on two pr imary  assumpt ions ,  

- a c i d - s u l f a t e  a e r o s o l s ,  n o t  SO, ,are t h e  cause of  t h e  

h e a l t h  e f f e c t s ,  and 

- t h e  i m p o r t a n t  ave rag ing  t i m e  f o r  sho r t - t e rm 

exposu res  i s  one day.  



The dose-response r e l a t i o n s h i p s  remain h i g h l y  u n c e r t a i n ,  b u t  
ev idence  has  been compiled t h a t  i n d i c a t e s  i n c r e a s e d  emiss ion  o f  

SO2 can  l e a d  t o  

- premature m o r t a l i t y  from a c u t e  exposure ,  

- a g g r a v a t i o n  o f  h e a r t  and lung  d i s e a s e  i n  peop le  
ove r  age  65, 

- a g g r a v a t i o n  of asthma, 

- e x c e s s  a c u t e  lower  r e s p i r a t o r y  d i s e a s e  i n  c h i l d r e n  
aged 0 t o  13 ,  and 

- e x c e s s  r i s k  of  c h r o n i c  r e s p i r a t o r y  d i s e a s e  symk-)toms 
i n  smoking and non-smoking a d u l t s .  

Here SO2 ' is cons ide red  t o  he a n  i n d i c a t o r  of  t h e  impact  r a t h e r  

t h a n  t h e  c a u s a l  a g e n t ,  which is  b e l i e v e d  t o  be  a c i d - s u l f a t e  aero-  

s o l s .  The r e l a t i o n s h i p  between SO2 and s u l f a t e s  is d i s c u s s e d  i n  

t h e  nex t  s e c t i o n ,  and t h i s  i s  fo l lowed by t h e  dose-response func- 

t i o n s  used i n  ou r  model. 

11. 1 R e l a t i o n s h i p s  Between SO2 and S u l f a t e s  

The d e s i r a b l e  form of t h e  dose-response r e l a t i o n s h i p  f o r  

power p l a n t  mode l l ing  is  a f u n c t i o n  t h a t  r e l a t e s  e x c e s s  a d v e r s e  

h e a l t h  e f f e c t s  t o  p a r t i c u l a r  g round- leve l  SO2 . c o n c e n t r a t i o n s .  

T h i s  is  f o r  s e v e r a l  reasons :  emiss ions  o f  SO2 from power p l a n t s  

and d i s p e r s i o n  t o  g round- leve l  c o n c e n t r a t i o n s  can  be w e l l  cha r -  

a c t e r i z e d ;  t h e  t r a n s f o r m a t i o n  of  SO2 t o  a c i d - s u l f a t e  a e r o s o l  can  

b e  q u i t e  s e n s i t i v e  t o  t h e  r e g i o n  be ing  model led due t o  c a t a l y t i c  

e f f e c t s  o f  o t h e r  a e r o s o l s  on t h e  t r a n s f o r m a t i o n  p r o c e s s  and due 

t o  t h e  i n t r u s i o n  o f  s u l f a t e s  from o t h e r  a r e a s ;  and t h e r e  a r e  

s t i l l  u n c e r t a i n t i e s  i n  t h e  e x a c t  SO2-su l fa te  conve rs ion  r a t e  

c o n s t a n t s .  F i n k l e a  h a s  used suspended s u l f a t e s  a s  a proxy f o r  

a c i d - s u l f a t e  a e r o s o l s  a n d , b a s e d  on s t u d i e s  of  U.S. c i t i e s ,  h a s  

l i s t e d  two p o s s i b l e  conve rs ions  between 24-hour l e v e l s  of  sus-  

pended s u l f a t e s  and SO2 c o n c e n t r a t i o n .  The e q u a t i o n s  a r e  

Suspended 
S u l f a t e s  (pg/m3) = 9 + 0.03*S02(pg/m3)  r 

Suspended 
S u l f a t e s  (pg/m3) = 9 + 0 . 0 5 * ~ 0 ~ ( p g / m ~ )  . 



The f i r s t  e q u a t i o n  i s  based on a  s tudy  of  N a s h v i l l e ,  Tennessee,  

and i s  t hough t  t o  be  a p p l i c a b l e  when i n t r u d i n g  s u l f a t e s  f rom o t h e r  

r e g i o n s  a r e  n o t  a  problem. The second e q u a t i o n  i s  based on ~ a t i o n a l  

A i r  Sampling Network d a t a  f o r  s e v e r a l  i n l a n d  c i t ies .  The N a s h v i l l e  

s t u d y  i s  more r e p r e s e n t a t i v e  f o r  Wisconsir.  [ 5 ] ,  which w a s  t h e  

r e g i o n  used f o r  t h e  i n i t i a l  a p p l i c a t i o n  o f  ou r  model. T h e r e f o r e ,  

Equat ion  1  i s  used t o  r e l a t e  bo th  t h e  annua l  and t h e  24-hour 

ave rage  SO2 c o n c e n t r a t i o n s  t o  t h e  cor respond ing  s u l f a t e  l e v e l s  

th roughou t  t h e  remainder  of  t h i s  r e p o r t  [ 6 ] .  P h i s  e q u a t i o n  co r -  

responds . t o  a  convers ion  ra te  of  SO2 t o  a c i d  s u l f a t e s  o f  0 .13% p e r  

hour ove r  a  d i u r n a l  p e r i o d .  T h i s  i s  midway i n  t h e  accep ted  range  

o f  0 .02  t o  1 . 2 %  per hour f o r  t h e  r a t e  o f  conve rs ion  [71 .  

The u n c e r t a i n t y  i n  t h e  r e l a t i o n s h i p  between SO2 and s u l f a t e s  

d i r e c t l y  a f f e c t s  t h e  q u a n t i f i e d  h e a l t h  e f f e c t s  p r e s e n t e d  i n  later 

s e c t i o n s .  I f  Equa t ion  2  w e r e  used i n s t e a d ,  t h e  e s t i m a t e d  h e a l t h  

e f f e c t s  would b e  i n c r e a s e d  s i g n i f i c a n t l y .  

11 .2  Dose-Response F u n c t i o n s  

F i v e  dose- response f u n c t i o n s  l i n k i n g  a c i d - s u l f a t e  a e r o s o l  

exposures  t o  s e l e c t e d  a d v e r s e  h e a l t h  e f f e c t s  a r e  g i v e n  by F i n k l e a  

and are reproduced h e r e  i n  Tab le  1. The main f e a t u r e s  are t h a t  

below a t h r e s h o l d  c o n c e n t r a t i o n ,  no h e a l t h  impacts  are p r e d i c t e d  

( a  p o i n t  t h a t  h a s  been deba ted  [ 2 ] ,  b u t  t h e  ev idence p r e s e n t e d  

by F i n k l e a  s u p p o r t s  t h i s  c o n c l u s i o n ) ,  and t h a t  above t h e  t h r e s h -  

o l d  t h e  r e s p o n s e  i n c r e a s e s  l i n e a r l y  w i t h  i n c r e a s i n g  concen t ra -  

t i o n .  I t  shou ld  be no ted  t h a t  f o r  a l l  c i t ies  s t u d i e d ,  p a r t i c u -  

la te  m a t t e r  (P.M) was a l s o  p r e s e n t ,  s o  t h e s e  r e l a t i o n s h i p s  i n c l u d e  

s y n e r g i s t i c  i n t e r a c t i o n s  between P.M. and a c i d - s u l f a t e s .  The 

r e f e r e n c e  power p l a n t  t o  which t h e  dose-response f u n c t i o n s  a r e  b e i n g  

a p p l i e d  e m i t s  b o t h  SO2 and P.M., s o  a r e l a t i o n s h i p  t h a t  i n c l u d e s  

S02-P.M. i n t e r a c t i o n s  is  more d e s i r a . b l e  t h a n  one which i s  f o r  s u l -  

f a t e s  i n  t h e  absence  o f  P.M. The f u n c t i o n s  i n  T a b l e  1 are n o t  

a p p l i c a b l e  i n  r e g i o n s  w i t h  l a r g e  m i s s i o i ? ~  o f  c a t a l y t i c a l - l y  a c t i v e  

m e t a l s  o r  i n  r e g i o n s  w i t h  photochemical  smog. I n  bo th  cases, cata- 

l y t i c a l l y  a c t i v e  metals (e .g .  i r o n  ox ide )  and smog,, t h e  a tmospher i c  

s u l f a t e  f o r m a t i o n  would be g r e a t l y  enhanced [ a ] .  I n  f a c t  t h e  system 



of hyd rocarbon /~O~/S02  has  been shown t o  be  h i gh l y  s y n e r g i s t i c .  

Thus Equat ions  1 and 2 would g r e a t l y  underestimate t h e  suspended 

s u l f a t e  fo rmat ion  i n  such reg ions .  

For use  i n  ou r  model t h e  dose-response f u n c t i o n s  i n  Tab le  1 

have been r e w r i t t e n  i n  terms of SO2 concen t ra t i on  by app ly ing  

Equat ion 1. I n  a d d i t i o n  t h e  popu la t ion  a t  r i s k  has  been s p e c i f i e d  

f o r  each adverse  h e a l t h  e f f e c t  i n  Tab le  1. The i n d i v i d u a l  r e l a -  

t i o n s h i p s  a r e  l i s t e d  i n  t h e  fo l low ing subsec t i ons .  

Table 1 

B e s t  Judgment Dose-Response Funct ions  

(Source: F ink lea  [ I - ]  ) 

Threshold Concent ra t ion  
Adverse Hea l th  of Suspended S u l f a t e s  & 

~f  f e c t *  Exposure Durat ion S lope  I n t e r c e p t  

Increased daily 25 pg/m3 f o r  2 4  hours  0.00252 -0.0631 
mortality (based on o r  longer  
4 studies)  
(acute episodes) 

Aggravation of Heart 9pg/m3 f o r  24 hours 0 . 0 1 4 1  
and Lung Disease i n  o r  l onger  
Elderly Patients 
( 2  studies)  

Aggravation of Asthma 6-10 pg/m3 f o r  24 hours  0.0335 
( 4  studies)  o r  l onger  

Excess Acute Lower 13  pg/m3 f o r  s e v e r a l  y e a r s  0.0769 
Respiratory Disease 
i n  Children ( 4  s tudies)  

Excess Risk for 
Chronic Bronchitis 
(6 studies)  
Ion-Smokers 10 pg/rn: f o r  up t o  10 y r .  0.1340 -1.42 
Cigarette Smokers 15 pg/m f o r  up t o  10 y r .  0.0738 - 1 . 1 4  

* 
The excess  adverse  e f f e c t s  a r e  g iven i n  t e r m s  of  t h e  f r a c -  

t i o n a l  i n c r e a s e  over  t h e  normal rate. Thus, a 100 ~ g / m ~  s u l f a t e  
concen t ra t i on  f o r  one day i s  expected t o  i n c r e a s e  m o r t a l i t y  on 
t h a t  day by 18.9 pe r cen t .  



1 .  Premature Mor ta l i ty  

F a t a l i t i e s  from exposure t o  high l e v e l s  of SO2 a r e  assoc ia ted  

wi th 24-hour SO2 ( s u l f a t e )  concent ra t ions.  I t  is  important t o  

recognize t h a t  t h i s  r e l a t i o n s h i p  does not inc lude f a t a l i t i e s  from 

long-term low-level exposure. The f r a c t i o n  of t o t a l  expected 

f a t a l i t i e s  on day i t h a t  a r e  premature is  given by 

where 
F1 (i) = f r a c t i o n  of t o t a l  expected deaths on 

day i t h a t  a r e  premature, and 

S2 9 (i) = 24-hour SO2 concent ra t ion i n  11g/m3 on 
day i . 

