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This is one of a series of reports prepared as part of the Lawrence 
Berkeley Laboratory project, "Health and Safety Impacts of Nuclear, Geo- 
thermal, and Fossil-Fuel Electric Generation in California.'' This project 
was performed for the State of California Energy Resources Conservation 
and Development Commission as its "Health and Safety Methodology" project, 
funded under contract number 4-0123. The reports resulting from this work 
are listed below. 
in volume 1, the Overview Report. 

Their relationship to one another is described f u l l y  

Vol. 1: "Health and Safety Impacts of Nuclear, Geothermal, and Fossil- 
Fuel Electric Generation in California: 
by the entire staff, Lawrence Berkeley Laboratory Report 
LBL-5924. Includes "Executive Summary" for the project. 

Overview Report," 

Vol. 2: "Radiological Health and Related Standards for Nuclear Power 
Plants," by A.V. Nero and Y.C. Wong, Lawrence Berkeley 
Laboratory Report LBL-5285. 

Vol. 3: "A Review of Light-Water Reactor Safety Studies," by A.V. Nero 
and M.R.K. Farnaam, Lawrence Berkeley Laboratory Report 
LBL-5286. 

Vol. 4 :  "Radiological Emergency Response Planning for Nuclear Power Plants 
in California," by W.W.S.  Yen, Lawrence Berkeley Laboratory 
Report LBL-5920. 

Vol. 5: "Control of Population Densities Surrounding Nuclear Power Plants," 
by A . V .  Nero, C.H. Schroeder, and W.W.S. Yen, Lawrence Ber- 
keley Laboratory Report LBL-5921. 

Vol. 6: "Health Effects and Related Standards for Fossil-Fuel and Geo- 
thermal Power Plants," by G.D. Case, T.A. Bertolli, J.C. 
Bodington, T.A. Choy, and A.V. Nero, Lawrence Berkeley Report 
LBL-5287. 

Vol. 7: "Power Plant Reliability-Availability and State Regulation," by 
A.V. Nero and I.N.M.N. Bouromand, Lawrence Berkeley Labora- 
tory Report LBL-5922. 

Vol. 8: "A Review of Air Quality Modeling Techniques," by L.C. Rosen, 
Lawrence Berkeley Laboratory Report LBL-5998. 

Vol. 9 :  "Methodologies for Review of the Health and Safety Aspects of Pro- 
posed Nuclear, Geothermal, and Fossil-Fuel Sites and Facili- 
ties," by A.V. Nero, M.S. Quinby-Hunt, et al., Lawrence Ber- 
keley Laboratory Report LBL-5923. 
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HEALTH EFFECTS AND RELATED STANDARDS FOR FOSSIL-FUEL AND GEOTHERMAL POWER PLANTS 

ABSTRACT 
This r e p o r t  reviews h e a l t h  e f f e c t s  and r e l a t e d  s t anda rds  f o r  f o s s i l - f u e l  

and geothermal power p l a n t s ,  emphasizing impacts which nay occur  through emis- 
s i o n s  i n t o  t h e  atmosphere, and t r e a t i n g  o t h e r  impacts b r i e f l y .  Federa l  regula-  
t i o n s ,  as w e l l  as C a l i f o r n i a  S t a t e  and l o c a l  r e g u l a t i o n s  are reviewed. Emissions 
are cha rac t e r i zed  by power p l a n t  type ,  inc luding:  coa l - f i r ed ,  o i l - f i r e d ,  gas- 
f i r e d ,  combined cyc le ,  and advanced fos s i l - fue l ,  p l a n t s ;  
geothermal systems. 
The state of knowledge of h e a l t h  e f f e c t s ,  based on ep idemiologica l ,  phys io logi -  
ca l ,  and biomedical s t u d i e s ,  i s  reviewed. 

and l i q u i d  and vapor 
Dispersion and t ransformat jon  of emissions are t r e a t e d .  
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Foreword 

B 

This  r e p o r t  i s  t h e  l a r g e s t  of n ine  volumes c o n s t i t u t i n g  the  f i n a l  r e p o r t  

of a p r o j e c t  performed by t h e  Lawrence Berkeley Laboratory f o r  t he  C a l i f o r n i a  

Energy &sources  Conservation and Development Commission. A l is t  of t hese  

volumes fo l lows  the t i t l e  page of t h i s  r e p o r t .  This s i x t h  volume assembles 

i n t o  one r e p o r t  information on t h e  emissions from f o s s i l - f u e l  and geothermal 

power p l a n t s ,  on t h e  p o s s i b l e  h e a l t h  impacts of t hese  emissions and t h e i r  

p roducts ,  and on the  r e g u l a t i o n s  p e r t a i n i n g  t o  these  emissions.  Because of t h e  

d i v e r s e  t o p i c s  covered and t h e  l a r g e  amount of research  t h a t  has  been performed 

on emission and t h e i r  h e a l t h  e f f e c t s ,  t h i s  volume i s  n e c e s s a r i l y  l a rge .  

The d i v e r s i t y  of t o p i c s  has  a l s o  requi red  p a r t i c i p a t i o n  of s e v e r a l  i n v e s t i -  

g a t o r s  i n  t h e  c o l l e c t i o n  and a n a l y s i s  of information and i n  t h e  w r i t i n g  of t h i s  

r e p o r t .  Sec t ions ,  subsec t ions ,  and even smaller segments were w r i t t e n  by i n -  

d iv idua l s ,  and t h e  p i eces  have been melded toge the r  i n t o  a s i n g l e  volume. 

has  l e d ,  f o r  example, t o  t h e  f a c t  t h a t  r e fe rences  are grouped by s e c t i o n  f o r  

s e c t i o n s  2 and 5 and by subsec t ion  f o r  s e c t i o n s  3 and 4 .  (Sec t ion  1, the  i n t r o -  

duc t ion  and summary, i s  not  re ferenced ,  b u t  r e f e r s  t o  t h e  more complete d iscus-  

s i o n s  of s e c t i o n s  2 through 5.) 

This 

The p a r t i c i p a t i o n  of s e v e r a l  s c i e n t i s t s  i n  t h i s  work has  a l s o  made i t  d i f -  

f i c u l t  t o  maintain a c o n s i s t e n t  level of t rea tment  throughout.  Moreover, t he  

v a r i e t y  of t o p i c s  has  made review of t h i s  r epor t  a d i f f i c u l t  process .  W e  thank 

the  s e v e r a l  i n d i v i d u a l s  who generously commented on t h i s  r e p o r t .  

which remain are,  of course,  s o l e l y  the  r e s p o n s i b i l i t y  of the authors .  W e  

Any e r r o r s  

would, i n  f a c t ,  a p p r e c i a t e  communications about any such errors. 
I n  s p i t e  of t h e  d i f f i c u l t i e s  i nhe ren t  i n  producing a r e p o r t  such as t h i s ,  

t h e  need f o r  a s i n g l e  volume t r e a t i n g  t h e  h e a l t h  e f f e c t s  (and r e l a t e d  s t anda rds )  

of f o s s i l - f u e l  and geothermal emissions j u s t i f i e s  t he  e f f o r t  involved.  We hope 

t h a t  t h i s  volume s e r v e s  as a u s e f u l  re ference  document, both f o r  the  C a l i f o r n i a  

Energy Commission and f o r  a l a r g e r  s c i e n t i f i c  and r egu la to ry  community. 

r 
A .  V. Nero 
Pro j e c t Man age r 
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l i ter  
pound 
meter 
m i  1 li g ram 
Me gag r a m  
magnetohydrodynamic 
mass median diameter  
megawatts (el e: t r ic)  
Nat iona l  Ambient A i r  Q u a l i t y  Standards 
New Source Performance Standard 
New Source R e v i e w  
Occupat iona l  Sa fe ty  and Heal th  Adminis t ra t ion  
P o l Y n ~ l e a r  Aromatic Hydrocarbon 
Peroxyocetyl  Nitrate 
p a r t s  p e r  m i l l i o n  
p a r t s  p e r  b i l l i o n  
p a r t s  p e r  t r i l l i o n  
P icocur i e  
Prevent ion  of S i g n i f i c a n t  D e t e r i o r a t i o n  
Standard Cubic Foot 
S t a t e  Implementation P lan  
Syn the t i c  Na tu ra l  Gas 
Ton 
M e t  13 c- t on 
To ta l  Dissolved S o l i d s  
T o t a l  Suspended P a r t i c u l a t e  ( m a s s )  
Water Resources Board (Ca l i fo rn ia )  
microgram 
micron (micrometer) 

. , *  I 
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1. INTRODUCTION AND SUMMARY 

1.1 The Purpose and Scope of this Report 

The potential for conventional power plants to affect the health of 
individuals in the community and workers in the plant is determined largely 
by their emissions of chemical agents into the air and water. 

these pollutants discharged into the environment depends on such factors as 
the size of the power plant and the type of fossil-fuel firing or geothermal 
harnessing employed. This report discusses critically the types of standards 

and regula'tions relating to public and occupational health which apply to the 
siting and operation of power plants, the specific class of pollutants 

emitted by the various types of fossil-fuel and geothermal power plants, and 
the known and suspected effects that these agents have on human health. 

Finally, we emphasize areas in whichessential information is lacking and to 
which future research ought to be directed, closing with a comment on the 
presently limited capabilities for assessing the projected health consequences 
of hypothetical new power plants. 

Amounts of 

@ 
The prinicpal health impacts from fossil-fuel and geothermal power plants 

may occur through the emission of "conventional" pollutants, primarily those 
that are emitted into the atmosphere. 
although radioactivity, water, and heat may also be emitted into the air. 

Pollution of water resources is of somewhat less concern than air emissions, 
largely because potentially significant impacts may be avoided by incorpora- 

tion of available control technology; the one possible exception is materials 
which may be leached from waste disposal sites into water supplies. 
to such emissions, power plants may produce significant noise levels. 

These are primarily chemical pollutants, 

In addition 

The two major categories of air emissions from' fossil-fuel and geother- 

mal plants are gases and particulates. 

compounds of sulfur, nitrogen, and carbon: 
contain important amounts of all of these elements, 

in addition may contain significant amounts of heavy metals. 
metals, such as mercury and selenium, may be emitted in vapor form. 

ative and absolute importance of various emissions is highly dependent upon 

the specific technology. The basic types of fossil fuel systems to be con- 
sidered are conventional coal, oil, and gas fired plants, although advanced 

In general, the important gases are 

The particulate matter may 
usually in compounds, and 

Certain of these 
The rel- 
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systems may assume i n c r e a s i n g  importance. 

power p l a n t s  are based onvapor-dominated f l u i d s ,  b u t  l iquid-based p l a n t s  are 

under r ap id  development. Not only do the  f o s s i l - f u e l  and geothermal tech- 

nologies  d i f f e r  from one another ,  b u t  the  v a r i a n t s  of each d i f f e r  s i g n i f i c a n t l y  

among themselves.  

are similar, so t h a t  i t  has  been u s e f u l  t o  cons ider  them toge ther .  These 

power p l a n t s  can s i g n i f i c a n t l y  a l te r  the ambient levels of t h e s e  subs t ances  i n  
reg ions  around the  p l a n t s .  

t ance ,  t h e  e f f e c t s  of a s p e c i f i c  power p l a n t  cannot u sua l ly  b e  t r e a t e d  inde-  

pendently.  

The only s i g n i f i c a n t  geothermal 

However, t h e  genera l  classes of emissions and t h e i r  e f f e c t s  

Because of competing sources  of comparable impor- 

This i s  e s p e c i a l l y  t r u e  because the  emissions undergo extremely 

important  a l t e r a t i o n s  i n  t h e  atmosphere. 

To complicate  a n a l y s i s  f u r t h e r ,  t h e  information a v a i l a b l e  on t h e  e f f e c t s  

of t he  emissions (and t h e i r  products)  on human h e a l t h  i s  imprecise  concerning 

both what t h e  e f f e c t s  are and what t h e  r e l a t i o n s h i p  between exposures  and such 

e f f e c t s  might be. 

such information. Broadly speaking, t h e s e  are epidemiologica l  and phys io log ica l  

s t u d i e s  of workers and t h e  genera l  p u b l i c  and more fundamental s t u d i e s  of b a s i c  

phys i ca l  and biochemical i n t e r a c t i o n s  o f  p o l l u t a n t s ,  e i t h e r  a lone  or  i n  

Seve ra l  i n v e s t i g a t o r y  approaches may be employed t o  y i e l d  

c combination, w i t h  human o r  animal organisms. For each of t h e  p o l l u t a n t s  of con- 

cern, some or all of t h e s e  approaches may y i e l d  informat ion  which warran ts  regu- 

l a t o r y  a t t e n t i o n .  P o l l u t a n t s  may harm i n d i v i d u a l s ,  from high- leve l  a c u t e  ex- 
posures  or from low-level chronic  exposures ,  through t h e  induc t ion  of d i s e a s e s  

( p a r t i c u l a r l y  r e s p i r a t o r y  i l l n e s s ,  ca rd iovascu la r  d i sease ,  and cancer ) ,  

through the  i m p a i r E n t  of bod i ly  func t ions  (such as d i f f i c u l t y  wi th  b r e a t h i n g ) ,  

o r  through biochemical a l t e r a t i o n s  (such as carbon monoxide blockage of t h e  

oxygen-carbon d ioxide  mechanism). Research on e f f e c t s  i s  conducted on a wide 

scale and funded by a number of agencies .  I n  s p i t e  of t h i s ,  no comprehensive 

p i c t u r e  of t hese  h e a l t h  e f f e c t s  can p r e s e n t l y  be drawn. 

s p e c i f i c  e f f e c t s  can b e  q u a n t i f i e d ,  t h i s  i s  normally no t  poss ib l e .  

c i e n t l y  h igh  levels,  t h e s e  subs tances  can cause serious i l l n e s s  and death among 

t h e  genera l  popula t ion .  

. 4  

- 

Although i n  some cases 

A t  suffi- 

It i s  no t  clear t o  what e x t e n t  power p l a n t s  have 

caused such effects. . .  

c 
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Although these overall impacts cannot presently be assessed numerically, 

the available evidence from various types of studies, considered together, may 

serve as the basis on which standards for public (or occupational) protection 

may be formulated. Such standards may be established at the Federal, State, 

or local level. Standards may apply to either air or water, and may specify 
limits on both ambient concentrations and emissions. 

agencies rely on agencies in the states for implementation of Federal stand- 

ards and for development of other (possibly more stringent) standards. As much 

as possible, the review of new stationary sources, such as power plants, is left 
to the states. 

To a large extent, Federal 

Section 2 of this report discusses standards and regulations pertaining 
to emissions from fossil-fuel and geothermal power plants; these considerations 
are summarized in Section 1.2 immediately below. Section 3 treats the various 

types of pollutants, the extent to which various plant types emit these sub- 
stances, and the manner in which they are dispersed and transformed in the 

atmosphere; these matters are summarized in Section 1.3. Section 4 reviews 

the epidemiological, physiological, and biochemical evidence of health impacts 
of pollutants arising from fossil fuel and geothermal plants and is summarized 

in Section 1.4. 
new studies which might be initiated, deficiencies in current standards, and 

the difficulties of assessing the health impacts of fossil-fuel power plants. 
A summary of these areas is given in Section 1.5. 

@ Finally, Section 5 summarizes the gaps in current information, 

1.2 Standards Applicable to Power Plant Emissions 

Protection of the public health from the hazards of air and water pollu- 

tants is the responsibility of Federal, State, and local agencies. The 
Federal agencies of direct concern for power plants are the Environmental Pro- 

tection Agency (EPA) and the Occupational Safety and Health Administration 
(OSHA). 
ment responsibilities to the Air Resources Board (ARB) and the Water Resources 
Board (WRB), together with regional districts, and to the Occupational Safety 
and Health Administration. 

The State of California has delegated parallel regulatory and enforce- 
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I 

Ambient air quality standards (AQS) are established by the EPA and ARB 
to ensure that community air is sufficiently free of pollutants to safeguard 

the public health and welfare. They stipulate a maximum allowable pollutant 

concentration, the time over which concentrations are averaged, and the means 
by which concentrations are measured. 
cified for the same pollutant, with a higher concentration permitted for a 
shorter time period. For 

some pollutants such as particulates, oxidants, and oxides of nitrogen, the 

form of AQS depends heavily upon the available analytical monitoring methods. 

As presently formulated, the responsibility for meeting national (or stricter) 
AQS rests with State and ultimately local agencies, with certain provisions for 

intervention by higher authorities when necessary. While the onus for com- 
pliance with ambient air standards does not fall directly on the utilities, 
their enforcement via emission limitations applied during new source review 
affects  power plants direct ly .  

Frequently, two standards may be spe- 

These control both acute and chronic exposures. 

Emission standards represent a major mechanism for meeting air quality 
standards within a given air basin. 

pollution control technology and on local air quality goals. Hence, emission 
standards may vary from one Air Pollution Control district (APCD) to another. 
However, the EPA has promulgated New Source Performance Standards (NSPS) for 

new and modified fossil-fuel fired power plants. 

as pollutant emissions per unit heat input and include provision for plant in- 
spections and performance tests, as well as for maintenance and breakdown of 
pollution control devices. In addition, each APDC has established applicable 

emission standards that are similar to the EPA limitations, except that some are 

more stringent or use different criteria for defining emissions. Among these 

criteria are (added) ground level pollutant concentrations, visibility reduc- 

Emission standards depend on the available 

These standards are expressed 

tion in opacity units, and fuel sulfur content. 

New source review represents a procedure instituted by the EPA through 

the local APCDs to prevent the deterioration of community air quality by re- 
view of proposed emission sources for compliance with EPA and (stricter) ARB 
requirements. 
on ambient air quality. 