The d a i l y  ~ ~ n ~ e n t r a t i ~ n  t o  produce any e f f e c t  i s  about 

530 pg/m3, which is  a very high concent ra t ion.  Therefore,  on 

most days no mor ta l i t y  from SO2 i s  predic ted.  The premature 

f a t a l i t i e s  froin SO2 t h a t  occur each year can bedetermined by 

c a l c u l a t i n g  t h e  F l ( i )  f o r  each value of SOz concent ra t ion above 

the  threshold  and acctunulating a s  shown i n  Equation 4 .  

365 
E l  = (P) ( R )  (1/365) C Fl ( i ) ,  S 2 4  (i) > 530 pg/m3 ( 4 )  

i=l 

where 

E l  = premature f a t a l i t i e s  per year from SOz exposure, 

P = populat ion exposed, and 

R = death r a t e  i n  deaths per person per year 

(about 9.3/1000 per year f o r  Wisconsin 

i n  1972 [91) . 

The method used t o  determine t h e  d a i l y  SO2 concen,t rat ion d i s t r i -  

but ion,  which i s  requi red t o  make use of Equation 4 ,  i s  given i n  

s e c t i o n  111.2. 



2 .  Aggravat ion of Heart  and Lung Disease 

The number of excess days of aggrava t ion  i n  peop le  over 65 

wi th  p re -ex is t ing  h e a r t  o r  lung d i s o r d e r s  i s  assumed t o  be d i -  

r e c t l y  p ropo r t i ona l  t o  SO2 concen t ra t ion ,  w i th  no SO2 th resho ld ,  

i .e .  

F2 (i) = 0.000423 S24 (i) 

where 

F 2 ( i )  = f r a c t i o n a l  excess days of aggravat ion  

on day i,>? and 

S Z 4 ( i )  = 24-hour SO2 concen t ra t i on  i n  yg/m3 on day i. 

There i s  no t h resho ld ,  so  any a d d i t i o n a l  SOz exposure w i l l  cause 

some a d d i t i o n a l  e f f e c t s .  These e l d e r l y  people t y p i c a l l y  s u f f e r  

one day of aggravat ion  o u t  of every f i v e  days wi thout  any SO2 

exposure**. The popu la t ion  a t  r i s k  i s  only  about 2.7 percen t  

of t h e  t o t a l  U.S. popu la t ion .  There fore ,  t h e  excess days of 

aggravat ion  per  yea r  i n  t h e  exposed popu la t ion  can be  determined 

by c a l c u l a t i n g  F2 (i) over t h e  365 day d i s t r i b u t i o n  and accumu- 

l a t i n g ,  

o r  i n  terms of t h e  211-hour SO2 concen- 
t r a t i o n ,  

*F2 is t h e  number of days of aggravat ion  assoc ia ted  w i th  t h e  
SO2 exposure d iv ided  by t h e  number of days of aggravat ion  t h a t  
occur  w i thout  SO2 exposure. "F rac t i ona l  excess"  is used through- 
o u t  t h i s  r e p o r t  a s  t h e  r a t i o  of t h e  e f f e c t s  assoc ia ted  w i th  SO2 
t o  t h e  normal i nc idence  r a t e  w i thout  SO2 exposure. * *  

The popu la t ions  a t  r i s k  and normal r a t e s  of i nc idence  f o r  
a l l  f o u r  c a t e g o r i e s  of non fa ta l  h e a l t h  e f f e c t s  a r e  based on aver -  
age  U.S. d a t a  supp l ied  i n  Reference 1 .  



E 2  = excess  days ,of aggrava t ion  from SO2 
exposure pe r  y e a r ,  and 

(0.027) (P) = t o t a l  popu la t ion  over  65 w i th  h e a r t  
and lung d i sease .  

S ince  t h e r e  i s  no t h resho ld ,  excess days of aggrava t ion  

from SO2 can be determined d i r e c t l y  from t h e  annual  a r i t hmen t i c  

mean, i. e. 

where 

S 3  = annual. a r i t hmen t i c  mean SO2 concen t ra t i on  i n  

1.14/m3. 

Equat ions  6 and 8 i n d i c a t e  t h a t  it t a k e s  an  average exposure 

du r i ng  t h e  year  (annua l  average exposure) of  32 1.1g/m3 t o  cause  

one a d d i t i o n a l  day of aggrava t ion  per  year  f o r  a person over  65 

w i th  ch ron i c  heart- or  lung d i sease .  

3. Aggravat ion of Asthma 

The excess  asthma a t . tacks  from SO2 can also be r e l a t e d  t o  

24-hour SO2 concen t ra t i ons ,  

F3 (i) = 0.00101 S 2 ~  (i) (9) 

where 

F 3 ( i )  = f r a c t i o n a l  excess  asthma a t t a c k s  on 
day i, and 

S 2 4 ( i )  = 24-hour SO2 concen t ra t i on  i n  pg/m3 on 
day i. 

Since  t h e r e  i s  no t h r e s h o l d ,  any a d d i t i o n a l  SO2 exposure w i l l  

i n c r e a s e  t h e  number of expected asthma a t t a c k s .  The average 

number of a t t a c k s  per  yea r  f o r  an asthma.t ic w i thou t  any SO2 

exposure is  about  seven,  and about  t h r e e  pe rcen t  of t h e  t o t a l  

U.S. popu la t ion  are as t i u i~a t i c s .  There fore ,  t h e  excess asthma 

a t t a c k s  p e r  year  are g iven  by 



o r  i n  terms of 24-hour SO2 c o n c e n t r a t i o n ,  

i= 1 
where 

E 3  = e x c e s s  asthma a t t a c k s  p e r  y e a r  from SO2 
exposure ,  and 

(0.03)  (P) = t o t a l  number of  peop le  w i t h  asthma i n  
p o p u l a t i o n  P.  

Since t h e r e  i s  no t h r e s h o l d  f o r  e f f e c t s ,  t h e  e x c e s s  asthma 

a t t a c k s  can a l s o  be  computed d i r e c t l y  from t h e  annua l  a v e r a g e  

c o n c e n t r a t i o n ,  i . e .  

where 
S  3 6 5  = annua l  a r i t h m e t i c  mean SO2 c o n c e n t r a t i o n  

i n  pg/m3. 

These e q u a t i o n s  i n d i c t e  t h a t  an  annua l  average SO2 c o n c e n t r a t i o n  

of  about  140 pg/m3 would be expected t o  cause  one a d d i t i o n a l  a t -  

t a c k  p e r  a s t h m a t i c  p e r  yea r .  

4. Excess Acute Lower Resp i ra to ry  D isease  i n  C h i l d r e n  

The c o r r e l a t i o n  f o r  e x c e s s  a c u t e  l o w e r  r e s p i r a t o r y  d i s e a s e  

i n  c h i l d r e n  i s  g i v e n  i n  terms of annua l  a r i t h m e t i c  mean S O z  

c o n c e n t r a t i o n ,  

where 
F4 = f r a c t i o n a l  excess  a c u t e  lower r e s p i r a -  

t o r y  d i s e a s e  i n  c h i l d r e n ,  and 

S ~ G S  = annua l  a r i t h m e t i c  mean SO c o n c e n t r a t i o n  
i n  u g / m 3 .  

S i n c e  t h e  i n d i c a t e d  t h r e s h o l d  i s  133 pg/m3 f o r  t h e  annua l  ave rage  

SO2 c o n c e n t r a t i o n ,  t h i s  h e a l t h  impact w i l l  r a r e l y  o c c u r  i n  con- 

n e c t i o n  w i t h  power g e n e r a t i o n .  The popu la t i on  a t  r i s k  i s  a l l  



c h i l d r e n  aged 0  t o  13 ,  o r  abou t  26 p e r c e n t  of t h e  t o t a l  U.S. 

p o p u l a t i o n .  The normal i n c i d e n c e  rate is abou t  s i x  cases p e r  

100 c h i l d r e n  p e r  y e a r .  The t o t a l  e x c e s s  r e s p i r a t o r y  d i s e a s e  i n  

c h i l d r e n  from SO2 i s  t h e r e f o r e  

E l  = (3 .60  X ( P )  ( S  , 6 5  - 1331, 5365 > 133 11g/m3 (14)  

v where 

E 4  = excess a c u t e  l o w e r  r e s p i r a t o r y  d i s e a s e  i n  
c h i l d r e n  p e r  y e a r  f rom SO2 exposure ,  and 

( 0 . 2 6 ) ( P )  = t o t a l  number of  c h i l d r e n  aged 0  t o  13 i n  
p o p u l a t i o n  P  . 

5.  Excess R isk  f o r  Chron ic  R e s p i r a t o r y  Disease 

The r i s k  o f  c h r o n i c  r e s p i r a t o r y  d i s e a s e  i n  a d u l t s  aged 21 

and o v e r  i s  a l s o  r e l a t e d  t o  annua l  a r i t h m e t i c  mean SO2 concen t ra -  

t i o n .  S e p a r a t e  r e l a t i o n s h i p s  are g i ven  f o r  non-smoking a d u l t s  

and f o r  smoking a d u l t s ,  

F g  = -0.214 + 0.00402 S365 , and (15) 

where 

F5  = e x c e s s  r i s k  of  c h r o n i c  r e s p i r a t o r y  d i s e a s e  symptoms 
among non-smoking a d u l t s ,  

F6 = e x c e s s  r i s k  o f  c h r o n i c  r e s p i r a t o r y  d i s e a s e  among 
smoking a d u l t s ,  and 

S , , ,  = a n n u a l  a r i t h m e t i c  mean f o r  SO2 c o n c e n t r a t i o n  i n  
119/m3 

The t h r e s h o l d  f o r  e f f e c t s  on non-smokers i s  abou t  53 11g/m3 and 

f o r  smokers i s  a b o u t  215 yg/m3. The p o p u l a t i o n s  a t  r i s k  i n  t h e  

U.S. are abou t  38 p e r c e n t  o f  t h e  t o t a l  f o r  non-smoking a d u l t s  and * 
23 p e r c e n t  o f  t h e  t o t a l  fo r  smoking a d u l t s  . Without exposu re  

*Non-smokers are 62 p e r c e n t  of  t h e  U.S. p o p u l a t i o n  aged 2 1  
and o v e r  [ I ] ,  and 6 1  p e r c e n t  o f  t h e  t o t a l  U.S. p o p u l a t i o n  w e r e  21  
or o l d e r  i n  1970 [91 . 



t o  SOz about  two p e r c e n t  of t h e  non-smoking a d u l t s  s u f f e r  from 

ch ron ic  r e s p i r a t o r y  d i s e a s e  symptoms; t h e  cor respond ing  f i g u r e  

f o r  smoking a d u l t s  i s  t e n  p e r c e n t .  The e x t r a  non-smokers and 

smokers e x h i b i t i n g  t h e s e  symptoms because of SOz exposure  above 

t h e  r e s p e c t i v e  t h r e s h o l d s  a r e  t h e r e f o r e  

where 

E 5  = e x t r a  non-smokers showing c h r o n i c  r e s p i r a t o r y  d i s e a s e  
symptoms, and 

E ,  = e x t r a  smokers showing ch ron ic  r e s p i r a t o r y  d i s e a s e  
symptoms. 