This review includes consideration of the impact of new sources 

c 
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A i r  q u a l i t y  maintenance areas are those  reg ions  i n  which air  p o l l u t i o n  

l e v e l s  p r e s e n t l y  exceed or are  p ro jec t ed  t o  exceed the  ambient a i r  q u a l i t y  

’ s t anda rds  on a r e g u l a r  b a s i s .  

Long-range ARB a i r  q u a l i t y  maintenance p l ans  f o r  b r i n g i n g  t h e s e  r eg ions  i n t o  

compliance w i l l  undoubtedly a f f e c t  t he  s i t i n g  and ope ra t ion  o f  power p l a n t s  i n  

these  b a s i n s .  

t i o n  apply  t o  areas i n  which the  e x i s t i n g  a i r  q u a l i t y  i s  s u p e r i o r  t o  that 

r equ i r ed  under t h e  s t anda rds .  

t o  c o n t r o l  t he  harm which new emission sources  might cause t o  r e l a t i v e l y  

unspoi led  areas. 

These inc lude  e i g h t  C a l i f o r n i a  a i r  b a s i n s .  

Regula t ions  f o r  p reven t ion  of s i g n i f i c a n t  a i r  q u a l i t y  d e t e r i o r a -  

The p r i n c i p a l  purpose of t h e s e  r e g u l a t i o n s  i s  

A i r  p o l l u t i o n  emergency p l a n s  provide f o r  a c t i o n  du r ing  p e r i o d s  of 

unusual ly  seve re  p o l l u t i o n .  I n  o r d e r  t o  a l lev ia te  the  immediate t h r e a t  of a 

pollution-induced medical d i s a s t e r ,  t h e  APCDs are empowered t o  recommend o r  

o r d e r  r e s t r i c t i o n s  on t h e  product ion ,  d i s t r i b u t i o n ,  and consumption of e lectr ic  

power, i nc lud ing  limits on t h e  amounts and types  o f  f u e l s  burned, among o t h e r  

measures. 

Other s t anda rds  which have been given lesser a t t e n t i o n  he re  due t o  smaller 

p o t e n t i a l  impacts on t h e  p u b l i c  i nc lude  occupat iona l ,water ,  and n o i s e  s t anda rds .  

Occupational a i r  q u a l i t y  s t a n d a r d s ,  e s t a b l i s h e d  by OSHA, r e p r e s e n t  t he  m a x i m u m  

a l lowable  concen t r a t ions  o f  a given p o l l u t a n t  t o  which employees i n s i d e  t h e  

p l a n t  may be  exposed du r ing  an 8-hour day. Water q u a l i t y  s t a n d a r d s  ex i s t  to 

p r o t e c t  t h e  p u b l i c  from harm due t o  b i o l o g i c a l  and chemical contamination of 

wa te r .  Noise l i m i t a t i o n s  are  s e t  by OSHA and, i n  a d d i t i o n ,  t h e  EPA has 
suggested community noise  l imi iat ions;  i n  the community, such l imitat ions  often 

t ake  t h e  form of nuisance  r e g u l a t i o n s .  

@ 

See Sec t ion  2 f o r  f u r t h e r  d i s c u s s i o n  and r e fe rences .  

1.3 Power P l a n t  Emissions 

Foss i l - fue l - f i r ed  power p l a n t  emiss ions  c h a r a c t e r i s t i c a l l y  arise from 

high  t e m p e r a t u r e  combustion and are, t o  some e x t e n t ,  q u a l i t a t i v e l y  independent 

o f  the  f u e l  o r  b o i l e r  type.  

n i t r o g e n  

mercury, selenium, -and o t h e r  trace elements are r e l a t i v e l y  minor emissions.  

Geothermal emiss ions ,  on t h e  o t h e r  hand, are t y p i c a l l y  r i c h  i n  hydrogen 

s u l f i d e  and a m n i a ,  as w e l l  a s  minera l  s a l t s  and lesser amounts of mercury. 

Typ ica l ly ,  t h e s e  p l a n t s  e m i t  s u l f u r  d ioxide ,  
ox ides ,  and f l y  a sh  p a r t i c u l a t e s  as major by-products; carbon monoxide, 

The impac t  of t h e s e  emiss ions  on ambient a i r  q u a l i t y  may b e  analyzed by 

atmospheric d i s p e r s i o n  modeling o f  vary ing  type  and s o p h i s t i c a t i o n .  

modeling mus t  i n c l u d e  the  secondary chemical r e a c t i o n s  i n  t h e  atmosphere, 

R e a l i s t i c  

i 



1-6 

s i n c e  r e a c t i o n  products  may be more important  than the  primary emissions them- 

s e l v e s .  

ox idants ,  s u l f a t e s ,  NO2, n i t r a t e s ,  ammonia, and organic  products .  

t h e  apparent  ant i -coincidence,  i n  some cases ,  of maxima i n  emissions and ambient 

a i r  concen t r a t ions  p o i n t s  ou t  t he  importance of meteorological  cond i t ions  and 

chemistry i n  a i r  po l lu t ion .  A p a r t i c u l a r l y  important ,  and not  w e l l  understood, 

cons idera t ion  i s  t h e  r o l e  of p a r t i c u l a t e  matter i n  atmospheric t ransformations.  

Important secondary r eac t ions  inc lude  the  formation of photochemical c 
Furthermore, 

For f u r t h e r  d i scuss ion  of (and r e fe rences  on) the  emissions t r e a t e d  b r i e f l y  

below, see t h e  corresponding p a r t s  of Sec t ion  3.1.1, as w e l l  as the  d i scuss ion  

of s p e c i f i c  p l a n t  types (Sec t ions  3 . 1 . 2  and fol lowing and Sec t ion  3.2) and o f ,  

d i spe r s ion  (Sect ion 3.3).  

1.3.1 Su l fu r  Oxides 

Su l fu r  oxides  (SO ) r e s u l t  from the  combustion of reduced s u l f u r  compounds 
X 

p r e s e n t  i n  c o a l  and o i l .  

wi th  lesser amounts as s u l f u r  t r i o x i d e  (SO3), s u l f u r i c  ac id  (H2S04) and o t h e r  

s u l f a t e s  (SO). It i s  thought t h a t ,  once i n  the  atmosphere, S O  can be oxidized 

t o  s u l f a t e s .  However, t h e r e  i s  no consensus on where o r  a t  what r a t e  such oxida- 

t i o n  may occur .  

mechanism - whether s u n l i g h t ,  metal  ox ides ,  o r  carbon i s  the  r e spons ib l e  c a t a l y s t .  

Many i n v e s t i g a t o r s  now favor  a photochemical ox ida t ion  mechanism; however, a 

l a r g e  body of work suppor ts  t he  heterogeneous c a t a l y s i s  by e i t h e r  metal oxides  

o r  soot .  (See Sec t ion  3.3.3.2). The impl i ca t ion  of t h i s  would be t h a t  s u l f a t e  

formation may be c o n t r o l l e d  by reducing the  emissions of SO2 

c l a s s  of p a r t i c u l a t e s .  

amount of SO t h a t  i s  converted t o  s u l f a t e s  ( o r  on the  r a t e  a t  which t h i s  occurs ) ,  

i t  i s  n o t  c l e a r  what i s  the  most e f f e c t i v e  method t o  c o n t r o l  s u l f a t e s .  

Most of the s u l f u r  is  e m i t t e d  as s u l f u r  dioxide (SO2), 

2 

c There i s  a l s o  cons iderable  disagreement on t h e  ox ida t ion  

t h e  c o r r e c t  

However, cons ider ing  t h a t  t h e r e  is  no consensus on t h e  

2 

While man-made SO p o l l u t i o n  accounts  f o r  only 10-35 per  cen t  of t h e  t o t a l  
X 

g loba l  emissions,  most of t h a t  i s  concent ra ted  i n  i n d u s t r i a l i z e d  urban areas, 

s o  t h a t  concent ra t ions  i n  urban a i r  may be s e v e r a l  o rde r s  of magnitude above 

n a t u r a l  background. 

54 per  cent  of t he  t o t a l  man-made SOx emissions i n  t h e  U. S. 

t r i b u t i o n  i s  due t o  o l d  uncont ro l led  coa l - f i red  p l a n t s  i n  t h e  e a s t e r n  U. s. 
However, i n  Ca l i fo rn ia ,  where c o a l - f i r i n g  i s  not  y e t  p reva len t ,  power p l a n t s  

account f o r  only 13.5 p e r  cen t  of t h e  t o t a l  SO 

E l e c t r i c  power genera t ing  p l a n t s  are respons ib le  f o r  some 

Much of t h i s  con- 

c emissions.  
X 
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1 

A 

The p r i n c i p a l  methods t o  l i m i t  SO emissions are: a) u s e  of low-sulfur 
X 

f u e l s ;  

t i o n  a f t e r  combustion; d )  modi f ica t ion  of combustion c o n d i t i o n q a n d  e) in- 

c reas ing  s t a c k  h e i g h t ,  of which b) and c )  are t h e  ones t o  be g iven  primary con- 

s i d e r a t i o n ,  However, a l though f u e l  d e s u l f u r i z a t i o n  t o  remove hydrogen s u l f i d e  

(H S )  i s  r o u t i n e l y  used i n  t h e  t rea tment  of n a t u r a l  gas ,  e f f e c t i v e  and econom- 2 
i ca l  methods f o r  removing s u l f u r  from coa l  and o i l  be fo re  i t  is burned have 

y e t  t o  be developed. 

b)  f u e l  d e s u l f u r i z a t i o n  p r i o r  t o  combustion; c)  f l u e  gas desu l fu r i za -  

On t h e  o t h e r  hand, s e v e r a l  methods f o r  f l u e  gas  d e s u l f u r i z a t i o n  i n  coal-  

f i r e d  and o i l - f i r e d  power p l a n t s  are now a v a i l a b l e  commercially. Most of t h e s e  

involve  scrubbers ,  e i t h e r  s o l i d  o r  l i q u i d  suspensions of metal oxides  o r  carbon- 

a t e s  o r  c a t a l y t i c  ox ida t ion  devices .  

now capable  of removing some 90 p e r  cen t  of t h e  SO 

t i o n .  

of power p l a n t  ope ra t ing  e f f i c i e n c y .  

about 2-6 per  cen t  of t h e  t o t a l  energy ou tpu t .  Inva r i ab ly ,  t h e s e  systems 

accumulate l a r g e  q u a n t i t i e s  of s u l f i t e  o r  s u l f a t e  s ludges.  

t h e  s u l f a t e s  can be recycled i n t o  t h e  o r i g i n a l  sc rubber ,  and t h e  r e s u l t i n g  

s u l f u r  o r  s u l f u r i c  a c i d  so ld  f o r  commercial use.  With some types  of 

sc rubbers ,  however, rec lamat ion  i s  not  f e a s i b l e ,  and a s o l i d  waste d i s p o s a l  

problem appears  wi th  t h e  sludge. Usual ly ,  t h e  scrubber  s ludge  i s  mixed wi th  

c o l l e c t e d  f l y  a sh  and bottom ash  and bu r i ed  o r  s to red .  I f  t h e  s ludge  i s  no t  

s to red  proper ly ,  s u l f a t e s  and s u l f i t e s ,  as w e l l  as  o t h e r  minera l  s a l t s  and 

trace elements ,  can  b e  leached o r  eroded i n t o  community water s u p p l i e s  where 

they  may i n t e r f e r e  wi th  l o c a l  water t rea tment  processes  o r  harm i n d i v i d u a l s  

d i r e c t l y .  

on t h e  bottom t o  prevent  contaminat ion of nearby water sources .  

F lue  gas  d e s u l f u r i z a t i o n  processes  are 

produced dur ing  combus- 
X 

Higher removal rates can be achieved i n  some i n s t a n c e s ,  a t  t h e  expense 

90 per  cen t  SOx removal r e q u i r e s  

I n  some cases ,  

Consequently, most temporary and/or  permanent fill areas are l i n e d  

With t h e  cons t ruc t ion  of new power p l a n t s  i n  C a l i f o r n i a ,  SOx emissions 

are expected t o  i n c r e a s e  s i n c e  most new f a c i l i t i e s  w i l l  be  f i r e d  w i t h  e i t h e r  

c o a l  o r  oil. Rela t ive  t o  o t h e r  SO sources ,  t h e  c o n t r i b u t i o n  of power p l a n t s  

t o  t o t a l  emissions may rise s l i g h t l y .  However, w i t h  appropr i a t e  c o n t r o l  de- 

v i c e s ,  t he  impact of new coa l - f i r ed  power p l a n t s , a n d  new o i l - f i r e d  p l a n t s  on 

atmospheric  SOx levels  should no t  be ve ry  d i f f e r e n t  from one another .  

X 
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1.3.2 Nitrogen Oxides 

Nitrogen oxides  (NO ) are formed dur ing  combustion of any subs tance  i n  
X 

a i r ,  from n i t rogen  compounds i n  t h e  f u e l  and/or  n i t rogen  gas (N2) i n  t h e  

atmosphere. 

power p l a n t s ,  n e a r l y  a l l  of t h e  NOx emissions occur  as n i t r i c  oxide (NO). 

NO is poisonous i n  i t s  own r i g h t ,  t h e  p r i n c i p a l  t h r e a t  posed by NO emissions i s  

due t o  t h e  ease wi th  which i t  i s  converted t o  NO and h ighe r  oxides  of n i t r o g e n  

which are even more tox ic .  

cyc le  which produces ozone (03) and o t h e r  noxious oxidants  i n  urban atmospheres. 

I n  most of t h e  U. S., i nc lud ing  l a r g e  areas of C a l i f o r n i a ,  t h e  l i m i t i n g  reagent  

f o r  t h i s  cyc le  appears  t o  be NO/N02, s o  t h a t  increased  NO X emissions from new 

power p l a n t s  could i n c r e a s e  ambient ox idant  l e v e l s .  

t h a t  i n  some s i t u a t i o n s  t h e  converse may be t r u e . )  

which occur  i n  t h e  atmosphere as a r e s u l t  of NO emissions inc lude  n i t r a t e s ,  

ammonia (NH3), ni t rosamines ,  and o t h e r  organic  forms of n i t rogen .  

A t  the  very h o t  flame temperatures  used i n  a l l  f o s s i l - f u e l - f i r e d  
While 

2 
NO and NO a l s o  p a r t i c i p a t e  i n  t h e  photochemical 2 

(However, t h e r e  i s  evidence 

Addi t iona l  n i t rogen  compounds 

i 

While man-made NOx p o l l u t i o n  accounts  f o r  on ly  about 10 p e r  cen t  of t h e  

t o t a l  g l o b a l  emissions,  most of t h a t  i s  concent ra ted  i n  urban areas, s o  t h a t  

NO and NO2 concen t r a t ions  may l i e  f a r  above n a t u r a l  background. 

gene ra t ing  p l a n t s  are r e spons ib l e  f o r  about 25 pe r  cent  of t h e  t o t a l  NO X e m i s -  

s i o n s  i n  t h e  U. S. I n  C a l i f o r n i a ,  power p l a n t s  account f o r  on ly  11 per  cen t  

of t h e  t o t a l  NO and NO2 r e l e a s e d  i n t o  t h e  atmosphere. 

f o r  C a l i f o r n i a  is  due t o  t h e  r e l a t i v e l y  g r e a t e r  r e l i a n c e  on h y d r o e l e c t r i c  power, 

and a l s o  t o  t h e  f a c t  t h a t  gas- f i red  and o i l - f i r e d  power p l a n t s  emissions are 

up t o  30-40 per  cen t  lower than  those  from coa l - f i r ed  power p l a n t s .  

plume d i s p e r s i o n  d a t a  are i n d i c a t i v e ,  t h e  impact of one l a r g e  power p l a n t  i n  

t h e  South Coast A i r  Basin on t h e  NOx concen t r a t ion  i s  a t  least 8 p a r t s  per  

b i l l i o n  (ppb)overa 300 km area. Loca l ly ,  c o n t r i b u t i o n s  up t o  120 ppb can be ex- 

pected over a much smaller area f o r  a 1-hour averaging t i m e .  

E lec t r ic  power 

The lower v a l u e  observed 

I f  r ecen t  

2 

The p r i n c i p a l  methods t o  l i m i t  NO emissions f a l l  i n t o  t h r e e  

classes: a)  conversion t o  a lower NO - producing f u e l  such as n a t u r a l  

gas;  b) modi f ica t ion  of t h e  combustion process;  and c) f l u e  gas treat-  

ment. 

X 

X 

Since n a t u r a l  gas i s  i n  s h o r t  supply,  i t s  use  i n  power p l an t s ,  

i f  any, w i l l  probably be l i m i t e d  t o  per iods  of seve re  a i r  p o l l u t i o n  

episodes.  Flue gas  t rea tment  t o  remove NO involves  t h e  use  of l i q u i d  

o r  s o l i d  suspensions of meta l  ox ides  as scrubbers .  These can be 
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used i n  tandem wi th  SO removal systems,  bu t  are no t  now as e f f e c t i v e  s i n c e  

NO i s  no t  a s  s o l u b l e  nor as r e a c t i v e  as SO , b u t  improvements are occurr ing .  

Sol id  waste d i s p o s a l  problems r e s u l t i n g  from f l u e  gas  den i t rogena t ion  would 

be similar t o  those  encountered wi th  SO 

2 

2 

removal systems. 2 
Combustion mod i f i ca t ion  techniques inc lude  low-excess-air ope ra t ion ,  

s taged  o r  o f f - s to i ch iomet r i c  combustion, f l u e  gas  r e c i r c u l a t i o n ,  reduced air 

prehea t ,  steam o r  w a t e r  i n j e c t i o n ,  o r  a combination of t h e s e  methods. All of 

these  methods s e r v e  t o  reduce NO emissions by lowering t h e  flame temperature  

below t h e  N ox ida t ion  th re sho ld  o r  by c u t t i n g  t h e  supply of N t o  t h e  2 2 
combustion mixture .  NO emission c o n t r o l  up t o  90% can be  achieved,  and i s  

l i m i t e d  b)r t h e  c o n t r i b u t i o n  of f u e l  n i t rogen  t o  t h e  t o t a l  NO emissions.  