11 .3  L i m i t a t i o n s  of t h e  Hea l th  Submodel 

The h e a l t h  e f f e c t s  parameterizes i n  t h e  p r e v i o u s  s e c t i o n  have 

been a s s o c i a t e d  w i t h  d a i l y  average SO2 c o n c e n t r a t i o n  ( m o r t a l i t y )  

o r  annual  averaga SO2 c o n c e n t r a t i o n  ( n o n f a t a l  nea l t l l  e f f e c t s ) .  

The r e s u l t i n g  c a l c u l a t e d  h e a l t h  impacts  shou ld  be cons i6e red  a s  on ly  

a  p a r t i a l  i n d i c a t o r  of t h e  t o t a l  h e a l t h  impact .  More r e s e a r c h  is  

needed p a r t i c u l a r l y  on t h e  e f f e c t s  of long-term exposures  t o  low 

l e v e l s  of p o l l u t a n t s .  The q u a n t i f i e d  r e l a t i o n s h i p s  themse lves  

a r e  n o t  c e r t a i n ,  and s e v e r a l  impor tan t  l i m i t a t i o n s  [ l l  need t o  be 

cons idered:  

- t h e  chemical  behav io r  over  t i m e  of s u l f u r  o x i d e s  and s u l f a t e s ,  
mixed w i t h  o t h e r  p o l l u t a n t s ,  is  n o t  w e l l  unders tood ,  

- measurements o f  suspended s u l f a t e s  have been used as rep re -  
s e n t a t i v e  f o r  a c i d - s u l f a t e  a e r o s o l s ,  

- h i s t o r i c a l  d a t a  on emiss ions  and a i r  q u a l i t y  a r e  l i m i t e d ,  

- e p i d e m i o l o g i c a l  s t u d i e s ,  which a r e  d i f f i c u l t  t o  per form,  a r e  
i n  t h e i r  f i r s t  s t a g e s  and s t i l l  have many u n c e r t a i n t i e s  i n  
t h e i r  r e s u l t s ,  

- t h e  t o t a l  impact  of  a i r ' p o l l u t i o n  i n c l u d e s  n o t  on l y  t h e  un- 
q u a n t i f i e d  human h e a l t h  e f f e c t s  b u t  a l s o  t h e  e f f e c t s  on vege- 
t a t i o n ,  an ima ls ,  m a t e r i a l s ,  c l i m a t e ,  v i s i b i l i t y ,  p r o p e r t y  
v a l u e s ,  e t c .  



The r e l a t i o n s h i p s  used i n  our  submodel a r e  c u r r e n t  b e s t  judgments. 

F ink lea  has  a l s o  l i s t e d  some a1 , te rna t i ve  dose-response f u n c t i o n s ,  

based on l e a s t  squares  f i t s  of  t h e  d a t a ,  f o r  t h e  same h e a l t h  impacts 

(Appendix B ) .  Analyses such a s  t h e  F ink lea  s tudy ,  c rude a s  they  

may be a t  t h i s  t i m e ,  a r e  needed t o  prov ide b e t t e r  unders tand ing 

of t h e  imp l i ca t i ons  f o r  impor tant  dec i s i ons  and t o  s t i m u l a t e  f u r -  

t h e r  r esea rch  i n  r e l a t e d  a r e a s .  

111. Emission and Dosage 

The p rev ious  s e c t i o n  p rov ides  c e r t a i n  q u a n t i f i e d  r e l a t i o n s h i p s  

between SO, exposure and h e a l t h  e f f e c t s .  I t  remains i n  t h i s  s e c t i o n  

t o  show how exposure has  been r e l a t e d  t o  emiss ions  from a c o a l - f i r e d  

power p l a n t .  

111.1 Annual Average Concent ra t ion  

The annua l  average SO, concen t ra t i ons  w i t h i n  80 k i l ome te r s  

of  a  power p l a n t  have been c a l c u l a t e d  us ing  a Gaussian plume 

model [ l o ] .  The r e s u l t s  depend s t r o n g l y  on whether t h e  p l a n t  is 

i n  a r u r a l  o r  urban s e t t i n g  because t h e  a i r  f low over  a c i t y  is 

t y p i c a l l y  more turbulent, t he reby  changing t h e  d i s p e r s i o n  coef-  

f i c i e n t s .  ' There fo re ,  w e  have t r e a t e d  urban p l a n t s  s e p a r a t e l y  

from r u r a l  p l a n t s .  

The r e f e r e n c e  p l a n t  c a l c u l a t i o n s  were based on t h e  Moses and 

Carson plume r ise formula [ l l ]  us ing  Madison, Wisconsin,meteorolog- 

i c a l  d a t a  f o r  seasona l  f requency of occur rence f o r  wind speed,  

wind d i r e c t i o n ,  s t a b i l i t y  ca tego ry ,  and mixing he igh t .  The a r i t h -  

me t i c  average of t h e  c a l c u l a t e d  seasona l  concen t ra t i on  p rov ides  

t h e  annual  average concen t ra t i on  of  p o l l u t a n t s  f o r  t h e  power p l a n t .  

The p a r t i c u l a r  c h a r a c t e r i s t i c s  f o r  t h e  re fe rence  p l a n t  w e r e  

- 1,000 MWe u n i t  o p e r a t i n g  a t  7 0  pe rcen t  annua l  c a p a c i t y  
f a c t o r ,  w i t h  e q u a l  q u a n t i t i e s  of  gene ra t i on  i n  each of 
t h e  f o u r  seasons ,  

- u n i t  h e a t  rate of 9,500 BTU pe r  kwh ( n e t  e f f i c i e n c y  o f  
about  36 percent.)  , 

- urban o r  r u r a l  l o c a t i o h  (two s e p a r a t e  c a l c u l a t i o n s ) ,  

- emiss ions  of SO2 a t  a r a t e  of  1 .2 pounds per  m i l l i o n  BTU 
h e a t  i npu t  (USEPA emiss ion  s tanda rd  f o r  c o a l  power p l a n t s ) ,  



- s t a c k  h e i g h t  of 152 meters, 

- s t a c k  d iamete r  of  5  meters, 
0 - s t a c k  g a s  e x i t  tempera ture  o f  148.7 C ,  

- a  volume f low r a t e  of 334 m 3  p e r  second. 

These assum2t ions l e a d  t o  a  t o t a l  SO, emiss ion  of approx imate ly  

35,000 s h o r t  t o n s  p e r  y e a r  f o r  t h e  r e f e r e n c e  1,000 M W e  u n i t .  I t  

shou ld  be  no ted  t h a t  t h e  r e f e r e n c e  p l a n t  i s  n o t  a  t y p i c a l  c o a l - f i r e d  

p l a n t  because most p l a n t s  do n o t  m e e t  t h e  USEPA emiss ion  s t a n d a r d .  

The average s u l f u r  c o n t e n t  o f  c o a l  used by U.S. e l e c t r i c a l  u t i l i t i e s  

i n  1970 was 2.5 p e r c e n t  [ 1 2 ]  . I f  t h i s  ave rage  c o a l  . i s  assumed 

t o  have a  h e a t i n g  v a l u e  of  1 2 , 0 0 0  BTU p e r  pound and is  used i n  a  

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

t h e  r e s u l t i n g  So2 emiss ions  a r e  over  t h r e e  t i m e s  g r e a t e r  than 

t h o s e  of t h e  r e f e r e n c e  p l a n t .  

The Gaussian plume model r e s u l t s  have been s i m p l i f i e d  f o r  

f u r t h e r  use  i n  t h i s  model by d i v i d i n g  t h e  a r e a  around t h e  p l a n t  

i n t o  q u a d r a n t s ,  w i t h  a  s i n g l e  quadran t  r e p r e s e n t i n g  t h e  a r e a  t h a t  

h a s  t h e  h i g h e s t  annua l  c o n c e n t r a t i o n  and t h e  o t h e r  t h r e e  quadran ts  

r e p r e s e n t i n g  t h e  remain ing a r e a  t h a t  has  lower annua l  average con- 

c e n t r a t i o n s .  T h i s  approx imat ion i s  n o t  necessa ry  b u t  reduces  d a t a  

hand l i ng  and o t h e r  c a l c u l a t i o n s  t h a t  depend on t h e  annua l  average 

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

em iss ions  a r e  g i ven  i n  Tab le  2 f o r  t h e  urban and r u r a l  s i tes.  

The i n c r e a s e d  t u r b u l e n c e  a s s o c i a t e d  w i t h  t h e  urban s i t e  r e s u l t s  i n  

h i g h e r  g round- leve l  c o n c e n t r a t i o n  n e a r  t h e  p l a n t  and lower con- 

c e n t r a t i o n  a t  l a r g e  d i s t a n c e s .  The annua l  average SO2 Concen t ra t i on  

a t  any p o i n t  around a  new p l a n t  w i t h  d i f f e r e n t  em iss ions  i s  assumed 

t o  be  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  f o r  t h e  a p p r o p r i a t e  r e f e r e n c e  

p l a n t ,  i . e .  

where 

> 
S365 ( r , E , u )  = annua l  average SO2 c o n c e n t r a t i o n  (pg/m3) 

a t  p o i n t  $ t h a t  r e s u l t s  from power p l a n t  
em iss ion ,  E l  a t  s i t e  t y p e  u ,  



Table 2 

Annual A r i thmet i c  Average SO2 Concent ra t ions  
A t  Ground Level f o r  a  1 0 0 0  MWe Reference Coal P l a n t  

( d m 3  

Dis tance 
From 

P l a n t  (km) 

Urban S i t e  Rural  S i t e  

High 
Ouadrant 

Other Three 
Quadrants  

High Other  Three 
Quadrant  Quadrants  

The r e f e r e n c e  p l a n t  m e e t s  USEPA emiss ion s tanda rds  
and o p e r a t e s  a t  70% capac i t y  f a c t o r .  To ta l  SO2 e m i s -  
s i o n  is  35,000 t o n s  per  year .  



> 
r = p a r t i c u l a r  g round- leve l  p o i n t ,  

E  = annua l  SO2 emiss ion  ( t o n s / y e a r ) ,  

Eo = annua l  SC, emiss ion  f o r  r e f e r e n c e  p l a n t  
(35 ,000 t o n s / y e a r )  , 

u  = s i t e  t y p e  (u rban o r  r u r a l )  , and 

> 
S a  6 5 ( r  ,Eo,u) = annua l  avBrage SO2 c o n c e n t r a t i o n  ( ~ ~ / m ' )  

a t  p o i n t  r t h a t  r e s u l t s  from r e f e r e n c e  
p l a n t  em iss ion ,  Eo, a t  s i t e  t y p e  u  (Tab le  2)  . 

Thus, a  p l a n t  e m i t t i n g  tw i ce  a s  much SO2 would be  expec ted  t o  

cause ground- leve l  c o n c e n t r a t i o n s  two t i m e s  l a r g e r  t h a n  t h o s e  i n  

Tab le  2. 

The r e s u l t s  i n  Tab le  2 can be  coupled w i t h  an assumed popu- 

l a t i o n  d i s t r i b u t i o n  and t h e  r e l a t i o n s h i p s  of t h e  h e a l t h  submodel 

f o r  n o n f a t a l  e f f e c t s  t o  y i e l d  t h e  q u a n t i f i e d  n o n f a t a l  h e a l t h  

impac ts  f o r  t h e  r e f e r e n c e  p l a n t .  The dose- response f u n c t i o n  f o r  

premature f a t a l i t i e s  r e q u i r e s  a  24-hour c o n c e n t r a t i o n  d i s t r i b u t i o n ;  

t h e  methodology f o r  de te rm in ing  doses  t h a t  can be  used i n  t h e  

m o r t a l i t y  dose- response f u n c t i o n  i s  o u t l i n e d  i n  t h e  n e x t  s e c t i o n .  

111.2 Da i l y  Concen t ra t i on  D i s t r i b u t i o n  

S i n c e  t h e  m o r t a l i t y  dose-response f u n c t i o n  (Equat ion  4 )  

r e q u i r e s  24-hour average c o n c e n t r a t i o n s ,  it was n e c e s s a r y  t o  employ 

a  method f o r  l i n k i n g  t h e  annua l  average c o n c e n t r a t i o n s  w i t h  a  

d i s t r i b u t i o n  o f  d a i l y  ave rage  c o n c e n t r a t i o n s .  P o l l u t a n t  concent ra -  

t i o n s  t h a t  r e s u l t  from power p l a n t  em iss ions  a r e  assumed t o  be  

log-normal ly  d i s t r i b u t e d  f o r  a  d a i l y  ave rag ing  t i m e  [ 1 3 , 1  1 . The 

s t a n d a r d  geomet r i c  d e v i a t i o n  ( S ) ,  a r i t h m e t i c  mean ( A ) ,  and geo- 

m e t r i c  mean ( M )  f o r  a  log-normal d i s t r i b u t i o n  a r e  t h e r e f o r e  r e l a t e d  

acco rd ing  t o  t h e  e q u a t i o n  

The annua l  geomet r i c  mean can be determined f o r  each  cor respond-  

i n g  combinat ion of  A and S. The annua l  geomet r i c  mean i s  a  key 

parameter  i n  t h e  r e l a t i o n s h i p  used t o  o b t a i n  d a i l y  c o n c e n t r a t i o n s .  

The annua l  a r i t h m e t i c  mean i s  known from t h e  p r e v i o u s  c a l -  

c u l a t i o n s  (Tab le  2 ) ;  t h e  s t a n d a r d  geomet r i c  d e v i a t i o n  f o r  a  d a i l y  



averaging t i m e  i s  no t  known. However, w e  have developed an 

emp i r i ca l  r e l a t i o n s h i p  f o r  S f  t h e  s tandard  geometr ic  d e v i a t i o n ,  

a s  a  func t ion  of d i s t a n c e  from t h e  p l a n t  and ang le  around t h e  

p l a n t ,  based on a c t u a l  Wisconsin d a t a  [14,151. 

I n  t h e  reg ion  near  t h e  p o i n t  source where t h e r e  a r e  h igh 

ground-level  peaks i n  t h e  annual average concen t ra t i ons ,  S i s  

r e l a t i v e l y  l a r g e  -- approximately f i v e  f o r  SO2 concen t ra t ion  * 
based on a  24-hour a v e r a ~ i n g  t ime . A t  comparat ive ly  l a r g e  

d i s t a n c e s  from t h e  p l a n t ,  e .g .  50 t o  80 k i l omete rs ,  t h e  plume 

i s  no longer  d i s t i n g u i s h a b l e  above t h e  background, and S i s  

approximately 1.75 f o r  SCJ2. For t h e  in te rmed ia te  and lower l e v e l  

peaks i n  t h e  ground- levei  concen t ra t ion  S has an in te rmed ia te  

va lue of approximately  t h r e e .  Beyond t h e  ground- level  peaks around 

t h e  p l a n t  t h e  concen t ra t i on  dec reases  approximately  a s  an expon- 

e n t i a l ,  l ead ing  one t o  expect  t h a t  S w i l l  a l s o  dec rease  nea r l y  a s  

an exponen t ia l  t o  t h e  va lue  1.75. W e  have assumed t h e  s tandard  

geometr ic  d e v i a t i o n  v a r i e s  a s  a  f unc t i on  of d i s t a n c e  from t h e  

power p l a n t  a s  shown i n  F igure  1. However, t h e  a c t u a l  l o c a t i o n  

and e x t e n t  of  t h e  reg ions  of h igh concen t ra t ion  g r a d i e n t s  depends 

on t h e  meteorology and t h e  su r f ace  roughness (whether t h e  p l a n t  

is  i n  a  r u r a l  o r  urban s e t t i n g ) .  

The d a i l y  d i s t r i b u t i o n  f o r  average concen t ra t ions  can now be 

determined. The d e r i v a t i o n  of t h e  r e l a t i o n s h i p  i s  given i n  Appendix 

A.  Only t h e  r e s u l t s  a r e  ou t l i ned  here .  

The p r o b a b i l i t y  (normal ized f requency)  of occur rence can be  

p l o t t e d  a g a i n s t  concen t ra t i on  i n  a  way such t h a t  t h e  concen t ra t ion  

t h a t  i s  exceeded wi th  p r o b a b i l i t y  p can be read  d i r e c t l y  o f f  t h e  

c h a r t .  The p r o b a b i l i t y  s c a l e  can be d iv ided  i n t o  365 equa l  p a r t s  

such t h a t  t h e  concen t ra t i on  t h a t  corresponds wi th  p of 1/365 is  

t h e  concen t ra t ion  t h a t  i s  exceeded on ly  one day per  y e a r ,  t h e  

concen t ra t ion  t h a t  corresponds w i th  p of 2/365 is exceeded two 

days pe r  yea r ,  e t c .  For t h e  c a l c u l a t i o n  of h e a l t h  impact w e  need 

t o  a s s o c i a t e  a  concen t ra t i on  w i th  each day,  r a t h e r  than t h e  con- 

c e n t r a t i o n  exceeded on t h a t  day. There fore  we have de f ined  t h e  

* 
A s i m i l a r  observa t ion  of t h i s  behav ior  of t h e  s tandard  

gecmetr ic  d e v i a t i o n  f o r  t h e  a i r  p o l l u t i o n  concen t ra t i on  f requency 
d i s t r i b u t i o n  nea r  a p o i n t  source wi th  a t a l l  s t a c k  is a l s o  repo r ted  
i n  Knox and Lange [ 16 1 . 



STANDARD GEOMETRIC DEVIATION FOR SO2 CONCENTRATIONS 

WITH 24-HOUR AVERAGING TIME 



P r o b a b i l i t y  t h a t  g i ves  a  more r e p r e s e n t a t i v e  concen t ra t ion  f o r  * 
t h e  day wi th  t h e  h i g h e s t  concent ra t ion  a s  0.5/365 . Thus t h e  

cumulat ive p r o b a b i l i t y  d i s t r i b u t i o n  is given by 

The corresponding d a i l y  concent ra t ions a r e  g iven by 

where 

'i = average SO2 concen t ra t ion  f o r  day i ,  

M = annual  geometr ic  mean SO2 concen t ra t ion ,  

S  = s tandard  geometr ic  dev ia t i on  f o r  a  d a i l y  averaging 
t i m e ,  and 

@ - '  = i n ve rse  of t h e  normal cumulat ive func t ion  ( @ - I  (x )  
i s  t h e  argument A t h a t  g i v e s  @ ( A )  = X ) .  

Thus, C ,  i s  t h e  h ighes t  d a i l y  average concen t ra t ion ,  C l e ,  i s  t h e  

geometr ic  mean concen t ra t ion  (p le3 = 0 . 5 ) ,  and C 3 6 5  i s  t h e  lowest  

d a i l y  average concen t ra t ion .  

In  t h i s  manner t h e  d a i l y  d i s t r i b u t i o n  can be determined when- 

eve r  t h e  annual a r i t h m e t i c  average and s tandard  geometr ic  devia-  

t i o n  a r e  known. S ince t h e  s tandard  dev ia t i on  i s  ra- ised t o  a  power 

t h a t  becomes a s  l a r g e  a s  3.0 f o r  t h e  day w i t h  h i ghes t  concentra-  

t i o n ,  t h e  f u n c t i o n a l  r e l a t i o n s h i p  between s tandard  geometr ic  

d e v i a t i o n  and d i s t a n c e  from t h e  p l a n t  (F igure  1) has a  s i g n i f i c a n t  

e f f e c t  on t h e  es t imated  f a t a l i t i e s .  

* 
This  aoncen t ra t ion  i s  expected t o  be exceeded one day 

every  two y e a r s ,  wh i le  t h e  concen t ra t ion  corresponding t o  a 
p r o b a b i l i t y  of 1/365 i s  expected t o  be exceeded one day every 
yea r .  U s e  of 1/365 would be t ak ing  t h e  lower bound f o r  t h e  
concen t ra t ion ,  and hence t h e  lower bound f o r  premature mor ta l i t y ,  
on t he  day w i th  h i g h e s t  annual average concen t ra t ion .  



111.3 Popu la t i on  D i s t r i b u t i o n  

I n  o r d e r  t o  minimize a d d i t i o n a l  c o m p l e x i t i e s ,  o n l y  t h r e e  

popu la t i on  a l t e r n a t i v e s  have been examined. The assumed popula- 

t i o n  w i t h i n  80 k i l o m e t e r s  (50 m i l e s )  f o r  t h e  t h r e e  s i t i n g  a l t e r n a -  

t i v e s  a r e  

Urban 

Average 

Rura l  

Popu la t i on  w i t h i n  Popu la t i on  Dens i ty  
80 km (people/km2) 

6,300,000 313 

2,250,000 1 1 2  

300,000 15 

I n  a l l  c a s e s  popu la t i on  d e n s i t y  is  assumed t o  b e  independent  o f  

d i s t a n c e  o r  d i r e c t i o n  from t h e  p l a n t .  I n  a d d i t i o n  t h e  c h a r a c t e r -  

i s t i c s  of t h e  popu la t i on  a r e  assumed t o  be  independent  of  l o c a t i o n  

f o r  a  g i v e n  s i t i n g  a l t e r n a t i v e ,  i . e .  t h e  age d i s t r i b u t i o n  is  n o t  

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

popu la t i on  h a s  been a s s o c i a t e d  w i t h  t h e  urban r e f e r e n c e  p l a n t  con- 

c e n t r a t i o n  i n  Tab le  2,  and t h e  r u r a l  s i t e  cor responds t o  t h e  r u r a l  

r e f e r e n c e  p l a n t  i n  Tab le  2. The h e a l t h  e f f e c t s  f o r  t h e  "average"  

s i te  have been determined by ave rag ing  t h e  p e r  c a p i t a  h e a l t h  e f -  

f e c t s  f o r  t h e  urban and r u r a l  s i tes and m u l t i p l y i n g  by t h e  popula- 

t i o n  shown above. S ince  a l l  c a l c u l a t i o n s  a r e  on a  p e r  c a p i t a  

b a s i s ,  t h e  e s t i m a t e d  h e a l t h  e f f e c t s  f o r  a  p a r t i c u l a r  s i t e  can  be  

modi f ied f o r  d i f f e r e n t  p o p u l a t i o n s  w i t h i n  80 k i l o m e t e r s  s imply  by 

m u l t i p l y i n g  by t h e  popu la t i on  r a t i o .  I f  a  p o p u l a t i o n  d i s t r i b u -  

t i o n  w i t h  d e n s i t y  o r  popu la t i on  c h a r a c t e r i s t i c s ,  such a s  age,  

va ry ing  w i t h  d i s t a n c e  o r  d i r e c t i o n  i s  d e s i r e d ,  a d d i t i o n a l  c a l c u l a -  

t i o n s  a r e  necessa ry .  