X 

X 

X 

An a t t r a c t i v e  a l t e r n a t i v e  method which might be  encouraged f o r  con t ro l -  

l i n g  NO emissions i s  c a t a l y t i c  decomposition. Its p r i n c i p a l  advantages in-  

c lude  t h e  p o t e n t i a l  f o r  b e t t e r  than 90 pe r  cen t  NOx removal e f f i c i e n c y  with- 

ou t  t h e  need f o r  s c rubbe r s  o r  combustion modi f ica t ion  methods,which lower t h e  

energy output  of t h e  power p l a n t .  

X 

With t h e  cons t ruc t ion  of new power p l a n t s  i n  C a l i f o r n i a ,  NO emissions 
X 

are expected t o  i n c r e a s e ,  e s p e c i a l l y  i f  c o a l - f i r i n g  i s  in t roduced  i n t o  the  

s ta te .  Great care should be exerc ised  i n  t h e  s i t i n g  of t h e s e  p l a n t s ,  u n l e s s  

NO 

C a l i f o r n i a  a i r  b a s i n s  i n  which h igh  NO2 o r  oxidant  concen t r a t ions  are a l r e a d y  

encountered . 

emissions c o n t r o l  can be  maintained a t  a level t h a t  is  s a t i s f a c t o r y  f o r  
X 

1 . 3 . 3  P a r t i c u l a t e s  

P a r t i c u l a t e s  occur i n  t h e  emissions from f o s s i l - f i r e d  power p l a n t s  be- 

cause  of t h e  presence of minera l  (ash) components i n  c o a l  and f u e l - o i l  and t h e  

formation of "soot" as a minor by-product of t h e  combustion of a l l  f o s s i l  f u e l s .  

These p l a n t s  may c o n t r i b u t e  t o  t h e  ambient p a r t i c u l a t e  burden e i t h e r  through 

t h e s e  d i r e c t  emissions,  which may con ta in  carbonaceous compounds, as w e l l  as 

trace metals, o r  through t h e  r e s u l t s  of secondary r e a c t i o n s ,  such as s u l f a t e s  

and n i t r a t e s .  

Urban ambient a i r  con ta ins  p a r t i c u l a t e s  which can be cha rac t e r i zed  as mixtures  

of "soot': f l y  ash ,  hydrocarbon condensates ,  s u l f u r i c  a c i d  m i s t ,  s o i l  d u s t ,  sea 

sprays ,  etc.  P a r t i c l e s  i n  t h e  qtmosphere d i f f e r  from one another  i n  t h e i r  aero- 

dynamic size, t h e i r  chemical composition, t h e i r  s u r f a c e  p r o p e r t i e s ,  and t h e i r  

Geothermal p l a n t s  may c o n t r i b u t e  a l s o ,  b u t  n o t  as s i g n i f i c a n t l y .  
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c r e a c t i v i t y  and v o l a t i l i t y ,  a l l  depending on how they were o r i g i n a l l y  formed. 

Current ambient a i r  s tandards  f o r  p a r t i c u l a t e s  are def ined s o l e l y  on t h e  b a s i s  

of t o t a l  suspended mass (TSP), neg lec t ing  t h e  in f luences  of p a r t i c l e  s i z e  o r  

chemical compositon, which are important f o r  t h e i r  h e a l t h  e f f e c t s .  

The s i z e  d i s t r i b u t i o n  of p a r t i c u l a t e s  from man-made sources  i s  very  d i f -  

f e r e n t  from t h a t  of na tura l ly-occurr ing  p a r t i c l e s .  

t i c l e s  are i n i t i a l l y  very tiny--with number median diameter on t h e  o rde r  of 

0.01 pm--but coagula te  r a p i d l y  i n t o  p a r t i c l e s  whose mass median diameter  (MMD) 

approaches 0.1-0.5 pm. 

are q u i t e  l a r g e  by comparison, wi th  average diameters  i n  t h e  5-20 pm range 

and l a r g e r .  

i s  important f o r  t h e  proper assessment of t h e i r  h e a l t h  e f f e c t .  

Combustion-generated par- 

Most c o n t i n e n t a l  d u s t  p a r t i c l e s  and marine a e r o s o l s  

Understanding t h e  s i z e  d i s t r i b u t i o n  of atmospheric p a r t i c u l a t e s  

The chemical composition of p a r t i c u l a t e  mat te r  i s  a l s o  of i m -  

por tance to t h e  a t t e n d a n t  h e a l t h  r i s k s .  

those of s u l f u r  (such as s u l f a t e s ) ,  n i t rogen  (such as n i t r a t e s ) ,  and car- 

bon. 

wi th  water  o r  meta l  ox ides ,  and inc lude  ammonium s u l f a t e s  ((NH ) S O  

Compounds of major i n t e r e s t  are 

Sulfates may arise from t h e  ox ida t ion  of SO and subsequent r e a c t i o n s  
2’ 

and NH4HS04), 4 2  4 
s u l f u r i c  ac id  mist (H SO ), sodium s u l f a t e  (Na SO ), and o t h e r  sa l ts  of 2 4  2 4  
s u l f u r  spec ies .  While n a t u r a l  background s u l f a t e s ,  harmless t o  humans, 

are present  i n  concent ra t ions  on t h e  order  of 5 pg/m , man-made s u l f a t e s ,  

which a r e  more a c i d i c  and much more i r r i t a t i n g ,  achieve urban l e v e l s  of 5-20 

pg/m3 on t h e  average,  and occas iona l ly  surpass  4 0  pg/m , i n  C a l i f o r n i a .  

a e r o s o l s  a r e  gene ra l ly  small, wi th  MMD about 0.4 pm. 

i z e  on t h e  form i n  which they occur i n  c i t i e s .  

10-15 pe r  cen t  of TSP i s  s u l f a t e ;  however, t h e  percentage is  gene ra l ly  much 

lower i n  o t h e r  p a r t s  of C a l i f o r n i a .  

f o r  t o t a l  s u l f a t e  of 25 vg/m.. 

3 

3 S u l f a t e  

It i s  not  s a f e  t o  general-  

I n  t h e  South Coast A i r  Basin, 

The ARB now has an ambient a i r  s tandard  
3 Nitrates are der ived from t h e  ox ida t ion  of 

NO and NO t o  n i t r i c  a c i d  (HNO ) and i t s  s a l t s  such as ammonium n i t r a t e  

(NH4N03). 
3 3 2 

Natura l  background l e v e l s  of n i t r a t e s  are on t h e  o rde r  of 0.85 vg/m , 
a 

but  urban concen t r a t ions  range between 2-36 pg/m> i n  C a l i f o r n i a .  

smog episodes ,  p a r t i c u l a t e  n i t r a t e  l e v e l s  may reach 6 0  pg/m , and gaseous HNO 
concent ra t ions  of 25 ppb ( 6 3  pg/m ) may be de t ec t ed .  

p r imar i ly  a s  NH NO 

c o n s t i t u t e  about 5-20 per  cen t  of TSP i n  urban C a l i f o r n i a  a i r  samples and may 

During oxidant  
3 

3 3 Whether n i t r a t e s  e x i s t  

most o t h e r  times remains to  be s e t t l e d .  N i t r a t e s  t y p i c a l l y  
4 3  

c 
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63 r i v a l  s u l f a t e s  as a t h r e a t  t o  h&an h e a l t h .  No ambient a i r  s tandard  p r e s e n t l y  
e x i s t s  f o r  n i t r a t e s ,  a l though one i s  being considered f o r  C a l i f o r n i a .  

Carbon compounds i n  p a r t i c u l a t e  matter may occur  d i r e c t l y  as t h e  r e s u l t  

of incomplete combustion of f o s s i l  f u e l s  o r  s econdar i ly  through chemical re- 

a c t i o n s  i n  t h e  atmosphere. P a r t i c u l a t e s  below 0.1 p (MMD) are tremendously 

enriched i n  carbon; e s s e n t i a l l y  a l l  of t h e  carbon found i n  p a r t i c u l a t e  matter 

e x i s t s  i n  p a r t i c l e s  sma l l e r  than  1 pm. 

a e r o s o l s  o r  i n  power p l an t  emissions has  never been cha rac t e r i zed  completely.  

However, very  crude,  o p e r a t i o n a l ,  o r  l i m i t e d  ana lyses  have been c a r r i e d  out .  

Most of t h e  carbon mass i n  ambient 

Carbon i n  a l l  forms t y p i c a l l y  accounts  f o r  9-20 pe r  cen t  of TSP mass i n  

ambient a i r  from U. S. o r  C a l i f o r n i a  c i t i es .  Of t h a t ,  somewhat less than  

h a l f  i s  e x t r a c t a b l e  as organic  substance.  Quan t i t a t ive ly ,  on ly  a few pe r  

c e n t  o r  less of t h e  organic  mass i n  p a r t i c u l a t e s  has  ever  been i d e n t i f i e d .  

Most a n a l y t i c a l  e f f o r t s  have been devoted t o  c h a r a c t e r i z i n g  t h e  poly-nuclear 

aromatic  hydrocarbon (PAH) compounds p r e s e n t ,  perhaps because they  are easier 

t o  measure i n  t h e  atmosphere than  o the r  organics .  

p l a n t s ,  f o r  example, are an  i n s i g n i f i c a n t  source  of t h e  PAH compound benzo(a)- 

pyrene (BaP) nat ionwide and i n  C a l i f o r n i a .  

devoted t o  c h a r a c t e r i z i n g  carbon compounds i n  a i rbo rne  p a r t i c u l a t e s  and 

E l e c t r i c  power gene ra t ing  

However, more work needs t o  be 

power p l a n t  emissions.  As t h e  number of f o s s i l - f u e l  power p l a n t s  i n c r e a s e s ,  

and t h e i r  type  changes,  t h e i r  o rgan ic  emissions may assume g r e a t e r  importance.  

O f  t h e  50% of P a r t i c u l a t e  matter i n  urban ambient a i r  t h a t  arises from 

man-niade emissions,  h a l f  appears  due to secondary p a r t i c u l a t e  products  such 
as s u l f a t e s  and n i t r a t e s .  The remainder is probably d i r e c t  combustion pro- 

duc t s ,  most ly  carbon, bu t  s t i l l  con ta in ing  s u b s t a n t i a l  amounts of o t h e r  ele- 

ments, many of which may be found i n  t h e  f l y a s h  from power p l a n t s .  Trace 

elements  of obvious and suspected man-made o r i g i n  have been de tec t ed  in 
C a l i f o r n i a  a i r .  

We have summarized t h e  composition of  anthropogenic  p a r t i c u l a t e  matter, 

b u t  i n d i c a t e d  only b r i e f l y  t h e  d i r e c t  power-plant c o n t r i b u t i o n  t o  t h i s  burden. 

Such d i r e c t  emissions from coa l - f i r ed  and o i l - f i r e d  p l a n t s ,  emphasized i n  t h e  
d i scuss ion  below, are r e f e r r e d  to  as f l y  ash a n d . c o n s i s t  of a h o s t  of common 

minera ls  and trace elements.  Geothermal p a r t i c u l a t e  emissions c o n s i s t  p r imar i ly  

of the  l a s t  two c a t e g o r i e s .  P a r t i c u l a t e  emissions from gas- f i red  p l a n t s  are 

almost t o t a l l y  carbonaceous "soot , I 1  r a t h e r  than "ash." 
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The chemical composition of fly ash depends quantitatively on the ori- c gin of the fuel, but has some qualitative uniformity. 
coal-fired and oil-fired power plants include carbon, silicon, aluminum, sodium, 
potassium, magnesium, calcium, ando often lead. Fly ash from coal-fired 

plants contains substantial amounts of iron, titanium, and phosphorus, while 
fly ash from oil-fired power plants is heavy in nickel, vanadium and iron. 
Besides these elements, coal fly ash may contain substantial amounts of alkali 

earth elements, while oil fly ash may be enriched in other transition metals 
such as chromium, manganese, and copper. 

Major elements from both 

Fly ash particle sizes from both coal-fired and oil-fired power plants 
extend over a wide range. 

in particles larger than 20 pm in diameter if no control devices are used. 
On the other hand, fly ash from oil-fired power plants is found in generally 

smaller particles, MMD equal to or less than 1 um. 
volatile elements such as silicon, aluminum, etc. accumulate preferentially 

Most of the mass in coal fly ash is concentrated 

As a rule, the less 

in the larger particle fractions, while the more volatile elements such 

as lead, nickel, vanadium, chromium, cadmium and zinc occur preferentially 
in the smaller size ranges (2 pm MMD and smaller). More importantly, the 

more volatile elements also preferentially aggregate on the particle sur- 
faces, where they are in a position to inflict the greatest health insult. 

Bottom ash is the non-combustible mineral ash product from coal-fired 
power plants which does not enter the atmosphere, but is deposited in the 

bottom of the boiler. 
and while it does not contribute to atmospheric pollution, it does add sub- 

stantially to the solid waste which must be disposed, representing a potential 
for leaching into water resources. 

that for fly ash from coal-fired power plants. 

fly ashare expected to be mixed with used SO2 scrubber suspensions in order 

to reduce the water content to a level acceptable for disposal. 
tial bulk of ash-sludge mixture must be isolated from public drinking water 
supplies. 

Bottom ash is most prevalent in coal-fired power plants, 

The elemental composition is similar to 
Both bottom ash and collected 

The substan- 

Control of airborne particulate emissions from power plants is presently 
accomplished by one or more of the following methods: 

(cyclones); b) (baghouse) filtration; c) electrostatic precipitation; d) 

gravity settling; and d) wet (venturi) scrubbing. The effectiveness of these 

fly ash removal methods depends heavily on particle size, 

a) inertial separators 

c and is sometimes 
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s e n s i t i v e  t o  chemical composition. I n e r t i a l  s e p a r a t o r s ,  i nc lud ing  s i n g l e  

and mul t ip l e  cyclones,  are s u i t a b l e  f o r  removing p a r t i c l e s  of diameter  

5-40 pm (with e f f i c i e n c y  around 85 p e r  cen t )  from f l u e  gas streams, 

bu t  e f f i c i e n c y  d e c l i n e s  r a p i d l y  as t h e  p a r t i c l e  diameter  decreases .  

c o l l e c t o r s  are p r e s e n t l y  used a lone  as a p a r t i c u l a t e  c o n t r o l  device  on most 

c u r r e n t l y  ope ra t ing  o i l - f i r e d  power p l a n t s ,  and are a l s o  used i n  conjunct ion  

wi th  o t h e r  devices  on some coa l - f i r ed  power p l a n t s .  

-’ t o r s  t he  most p reva len t  p a r t i c u l a t e  c o n t r o l  device  f o r  coa l - f i red  p l a n t s ,  

have c o l l e c t i o n  e f f i c i e n c i e s  f o r  p a r t i c l e s  l a r g e r  than  10  )-lm diameter  on t h e  

o rde r  of 99-99.9 per  c e n t ,  bu t  are l i k e l y  t o  c o l l e c t  only about  50 per  cen t  

of submicron range p a r t i c l e s .  

escapes an e l e c t r o s t a t i c  p r e c i p i t a t o r  occurs  i n  p a r t i c l e s  smaller than  

5 pm MMD. 

p l a n t s  i n  t h e  form of a baghouse, a chamber i n  which t h e  f l u e  gas  flows through 

f i l t e r s  c o n s i s t i n g  of f a b r i c  tubes  o r  envelopes.  

are precoated wi th  coa r se  d u s t ,  p a r t i c l e  c o l l e c t i o n  e f f i c i e n c i e s  f o r  a coal-  

f i r e d  power p l a n t  are 99.7 p e r  cent  o v e r a l l ,  99.5 p e r  cen t  f o r  p a r t i c l e s  

wi th  0.5 urn MMD, and g r e a t e r  than  90 p e r  cen t  f o r  smaller p a r t i c l e s .  

f a b r i c  f i l t r a t i o n  appears  t o  o f f e r  a promising method f o r  small p a r t i c l e  

removal. 

Cyclone 

E l e c t r o s t a t i c  p r e c i p i t a -  

Ninety per  cent  of t h e  p a r t i c u l a t e  mass which 

Fabr i c  f i l t r a t i o n  i s  rece iv ing  acceptance f o r  coa l - f i r ed  power 

Provided t h a t  t h e  f i l t e r s  

Hence 

i 

1.3.4 Other emissions 

Hazardous metal  vapors  from coa l - f i r ed  o r  o i l - f i r e d  power p l a n t s  in -  

c l u d e  p r imar i ly  mercury  and se len ium,  and to a lesser ex ten t ,  fluorides and 

a r s e n i c .  

t o t a l  man-made emissions of mercury; corresponding percentages  f o r  selenium 

and a r s e n i c  are not  known. 

Electr ic  power genera t ion  accounts  f o r  about  30 p e r  cen t  of t h e  

Mercury is  a l s o  emi t ted  by geothermal steam p l a n t s ,  

and amounts i n  s ludge are 100 times those  found i n  f l y  ash.  There are cu r ren t -  

l y  no r e l i a b l e  methods f o r  c o n t r o l l i n g  power p l a n t  emissions of t h e s e  hazardous 

metal  vapors ,  bu t  they a r e  no t  expected t o  cause a i r  q u a l i t y  s t anda rds  t o  

/ 

be exceeded i n  most C a l i f o r n i a  a i r  bas ins .  