1 1 1 . 4  Background Exposures 

S i n c e  s e v e r a l  of  t h e  dose-response f u n c t i o n s  have t h r e s h o l d s ,  

t h e  background, d e f i n e d  h e r e  a s  t h e  SO, c o n c e n t r a t i o n s  from a l l  

o t h e r  s o u r c e s ,  h a s  an e f f e c t  on t h e  p r e d i c t e d  h e a l t h  impacts .  

T h e r e f o r e ,  t h e  r e s u l t s  p r e s e n t e d  l a t e r  i n  t h i s  r e p o r t  a r e  g iven 



f o r  d i f f e r e n t  annua l  average background concen t ra t i ons .  I n  t h e  

c a s e  o f  premature f a t a l i t i e s ,  a  d a i l y  background d i s t r i b u t i o n  

was c a l c u l a t e d  from t h e  annual  average background concen t ra t i on  

by assuming a  log-normal d i s t r i b u t i o n  w i th  a  s t anda rd  geomet r ic  

d e v i a t i o n  o f  1.75, a  t y p i c a l  va l ue  i n  r u r a l  a r e a s  away from 

l a r g e  p o i n t  sou rces .  The day w i th  t h e  h i g h e s t  expected back- 

ground was assumed t o  occu r  t h e  same day a s  t h e  h i g h e s t  d a i l y  

average c o n c e n t r a t i o n  from t h e  power p l a n t .  Th is  w i l l  n o t  be 

s t r i c t l y  t . rue a t  eve ry  p o i n t  because weather  cond i t i ons  do  n o t  

a f f e c t  t P , e  d a i l y  background concen t ra t i on  d i s t r i b u t i o n  i n  e x a c t l y  

t h e  same way a s  t h e  power p l a n t  concen t ra t i on  d i s t r i b u t i o n .  How- 

e v e r ,  i t  was f e l t  t h a t  t h i s  was a  reasonab le  approx imat ion of  

t h e  average e f f e c t  w i t h i n  an 80 k i l omete r  r a d i u s  o f  t h e  power p l a n t .  

The t h r e s h o l d  phenomena r a i s e s  t h e  i s s u e  of whether back- 

ground c o n c e n t r a t i o n s  o r  concen t ra t i ons  a s s o c i a t e d  w i t h  power 

p l a n t  emiss ions  are r e s p o n s i b l e  f o r  t h e  h e a l t h  e f f e c t s .  The s h a r e  

of r e s p o n s i b i l i t y  f o r  t h e  h e a l t h  e f f e c t s  depends on which con- 

t r i b u t o r  uses  t h e  coni:.en-trat ion below t h e  t h resho ld .  The approach 

used i n  t h i s  r e p r t  is  t~ l i s t  t h e  t o t a l  q u a n t i f i e d  h e a l t h  impact 

cor respond ing  t o  -i:"le i n d i c a t e d  combinat ion o f  background and 

power p l a n t  concen t ra t i ons .  For t hose  h e a l t h  impacts t h a t  have 

no SO2 t h r e s h o l d ,  namely asthma and aggrava t ion  of h e a r t  and 

lung d i s e a s e ,  t h e  e f f e c t s  of background and t h e  power p l a n t  a r e  

s e p a r a b l e ,  and on ly  t h e  power p l a n t  impacts have been determined.  

Only when annua l  average SQ2 background concen t ra t i ons  become 

g r e a t e r  than  50 pg/m3 i s  t h e  background by i t s e l f  s u f f i c i e n t  t o  

produce any of t h e  h e a l t h  e f f e c t s  w i t h  SO2 t h r e s h o l d s ,  a s  determined 

from t h e  b e s t  judgment dose-response f unc t i ons .  

111.5 Summary of  Key Assumpti.ons f o r  t h e  Dosage Methodology 

The dose e s t i m a t e s  f o r  t h e  r e f e r e n c e  p l a n t s  have r e l i e d  

on p a r t i c u l a r  d a t a  f o r  Wisconsin b x t  a r e  though t  t o  be  reason-  

a b l y  t y p i c a l  of o t h e r  r eg i ons .  Th.e most i m p ~ r t a n t  assumptj.ons 

employed i n  t h e s e  c a l c u i a t i o n s  a r e  

- Gaussian plume rnodel f o r  c a l c u l a t i n g  annual  average 
cor ; .&ent ra t ions ,  



- log-normal d i s t r i b u t i o n  f o r  d a i l y  c o n c e n t r a t i o n  due t o  
power p l a n t  em iss ions ,  

- s t a n d a r d  geomet r i c  d e v i a t i o n  a s  a  f u n c t i o n  of  d i s t a n c e  
from t h e  p l a n t  a s  shown i n  F igu re  1, 

- homogeneous popu la t i on  p e r  u n i t  a r e a  (age ,  a s t h m a t i c s ,  e t c . ) ,  
and 

- log-normal d i s t r i b u t i o n  f o r  d a i l y  background c o n c e n t r a t i o n s .  

I V .  Q u a n t i f i e d  Impacts f o r  Coal-Fired Power P l a n t s  

Q u a n t i f i e d  human h e a l t h  impacts  t h a t  a r e  a s s o c i a t e d  w i t h  SO2 

emiss ions  from a  c o a l - f i r e d  power p l a n t  have been parameter ized  

a s  a f u n c t i o n  of  SO2 emiss ions ,  background c o n c e n t r a t i o n s ,  and 

t y p e  of  s i t e  (u rban,  r u r a l ,  o r  a v e r a g e ) .  R e s u l t s  a r e  p r e s e n t e d  

f o r  each of  t h e  f i v e  h e a l t h  impacts  i n  t h e  fo l l ow ing  s u b s e c t i o n s .  

Premature F a t a l i t i e s  

The premature f a t a l i t i e s  w e r e  c a l c u l a t e d  f o r  a  p a r t i c u l a r  

s i t e ,  p o p u l a t i o n ,  q u a n t i t y  o f  SO, r e l e a s e ,  and background concen- 

t r a t i o n  w i t h  t h e  a i d  of  a  computer program. A f t e r  c a l c u l a t i n g  

many such i n d i v i d u a l  c a s e s ,  t h e  r e s u l t s  w e r e  p l o t t e d  a s  shown i n  

F i g u r e s  2 , 3 ,  and 4 .  The premature f a t a l i t i e s  a r e  p l o t t e d  v e r s u s  

t h e  r a t i o  of  SO2 e m i t t e d  t o  t h e  emiss ion  f o r  t h e  r e f e r e n c e  p l a n t .  

I f  350,000 t o n s  of  SO, w e r e  e m i t t e d ,  t h e  r a t i o  would b e  10. I f  

two 1,000 MWe p l a n t s ,  a t  t h e  same s i te  wi th  t h e  same e f f i c i e n c y  

and c a p a c i t y  f a c t o r  a s  t h e  r e f e r e n c e  p l a n t ,  used c o a l  w i t h  11,000 

BTU p e r  pound and f i v e  p e r c e n t  s u l f u r  w i t h  no SO2 c o n t r o l s ,  t h e  

SO2 emiss ion  would be  about  15 t i m e s  g r e a t e r  t han  t h e  r e f e r e n c e  

p l a n t .  The r e s u l t s  shown i n  F igu res  2 ,  3 ,  and 4 i n d i c a t e  t h e  

number of  premature f a t a l i t i e s  p e r  y e a r  a s s o c i a t e d  w i t h  SO, emiss ion  

i s  r e l a t i v e l y  s m a l l  f o r  low emiss ions  and low background concent ra -  

t i o n s  o f  0 t o  20 p g / m 3 ,  which a r e  t y p i c a l  f o r  most a r e a s  i n  

Wisconsin.  

Tab les  3  and 4 show t h e  r e s u l t s  o f  t h e  c a l c u l a t i o n s  over  a  

w ider  range o f  backgrounds and emiss ions .  The h i g h e r  backgrounds 

a r e  more t y p i c a l  o f  t h e  h e a v i l y  i n d u s t r i a l i z e d  a r e a s  i n  t h e  U.S. 

The expec ted  premature f a t a l i t i e s  f o r  t h e  urban s i t e  a r e  g i ven  

i n  Tab le  3  and f o r  t h e  r u r a l  s i te  i n  Tab le  4 .  The f a t a l i t i e s  f o r  
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T a b l e  3 

Annual  P r e m a t u r e  F a t a l i t i e s  a t  t h e  Urban S i t e  
A s  a  F u n c t i o n  o f  Background C o n c e n t r a t i o n s  and 

Power P l a n t  Em iss i ons  

Ratio of SO2 
Emission To 
Reference 
Plant 
Emissions 

Annual Average Background SO2 concentration (pg/m3) 

N.B.  The urban site has a homogeneous population density of 313 people/km2. 
The reference plant emission is 35,000 short tons of SO2 per year. 



T a b l e  4 

Annual  P r e m a t u r e  F a t a l i t i e s  a t  t h e  R u r a l  S i t e  
A s  a F u n c t i o n  of  Background C o n c e n t r a t i o n s  and  

Power P l a n t  Em iss i ons  

Ratio of SO2 
Annual Average Background SO2 Concentrat ion (pg/m3) c mission To 

N.B. The rural site has a homogeneous population density of 15 people/km2. 
The reference plant emission is 35,000 short tons of SO2 per year. 

Kererence 
Plant 
Emissions 

1 

2 

3 

5 

10 

15 

2 0 

25 

0 

0.0 

0.0 

0.0 

0.0 

0.0009 

0.0037 

0.0082 

0.014 

20 

0.0 

0.0 

0.0 

0.0 

0.0014 

0.0050 

0.011 

0.018 

40 

0.0 

0.0 

0.0 

0.0001 

0.0024 

0.0070 

0.014 

0.023 

60 

0.0 

0.0 

0.0 

0.0005 

0.0038 

0.0097 

0.019 

0.031 

8 0 

0.0 

0.0 

0.0002 

0.0012 

0.0060 

0.015 

0.027 

0.042 

> 

100 

0.00001 

0.0004 

0.0010 

0.0028 

0.011 

0.025 

0.043 

0.066 

1 



t h e  average s i t e  can be  computed from t h e s e  t a b l e s  by ave rag ing  

t h e  p e r  c a p i t a  e f f e c t s  f o r  t h e  urban and r u r a l  s i tes  and then  

m u l t i p l y i n g  by t h e  assumed average s i t e  p o p u l a t i o n  of 2 ,250,000.  

Table 4 i n d i c a t e s  t h a t  even i n  t h e  c a s e s  w i th  t h e  h i g h e s t  back- 

ground t h e r e  was no d i r e c t  c o n t r i b u t i o n  by t h e  background i t s e l f  

t o  t h e  premature f a t a l i t i e s ,  i . e .  t h e  w o r s t  day f o r  an a r i t h m e t i c  

mean of  100 pg/m3 and a s t a n d a r d  geomet r i c  d e v i a t i o n  of 1 .75  

does n o t  exceed t h e  t h r e s h o l d  v a l u e  f o r  premature f a t a l i t i e s .  