Hydrocarbons and carbon monoxide are common gaseous organic  p o l l u t a n t s  

i n  urban a i r .  Since f o s s i l - f u e l - f i r e d  power p l a n t s  are r e spons ib l e  f o r  no 

more than  1 pe r  c e n t  of  t he  t o t a l  emissions,  t hese  p o l l u t a n t s  are no t  con t ro l -  

l e d ,  and do no t  r ep resen t  a s i g n i f i c a n t  problem. 

thermal p l a n t s ,  i s  r e l a t i v e l y  i n e r t  and does not  appear t o  r e q u i r e  c o n t r o l .  

Methane, emit ted from geo- 
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Hydrogen s u l f i d e  (H S) i s  a common c o n s t i t u e n t  of t he  non-condensible 2 
gases  from geothermal power p l a n t s .  

the  p l a n t  f r equen t ly  reach 10 par t s -per -mi l l ion  (ppm) , which i s  the  occupat iona l  

s t anda rd ,  and l e v e l s  i n  nearby coun t i e s  o f t e n  exceed the  30 ppb ARB s t anda rd  

f o r  H2S. 
emission ra tes  may vary by up t o  a f a c t o r  of 5 from power p l a n t  t o  p a r e r  p l a n t .  

Because H S ox id izes  t o  SO i t  usua l ly  cannot reach s u b s t a n t i a l  concen t r a t ion  

throughout a n  a i r  bas in .  I n  some cond i t ions ,  though, the  30, ppb level  may be 

exceeded. H S abatement procedures  used i n  some C a l i f o r n i a  geothermal p l a n t s  

i nc lude  t h e  use of an i r o n - c a t a l y t i c  sc rubber ,  whose e f f e c t i v e n e s s  remains to 

be determined. 

Concentrat ions of H2S i n  t h e  v i c i n i t y  of  

Because of v a r i a t i o n s  i n  geothermal steam areas i n  C a l i f o r n i a ,  

2 2 ’  

2 

Radioact ive emissions have a l s o  been de tec t ed  from coa l - f i r ed  power 

p l a n t s ,  o i l - f i r e d  power p l a n t s ,  and geothermal steam p l a n t s .  Uncontrolled 

emission f a c t o r s  f o r  radium and thorium from a t y p i c a l  coa l - f i r ed  power p l a n t  

are t y p i c a l l y  about  I cur i e /m-yea r ;  l i q u i d  f o s s i l  fuels  typ ica l ly  y i e l d  less. 

These emissions c o n s t i t u t e  a long-term, low-level hazard ,  p r imar i ly  through 

t h e i r  radon decay daughters .  

observed t o  emit d i r e c t l y  1500 curies/GW-year of radon ( a t  t h e  Geysers) wi th  

p o t e n t i a l l y  g r e a t e r  emissions a s s o c i a t e d  wi th  geothermal r e sources  i n  t h e  

Imper ia l  Val ley.  

from the  decay of the  c u r i e  amounts of  radium and thorium i n  t h e  millenia 

af ter  t h e i r  emission from f o s s i l  f u e l  p l a n t s .  But t h e  relative e f f e c t s  are 

d i f f i c u l t  t o  compare, i n  view of t h e  e f f e c t s  of c o n t r o l s ,  popula t ion  d e n s i t i e s ,  

and o t h e r  f a c t o r s .  

Geothermal p l a n t s ,  on the  o t h e r  hand, have been 

The 1500 c u r i e s  i s  less than  t h e  amount t h a t  would r e s u l t  

I n  any case, a p p l i c a b l e  s t anda rds  are never  approached. 

Waste water e f f l u e n t s  are generated by a l l  types  of  f o s s i l - f u e l  and geo- 

thermal  power p l a n t s .  

p l a n t s  i nc lude  a l k a l i ,  m e t a l  and calcium sal ts .  

and copper sa l ts  are p resen t  i n  s i g n i f i c a n t  concen t r a t ions  i n  a l l  waste waters. 

Other e lements  are p resen t  i n  trace amounts. 

power p l a n t s  may a l s o  conta in  o rgan ic  chemicals,  used t o  prevent  co r ros ion  of 

the  plumbing, and a n t i o x i d a n t s .  

P r i n c i p a l  contaminants i n  waste water from f o s s i l - f u e l  

I n  a d d i t i o n ,  i r o n ,  manganese, 

Waste waters from f o s s i l - f u e l  

Noise is generated a t  f o s s i l - f u e l  power p l a n t s ,  as  a t  any i n d u s t r i a l  

Perhaps the  h i g h e s t  l e v e l s  a r i s e  from turbogenera tor  opera t ion ;  f a c i l i t y .  

t hese ,  however, are  enclosed i n  bu i ld ings .  

no i se  l e v e l s  may be  a s s o c i a t e d  wi th  the  geothermal w e l l s  themselves, un less  

abatement techniques are  employed. 

A t  a geothermal p l a n t ,  h ighe r  c 
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1 . 4  Health E f f e c t s  

Ambient a i r  q u a l i t y  s t anda rds ,  water q u a l i t y  s tandards ,  and emissions 

s tandards  and a s soc ia t ed  r e g u l a t i o n s  have been e s t a b l i s h e d  t o  p r o t e c t  t h e  pub- 

l i c  from t h e  known o r  suspected e f f e c t s  of p o l l u t a n t s  on human hea l th .  In fo r -  

mation from epidemiological ,  phys io log ica l ,  biochemical,  and carc inogenes is  

s t u d i e s  toge the r  has  been used t o  assemble a p i c t u r e  of what t h e s e  h e a l t h  ef-  

f e c t s  are, o r  a t  least  what they might be. 

information are s o  fragmentary,  r e su l t s  so  tenuous,or t h e  exposure cond i t ions  

s o  t o t a l l y  u n r e l a t a b l e  among s t u d i e s ,  t h a t  i d e n t i f i c a t i o n  ( l e t  a lone  assess -  

ment) of h e a l t h  e f f e c t s  which a re  supported by evidence a t  every l e v e l  of bio- 

medical i n v e s t i g a t i o n  cannot be made. 

- 
However, many of t h e  p i eces  of 

Much of t h e  r e s e a r c h  i n t o  t h e  h e a l t h  e f f e c t s  of a i r  p o l l u t i o n  w a s  sparked 

by t h e  "c l a s s i c "  ep isodes  which r e s u l t e d  i n  unusual ly  h igh  numbers of r epor t ed  

i l l n e s s e s  and dea ths .  The f i r s t  of t h e s e  t o  be thoroughly documented occurred 

i n  t h e  Meuse Val ley  of Belgium i n  December 1930, where f o r  f i v e  days an  inver -  

s i o n  caused p o l l u t a n t s  accumulation such t h a t  t h e  SO2 concen t r a t ion  w a s  

es t imated t o  b e  as h igh  as 8 ppm (20,800 Ug/m 

of dea ths  w a s  observed. A similar i n c i d e n t  occurred i n  Donora, Pennsylvania,  

i n  October 1948, r e s u l t i n g  i n  twenty dea ths  i n s t e a d  of t h e  p red ic t ed  average 

of two dea ths ,  and a ve ry  h igh ly  e l eva ted  number of i l l n e s s e s .  Of documented 

d i s a s t e r s ,  t h e  worst  occurred i n  London, England dur ing  December 1952, when 

an  inve r s ion  caused t h e  ambient concen t r a t ion  of SO2 t o  reach 1.5 ppm (4000 

vg/m ) and suspended p a r t i c u l a t e  matter t o  reach  almost 4500 vg/m , r e s u l t i n g  

3 
and an abnormally l a r g e  number 

3 3 

i n  some 4000 more dea ths  than  would o r d i n a r i l y  have been expected. Applica- 
t i o n  f o r  h o s p i t a l  bed service i n  London were a l s o  some 2 . 5  times t h e  normal 

average f o r  t h e  per iod.  

blamed f o r  t h e  400-800 excess  dea ths  r epor t ed  i n  New York C i ty  dur ing  January 

and February 1963, and 168 excess dea ths  t h e r e  dur ing  Thanksgiving weekend of 
1966. I n  a l l  of t h e s e  episodes,  h e a l t h  e f f e c t s  were noted a5 card io- resp i ra -  

t o r y  d i s e a s e s  and were a t t r i b u t e d  t o  SO 
vu lne rab le  people  were g e n e r a l l y  t h e  ve ry  young, ve ry  o ld ,  and those  wi th  pre- 

e x i s t i n g  cond i t ions ,  a l though o t h e r s  were a l s o  a f f e c t e d .  

S imi l a r ly ,  h igh  (SOz and p a r t i c u l a t e )  p o l l u t i o n  w a s  

and p a r t i c u l a t e  matter. The most 2 

A b r i e f  summary of poss ib l e  h e a l t h  e f f e c t s  of s p e c i f i c  p o l l u t a n t  types 

c o n s t i t u t e s  t he  remainder of t h i s  s e c t i o n .  For r e fe rences  and a f u l l e r  d i s -  

cuss ion ,  see the  corresponding p a r t s  of Sec t ions  4.1 (epidemiology),  4.2 

( l abora to ry  s tudies '  of phys io log ica l  and c e l l u l a r  e f f e c t s ) ,  and 4.3 (biochemical 

and gene t i c  i n t e r a c t i o n s ) .  
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c 1.4 .1  Su l fu r  oxides  and o t h e r  s u l f u r  compounds 

Su l fu r  ox ides  and s u l f a t e s  have rece ived  a cons iderable  amount of a t t en -  

t i o n  wi th  regard  t o  t h e i r  i n t e r a c t i o n s  wi th  b i o l o g i c a l  systems, as a d i r e c t  re- 

s u l t  of t h e i r  presence i n  acu te  smog episodes .  

s u l f i t e s )  is  a biochemical ly  r e a c t i v e  compound. I n  l i v i n g  c e l l s  enzyme-bound 

Su l fu r  d ioxide  (as SO2 o r  as 

thiamine i s  destroyed a t  r e l a t i v e l y  low concent ra t ions .  

damaging r e a c t i o n s  are less important  because of t h e  h ighe r  doses of SO 

qui red .  

i s  probably i t s  d e t o x i f i c a t i o n  by t h e  s u l f i t e  oxidase system. 

e f f i c i e n t  system i s  found i n  many organs,  i nc lud ing  t h e  lung,  and va r ious  c e l l s  

of t h e  r e s p i r a t o r y  t r a c t .  

p e t i t i o n  between the  dose rece ived  and t h e  ra te  a t  which s u l f i t e  oxidase removes 

t h e  p o l l u t a n t ,  and a t  ord inary  urban levels SO2 should have no metabol ic  h e a l t h  

e f f e c t s  whatever.  

Other p o t e n t i a l l y  

re- 

i n  t h e  body 
2 

However, t h e  most important  biochemical r e a c t i o n  of SO 2 
This h igh ly  

Hence, t h e  t o x i c i t y  of SO2 is  governed by t h e  com- 

Phys io log ica l  i n v e s t i g a t i o n s  have shown tha t  S O  can a f f e c t  the mechanical 2 
p r o p e r t i e s  of t h e  lung, and a l t e r  t h e  popula t ions  of c e r t a i n  types  of c e l l s  i n  
t h e  r e s p i r a t o r y  t r a c t ,  t y p i c a l  phys io log ica l  responses  t o  gene ra l  i r r i t a n t s .  

SO 

1-10 ppm (2,600- 26,000 Mucous s e c r e t i o n s  i n  the  r e s p i r a t o r y  t ract  

are s t imu la t ed ,  and t h e  ra te  a t  which f o r e i g n  p a r t i c u l a t e  bodies  are removed 

dec reases  upon exposure.  

t o  r e s p i r a t o r y  i n f e c t i o n s  may o r i g i n a t e  from i n t e r a c t i o n s  wi th  a l v e o l a r  

macrophages. 

e l i c i t  t hese  e f f e c t s  depends on whether t h e  s u b j e c t s  b r e a t h e  through t h e  nose 

or  through t h e  mouth, and i n c r e a s e s  wi th  r e l a t i v e  humidity.  

doses  needed t o  genera te  measurable p h s i o l o g i c a l  responses  are 3-4 orde r s  of 

magnitude h ighe r  than  concen t r a t ions  of SO2 o r d i n a r i l y  found i n  urban a i r .  

Many of t h e  same i r r i t a n t  responses  a t t r i b u t e d  t o  SO 

observed wi th  s u l f a t e s ,  e s p e c i a l l y  s u l f u r i c  a c i d  (H2S04) m i s t .  

way r e s i s t a n c e  is  ev iden t  fo l lowing  b r i e f  exposure t o  H SO 

above 700-5000 pg/m , depending on a e r o s o l  s i z e  as w e l l  as r e l a t i v e  humidity. 

Other s u l f a t e s  have a l s o  been repor ted  a s  i r r i t a n t s .  

c i n c r e a s e s  airway r e s i s t a n c e  i n  humans and animals  a t  concen t r a t ions  above 
3 2 

pg/m ).  

The a b i l i t y  of SO2 exposure t o  inc rease ,  s u s c e p t i b i l i t y  

Because of i t s  h igh  s o l u b i l i t y  i n  water, t h e  a b i l i t y  of SO2 t o  

Typ ica l ly ,  t h e  

exposure are a l s o  2 
Increased  air-  

concent ra t ions  2 4  3 

However, s u l f a t e s ,  un l ike  SO do not  r e a c t  biochemical ly  with c e l l  con- 2 ’  
s t i t u e n t s ;  when waterborne,  t h e i r  t o x i c i t y  i s  n e g l i g i b l e .  The a b i l i t y  of most 

a i r b o r n e  s u l f a t e s  t o  e l i c i t  pa tho log ica l  changes i n  r e s p i r a t o r y  func t ion  may c 
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arise from t h e  l o c a l  a c i d i t y  o r  s a l i n i t y  of t hese  a e r o s o l s ,  s i n c e  no active 

mechanism f o r  de tox i fy ing  s t r o n g  a c i d s  has  been de tec t ed  i n  t h e  body. 

i s  t h e  case, similar e f f e c t s  would r e su l t  from exposures t o  o t h e r  a c i d i c  p a r t i -  

c u l a t e s .  It should be noted t h a t  when s u l f a t e s  have been p resen t  i n  s u f f i c i e n t  

concen t r a t ion  t o  e l i c i t  changes i n  morbidi ty  and m o r t a l i t y ,  ( ac id )  n i t r a t e  

l e v e l s  were probably a l s o  high.  

I f  t h i s  

Seve ra l  ep idemiologica l  i n v e s t i g a t i o n s  have suggested a l i n k  between the  

occurrence of r e s p i r a t o r y  i n f e c t i o n s  and t h e  presence of SO o r  s u l f a t e s  i n  

community a i r .  Di f fe rences  i n  t h e  methodologies and t h e  v a r i a b l e s  c o n t r o l l e d ,  

however, are extremely important  s i n c e  o t h e r  types of p o l l u t a n t s  gene ra l ly  

c o e x i s t  wi th  s u l f u r  oxides  and s i n c e  s tudy  popula t ions  are o f t e n  heterogeneous 

wi th  r e spec t  t o  age ,  socio-economic s t a t u s ,  smoking h i s t o r y ,  e tc .  

2 

-- 
The b e s t  known s t u d i e s  of t h e  e f f e c t s  of s u l f u r  ox ides  are t h e  Community 

Heal th  and Environmental Su rve i l l ance  System (CHESS) programs sponsored by t h e  

EPA. I n  t h i s  program, h e a l t h  i n d i c a t o r s  of long-term e f f e c t s  of a i r  p o l l u t i o n  

include:  a )  prevalence of chronic  b r o n c h i t i s  i n  a d u l t s ;  b) increased  lower 

r e s p i r a t o r y  i n f e c t i o n s  i n  ch i ld ren ;  c )  increased  a c u t e  r e s p i r a t o r y  i l l n e s s e s  

i n  f a m i l i e s ;  d )  changes i n  v e n t i l a t o r y  f u n c t i o n  i n  ch i ld ren ,  and e) aggra- 

v a t i o n  of cardiopulmonary symptoms and asthma a t t a c k s .  The CHESS r e s u l t s  

showed no r e l a t i o n  between asthma a t t a c k s  and measured SO l e v e l s ,  b u t  d i d  

f i n d  an  i n v e r s e  c o r r e l a t i o n  wi th  temperature.  I n  one in s t ance ,  however, a n  

a s s o c i a t i o n  between asthma and s u l f a t e s  w a s  observed. S imi la r  r e s u l t s  were 

obta ined  regard ing  cardiopulmonary d i s e a s e s .  Again, SO2 and t o t a l  p a r t i c u l a t e  

levels w e r e  not  a s s o c i a t e d  wi th  aggrava t ion  of symptoms, bu t  e l eva ted  s u l f a t e s  

c o n s i s t e n t l y  c o r r e l a t e d  wi th  cardiopulmonary dysfunct ion .  

w a s  found t o  v a r y  according t o  t h e  s e v e r i t y  of a i r  p o l l u t i o n  i n  several l o c a l -  

i t i es ;  howeverythe i n d i v i d u a l  c o n t r i b u t i o n s  of SO2, p a r t i c u l a t e s ,  o r  s u l f a t e s  

could not  be determined. S t u d i e s  f a i l e d  t o  e s t a b l i s h  a clear connect ion be- 

tween t h e  inc idence  of lower r e s p i r a t o r y  i n f e c t i o n s  i n  c h i l d r e n  and s u l f u r  

ox ide  i n  t h e  a i r ;  however,the i n v e s t i g a t o r s  suggested a connect ion wi th  com- 

bined SO2 and s u l f a t e s ,  d e s p i t e  cons iderable  cr i t ic ism of t h e  experimental  

methodology and da ta .  

por ted  an  excess  d i s e a s e  rate of 5-20 pe r  c e n t  f o r  80 ppb (210 ug/m ) SO2 wi th  

104 vg/m3 t o t a l  p a r t i c u l a t e s  and 16  pg/m 

t h e s e  d a t a  has  been quest ioned on t h e  grounds of uncont ro l led  confounding v a r i -  

2 

Chronic b r o n c h i t i s  

> 

Stud ies  of a c u t e  r e s p i r a t o r y  d i s e a s e s  i n  families re- 
3 

3 s u l f a t e s ,  b u t  t h e  c r e d i b i l i t y  of 

a b l e s .  Para l le l  s t u d i e s  of t h e  e f f e c t s  of SOx on pulmonary func t ion  gave in-  
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c conclusive r e s u l t s ,  s i n c e  no dramatic  changes were observed, and any (small)  

e f f e c t s  due t o  s u l f a t e s  may have been confounded by n i t r a t e s  and o t h e r  v a r i -  

ab l e s .  It  is  important  t o  no te ,  however, t h a t  t h e  v a l i d i t y  of CHESS resu l t s  

has  been heav i ly  c r i t i c i z e d  by many observers ,  l a r g e l y  because of methodological 

problems. 