Theref  o r e ,  t h e  premature f a t a l i t i e s  a r e  e n t i r e l y  a t t r i b u t a b l e  

t o  t h e  power p l a n t  i f  t h e  power p l a n t  c o n c e n t r a t i o n s  a r e  assumed 

t o  be  an a d d i t i o n  t o  t h e  background. 

I t  is  e v i d e n t  i n  Tab les  3 and 4 t h a t  i n c r e a s i n g  background 

w i t h  f i x e d  power p l a n t  em iss ions  h a s  a n o n l i n e a r  e f f e c t  on t h e  

number of  expec ted  f a t a l i t i e s .  For example,  i f  background i s  i n -  

c r e a s e d  from 0 t o  100 pg/m3 f o r  an em iss ions  r a t i o  of  2 a t  t h e  

urban s i t e  (Tab le  3 ) ,  t h e  expec ted  f a t a l i t i e s  i n c r e a s e  by about  

0 .03,  wh i l e  t h e  same change i n  background a t  an em iss ions  r a t i o  

of 25 r e s u l t s  i n  an i n c r e a s e  i n  f a t a l i t i e s  of  1 . 8 .  T h i s  i s  a 

r e s u l t  o f  t h e  t h r e s h o l d  form of  t h e  dose-response f u n c t i o n .  

Excess Hear t  and Lung D isease Aggravat ion i n  t h e  E d e r l y  

S i n c e  t h e  dose-response f u n c t i o n s  f o r  h e a r t  and lung  d i s e a s e  

agg rava t i on  and asthma a t t a c k s  a r e  l i n e a r  w i t h  no t h r e s h o l d ,  t h e  

e f f e c t s  a s s o c i a t e d  w i t h  t h e  power p l a n t  em iss ions  a r e  n o t  a f f e c t e d  

by t h e  background SO2 c o n c e n t r a t i o n .  The h e a l t h  e f f e c t s  a t t r i b u t -  

a b l e  t o  t h e  background a r e  an a d d i t i o n  t o  t h o s e  c a l c u l a t e d  f o r  

t h e  power p l a n t .  

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

t h e  e l d e r l y  a r e  shown i n  F igure  5.  Urban s i t i n g  can r e s u l t  i n  

about  51,000 e x c e s s  days  of  agg rava t i on  p e r  y e a r  f o r  a  s i t e  w i t h  

15 t i m e s  a s  much SO2 e m i t t e d  a s  t h e  1 ,000  MWe r e f e r e n c e  p l a n t .  

Th i s  compares w i t h  a  normal i n c i d e n c e  w i t h o u t  SO2 exposure  of  

about  12 m i l l i o n  days  o f  agg rava t i on  p e r  y e a r  a t  t h e  u rban si te.  

The number o f  days  of  a g g r a v a t i o n  f o r  an  emiss ion  r a t i o  of 15 

i s  abou t  a  0 .4  p e r c e n t  i n c r e a s e  i n  t h e  normal r a t e  a t  a l l  t h r e e  

sites. 



URBAN SITE / 

I / AVERAGE SITE I 

RURAL SITE I 

Ratio of SO2 Emitted t o  the Emission f o r  the'Reference Plant  

(The reference 1,000 MWe plant  emits 135,000 tons SO2 per   ear,) 

F i g u r e  5: H e a r t  and Lung D isease ~ g g r a v a t i o n  from S u l f u r  
Diox ide Emiss ions  a t  Coal -F i red-Power P l a n t s  



Excess  Asthma A t t a c k s  

The e x c e s s  as thma a t t a c k s  a r e  p l o t t e d  i n  F i g u r e  6 a s  a  f unc -  

t i o n  o f  SO2 r e l e a s e  f o r  t h e  t h r e e  si tes.  The e x c e s s  as thma 

a t t a c k s  p e r  y e a r  f o r  a  p l a n t  w i t h  1 5  t i m e s  a s  much SO2 r e l e a s e  

a s  t h e  r e f e r e n c e  p l a n t  r e p r e s e n t s  a b o u t  a  one  p e r c e n t  i n c r e a s e  i n  

t h e  e x p e c t e d  number of as thma a t t a c k s  i n  t h a t  p o p u l a t i o n .  

Excess  Acu te  R e s p i r a t o r y  D i s e a s e  i n  C h i l d r e n  - 

Accord ing  t o  t h e  dose - response  f u n c t i o n  g i v e n  by E q u a t i o n  14 ,  

no e x c e s s  a c u t e  l owe r  r e s p i r a t o r y  d i s e a s e  i n  c h i l d r e n  w i l l  o c c u r  

f o r  a n n u a l  a v e r a g e  SO2 c o n c e n t r a t i o n  less t h a n  133 pg/m3. There -  

f o r e ,  t h e s e  e x t r a  h e a l t h  e f f e c t s  a r e  r e l a t i v e l y  r a r e  e x c e p t  when 

background and  e m i s s i o n s  a r e  v e r y  h i g h ,  a s  shown i n  T a b l e  5 .  

Excess  C h r o n i c  R e s p i r a t o r y  - Disease Symptoms i n  -.- A d u l t s  

The minimum a n n u a l  a v e r a g e  SO2 c o n c e n t r a t i o n  t h a t  r e s u l t s  

i n  e x t r a  c h r o n i c  r e s p i r a t o r y  d i s e a s e  symptoms f o r  non-smoking 

a d u l t s  i s  53 yg/m3 and f o r  smoking a d u l t s  i s  215 pg/m3. The 

t h r e s h o l d  f o r  non-smokers i s  low enough t h a t  many e x t r a  c a s e s  

o c c u r  when background  o r  e m i s s i o n s  a r e  h i g h ,  a s  shown i n  T a b l e  6 .  

However, t h e  smokers  t h r e s h o l d  i s  s o  h i g h  t h a t  o n l y  v e r y  f e w  

c a s e s  r e s u l t  f rom t h e  c o m b i n a t i o n s  o f  t h e  g r e a t e s t  e m i s s i o n s  

and  backgrounds ,  a s  shown i n  T a b l e  7 .  F o r  t h e  r u r a l  s i t e  t h e  

t h r e s h o l d  f o r  smokers  i s  n o t  exceeded  f o r  any  c o m b i ~ , a t i o n  o f  

background and  e m i s s i o n s  shown i n  T a b l e  7 .  

F i n k l e a ' s  a l t e r n a t i v e  dose - response  f u n c t i o n s ,  b a s e d  on 

least  s q u a r e s  f i t s ,  have  a l s o  been  used  t o  compute e x p e c t e d  h e a l t h  

i m p a c t s .  I n  Appendix B some r e s u l t s  a r e  compared t o  t h e  r e s u l t s  

o b t a i n e d  w i t h  t h e  b e s t  judgment dose - response  f u n c t i o n s .  I n  

g e n e r a l  t h e  b e s t  judgment f u n c t i o n s  r e s u l t  i n  l owe r  l e v e l s  o f  

p r e d i c t e d  h e a l t h  e f f e c t s .  The compar ison d e m o n s t r a t e s  t h e  con- 

s i d e r a b l e  u n c e r t a i n t y  t h a t  i s  a s s o c i a t e d  w i t h  t h e  d o s e - r e s p o n s e  

f u n c t i o n s .  



I / AVERAGE SITE 1 

r / /' RURAL SITE I 

Ratio of SO2 Emitted t o  the Emission f o r  the 
Reference Plant  

(The reference p lan t  emits 35,000 tons per year)  

Figure 6: Excess Asthma Attacks from Sulfur Dioxide Emissions 
At Coal-Fired Power Plants 



Table 5 

Excess Acute Lower Respiratory Disease in Children as a Function 
of Background Concentration and Power Plant Emission 

(cases per year) 

Ratio of .SO2 Emission 
To Reference Plant Annual Average Background SO2 Concentrat ion ( u g / m 3 )  

I Rural site1 1 

 he assumed population densities were 313 people/km2 for the urban 
site and 15 people/km2 for the rural site. 



Table 6 

Extra Non-Smakers Showing Chronic Respiratory Disease 
as a Function of Background Concentration 

and Power Plant Emission. ' 

Ratio of SO2 
Emissions tu 

2 
Reference Annual Average Background SO2 Concentration (!.~~/m~) 
Plant Emission 

 h he assumed population destinies were 313 people/km2 for the urban site 
and 15 people/km2 at the rural site. 

Urban site1 

1 (35,000 tons/yr) 

5 

10 

15 

20 

2 5 

Rural Site1 

2~ince the threshold for health effects is 53vg/m3 , the background 
concentration, without any contribution from the power plant, causes 
some health effects for background concentrations above this level. 

1 (35,000 tons/yr) 

5 

10 

15 

20 

2 5 

0.0 0 -0 

0.0 0.0 

0.0 0.0 

0.0 0.075 

0.0 0.88 

0.18 3.0 35. 200. 380. 570. 



Tab le  7 

E x t r a  Smokers Showing Chron ic  R e s p i r a t o r y  D isease  Symptoms 
A s  a Func t i on  o f  Background Concen t ra t i on  

and Power P l a n t  Emission 

Ratio of SO2 
Annual Average Background SO2 Concentrations (yg/m3 ) Emission to 

Reference Plant 
Emission 

 he threshold of 215yg/m3 was not exceeded at the rural site for 
any combination of background up to 100yg/m3 and a ratio of emissions 
up to 25. 

Urban site1 

1 (35,000 tonslyr) 

5 

10 

15 

20 

25 

0 

0.0 

0 .o 

0.0 

0.0 

0.0 

0.0 

20 

0.0 

0.0 

0.0 

0 .O 

0.0 

5.5 

4 0 

0.0 

0.0 

0.0 

0.0 

0.0 

12. 

60 

0 .O 

0.0 

0.0 

0 .O 

4.7 

18. 

80 

0.0 

0.0 

0 .o 

0 .O 

11. 

24. 

100 

0 .O 

0 .o 

0 .o 

3.9 

17. 

30. 



V. Conclusions - - 
Rel .at ionships have been developed f o r  es t ima t i on  of 

some q u a n t i f i e d  human h e a l t h  impacts of SO2 emiss ions from 

coa l - f i r ed  power p l a n t s .  The f i v e  c a t e g o r i e s  of h e a l t h  

impacts a r e  premature f a t a l i t i e s ,  aggravat ion  of p re -ex i s t i ng  

h e a r t  and lung d i s e a s e  i n  t h e  e l d e r l y ,  excess  asthma a t t a c k s ,  

excess acu te  lower r e s p i r a t o r y  d i s e a s e  i n  c h i l d r e n ,  and 

excess r i s k  of  ch ron ic  r e s p i r a t o r y  d i s e a s e  symptoms i n  a d u l t s .  