Other i n v e s t i g a t i o n s  of community morbidi ty  not  r e l a t e d  t o  t h e  CHESS 

program have suggested an inc rease  i n  t h e  frequency and du ra t ion  of r e sp i -  

r a t o r y  d i s e a s e s  due to s u l f a t e s .  

ca rd io - re sp i r a to ry  func t ion  i n  a d u l t s  by s e v e r a l  groups have shown no consis-  

t e n t  r e l a t i o n s h i p  t o  any observable  a i r  p o l l u t a n t .  

On t h e  o the r  hand, d i r e c t  examinations of 

Numerous i n v e s t i g a t i o n s  of t h e  in f luence  of SO 

I n  t h e  New York C i t y  area, f o r  example, m o r t a l i t y  c o r r e l a t e d  

on death r a t e s  have a l s o  
X 

been repor ted .  

p o s i t i v e l y  wi th  extremes i n  SO2 concent ra t ions ;  however, " c o e f f i c i e n t  of haze" 

gave t h e  same c o r r e l a t i o n .  Other s t u d i e s  have shown p o s i t i v e  a s s o c i a t i o n s  be- 

t w e e n  su l fa te  levels and i n f a n t  mortality, bu t  on ly  occas iona l ly  a r e l a t i o n  

wi th  SO2. 
vds t iga t ions .  

Socioeconomic v a r i a b l e s ,  however, were no t  c o n t r o l l e d  i n  t h e s e  in- 

c Current  ambient a i r  s tandards  f o r  SO2 (EPA: 30 ppb, ARB: 40 ppb) are 

based on r e su l t s  from pulmonary func t ion  s t u d i e s  and o ld  epidemiological  ev- 

idence l i n k i n g  r e s p i r a t o r y  d i s e a s e  and m o r t a l i t y  t o  SO2 exposure. 

evidence p r e s e n t l y  does no t  support  t h e s e  s tandards .  

d a t a  support  t h e  s tandards  i f  one assumes a margin of s a f e t y  f a c t o r  of a t  least 

Biochemical 

Phys io logica l  f u n c t i o n  

100. Epidemiological s t u d i e s ,  as o r i g i n a l l y  c i t e d  by t h e  EPA, suggested a 

threshold  between 30-100 ppb f o r  i n c r e a s e s  i n  morbidi ty  and m o r t a l i t y .  

ever ,  r e c e n t  reassessments  of t h e  epidemiological  information now sugges t  

t h a t  most of t h e  h e a l t h  e f f e c t s  o r i g i n a l l y  a t t r i b u t e d  t o  SO2 a c t u a l l y  cor re-  

l a t e  b e t t e r  wi th  s u l f a t e s .  However, even t h i s  conclusion i s  now open t o  

quest  ion.  

Haw- 

3 The c u r r e n t  ambient a i r  s tandard  f o r  s u l f a t e s  (ARB: 25 ug/m ) is based 

p r i n c i p a l l y  on t h e  threshold  f o r  measurable changes i n  r e s p i r a t o r y  f u n c t i o n  

(minimum concent ra t ion :  350 yg/m ), i nco rpora t ing  a s t a t e d  margin of s a f e t y  

f a c t o r  of ten .  Epidemiological evidence i s  a l s o  used t o  support  t h e  ARB stand- 

a r d  q u a l i t a t i v e l y ,  e s p e c i a l l y  t h e  CHESS program r e s u l t s ,  which are, however, 

ques t ionable .  

3 

No biochemical c r i t e r i a  a r e  considered. c 
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Hydrogen s u l f i d e  (H S) reacts wi th  a n m b e r  of heme p r o t e i n s  i n  t h e  body, 2 
inc lud ing  hemoglgbin and cytochrome oxidase,  t o  g ive  t h e  s u l f o d e r i v a t i v e s .  

However, H2S i n  t h e  body i s  d e t o x i f i e d  much as SO2, inc lud ing  ox ida t ion  via 

s u l f i t e  oxidase t o  s u l f a t e .  

eye i r r i t a t i o n  and s e n s i t i v i t y  t o  l i g h t ,  followed by lung i r r i t a t i o n  and 

symptoms o f  ca rd iovascu la r  stress a t  h ighe r  l e v e l s ,  and are s a i d  t o  occur  a t  

concen t r a t ions  above 5-20 ppm. 

air  i n  s i g n i f i c a n t  q u a n t i t y ,  so t h a t  epidemiological  assessment of i t s  h e a l t h  

e f f e c t s  is l i m i t e d  l a r g e l y  t o  acc iden t s .  An acc iden t  nea r  Terre Haute, 

Ind iana  i n  1964, caus ing  average concent ra t ions  between 22 and 300 ppb, re- 

s u l t e d  i n  pub l i c  complaints  of nausea,  sho r tnes s  of b rea th ,  headaches,  and 

insomnia, even a t  t h e s e  sub-ppm concent ra t ions .  An episode  a t  Poza Rica, 

Mexico, i n  1950, dur ing  which ambient levels were no t  measured, r e s u l t e d  i n  22 

dea ths  and over  300 h o s p i t a l i z a t i o n s  f o r  acu te  H2S poisoning. 

Phys io log ica l  e f f e c t s  of ac tue  H2S t o x i c i t y  inc lude  

However H S i s  r a r e l y  encountered i n  conruni ty  2 

The C a l i f o r n i a  ARB ambient a i r  s tandard  (30 ppb) is based l a r g e l y  on m e  

odor and nuisance th re sho ld  f o r  H S. 
of t h e  h e a l t h  e f f e c t s  r epor t ed  dur ing  t h e  Terre Haute episode,  i nco rpora t ing  

a f a c t o r  of 2-10 as t h e  margin of  s a f e t y .  

epidemiological  information on t h e  h e a l t h  e f f e c t s  of H S exposure from popula- 

t i o n s  i n  t h e  v i c i n i t y  of  n a t u r a l  o r  geothermal induced H2S emissions.  

It could a l s o  be j u s t i f i e d  on t h e  b a s i s  2 

It would be d e s i r a b l e  t o  inco rpora t e  
@ 

2 

-- - __ 
1.4.2 Nitrogen oxides  and o t h e r  n i t r o g e n  compounds 

Ni t rogen  oxides  (NO ) can i n f l i c t  a wide v a r i e t y  of adverse  h e a l t h  e f -  
X 

f e c t s ,  result ing from the separate act ions of n i t r i c  oxide (NO), nitrogen 

dioxide (NO2), ni t ra tes ,  and nitrosamines. 
g lob in  i n  blood t o  methemoglobin, which is a n  inactive form, a r e a c t i o n  t h a t  

is  s i m i l a r  t o  that generated by n i t r i t e s  and n i t r a t e s  i n  food and water. The 

phys io log ica lman i fe s t a t ions  are expected t o  b e  i d e n t i c a l  t o  those  observed 

f o r  carbon monoxide t o x i c i t y ,  r e f l e c t i n g  t h e  increased  card iovascular  stress 

due to oxygen de f i c i ency .  has  been impl ica ted  i n  methemoglobin 

burdens i n  humans and animals i t  i s  no t  clear t h a t  any of t h e  phys io log ica l  

and ep idemiologica l  e f f e c t s  a re  r e a l i z e d .  

NO and NO2 can bo th  ox id ize  hemo- 

Although NO 
X 

I n  a d d i t i o n ,  n i t r o g e n  d iox ide  (NO2) is  known t o  b e  a s t r o n g  r e s p i r a t o r y  

i r r i t a n t  and pulnionary tox ih .  

dur ing  t h e  first 24 hours ,  a f t e r  which g e n e r a l  repair  and recovery t a k e s  p l a c e  

111 e f f e c t s  seem t o  reach  t h e i r  worst  e x t e n t  

.- 



1-20 

even dur ing  continued exposure. For t h i s  reason ,  i t  i s  d i f f i c u l t  t o  f i x  t h e  

concen t r a t ion  and exposure range i n  which cer ta in  phys io log ica l  changes t ake  

p l a c e ,  a l though r e l a t i v e l y  few e f f e c t s  are observed a t  levels below 0.5 ppm. 

NO 
3 a t  l e v e l s  on the o rde r  of 1.5-5ppm (2,900-9,400 pg/m ). Considerable t i s s u e  

d a m a g e i s v i s i b l e  i n  t h e  lung, and the popu la t ions  of va r ious  types  of ce l l s  

i n  t h e  lung and r e s p i r a t o r y  t r a c t  are a l t e r e d .  

i a r y  a c t i v i t y  i n  t h e  r e s p i r a t o r y  t r a c e ,  dec reases  t h e  capac i ty  f o r  removal 

of f o r e i g n  objec ts ,and  causes  an  inc reased  frequency of r e s p i r a t o r y  i n f e c t i o n s .  

On t h e  b a s i s  of animal experiments,  symptoms of emphysema have been p o s t u l a t e d  

can alter pulmonary f u n c t i o n  by i n c r e a s i n g  airway r e s i s t a n c e  i n  humans 2 

Exposure t o  NO d e s t r o y s  ci l-  2 

f -  

t o  r e s u l t  from NO exposure,  b u t  evidence proving t h e  r e l a t i o n s h i p  is tenuous 

and o t h e r  s t u d i e s ,  i nc lud ing  those  on humans, have n o t  confirmed t h i s  hypothes is .  

The evidence above sugges t  t h e  fo l lowing  as p o s s i b l e  (not n e c e s s a r i l t y  prob- 

2 

X 

a b 1 e ) r e s u l t s  of NO exposure: r e s p i r a t o r y  i n f e c t i o n s ,  emphysema, d i f f i c u l t y  

w i t h  b rea th ing ,  and r i s k  of ca rd iovascu la r  problems. The only systematic  

ep idemiologica l  a p p r a i s a l  of NO h e a l t h  e f f e c t s  has  been a Chattanooga, 2 
. Tennessee s tudy  (now a CHESS program). S i g n i f i c a n t  impairment of v e n t i l a t o r y  

s f u n c t i o n  w a s  r epor t ed  f o r  school  c h i l d r e n  l i v i n g  i n  an area w i t h  t y p i c a l  NO2 
i .  concen t r a t ions  of 0.10 ppm, wi th  i l l n e s s  inc idence  rates 18.3 pe r  c e n t  h ighe r  

i n  t h e  h igh  NO area than  t h e  norm. Subsequent follow-up s t u d i e s  a l s o  sugges t  

a h ighe r  i nc idence  of a c u t e  b r o n c h i t i s  among i n f a n t s  and school  c h i l d r e n .  

ever, o t h e r  p o l l u t a n t s  such as ozone, s u l f a t e s ,  o t h e r  ox idan t s ,  metal fumes, 

and p a r t i c u l a t e s  are confounding v a r i a b l e s  which have made i n t e r p r e t a t i o n  of 

t h e s e  d a t a  less than  certain.  While n e i t h e r  NO nor NO2 is  throught  t o  cause 

cance r ,  biochemical and secondary atmospheric d e r i v a t i v e s  of t h e s e  oxides  of 

n i t r o g e n  may pose a s i g n i f i c a n t  cancer  risk. Ni t rous  a c i d  (HNOZ) may b e  one 

such d e r i v a t i v e .  I n  a d d i t i o n ,  r e a c t i o n s  of NO and NO wi th  o rgan ic  amines g i v e s  

r ise t o  n i t rosamines ,  which are extremely carc inogenic .  

2 
How- 

2 

E x i s t i n g  EPA a i r  q u a l i t y  s t anda rds  f o r  NO 

d a t a  (however c o n t r o v e r s i a l )  which sugges t  t h a t  60 ppb i s  t h e  th re sho ld  f o r  i n -  

c reased  r i s k  of r e s p i r a t o r y  d i s e a s e s  (EPA: 50 ppb annual average) ,  and on s t u d i e s  

of pulmonary f u n c t i o n  impairment (EPA: 350 ppb, 1-hour), w i t h  no s a f e t y  margins s t i p -  

u l a t e d .  TheARB s tandard  (ARB: 250 ppb, 1-hour average) i s b a s e d o n a c u t e  pulmonary 

are based on ep idemiologica l  2 

c 
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func t ion  s t u d i e s ,  and s t i p u l a t e s  a f a c t o r  of 2 margin of s a f e t y .  

p re sen t ly  e x i s t  f o r  NO o r  f o r  ni t rosamines i n  ambient: a i r ,  al though it i s  l i k e l y  

they w i l l  be promulgated i n  the  near  f u t u r e .  

No s tandards  

1.4.3 Oxidants 

Oxidants a r e  p r imar i ly  products  of secondary r e a c t i o n s  of p o l l u t a n t s .  

The major c o n s t i t u e n t  of ox idants  i s  ozone (0 ). 

s p e c i f i c a l l y  with unsa tura ted  l i p i d s  i n  lung s u r f a c t a n t  and c e l l  membranes. 

Other r e a c t i o n s  of ozone and i t s  hydro lys is  products  may occur  wi th  p r o t e i n s  

and o t h e r  c e l l  c o n s t i t u e n t s .  Such e f f e c t s  can be observed a t  0 l e v e l s  be- 

tween 0.1-1.0 ppm. 

Ozone r e a c t s  v igorous ly  and 3 

3 

Pred ic t ab ly ,  t he  phys io log ica l  e f f e c t s  of 0 exposure inc lude  changes i n  3 
c e l l  popula to ins ,  l ead ing  t o  impairment of fo re ign  body removal from t h e  

r e s p i r a t o r y  t r a c t  and lung and, perhaps,  temporary impairment of t h e  metabolism 

of o the r  p o l l u t a n t s ,  drugs,  and chemical s p e c i e s  i n  t h e  lung. 

4.2.3.) 

(See Sec t ion  

I n t e r a c t i o n  of ozone wi th  o t h e r  metabol ic  systems can induce physio- 

l o g i c a l  symptoms. 

of gases  between a i r  and blood. Since t h e  threshold  l e t h a l  dose of ozone 

can be as low as 0.5 ppm, a l e v e l  which is  p e r i o d i c a l l y  reached i n  p a r t s  of 

C a l i f o r n i a ,  t h e  danger of acu te  poisoning from oxidant p o l l u t i o n  cannot be 

neglec ted .  

An important e f f e c t  of oxidants  is hindrance of t h e  exchange 

@ 

Acute and chronic  d i s e a s e s  which might be t r i g g e r e d  o r  aggravated by 

ozone inc lude  r e s p i r a t o r y  i n f e c t i o n s ,  a c u t e  and chronic  b r o n c h i t i s ,  and 

emphysema. These diseases are suggested on the basis that 0 impairs foreign 

body c l ea rance  from t h e  lung, and causes  d i g e s t i v e  enzymes t o  appear i n  t h e  

a l v e o l a r  spaces.  

hand, i t s  p o t e n t i a l  t o  cause cancer  i s  not  known. 

evidence now e x i s t s  t o  e s t a b l i s h  t h a t  any of t h e s e  h e a l t h  e f f e c t s  (respira- 

t o r y  d i s e a s e ,  emphysema, o r  cancer)  is a c t u a l l y  being f e l t  i n  urban (Ca l i fo rn ia )  

populat ion.  

3 

Ozone has  been shown t,o be mutagenic as w e l l .  On t h e  o t h e r  

No concre te  epidemiological  

Ex i s t ing  a i r  q u a l i t y  s tandards  f o r  ox idan t s  (EPA: 80 ppb; ARB: 100 ppb) 

a r e  based on biocehmical and phys io logica l  c r i t e r i a , r e g a r d i n g  pulmonary 

function and ce l lu l a r /me tabo l i c  i n t e g r i t y ,  wi th  t h e  margin of s a f e t y  not  g r e a t e r  

than 1.25. However, r e v i s i n g  these  

f i c u l t ,  cons ider ing  t h e  high l e v e l s  errs 
s tandards  t o  lower concent ra t ions  is d i f -  

of ozone be l ieved  t o  occur n a t u r a l l y .  
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1.4.4 P a r t i c u l a t e s  

P a r t i c u l a t e s  can impart adverse h e a l t h  e f f e c t s  due t o  phys i ca l  i n t e r a c -  

t i o n s ,  independent of chemical composition, o r  due t o  t h e  biochemical  i n t e r -  

a c t i o n s  of some of t h e  c o n s t i t u e n t s .  Phys ica l  i n t e r a c t i o n s  of p a r t i c u l a t e s  

i n  a i r  depend h e a v i l y  on t h e  depos i t i on  c h a r a c t e r i s t i c s  of p a r t i c l e s ,  which 

are i n  t u r n  a func t ion  of p a r t i c l e  s i z e .  

0.5-2 

smaller than  t h i s  range lodge i n  t h e  deep lung spaces .  

r a t o r y  cond i t ion  w i l l ,  however, change t h i s  d i s t r i b u t i o n . )  

t i c l e s  from t h e  upper t rac t  i s  r a p i d ,  r e q u i r i n g  only a few minutes. On t h e  

o t h e r  hand, small  p a r t i c l e s  which reach t h e  a l v e o l i  may remain t h e r e  f o r  months 

o r  yea r s ,  or else may r e s i d e  i n  t h e  lymphatic system f o r  a similar t i m e  per iod .  

P a r t i c u l a t e s ,  i nc lud ing  those  which are b i o l o g i c a l l y  active, of t e n  e l i c i t  a n  

inflammatory response which r e s u l t s  i n  t h e  entrapment of t h e  p a r t i c l e  w i t h i n  

a f i b r o t i c  network. S u l f a t e s ,  n i t r a t e s ,  and ammonium species, which often 

As a r u l e ,  p a r t i c l e s  l a r g e r  than  

pm diameter  are t rapped  i n  t h e  upper r e s p i r a t o r y  t rac t ,  whi le  t hose  

(Any o b s t r u c t i v e  r e s p i -  

Clearance of par-  

occur i n  sub-micron p a r t i c l e s ,  are gene ra l ly  s u f f i c i e n t l y  s o l u b l e  t o  e n t e r  t h e  

bloodstream ce l l s  f o r  metabolism. Lead and ( in so lub le )  carbon, on t h e  o the r  

hand, t y p i c a l l y  accumulate i n  t h e  lymph fo l lowing  engulfment by t h e  a l v e o l a r  

macrophages. The p r i n c i p a l  c l i n i c a l  man i fe s t a t ion  of t h e  phys ica l  i n t e r a c t i o n s  

of p a r t i c u l a t e s  wi th  the  respiratory-pulmonary system might be expected t o  be  a 

change i n  t h e  inc idence  of r e s p i r a t o r y  i n f e c t i o n s .  However, ep idemiologica l  

r e sea rch  i n d i c a t e s  t h a t  inc idence  of r e s p i r a t o r y  d i s e a s e  c o r r e l a t e s  b e t t e r  wi th  

s u l f a t e  than wi th  t o t a l  p a r t i c u l a t e s .  

c 

Ind iv idua l  chemical c o n s t i t u e n t s  i n  p a r t i c u l a t e  matter may a l s o  a f f e c t  

t he  h e a l t h  of exposed i n d i v i d u a l s  by t h e i r  s p e c i f i c  chemical i n t e r a c t i o n s .  

For example l ead  (der ived  mostly from motor v e h i c l e s ,  b u t  a l s o  from f l y  ash  

from bo th  coal-and o i l - f i r e d  power p l a n t s )  b locks  t h e  s y n t h e s i s  of hemoglobin 

and damages o t h e r  p r o t e i n s ;  t h e  C a l i f o r n i a  s t anda rd  (ARB: 1.5 pg/m over  30 
days) i s  p red ica t ed  on a body burden a n a l y s i s  of no t  more than  5 per  c e n t  de- 

p re s s ion  of hemoglobin s y n t h e s i s .  

h igh  doses of)  manganese, i r o n ,  and vanadium. 

a t  h igh  doses.  

l a r g e l y  unknown, except  f o r  t h e  a b i l i t y  of some t o  cause cancer;  

p r i n c i p a l l y  c e r t a i n  polynuclear  aromatic  hydrocarbon (PAH) compounds. 

t h e  impacts of s u l f a t e s  and n i t r a t e s  have been noted above. 

3 
-- 

Respi ra tory  i r r i t a t i o n  arises from (very 

Nickel  i s  a known carcinogen 

Heal th  e f f e c t s  of  carbon compounds i n  p a r t i c u l a t e  matter are 

t h e s e  are 

F i n a l l y ,  



Exis  5 ing ambient air  q u a l i t y  s t anda rds  f o r  p a r - - x l a t e s  (EP,,: 60 pg/m , 
3 3 annual  average,  and 260 pg/m , 24-hours; ARB: 60 vg/m , annual  average,  and 

100 pg/m , 24-hours) d e f i n e  p a r t i c u l a t e  

Both sets of s t anda rds  are predicatedon t h e  r e s p i r a t o r y  e f f e c t s  r e s u l t i n g  from 

t h e  phys ica l  i n t e r a c t i o n s  of p a r t i c l e s  w i th  t h e  phys io log ica l  c l ea rance  mech- 

anisms. 

particle s i z e  (and depos i t i on  c h a r a c t e r i s t i c s )  and neglec t  t h e  chemical i n t e r -  

a c t i o n s  of i n d i v i d u a l  c o n s t i t u e n t s ,  i n  s p i t e  of a growing body of a e r o s o l  char- 

a c t e r i z a t i o n  da ta .  

3 matter i n  terms of t o t a l  mass only.  

Except f o r  t h e  ARB s u l f a t e  s tandard ,  they  ignore  t h e  importance of 

A s  a r e s u l t  of t h e  f a i l u r e  of s t anda rds  t o  coinsider p a r t i c u l a t e  s i z e ,  

emission c o n t r o l  measures may not  always produce optimum r e s u l t s .  

a l though uncont ro l led  emissions of f l y  a sh  from coa l - f i r ed  p l a n t s  may exceed 

those  from o i l - f i r e d  p l a n t s  by a f a c t o r  of 20, i f  emissions from an o i l - f i r e d  

p l a n t  a re  c o n t r o l l e d  by cyclones and those  from a c o a l  p l a n t  by f i l t r a t i o n ,  

then emissions from t h e  o i l  p l a n t  i n  t h e  r e s p i r a b l e  s i z e  range may exceed 

those  from t h e  c o a l  p l a n t  by a l a r g e  f a c t o r  (say 20), even though both  p l a n t s  

meet a p p l i c a b l e  s tandards .  

For example, 

1.4.5 Other subs tances  

Carbon monoxide (CO) t o x i c i t y ,  l i k e  t h a t  due to  n i t r i c  oxide (NO), is 

t h e  r e s u l t  of i n a c t i v a t i o n  of hemoglobin, which gene ra t e s  a n  increased  cardio-  

vascu la r  stress. Symptoms of t i s s u e  hypoxia r e s u l t i n g  from CO-induced card io-  

vascu la r  burdens inc lude  impaired v i s u a l  response,  impaired judgment, and a t  

h igher  exposure levels headaches, dim v i s i o n ,  and nausea. 

are expected f o r  prolonged NO (NOx) exposure. 

S imi l a r  symptms 

Hazardous metal vapors  of g r e a t e s t  p o t e n t i a l  (concern f o r  power p l a n t  

emissions are mercury and selemium. 
by i n h a l a t i o n ,  and i s  depos i ted  i n  b r a i n ,  nervous t i s s u e ,  and s a l i v a r y  glands.  

Its p r i n c i p a l  t o x i c  r e a c t i o n  occurs  wi th  s u l f u r  groups of  p r o t e i n s ,  l ead ing  to 

anemia, hypothyroidism, h y p e r e x c i t a b i l i t y ,  and l o s s  of a p p e t i t e .  The p resen t  

mercury s tandard  (EPA: 1 pg/m ) assumes t h a t  a d a i l y  uptake of 20 ug is t h e  

maximum s a f e  level. Selenium i n  trace amounts is an essential n u t r i e n t ,  bu t  

a t  h ighe r  concen t r a t ions  is  extremely t o x i c .  

r e a c t i o n s  of s u l f u r  groups i n  th,e body, bu t  t h e  h e a l t h  imp l i ca t ions  are t o t a l -  

l y  unknown. Accordingly, t h e  maximum selenium concen t r a t ion  allowed i n  t h e  

Mercury is  absorbed w i t h  h igh  e f f i c i e n c y  

3 

It i s  known t o  i n t e r f e r e  w i t h  

atmosphere has  been t e n t a t i v e l y  set a t  100 pg/m-’, based on 2000 pg/day safe 

in t ake .  
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1.5 The State of Information 

The existing data on the emission, dispersion, and health effects of 

air and water pollutants from fossil fuel and geothermal power plants are 

incomplete, tenuous, and in some cases, contradictory. Much of the research 
employed methodstoo crude for the precision and accuracy required. 
crucial questions have also gone unanswered because of deficiencies in the 
investigative tools or errors in experimental logic. 

provided some guidance for establishment of air and water quality standards 

and supporting emission standards, they are not a sufficient basis for accurate- 

ly estimating the human health impacts of additional sources. 

Many 

Although the data have 

Epidemiological studies have traditionally accepted the available data 
on community air quality, and have attempted to ferret out health effects due 
to specific pollutants in the face of confounding variables such as smoking 

history, socio-economic class, age, and mobility. Frequently, the health 
effects studied are some gross phenomenon such as pulmonary-respiratory disease 
or cancer, for which tens or hundreds of varieties of each may exist. 

specific clinical diagnoses may allow epidemiologists to establish correlations 

with pollution more clearly. 

More 

e Air pollution monitoring information is presently supplied in most cases 

by central station monitors which are often poorly placed. 
posure data for use in epidemiological appraisals could be obtained by more 

adequate monitoring networks, by personal dosimetry measurements, or by body 

burden analysis. 
not the most accurate or sensitive techniques available. In some cases, they 

are insufficient even for standards enforcement purposes. Interferences from 
other pollutants are not always controlled, and the level of discrimination 

among classes of pollutants may be poor, particularly for sulfates, nitrate, 

and particulates. 

Better human ex- 

Analytical methods used in most regulatory monitoring are 

The sensitivity and accuracy of biomedical measurements frequently deter- 

mine the exposure concentrations of pollutant used in many laboratory health 
effects studies, particularly for sulfur oxides (where doses 100-10,000 times 
ambient concentrations have been used for respiratory function tests). In 
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o t h e r  cases ,  e f f e c t s  (such as those on morphology) may be d i f f i c u l t  t o  

0 i n t e r p r e t  i n  terms of a concre te  impairment of func t ion .  Biochemical s t u d i e s  
\ 

o f t e n  focus on metabol ic  a c t i v i t i e s  which are easy  t:o measure, r a t h e r  than W 

ones which are most l i k e l y  t o  be a f f e c t e d  by exposure.  

may aga in  be d i f f i c u l t .  

Hence, i n t e r p r e t a t i o n  

Important o b j e c t i v e s  f o r  f u t u r e  research  endeavors are: 1) providing 

more r e l i a b l e  exposure da t a  f o r  epidemiological  s tudy popula t ions ;  

2) c h a r a c t e r i z i n g  the  metabol ic  r e a c t i o n s  of p o l l u t a n t s ,  i nc lud ing  t h e i r  

d e t o x i f i c a t i o n  i n  the  body; 3) c o r r e l a t i n g  the  d i f f e r e n t  t y p e s  of biomedical ly  

observable  e f f e c t s  i n  terms of a s i n g l e  r o o t  cause; and 4) improving charac- 

t e r i z a t i o n  of p o l l u t a n t  l e v e l s .  This is  e s p e c i a l l y  t r u e  f o r  p a r t i c u l a t e  

monitoring. 

Future  r egu la to ry  endeavors should inc lude :  I-) monitoring and enforce-  

ment of p a r t i c u l a t e s  according t o  t h e i r  s i z e  and chemical c o n s t i t u e n t s ;  

2) c l a r i f i c a t i o n  of t h e  s tandards  and c r i t e r i a  f o r  s u l f a t e s ;  3) re-examination 

of t he  SO2 s t anda rds ;  4) p repa ra t ion  of s tandards  arid c r i te r ia  f o r  n i t r i c  

oxide (NO) and n i t r a t e s ;  5 )  re-examination of re ference  and equ iva len t  methods 

f o r  monitoring a l l  p o l l u t a n t s .  

These proposed research  and r egu la to ry  a c t i v i t i e s  would improve, 

r e s p e c t i v e l y ,  t h e  s ta te  of information on h e a l t h  e f f e c t s  of p o l l u t a n t s  and t h e  

d e t a i l e d  r egu la to ry  response t o  t h i s  improved information.  Moreover, a c t u a l  

assessment of human h e a l t h  impacts due t o  i n t r o d u c t i o n  of new sources  would 

be more f e a s i b l e  and could,  i n  f a c t ,  more d i r e c t l y  se rve  as a b a s i s  f o r  

formation of s t anda rds  and f o r  new source review. P resen t ly ,  some t e n t a t i v e  

estimates f o r  t he  h e a l t h  impact of new sources  have been advanced, o f t e n  

s o l e l y  on the  b a s i s  of e leva ted  s u l f a t e  l e v e l s .  Such estimates n a t u r a l l y  

depend on s p e c i f i c  emission c o n t r o l s  and on l o c a l  popula t ion  d i s t r i b u t i o n s ,  b u t  

very l a r g e  u n c e r t a i n t i e s  arise from modeling atmospheric t r a n s p o r t  and t r ans fo r -  

mation and e s p e c i a l l y  from formulat ing dose-response r e l a t i o n s h i p s  on t he  b a s i s  

of imcomplete h e a l t h - e f f e c t s  evidence. For t h i s  reason,  t hese  estimates, which 

t y p i c a l l y  range from 1 t o  100 premature dea ths  (and v a s t l y  more i l l n e s s e s )  

among the  pub l i c  p e r  yea r  of 1000 me c o a l  o r  o i l - f i r e d  p l a n t  ope ra t ion ,  cannot 

be r e l i e d  upon. 

i n  the  f u t u r e ,  t hese  p e n a l t i e s  must  be considered i n  the  l i g h t  both of 

b e n e f i t s  received from p l a n t  opera t ion  and of compet:ing r i s k s  from o t h e r  

sources .  

Even presuming t h a t  more r e l i a b l e  e s t ima tes  become poss ib l e  

For the  p re sen t ,  dec is ions  on ind iv idua l  p l a n t s  cannot be made on 
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the b a s i s  of such assessments .  

p r e d i c t i o n s  of the  e x t e n t  t o  which a p l a n t  would expose popula t ions  t o  s p e c i f i e d  

l e v e l s  of p o l l u t a n t s .  Such p r e d i c t i o n s  could involve  a n a l y s i s  somewhat more 
r e f i n e d  than a s imple  p o l i c y  t o  s i t e  p l a n t s  away from urban areas and would 

provide a framework f o r  actual h e a l t h  impact assessment when more complete 

dose-response d a t a  become a v a i l a b l e .  

On the  o t h e r  hand, they may r e l y  p a r t i a l l y  on 

c 
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2. EXISTING STANDARDS Ah?) REGULATIONS 

The b a s i c  mechanism through which the  ope ra t ion  of an e l e c t r i c  genera- 

t i n g  p l a n t  has  t h e  p o t e n t i a l  f o r  harm t o  t h e  p u b l i c  i s  by t h e  emission of 

materials from the  power p l a n t  s i te .  
o t h e r  mechanisms, such as t h e  t r a n s p o r t a t i o n  of materials t o  and from t h e  

s i te  o r  the  product ion of f u e l s  and d i sposa l  of waste materials, the  emissions 

mechanism i s  s u b j e c t  t o  the most a t t e n t i o n  dur ing  any review o f  compliance of  

a proposed f a c i l i t y  wi th  s t anda rds  designed t o  p r o t e c t  t he  pub l i c  h e a l t h  and 

s a f e t y .  

Although e f f e c t s  can occur  through 

Such s t anda rds  are formulated t o  maintain adequate  a i r  q u a l i t y ,  t o  pro- 

tect  water q u a l i t y ,  and t o  p l ace  limits on no i se  l e v e l s  i n  the  p u b l i c  domain. 

It is  gene ra l ly  perceived,  moreover, t h a t  t h i s  i s  the  ranking i n  which e lec-  

t r i c  genera t ing  p l a n t s  can have t h e i r  most s u b s t a n t i a l  e f f e c t s :  a i r ,  water, 

and no i se  emissions.  Accordingly,  the  primary a t t e n t i o n  i n  t h i s  r e p o r t  

i s  devoted t o  h e a l t h  e f f e c t s  r e l a t e d  t o  a i r  p o l l u t i o n  and t o  s t anda rds  

formulated f o r  maintenance of a i r  q u a l i t y .  

more b r i e f l y  . 
Water arid no i se  are d iscussed  

Of s t anda rds  r e l a t e d  t o  a i r  q u a l i t y ,  those spec i fy ing  the  q u a l i t y  of 

ambient a i r  ( t h a t  i n  the  pub l i c  domain) are most d i r e c t l y  r e l a t e d  t o  protec-  

t i o n  of the p u b l i c  h e a l t h  and we l fa re ,  the  s t a t e d  o b j e c t  of s t anda rds  f o r  

a i r  q u a l i t y .  

t e r e d  by agencies  a t  t h e  f e d e r a l ,  s t a t e ,  r e g i o n a l ,  and even l o c a l  levels. 

Such s t anda rds  and t h e  r e spons ib l e  agencies  are d iscussed  below i n  s e c t i o n  2.1. 

These ambient a i r  q u a l i t y  s t anda rds  are formulated and adminis- 

Control  of emissions is  the  b a s i c  t o o l  f o r  l i m i t a t i o n  of t h e  e f f e c t  of 

power p l a n t s  on ambient a i r  q u a l i t y .  Sec t ion  2 .2  t.reats gene ra l ly  a p p l i c a b l e  

emissions s t anda rds ,  i nc lud ing  new source  performance s tandards .  I n  a d d i t i o n  

t o  the  a p p l i c a t i o n  of such emission s t anda rds ,  d e t a i l e d  cons ide ra t ion  is  

Two gene ra l  programs have been formulated wi th  r e s p e c t  t o  

n a t i o n a l  ambient a i r  q u a l i t y  s tandards!  The f i r s t  i s  t h e  d e f i n i t i o n  of 

maintenance areas i n  which i t  i s  p red ic t ed  t h a t  n a t i o n a l  s t anda rds  w i l l  no t  

be met a t  some s p e c i f i e d  time. The second program,, app l i cab le  t o  areas 
where a i r  i s  b e t t e r  than t h a t  requi red  by the  n a t i o n a l  s t anda rds ,  has  as i ts  

goal  t he  prevent ion  o f  unwarranted d e t e r i o r a t i o n  of a i r  q u a l i t y  i n  these  a reas .  
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c Air q u a l i t y  maintenance areas and the  p reven t ion  of s i g n i f i c a n t  d e t e r i o r a t i o n  

are d iscussed ,  r e s p e c t i v e l y ,  i n  s e c t i o n s  2.4 and 2.5. 