The fo l lowing c r i t i c a l  sssumpt ions,  which a r e  s u b j e c t  t o  

cons iderab le  unreso lved unce r ta i n t y ,  have been made: 

- t he  dose-response f unc t i ons  prov id ing expected 
h e a l t h  impacts t h a t  r e s u l t  from exposure t o  s u l f a t e s ,  
shown i n  Table 1, 

- t h e  convers ion between SO2 and s u l f a t e  concen t ra t i on  
g iven by equa t i on  1, 

- t h e  emp i r i ca l  r e l a t i o n s h i p  between s tandard  geometr ic  
d e v i a t i o n  f o r  24-hour SO2 concen t ra t ion  and d i s t a n c e  
from t h e  power p l a n t  prov ided i n  F igure  1, and 

- t h e  log-normal d i s t r i b u t i o n s  f o r  both  t h e  d a i l y  
background SO2 concen t ra t i ons  and t h e  SO2 concen t ra t i ons  
t h a t  r e s u l t  from power p l a n t  emiss ions.  

The l a s t  two assumpt ions a r e  used on ly  f o r  c a l c u l a t i o n  of pre- 

mature f a t a l i t i e s .  

The h e a l t h  impacts a r e  parameter ized i n  t e r m s  of SO2 

emiss ion,  popu la t ion  and s i te  c h a r a c t e r i s t i c s ,  and background 

SO2 concen t ra t i on .  Th is  pa ramete r i za t ion  g i ves  t h e  h e a l t h  

impact model i t s  s t r e n g t h  and f l e x i b i l i t y  f o r  use  i n  

envi ronmental  p o l i c y  a n a l y s i s  and long range p lanning.  

The r e s u l t s  have shown t h a t  excess days o f  aggravat ion  

of h e a r t  and lung d i s e a s e  i n  t h e  e l d e r l y  and excess  asthma 

a t t a c k s  a r e  t h e  q u a n t i f i e d  e f f e c t s  t h a t  occur  most f r equen t l y  

a s  a r e s u l t  o f  SO2 emiss ion from c o a l - f i r e d  power p l a n t s ;  

premature m o r t a l i t y ,  excess  acu te  lower r e s p i r a t o r y  d i s e a s e  

i n  c h i l d r e n ,  and excess r i s k  of chron ic  r e s p i r a t o r y  d i s e a s e  

symptoms i n  a d u l t s  occur  less f r equen t l y .  T t  should be noted 

t h a t  t h e s e  q u a n t i f i e d  e f f e c t s  a r e  e i t h e r  t h e  r e s u l t  o f  sho r t -  

t e r m  exposure or  long-term exposure t o  r e l a t i v e l y  h igh l e v e l s  

of  p o l l u t i o n .  The impacts o f  long-term exposure t o  low l e v e l s  

o f  p o l l u t i o n  have n o t  y e t  been q u a n t i f i e d .  There fore ,  t h e  

q u a n t i f i e d  impacts of a i r  p o l l u t i o n  inc luded  i n  t h i s  r e p o r t  a r e  

on ly  a p a r t i a l  i n d i c a t o r  o f  t h e  t o t a l  h e a l t h  impact and are n o t  

t h e  t o t a l  irnpai:t of a i r  p o l l u t i o n .  



Th is  s t u d y  h a s  i n d i c a t e d  t h a t  t h e  q u a n t i f i e d  h e a l t h  impac ts  

o f  so2 emiss ions  from a  s i n g l e  c o a l - f i r e d  power p l a n t  can  amount 

t o  thousands o f  days  o f  human i l l n e s s ,  and some premature  

f a t a l i t i e s .  A d d i t i o n a l l y ,  f o r  t h e  combinat ion o f  c i r cums tances  

t h a t  r e s u l t  i n  few q u a n t i f i e d  h e a l t h  e f f e c t s ,  one canno t  say  

t h e s e  impac ts  a r e  n e g l i g i b l e  w i t h o u t  a  rev iew o f  a l t e r n a t i v e s  

and c o n s i d e r a t i o n  o f  o t h e r  impac ts ,  u n q u a n t i f i e d  e f f e c t s ,  and 

c o n v e n t i o n a l  c o s t s  [171. The q u a n t i f i e d  r e l a t i o n s h i p s  p rov ided 

i n  t h i s  r e p o r t  a r e  a  p a r t i a l  i n d i c a t o r  o f  t h e  t o t a l  impac t ,  and 

t h e  r e s u l t s  i n d i c a t e  they  a r e  a  s i g n i f i c a n t  a d d i t i o n  t o  power 

p l a n t  impac t  a n a l y s i s .  
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APPENDIX A 

Der i va t i on  of  t h e  Da i l y  Concen t ra t i on  D i s t r i b u t i o n  

I f  t h e  dose-response f unc t i on  g iven by Equat ion 4 i n  

S e c t i o n  1 1 . 2  i s  used t o  compute t h e  number o f  premature f a t a l -  

i t i e s ,  t h e  d a i l y  d i s t r i b u t i o n  of  SO2 concen t ra t i ons  i s  needed. 

The purpose o f  t h i s  appendix i s  t o  o u t l i n e  t h e  method used t o  

de termine t h a t  d i s t r i b u t i o n .  

The 'premature  f a t a l i t i e s  p e r  day i s  c a l c u l a t e d  from t h e  

r e l a t i o n s h i p  

i f  c  > c o  
DPF = 1-1 

i f  c  - < c o  

DPF = 1-1 max {or  c  - c,) 

where 

DPF = premature f a t a l i t i e s  p e r  day ,  

1-1 = dose-response c o e f f i c i e n t ,  

c  = d a i l y  average SO2 concen t ra t i on ,  

c o  = t h r e s h o l d  SO2 concen t ra t i on  below which no 
premature f a t a l i t i e s  a r e  expected,  and 

ma.xIa,b) = t h e  l a r g e r  of  t h e  two q u a n t i t i e s  i n s i d e  b racke t s .  

The d -a i l y  ave rage  SO2 concen t ra t i on ,  c ,  i s  assumed t o  have 

a log-normal d i s t r i b u t i o n .  I f  one deno tes  t h e  p r o b a b i l i t y  d e n s i t y  

f u n c t i o n  w i th  f ( c ) ,  t h e  expected premature f a t a l i t i e s  p e r  yea r  

(APF) can  be expressed a s  

APF = 365-1-1. j maxIo,c - c o ) * f ( c ) d c  ( 2 )  
0 

where t h e  i n t e g r a l  is  t h e  expected excess  o f  d a i l y  average 

SO2 c o n c e n t r a t i o n s  ove r  t h e  t h resho ld  va l ue  co. One can d i v i d e  

t h e  range o f  p o s s i b l e  concen t ra t i ons  i n t o  i n t e r v a l s  (ai-l ail  
t 

< c < a i  such t h a t  t h e  p r o b a b i l i t y  o f  f i n d i n g  aim 1 - i s  1/365, 

w i t h  i = 1 , 2 ,  ..., 365. There fo re ,  t h e  expected number o f  days  

i n  a y e a r  w i th  an ave rage  o f  SG2 concen t ra t i on  i n  t h e  i n t e r v a l  



(ai-i,a. ) is equal to 1. The "center", ci of each of these 
1 

intervals can be defined by 

i-f pr {c < c.)  = p  = -  
1 i 365 

where pr should read as "the probability that". This definition 

implies that the probability that ai- 1 -  < c - < c is equal to the i 
probability that ci 5 c - < a i.e. the daily average concentration, i ' 
c, is equally likely to fall above or below ci within the interval 

(a i-1, ai). Thus ci is really representative of the im highest 

range of concentrations. 

The values ci, i=1, ..., 365 can be interpreted in an intuitive 

way. The concentration on the day with the highest average con- 

centration is associated with c l ,  the concentration level which 

is expected only one day every two years, ..., the concentration 

on the day with the mean value is associated with c,,,, the 

concentration which is expected to be exceeded half of the time, ..., 
and the concentration on the day with the lowest average 

concentration is associated with c,,,, the concentration which 

is expected to be exceeded all but one day in two years. We have 

defined the probability for the day with the highest concentration 

as 0.5/365 rather than 1/365. This concentration is expected to 

be exceeded one day every two years rather than one day every year 

and is a more representative value for the day with the highest 

concentration. Use of 1/365 for the day with the highest 

concentration would simply set a lower bound on premature mortality. 

The integral in Equation 2 can now be approximated by a 

sum, i.e. 

365 1 
APF = 365-v= 1 max {o,ci - co)* 

i= I 

365 
= P max {o, ci - co) 

i= I 



The r e l a t i o n s h i p  i n  Equa t i on  4 i n d i c a t e s  t h a t  t h e  p rema tu re  

f a t a l i t i e s  p e r  y e a r  a r e  s imp ly  t h e  sum o f  t h e  p rema tu re  f a t a l -  

i t i e s  t h a t  o c c u r  e a c h  day .  To e v a l u a t e  t h e  ci w i t h  c i < c o I 

Equat ion  3 c a n  be  r e w r i t t e n  a s  

When c h a s  a log-normal  d i s t r i b u t i o n ,  t h e n  Rnc h a s  a normal  

d i s t r i b u t i o n  t h a t  i s  c o m p l e t e l y  s p e c i f i e d  by two p a r a m e t e r s ,  t h e  

expec ted  v a l u e  ( o r  mean) ,  rn, and t h e  v a r i a n c e ,  v .  E s t i m a t e s  f o r  

t h e s e  p a r a m e t e r s  f rom n  o b s e r v a t i o n s  Rnc j = l ,  ..., n a r e  
j 1  

and 

t h u s  M = exp(m) 

(Rnc - !?,nM) 

t h u s  S = exp  ( c )  Oa5 

where M i s  t h e  g e o m e t r i c  mean and  S is t h e  s t a n d a r d  g e o m e t r i c  

d e v i a t i o n  of t h e  n  o b s e r v a t i o n s  c 1  . . . n .  Equa t i on  7 shows 
j 

t h a t  S t e n d s  toward  1 .0  as t h e  v a r i a t i o n  o f  t h e  l o g  o f  t h e  

d a i . l y  c o n c e n t r a t i o n s  a round  t h e  g e o m e t r i c  mean t e n d s  toward  z e r o ,  

i .e .  S - > 1 . 0  f o r  a l l  d i s t r i b u t i o n s .  

A s  Rnc is  a  s t r i c t l y  monoton ic  f u n c t i o n  o f  c ,  Equa t i on  5 

c a n  b e  m o d i f i e d  t o  g i v e  



The probability relationship is not affected by subtracting a 

constant, !?,n MI  and dividing by a positive const~nt, Rn S, i.e. 

Let x be defined as (Rn c - Rn M)/Rn S. Then x has a normal 

distribution with zero mean and unit variance. The cumul~tive 

function @ ( X ) ,  is given by the integral 

where f(x) is the probability density function. As x approaches 

+a, the integral converges to 1.0. When xi = (Rn ci - RnM) /En S , 
the integral in Equation 10 is just 1 - pi. Therefore 

The daily average concentration can now be determined using 

Equation 1 1 ,  giving 

where is the inverse function of the cuo~ulative function for 

the normal distribution. Since MI S, and the arithmetic average 

concentration, A, are linked by the relationship given by 

Larsen [13], 

M = ~ * e x p ( - %  in's), 

Equations 12 and 13 can be used to solve for the daily average 

concentration distribution whenever two of M, S, and A are 

known. 

For example, the calculations for three days of the year 

are indicated below for the particular case when the geometric 

mean is 1.37 pg/m3 and the standard geometric deviation is 5.0*. 

*The annual arithmetic average is 5.0 pg/m3 for these 
values of M and S. 