F i n a l l y ,  p l ans  have been formulated f o r  dea l ing  wi th  ep isodes  dur ing  

which excess ive  p o l l u t a n t  l e v e l s  occur ,  posing s u b s t a n t i a l  dangers t o  t h e  

pub l i c  h e a l t h .  

i n  s e c t i o n  2.6. 

The "air p o l l u t i o n  emergency plan" f o r  C a l i f o r n i a  i s  d iscussed  

As a p a r t  of new source  review, emergency planning,  o r  o v e r a l l  assess- 

ment of a i r  p o l l u t i o n  impacts,  models s imula t ing  o r  p r e d i c t i n g  meteoro logica l  

behavior  and p o l l u t a n t  concent ra t ions  are o f t e n  employed. 

u t i l i z e  a v a r i e t y  of  methods and are implemented wi th  varying degrees  o f  

s o p h i s t i c a t i o n .  They are d iscussed  i n  a s e p a r a t e  report") and, more b r i e f l y ,  

i n  s e c t i o n  3.3 of t h i s  r e p o r t .  

s e c t i o n ,  i t  i s  appropr i a t e  t o  note  t h a t  t he  type of model employed depends 

s t r o n g l y  on the  a p p l i c a t i o n  a t  hand. For example, p r e d i c t i o n s  of  e p i s o d a l  

levels  of p o l l u t a n t s  o f t e n  depend on s t a t i s t i ca l  models, which c a l c u l a t e  
f u t u r e  p o l l u t a n t  l e v e l s  o r  du ra t ions  pu re ly  on the  b a s i s  of  a n a l y s i s  of 

These models 

Although they w i l l  n o t  be  d iscussed  in t h i s  

h i s t o r i c a l  d a t a .  On t h e  o t h e r  hand, t h e  long term e f f e c t s  of new sources  

introduced i n t o  an a i r  bas in  could employ a d e t e r m i n i s t i c  model which a c t u a l l y  

s imula t e s  t h e  phys ica l  p rocesses  of d i s p e r s i o n ,  aga in  y i e l d i n g  concen t r a t ions  ci 
and dura t ions .  

Seve ra l  sou rces ,  r e f e r r e d  t o  below, served  as the  primary b a s i s  for 
the  informat ion  on s t anda rds  r e l a t i n g  t o  a i r  q u a l i t y ;  r e f e rence  2 among 

them a l s o  served  as a u s e f u l  o v e r a l l  guide.  It is  important  to no te  t h a t  

such s t anda rds  are s t i l l  i n  a process  of r a p i d  change, so t h a t  d e t a i l s  o f  

d i r e c t  s i g n i f i c a n c e  should be  reviewed when they are needed. 

t he  appendix on emission s t anda rds  inc ludes  many changes compared wi th  

the  compilat ion on which i t  is based (Ref. 2).  

For example, 
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2 .1  Air Qual i ty  Standards 

Purpose,  b a s i s ,  and form of a i r  q u a l i t y  s t a n d i e  

Although s t anda rds  r e l a t e d  t o  a i r  q u a l i t y  may take  a v a r i e t y  of forms, 

those most d i r e c t l y  r e l a t e d  t o  the  p u b l i c  h e a l t h  and we l fa re  are ambient 

" A i r  Qual i ty  Standards'' (AQS). These AQS are usua l ly  s t a t e d  i n  terms of .. 
3 maximum concen t r a t ions  (pg/m 

Occasional ly  o t h e r  b a s e s ,  such as v i s i b i l i t y  r educ t ion ,  may b e  used f o r  

spec i fy ing  a i r  q u a l i t y .  

o r  ppm) of  p o l l u t a n t s  f o r  a s p e c i f i e d  time. 

AQS p r o t e c t i n g  t h e  p u b l i c  h e a l t h  are formulated on t h e  b a s i s  of  epide- 

miologica l  and t o x i c o l o g i c a l  s t u d i e s .  Were epidemiological  information com- 

prehensive enough, i t  could s e r v e  d i r e c t l y  as the  s o l e  b a s i s  f o r  AQS. Since 

t h i s  i s  n o t  t he  case ,  l abo ra to ry  s t u d i e s  a l s o  s e r v e  as a s u b s t a n t i a l  informa- 

t i o n  base .  I n  using the  l a t t e r  information f o r  formula t ing  a s t anda rd ,  a 

s a f e t y  f a c t o r  i s  incorpora ted  t o  take  account of t h e  d i f f e r e n c e  between shor t -  

term labora to ry  measurements and long-term community exposures ,  as w e l l  as 

the  d i f f e r e n c e s  involved i n  t r a n s l a t i n g  observed e f f e c t s  on animals i n t o  

p red ic t ed  e f f e c t s  on humans. 

H i s t o r i c a l l y ,  a s i g n i f i c a n t  f a c t o r  i n  t h e  fo imula t ion  of AQS has been t h e  
@ assumed e x i s t e n c e  of " threshold" levels (concent ra t ions)  below which t h e r e  is  

no adverse  e f f e c t .  Based on t h i s  concept ,  t h e  s p e c i f i c a t i o n  of a n  AQS a t  

a p a r t i c u l a r  p o l l u t a n t  concen t r a t ion  assumes t h a t  h e a l t h  consequences from 

p o l l u t a n t  levels below t h e  AQS are i n s i g n i f i c a n t ,  at: l eas t  as compared wi th  

o t h e r  f a c t o r s .  Although t h i s  concept of a threshold  l e v e l  is convenient  

from a regu la to ry  viewpoint ,  an  a l t e r n a t i v e  v i e w  a rgues  t h a t  a t  any p o l l u t a n t  
concen t r a t ion ,  no matter how low,  some p o r t i o n  of thie popula t ion  w i l l  be  

s e n s i t i v e  enough t o  s u f f e r  some adverse e f f e c t s .  

c o r r e c t ,  s e l e c t i o n  of an AQS n e c e s s a r i l y  inc ludes  cons ide ra t ion  of t he  t rade-  

o f f s  between the  level of  p r o t e c t i o n  provided and t h e  f e a s i b i l i t y ,  i nc lud ing  

c o s t ,  of c o n t r o l .  The AQS then serves t o  p r o t e c t  mist, though n o t  a l l ,  of 
t h e  public.* 

- 

If t h e  la t ter  concept is 

- - __ 

* 
We have not  d i s t i ngu i shed  between s e v e r a l  d i f f e ren t :  p o s s i b l e  types of e f f e c t s  a t  
l e v e l s  below the  s e l e c t e d  concent ra t ion .  These inc lude :  1) t h e  f a c t  t h a t  
the  more s e n s i t i v e  members o f  the  popula t ion  may s t i l l  b e  a f f e c t e d ,  
p o s s i b i l i t y  t h a t  a t  low l e v e l s ,  random i n d i v i d u a l s  wi thout  any p a r t i c u l a r  
s e n s i t i v i t y ,  may be  a f f e c t e d ,  
s i g n i f i c a n t ,  e f f e c t s  may be  caused by the  lower l e v e l s .  Since the  AQS is ,  
i n  any case, formulated cons ider ing  some i l l - d e f i n e d  mix of t hese  p o s s i b i l i -  
t ies ,  i t  is n o t  u s e f u l  t o  d i s t i n g u i s h  them i n  the  above d i scuss ion .  

2) t he  

3) the  f a c t  t h a t  less adverse,  b u t  s t i l l  
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For the  threshold  concept ,  a "margin of sa fe ty"  may b e  def ined  as t h e  

d i f f e r e n c e  between t h e  AQS and the  threshold  level.  I f  i t  i s  supposed t h a t  

t h e r e  are always some adverse  e f f e c t s ,  the  s a f e t y  margin may be  regarded i n  
terms of the  f r a c t i o n  of t he  popula t ion  p ro tec t ed  by t h e  s p e c i f i e d  AQS. As 

the  AQS becomes more and more s t r i n g e n t ,  a l a r g e r  po r t ion  of the  popula t ion  is 
pro tec t ed ,  thereby o f f e r i n g ,  i n  some sense ,  a g r e a t e r  margin of s a f e t y .  

* 
For some AQS, s u b s t a n t i a l  margins of s a f e t y  eldst; f o r  o t h e r s  t h e r e  i s  

l i t t l e  margin. 
c o n f l i c t i n g  ev idence ,o r  cont roversy ,  pub l i c  h e a l t h  o f f i c i a l s  w i l l  l i k e l y  a rgue  

f o r  a l a r g e  s a f e t y  margin t o  p r o t e c t  the  p u b l i c  a g a i n s t  p o s s i b l e ,  b u t  as y e t  

undetermined, hazards .  

on t h e  o t h e r  hand, w i l l  argue f o r  smaller margins t o  avoid c o s t s  i ncu r red  wi th  

p o l l u t i o n  c o n t r o l  equipment and s t r a t e g i e s  necessary  t o  meet a perhaps 

unnecessar i ly  s t r i n g e n t  s tandard .  Since pure ly  s c i e n t i f i c  cons ide ra t ions  

cannot settle such ques t ions ,  f i n a l  dec i s ions  on t h e s e  matters are n e c e s s a r i l y  

and appropr i a t e ly  p o l i t i c a l  i n  na tu re .  

Where t h e  th re sho ld  level is  surrounded wi th  unce r t a in ty ,  

I n d i v i d u a l  or corpora t e  sources  of the  p o l l u t a n t ,  

Although an a t tempt  i s  made t o  formulate  an AQS for each p o l l u t a n t  tha t  

/-- 

can be app l i ed  independent ly  of l o c a l  c i rcumstances o r  other p o l l u t a n t s ,  this 
approach cannot be  followed u n c r i t i c a l l y .  For example, l o c a l  c i rcumstances 

----a 
- can l ead  t o  increased  hazards  t o  members of an exposed popula t ion  un le s s  

t h e  AQS is  formulated t o  t ake  account of these .c i rcumstances .  

case i s  the  more seve re  impact of a s p e c i f i e d  concen t r a t ion  of carbon 

monoxide (CO) a t  h ighe r  a l t i t u d e s ,  such as t h e  Lake Tahoe reg ion .  

t h e  concen t r a t ion  of oxygen a t  t h e s e  e l e v a t i o n s  is lower than  a t  sea level, 

t h e  r educ t ion  i n  blood oxygen caused by CO would have g r e a t e r  adverse  e f f e c t s .  

(Standards f o r  CO a t  Lake Tahoe are t h e r e f o r e  more s t r i n g e n t  than  for t h e  rest 

of t h e  S ta t e . )  S i m i l a r l y ,  a l though AQS are t y p i c a l l y  s t a t e d  independent ly  for 

each p o l l u t a n t ,  t h i s  approach should be  a l t e r e d  when t h e  s i g n i f i c a n c e  of a 

p a r t i c u l a r  p o l l u t a n t  can be increased  by the  presence of another .  

t h e  AQS f o r  SO2 i n  t h e  presence of small a e r o s o l s ,  which p e n e t r a t e  deep i n t o  

t h e  lungs ,  should be  more s t r i n g e n t  than the  AQS f o r  SO2 with  very  low concen- 

t r a t i o n s  of t h e s e  a e r o s o l s  i f ,  as t h e  a v a i l a b l e  evidence sugges ts ,  t h e r e  is  

a synergism between t h e s e  p o l l u t a n t s .  

A s p e c i f i c  

Because 

For example, 

* 
See foo tno te ,  previous page. c; 
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Although the protection of public health is the primary purpose of air 

0 quality standards, we should emphasize that they are also designed to protect 

other values under the general category, the "public welfare". 

fore serve to prevent significant curtailment of major activities of the 
public or the sacrifice of important economic or personal values. Possible 

examples are damages to crops from even lower pollut,ant concentrations than 
are thought to harm man directly, destruction of aesthetic values by reducing 
visibility, or causing odors at levels below limits imposed for protection of 

the public health. 

They there- 

Since the air quality sought usually cannot be maintained at all times, 

AQS often permit freedom appropriate to particular circumstances. For example, 
many standards allow higher concentrations averaged over short periods, while 
specifying a lower concentration when averaged over long periods. Such 

differences are based on the fact that tolerance to <a specified pollutant 

concentration may depend on the time of exposure to that concentration. 

a broader time scale, unusually high concentrations imay be permitted on rare 

occasions; thus Environmental Protection Agency AQS ,are not to be exceeded 

more than once a year. (3) 

conditions and are analogous to flood designs based ton expectations for the 
"hundred year flood," a very rare case, but not the worst possible. 

On 

These provisions allow for extreme or unusual 
@ 

Present status of air quality standards 

The federal Clean Air Act of 1963 and the amendments of 1970 give the 
federal government the responsibility and authority to establish National 
Ambient Air Quality Standards (NAAQS) and to s e t  new source and hazardous 
emissions standards (see section 2.2). 

actions be taken to meet the NAAQS on a specified time schedule. 
government has the power to enforce pollution controls and even to assume 

Beyond this, the Act requires that 
The federal 

the duties of state or local control agencies, should they fail in their 
responsibilities. (3) 

The federal agency-with primary responsibility for implementation of - .  
the Clear Air Act is the Environmental'Protection Agency (EPA). The EPA 

has established NAAQS of two types, primary and secoindary (see below), and 

requires that states submit "State Implementation Plans" (SIPS) within nine 
months of the issuance of NAAQS. These SIPs provide for "implementation, 

' maintenance, and enforcement" of the primary NAAQS. The EPA also administers, 
i 
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as necessary ,  s p e c i f i c  programs for  implementation of t h e  NAAQS. These 

inc lude  t h e  Standards of Performance of New S ta t iona ry  Sources and t h e  

Prevent ion of S i g n i f i c a n t  D e t e r i o r a t i o n  Programs (see s e c t i o n s  2.2 and 2.5). 
The EPA may a l s o  d i r e c t l y  adminis te r  programs, such as t h e  New Source Review 

(see s e c t i o n  2 . 3 ) ,  when s t a t e  and l o c a l  agencies  f a i l  t o  act .  

c 
A s  noted above, NAAQS are d iv ided  i n t o  primary and secondary s tandards .  

Primary s t anda rds  are designed t o  p r o t e c t  publ ic  h e a l t h  "with an adequate  

margin of safety" .  Secondary AQS are  e s t a b l i s h e d  t o  p r o t e c t  more gene ra l  

a s p e c t s  of t h e  pub l i c  wel fare .  

s t r i n g e n t ,  and t h e r e f o r e  ha rde r  t o  meet, than primary s tandards .  

Secondary s t anda rds  are gene ra l ly  more 

I n  1969, t h e  year  be fo re  t h e  1970 Clean A i r  A c t  Amendments gave t h e  

f e d e r a l  government a u t h o r i t y  t o  e s t a b l i s h  t h e  NAAQS, C a l i f o r n i a  began s e t t i n g  

a i r  q u a l i t y  s tandards  under t h e  p rov i s ions  of t h e  Mulford-Carrel1 A c t .  

Unl ike t h e  primary NAAQS, which a re  requi red  t o  be m e t  by 1977, C a l i f o r n i a ' s  

AQS have no d e a d l i n e  f o r  compliance. (Nor are primary and secondary stan- 
dards  d i s t ingu i shed  among C a l i f o r n i a  AQS.) These AQS are t h e r e f o r e  goals t o  

be used i n  e s t a b l i s h i n g  a i r  p o l l u t i o n  c o n t r o l  p o l i c i e s ,  r a t h e r  than requi re -  

ments t o  be a t t a i n e d  by some da te .  

are given i n  Table 2-1. 

s ta te  AQS, t h e  s t r ic ter  one s h a l l  apply.  

( 4 )  

Federa l  and s ta te  a i r  q u a l i t y  s t anda rds  

Wherever t h e r e  is  a d i f f e r e n c e  between f e d e r a l  and 

Also under t h e  p rov i s ions  of t h e  Mulford-Carrel1 A c t ,  t h e  S t a t e  A i r  

Resources Board (ARB) w a s  e s t a b l i s h e d  i n  1967 t o  adminis te r  t h e  state 's  air  

p o l l u t i o n  programs. ( 4 )  

p o l l u t i o n  c o n t r o l ,  b u t  it a l s o  oversees  t h e  a c t i v i t i e s  of t h e  l o c a l  "air 

p o l l u t i o n  c o n t r o l  d i s t r i c t s "  (APCDs), whose primary r e s p o n s i b i l i t y  i s  to 

p o l i c e  s t a t i o n a r y  sources  of a i r  p o l l u t i o n .  
t i o n a r y  source  c o n t r o l  i f  t h e  APCDs f a i l  i n  t h e i r  r e s p o n s i b i l i t i e s .  

t h e  APCDs e x e r c i s e  a u t h o r i t y  more i n  t h e  area of a c t u a l  emission c o n t r o l  

than  i n  t h e  es tab l i shment  of a i r  q u a l i t y  s t anda rds ,  APCDs are d iscussed  i n  

The ARB has  primary r e s p o n s i b i l i t y  over  motor v e h i c l e  

The ARB can  in t e rvene  i n  sta- 
Since  

.more d e t a i l  i n  succeeding s e c t i o n s .  