Day w i t h  h i g h e s t  c o n c e n t r a t i o n :  

Day w i t h  t h e  mean c o n c e n t r a t i o n :  

0 . 5  = @ ( O )  

c l e 3  = 1 . 3 7 ( 5 ' )  = 1.37 p g  p e r  m 3  

Day w i t h  t h e  lowest a v e r a g e  c o n c e n t r a t i o n :  

1  - p365 = 1  - 365 - ' = 0.00137 365 

0 .00137 = @ ( - 2 . 9 9 5 6 )  

c 3 6 5  = 1 . 3 7 ( 5 - 2 * 9 9 5 6  ) = 0.011 ug p e r  m3 



APPENDIX B 

Some R e s u l t s  For t h e  L e a s t  Squares  Model 

The dose-response f u n c t i o n s  t h a t  were p r e s e n t e d  i n  Table 1 

a r e  t h e  "best- judgment"  f u n c t i o n s  a s  g i v e n  by F i n k l e a  [ l l .  
These r e l a t i o n s h i p s  a r e  h igh l y  u n c e r t a i n  and a r e  based on a  

l i m i t e d  number o f  o b s e r v a t i o n s .  A d i f f e r e n t  se t  o f  dose- response 

f u n c t i o n s  f o r  t h e  same h e a l t h  impacts  i s  a l s o  p r e s e n t e d  by F i n k l e a .  

The second s e t  o f  dose-response f u n c t i o a s  a r e  based on a  l e a s t  

squa res  f i t .  F i n k l e a  p r e f e r r e d  t h e  b e s t  judgment f u n c t i o n s  

because t h e  d a t a  p o i n t s  a v a i l a b l e  f o r  t h e  assessment  o f  a  s i n y l e  

adve rse  e f f e c t  w e r e  n o t  independent  and because of  d i f f e r e n c e s  

among t h e  o r i g i n a l  s t u d i e s .  

The SO2 c o n c e n t r a t i o n  t h r e s h o l d s ,  below which no e x c e s s  

h e a l t h  e f f e c t s  a r e  expec ted ,  a r e  compared i n  Tab le  B-1  f o r  t h e  

two sets o f  dose-response f u n c t i o n s .  The pr imary d i f f e r e n c e s  

w i th  t h e  b e s t  judgment t h r e s h o l d s  a r e  premature m o r t a l i t y ,  a c u t e  

lower r e s p i r a t o r y  d i s e a s e  i n  c h i l d r e n ,  and c h r o n i c  r e s p i r a t o r y  

d i s e a s e  i n  non-smokers. I n  a d d i t i o n  t h e  s l o p e s  of  t h e  l i n e a r  

f u n c t i o n s  based on l e a s t  squa res  a r e  n o t  i d e n t i c a l  w i t h  t h e  b e s t  

judgment s l o p e s .  

The dose-response f u n c t i o n s  u s i n g  t h e  l e a s t  squa res  f i t  were 

a p p l i e d  t o  s e v e r a l  combinat ions of  SO2 emiss ions  and background. 

R e s u l t s  w i t h  t h e  l e a s t  s q u a r e s  f u n c t i o n s  a r e  compared w i t h  t h e  

b e s t  judgment r e s u l t s  f o r  t h e s e  p a r t i c u l a r  c a s e s  i n  Table B-2. 

I t  shou ld  b e  no ted  t h a t  i n  some c a s e s  t h e  background would produce 

impacts  w i t h o u t  any power p l a n t  emiss ion .  For  example, t h e  l e a s t  

s q u a r e s  f u n c t i o n  f o r  premature m o r t a l i t y  y i e l d s  abou t  s i x  p remature  

f a t a l i t i e s  f o r  a  background of  60 ~ g / m ~  w i t h  no emiss ion  and 

n e a r l y  t e n  premature f a t a l i t i e s  w i th  a  background o f  60 and an  

emiss ion  r a t i o  o f  10.  The lowest  annua l  ave rage  SO2 background 

c o n c e n t r a t i o n ,  w i t h  a  s t a n d a r d  geomet r i c  d e v i a t i o n  of  1 . 7 5 ,  t h a t  

produces premature  f a t a l i t i e s  w i thou t  power p l a n t  e m i s s i o n s  i s  

116 ~ g / r n ~  f o r  t h e  b e s t  judgment f u n c t i o n  and o n l y  24.5 ~ g / m ~  f o r  

t h e  l e a s t  s q u a r e s  f u n c t i o n .  A s  shown i n  Tab le  B-2, t h e  l e a s t  

s q u a r e s  f u n c t i o n s  r e s u l t  i n  g r e a t e r  q u a n t i f i e d  h e l a t h  impac ts  

e x c e p t  f o r  s l i g h t  r e d u c t i o n s  i n  asthma a t t a c k s  and a g g r a v a t i o n  of  

h e a r t  and l ung  d i s e a s e  i n  t h e  e l d e r l y .  



The annual premature f a t a l i t i e s  a t  t h e  urban s i te  f o r  

s e v e r a l  emission r a t i o s  and background l e v e l s  a r e  g iven i n  

Table B-3. Comparison w i th  Table 3 i n  Sect ion  I V  i n d i c a t e s  t h a t  

t h e  l e a s t  squares  func t ion  p r e d i c t s  s i g n i f i c a n t l y  g r e a t e r  pre-  

mature f a t a l i t i e s  than t h e  b e s t  judgment func t ion .  Also, w i th  

t h e  lower t h resho ld  f o r  t h e  l e a s t  squares func t ion ,  i t  is  a l s o  

ev iden t  t h a t  an annual  average background concen t ra t ion  of  60  

o r  100 pg/m3 is  r espons ib l e  f o r  a  s i g n i f i c a n t  number of f a t a l -  

i t i e s  w i thout  any power p l a n t  emiss ions.  

The primary conc lus ions of t h e  comparison a r e  t h a t  t h e  

l e a s t  squares  f unc t i ons  p r e d i c t  s i g n i f i c a n t l y  g r e a t e r  premature 

f a t a l i t i e s ,  c a s e s  of acu te  lower r e s p i r a t o r y  d i s e a s e  i n  ch i l d ren ,  

and ch ron ic  r e s p i r a t o r y  d i s e a s e  i n  non-smokers. I n  each case  

t h e  pr imary reason f o r  t h e  d i f f e r e n c e  is  a  lower th resho ld  used 

i n  t h e  l e a s t  squares  funcztions. U s e  of t h e  b e s t  judgment func- 

t i o n s ,  w i th  t h e  conversic)n of SO2 t o  s u l f a t e s  g iven by Equat ion 1 

i n  Sec t ion  11.1, gene ra l l y  r e s u l t s  i n  fewer p red i c ted  h e a l t h  

e f f e c t s .  The a c t u a l  dose-response r e l a t i o n s h i p s  remain unce r ta i n .  



Table B - 1 

Comparison o f  B e s t  Judgment and L e a s t  Squares  

Dose-Response Funct ions  

Adverse 
Heal th  
E f f e c t  

I nc reased  1 
d a i l y  
m o r t a l i t y  

SO2 Con- 
c e n t r a t i o n  
Averaging 
T i m e  

I n f e r r e d  SO2 
Threshold (pg/m3 ) 
Below Which No 
Excess Heal th  
Impacts a r e  Expected 

I 

Slope,  o r  P e r c e n t  
Excess Hea l th  
Impacts R e s u l t i n g  
From a 1 pg/m3 
I n c r e a s e  i n  SO2 
Concen t ra t i ons  
above t h e  Threshold*  

Da i ly  I 530 

B e s t  
Judgment 

 east 
Square 

Aggravat ion 
o f  h e a r t  and 
lung d i s e a s e  
i n  e l d e r l y  
p a t i e n t s  

Da i l y  

Aggravat ion 
o f  asthma 

Excess r i s k  
f o r  c h r o n i c  

B e s t  
Judgment 

Excess a c u t e  
lower r e s p i r -  
a t o r y  d i s e a s e  
i n  c h i l d r e n  

b r o n c h i t i s  I I I 

L e a s t  
Squares  

Da i l y  

Non-smokers 1 Annual 1 53 1 20 

Annual 

0 

* The p e r c e n t  ( n o t  f r a c t i o n a l )  e x c e s s  i s  w i t h  r e s p e c t  t o  t h e  normal 
r a t e  f o r  t h e  h e a l t h  impact .  The s l o p e  w i t h  r e s p e c t  t o  SO2 depends 
s t r o n g l y  on t h e  assumed r e l a t i o n s h i p  between s u l f a t e s  and SO2. 
Equat ion 1 i n  S e c t i o n  11.1 has  been used h e r e .  

133 

smokers 

0 

10 

Annual 1 215 1 2 2 2  

-101  .0062 



Tab le  B - 2 

~ o m p a r i s i o n  of  S e l e c t e d  R e s u l t s  f o r  t h e  B e s t  Judgment and 
L e a s t  Squares  Dose-Response ~ u n c t i o n s '  

Premature F a t a l i t i e s  

Days o f  h e a r t  and 
lung d i s e a s e  i n  , 
e l d e r l y  p a t i e n t s  

Asthma a t t a c k s 2  

Cases o f  a c u t e  lower 
r e s p i r a t o r y  d i s e a s e  
i n  c h i l d r e n  

Chronic r e s p i r a t o r y  
d i s e a s e  i n  non-smokers 

Chronic r e s p i r a t o r y  
d i s e a s e  i n  smokers 

 h he popu la t i on  w i t h i n  80 k i l o m e t e r s  co r responds  t o  t h e  ave rage  s i t e  (2 ,250 ,000) .  

' ~ h e s e  two h e a l t h  impact  c a t e g o r i e s  have no t h r e s h o l d .  There fo re ,  o n l y  t h e  impacts  
a s s o c i a t e d  w i t h  t h e  power p l a n t  emiss ion  a r e  t a b u l a t e d .  The impacts  produced by 
t h e  background a r e  omi t ted .  

*The background produces some h e a l t h  impact  w i t h o u t  any power p l a n t  emiss ion .  



T a b l e  B - 3  

Annual  P r e m a t u r e  F a t a l i t i e s  a t  t h e  Urban S i t e  as h F u n c t i o n  
of Background C o n c e n t r a t i o n s  a n d  Power P l a n t  E m i s s i o n s  - 
L e a s t  S q u a r e s  ~ o d e l *  

* 
Compare w i t h  best  judgment  r e s u l t s  i n  T a b l e  3 ,  S e c t i o n  I V .  

R a t i o  o f  SO2 
E m i s s i o n  t o  
R e f e r e n c e  P l a n t  
E m i s s i o n s  

1 ( 3 5 , 0 0 0  t o n s / y r )  

2  

3  

5  

1 0  

1 5  

20 

25 

* *  
The backg round  i s  r e s p o n s i b l e  f o r  s o m e  p r e m a t u r e  f a t a l i t i e s  
w i t h o u t  a n y  power p l a n t  e m i s s i o n s .  

Annua l  Ave rage  Background SO2 C o n c e n t r a t i o n s  ( pg /m3)  

0  20 60** loo**  

0.0056 0.036 1 7 . 6  102  

0.036 0.13 1 8 . 7  1 0 5  

0 .093  0.27 1 9 . 9  1 0  7  

0.28 0.68 22 .3  1 1 2  

1 . 2  2 . 3  28 .9  124  

2.6 4.6 36 .2  136 

4  - 4  7 . 5  4 4 . 1  149  

6.6 1 1 . 0  52.5 1 6 1  
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