Current r egu la to ry  a c t i o n s  a r e  considered adequate  t o  provide f o r  

meeting some, but  no a l l ,  of p r e s e n t  AQS. However, i t  is  a n t i c i p a t e d  t h a t  

AQS w i l l  be e s t a b l i s h e d  f o r  a d d i t i o n a l  spec ie s ,  wi th  more a c t i v i t y  expected 

a t  t h e  s t a t e  than f e d e r a l  l e v e l .  

s t anda rds  are i d e n t i f i a b l e .  

Severa l  p o s s i b l e  areas f o r  new or 'modi f ied  

c 



Figure 2. Ambient air quality standards (from Ref.(5)). 
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Standards p re sen t ly  exist f o r  p a r t i c u l a t e  matter; however, such matter 

may vary i n  both composition and s i z e ,  and f e d e r a l  AQS a d d r e s s  n e i t h e r  of 

these  parameters ,  b u t  cons ider  only the t o t a l  mass concent ra t ion  or the  

reduct ion  i n  v i s i b i l i t y .  C a l i f o r n i a  AQS f o r  p a r t i c u l a t e s  are l ikewise  s t a t e d  

i n  terms of t o t a l  mass, b u t  C a l i f o r n i a  has  r e c e n t l y  e s t a b l i s h e d  a s u l f a t e  

AQS, recognizing t h a t  s u l f a t e  p a r t i c l e s  are considered t o  be  more harmful 

than o the r  types.  T h l s  s u l f a t e  s tandard and one f o r  lead  a r e  the  only AQS which 

r e f l e c t  t he  f a c t  t h a t  p a r t i c l e s  wi th  d i f f e r e n t  chemical compositions have 

d i f f e r e n t  e f f e c t s .  

regula ted  i n  t h e  nea r  f u t u r e  are n i t r a t e s  and po lycyc l i c  aromatic  hydrocarbons. 

Other p a r t i c u l a t e  c o n s t i t u e n t s  which may be  s p e c i f i c a l l y  

AQS spec i fy ing  p a r t i c l e  s i z e  are a l s o  be ing  considered.  A s t anda rd  f o r  

"f ine"  o r  " r e sp i r ab le"  p a r t i c l e s  may be e s t a b l i s h e d  t o  p r o t e c t  t h e  popula t ion  

from inha led  p a r t i c l e s  a f t e r  methods f o r  measuring ambient concent ra t ions  of 

small p a r t i c l e s  have been accepted by the  r egu la to ry  community. 

The l i m i t e d  a v a i l a b i l i t y  of measurement methods is  a s i g n i f i c a n t  obsta- 

c l e  t o  development of m o r e  comprehensive AQS. This o b s t a c l e  is to some 

e x t e n t  r e l a t e d  t o  the  fundamental d i f f i c u l t y  caused by t h e  manner i n  which 

p o l l u t a n t s  may i n t e r a c t  i n  the  atmosphere, s o  t h a t  ambient p o l l u t a n t  concen- 

t r a t i o n s  do no t  depend i n  any simple way on a c t u a l  emissions.  Such conver- 

s i o n s  may make i t  d i f f i c u l t  t o  i d e n t i f y  what p o l l u t a n t s  are respons ib le  for  
observed h e a l t h  e f f e c t s .  Fu r the r ,  even when t h e  harmful subs tances  are 

i d e n t i f i a b l e ,  i n t e r a c t i o n s  i n  the  atmosphere may obscure the  o r i g i n  of t hese  

p a r t i c u l a r  subs tances .  Understanding of these  processes  m u s t  be  comprehen- 

s i v e  enough f o r  formulat ion of s t anda rds  which t ake  account of the chemistry 

of p o l l u t a n t s  i n  the  atmosphere. 

p o l l u t a n t s  w i l l  be  complicated by the  need t o  monitor groups of p o l l u t a n t s ,  

r a t h e r  than s i n g l e ,  independent p o l l u t a n t s .  Measurements w i l l  have to be 

made r ap id ly  enough, o f t e n  a t  l o w  concent ra t ions ,  t o  avoid l o s i n g  informa- 

t i o n  e s s e n t i a l  t o  understanding the  chemical conversions occurr ing .  

p re sen t ,  no AQS take e x p l i c i t  account of i n t e r a c t i n g  p o l l u t a n t s ,  a l though 

c e r t a i n  s tandards  (such as t h a t  l i m i t i n g  oxidants )  MY apply t o  the  resul ts  

of atmospheric chemistry.  

Enforcement o f  s t anda rds  f o r  reactive 

At 

/ -- 

I c 
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2 . 2  Emission Standards 

Ambient a i r  q u a l i t y  depends s u b s t a n t i a l l y  on t ' he  emission rates of  t h e  

var ious  p o l l u t a n t  sources .  The only t o o l  which s o c i e t y  c u r r e n t l y  possesses  t o  

e x e r t  even p a r t i a l  c o n t r o l  over  ambient a i r  q u a l i t y  is the  implementation of  

emission s t anda rds .  Such s t anda rds  are the  means t o  a t t a i n  a i r  q u a l i t y  

goa ls  as expressed by a i r  q u a l i t y  s tandards  (AQS) and t h e r e f o r e  should be  

t a i l o r e d  to  meet p r e v a i l i n g  AQS. 

The a i r  q u a l i t y  s t anda rds  can be set a t  much lower concen t r a t ions  than 

the  concen t r a t ions  t h a t  are  p reva len t  a t  the  time of formula t ion ,  w i t h  t h e  

lower va lues  t o  be m e t  a t  some f u t u r e  da t e .  However, emissions s t anda rds ,  t h e  

means t o  a t t a i n i n g  the  AQS, are gene ra l ly  w r i t t e n  so t h a t  enforcement is  

c u r r e n t l y  p o s s i b l e ,  i .e . ,  t he  l i m i t a t i o n s  can r e a l i s t i c a l l y  be  m e t  wi th  e x i s t i n g  

technology. For t h i s  reason ,  t h e  emission s tandards  are s t r o n g l y  inf luenced  

by the  s t a t e -o f - the -a r t  and t h e  c o s t  of p o l l u t i o n  c o n t r o l  technology. I n  

a d d i t i o n ,  they inc lude  s p e c i f i c  p rov i s ions  f o r  temporary i n c r e a s e s  i n  emissions 

caused by c e r t a i n  equipment f a i l u r e s  and by scheduled maintenance. 

Performance Standards (NSPS)(7) f o r  new and modified sources  o f  a i r  p o l l u t a n t s .  

A p o r t i o n  of t hese  s t anda rds  apply t o  f o s s i l - f u e l  power p l a n t s  w i th  a h e a t  

i n p u t  rate of more than  250 m i l l i o n  B t u  p e r  hour;  emission limits are given 

i n  terms of pounds p e r  m i l l i o n  Btu.  The s t a t e d  NSPS r e f l e c t  " the  degree of 

emission l i m i t a t i o n  achievable  through the  a p p l i c a t i o n  of  t he  b e s t  system of 

emission reduct ion  which ( t a k i n g  i n t o  account t h e  c o s t  of ach iev ing  such 

reduction) the Administrator determines has been adequately demonstrated," 

thus acknowledging t h e  limits imposed by technology. The s t anda rds  depend 

on f u e l  type (gaseous,  l i q u i d ,  o r  s o l i d ) ,  r e f l e c t i n g  the  vary ing  d i f f i c u l t i e s  

of con t ro l .  

The Environmental P ro tec t ion  Agency (EPA) has  e s t a b l i s h e d  New Source 

0 

Table 2-2 lists the  app l i cab le  NSPS f o r  f o s s i l - f u e l  steam genera- 

t o r s .  

NSPS a l s o  provide f o r  enforcement coord ina t ion  between s t a t e  and l o c a l  

agencies  and the  EPA (40 CFR 60) and f o r  p l a n t  i n spec t ion  procedures f o r  

performance tests and f i e l d  s u r v e i l l a n c e .  Performance tests are r equ i r ed  

of a l l  new o r  modified sources  and m u s t  fol low s p e c i f i e d  t e s t i n g  methods and 

procedures .  

i n g  is  a l s o  s p e c i f i e d .  

The ins t rumenta t ion  r equ i r ed  f o r  emission monitor ing and record- 

- .  



2-10 

Table 2-2. New Source Performance Standards f o r  F o s s i l  Fuel Fired Steam c Generators  w i th  a Capacity over  250 Mi l l i on  Btu p e r  h0ur.a 

Fue 1 - P o l l u t a n t  Standard 

P a r t i c u l a t e s  

s02 

s02 

s02 

Opacity 

* 
0.10 lb/MM But Input  

0.8 lb/MM Btu Input  

1 .2  lb/MM Btu Input  

Prora ted  according t o  t o t a l  
h e a t  i n p u t  der ived  from 
each f u e l  

0.20 lb/MM Btu Input  

0.30 lb/MM Btu Input  

0.70 lb/MM Btu Input  

P ro ra t ed  according t o  t o t a l  
h e a t  i n p u t  der ived  from 
each f u e l  

20% 

Gas, o i l ,  coal 

O i l  

Coal 

Combination of 
O i l  and Coal 

Gas 

O i l  

Coal 

Combination of gas, 
o i l ,  and/or  coal 

Gas, o i l ,  c o a l  

* 
MM = mil l ion .  

Reproduced from r e f .  (2) a 

c 
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Figure 2-1. California A i r  Basins (supplied by the A i r  Resources Board). 



2-12 

The Air Resources Board (ARB) has  d iv ided  C a l i f o r n i a  i n t o  14 air b a s i n s ,  c with  boundaries  determined by geographical  and meteorological  cond i t ions ,  

cons ider ing  p o l i t i c a l  boundary l i n e s  wherever p o s s i b l e  (See f i g u r e  2-1). 
Each a i r  b a s i n  con ta ins  one o r  more a i r  p o l l u t i o n  c o n t r o l  d i s t r i c t s  (APCDs),  

which were e s t a b l i s h e d  by t h e  Mulford-Carrel1 Act!4) An APCD may c o n s i s t  of 

a po r t ion  of a county,  s i n g l e  county,  o r  p a r t  or a l l  of s e v e r a l  count ies .  

When one a i r  b a s i n  con ta ins  several A P C D s ,  a b a s i n  coord ina t ing  counc i l ,  made 

up of  r e p r e s e n t a t i v e s  from each APCD, provides  t h e  guidance necessary  for a 
coordinated a i r  q u a l i t y  program t o  be  c a r r i e d  ou t  throughout t h e  bas in .  

APCDs have j u r i s d i c t i o n  over  s t a t i o n a r y  sources  such as i n d u s t r i e s  and open 

burning.  (Mobile sources  i n  C a l i f o r n i a  are the  r e s p o n s i b i l i t y  of the  s ta te  

and the  f e d e r a l  government: 

s t anda rds  are more s t r i n g e n t ;  t h e  EPA f o r  a i r c r a f t . f 3 )  

power t o  e s t a b l i s h  AQS, b u t  none have any s t anda rds  t h a t  are stricter than  

t h e  f e d e r a l  o r  s t a t e  s tandards.  

t he  ARB for mtor v e h i c l e s ,  except  where Federa l  

APCDs a l s o  have t h e  

A number of  APCDs have adopted the f e d e r a l  NSPS f o r  f o s s i l - f u e l  s t e a m  

These gene ra to r s  and have been granted  EPA approval  f o r  t h e i r  enforcement. 

d i s t r i c t s  are given below.? 

APCDs have e s t a b l i s h e d  emission s t anda rds  t a i l o r e d  t o  t h e i r  own needs.  They 

a l s o  c o n t r o l  emissions i n d i r e c t l y  by c u r t a i l i n g  open burn ing ,  by r e q u i r i n g  

process  changes t o  meet d i r e c t  c o n t r o l s ,  o r  by denying cons t ruc t ion  permits .  

I n  a d d i t i o n  t o  adopt ing  the  f e d e r a l  NSPS, the 

These l o c a l  emission s t anda rds  are expressed as a b s o l u t e  l i m i t s  ( s t a t e d  

in pounds p e r  h o u r ) , a s  s t a c k  concen t r a t ion  limits [ s t a t e d  i n  e i t h e r  pe rcen t  

by volume, p a r t s  p e r  m i l l i o n  (ppm), o r  grams p e r  s tandard  cub ic  foot (grams/scf)], 

and as ambient concen t r a t ion  l i m i t s  (sometimes s t a t e d  as  a maximum ground- 

level concen t r a t ion  du r ing  some averaging  t i m e ) .  Emission l i m i t s  are a l s o  

based on e f f e c t s ,  i nc lud ing  v i s i b i l i t y  (expressed as opac i ty  l i m i t s ,  u s u a l l y  

i n  terms of a Ringlemann number and t i m e  l i m i t ) ,  and nuisances ,  i nc lud ing  odor 

and l a r g e - p a r t i c l e  f a l l o u t .  

t i o n  processes ,  bu t  a l s o  t o  geothermal power gene ra t ion  and t o  f u e l  s t o r a g e  

These l i m i t s  are a p p l i c a b l e  n o t  on ly  to  combus- 

* 
They are: Monterey, D e l  Norte,  Humboldt, Mendicino, Northern Sonoma, 
T r i n i t y ,  Bay Aigc?, Fresno, Kern, Madera, San Joaquin,  S t a n i s l a u s ,  
Santa  Barbara. 
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_ _  _ _ _ _ - . . _ - _ -  - - - - - - .-_-^ - 
(especially for liquid fuels). 
for particular pollutants. 
tions on the sulfur content of fuel oil.) Such fuel regulations, as presently 

written, are generally expressed as percent sulfur by weight of fuel, for 

APCDs can al&- specify fuel concentrations 
(As an example, the Bay Area APCD imposed limita- 

example, rather than as pounds of pollutant precursors per million Btu or 
KW-hr. _ _  

The APCD rules and regulations pertaining to fossil-fuel and geothermal 
power generation are given in the appendix to this report. 
state, or local standards overlap, the most stringent shall apply.) Emission 

standards are only applied to the largest stationary sources, thereby avoid- 

ing control programs for large numbers of relatively small sources. Several 
APCD emission standards apply only to equipment with heat inputs of over 
1.775 X 10 Btu/hr (about 180 MWe, if a power plant boiler). The NSPS apply 
to units of more than 250 x 10 6 Btu/hr heat input ('about 26 me). ( 6 )  Almost 

all of the districts use a graduated scale for determining the maximum emission 
rate of solid particulate matter, based on the process weight per hour. Haw- 
ever, above a certain maximum process weight per hour, there is a fixed maxi- 
mum for particulate emissions, which effectively places more stringent limita- 
tions on very large sources. 
compliance with the existing emission standards, smaller and smaller sources 

will be regulated. 

(Wherever federal, 

9 

As more and more large sources are brought into 

Existing standards may be rewritten so that they are expressed as 

For example, pounds of pollutant per output instead of per unit input. 
instead of a pounds-per-million Btu-input emission limit, as the NSPS are 
currently stated, standards could be given as pouncls emission per megawatt- 

hour of electricity generated. 
energy-efficient processes. 
are currently expressed this way, i.e., on a pounds per ton of acid produced.) 

This would add an incentive to employ more 
(NSPS for nitric acid and sulfuric _ _  acid plants 

The Clean Air Act and Amendments explicitly provide for the limitations 
on the emission of hazardous air pollutants. 
declared hazardous, an emission standard may be imposed without first demon- 
strating that the substance poses any health hazard as an air pollutant and 
without establishing appropriate AQS. Substances for which hazardous emis- 
sion standards have so far been established are asbestos, beryllium, and 

Once a substance has been 

mercury (40 CFR 61). 



2-14 

2.3 New Source R e v i e w  

c Air q u a l i t y  depends n o t  only on i n d i v i d u a l  emission rates, b u t  a l s o  on 

the  number and l o c a t i o n  of emission sources .  The commitment t o  a t t a i n  a 

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

of new sources  and may e f f e c t i v e l y  r e s t r i c t  t h e  amount o r  cha rac t e r  of indus-  

t r i a l  development t h a t  can t ake  p l a c e  i n  an a i r  bas in .  

t h a t  may c o n s t i t u t e  new sources  h a s  been in t roduced  i n  the  form of "New Source 

Review" (NSR) procedures  aimed a t  he lp ing  t o  meet a i r  q u a l i t y  s tandards .  

R e v i e w  of p r o j e c t s  

Such procedures  are i m p l i c i t l y  au tho r i zed  by the  Clean A i r  A c t ,  recog- 

n i z i n g  t h a t  emission l i m i t a t i o n s  a lone  are no t  s u f f i c i e n t  t o  a t t a i n  and main- 
t a i n  NAAQS i n  some areas. I n  s e c t i o n  110, t h e  A c t  r e q u i r e s  t h a t  S t a t e  

hp lemen ta  t i o n  P lans  (SIPS) con ta in  : 

"emission l imi t a t ions . . . and  such o t h e r  measures as may be 
necessary t o  i n s u r e  a t t a inmen t  and maintenance of such...  
(ambient) s t anda rd ( s ) ,  i nc lud ing  b u t  not  l i m i t e d  to, l and  
use and t r a n s p o r t a t i o n  controls."4 ' ( ou r  emphasis added) 

The EPA has i n t e r p r e t e d  (40 CFR 51.18) t h e s e  "other  measures" to include 

procedures  t o  review t h e  a i r  q u a l i t y  impact of a l l  new o r  modified sources .  

Sec t ion  24301(a) of t he  C a l i f o r n i a  Heal th  and Sa fe ty  Code r e q u i r e s  t h a t  APCD 

permi t  systems ensure  t h a t  a p o l l u t a n t  sou rce  " . . . fo r  which the  permi t  was 
i s s u e d  s h a l l  no t  prevent  o r  i n t e r f e r e  w i t h  t h e  a t ta inment  o r  maintenance of 

any a p p l i c a b l e  a i r  q u a l i t y  s tandard ."  

When C a l i f o r n i a  first submit ted i t s  SIP t o  the  EPA (1972), t h e  New 

Source Review Sec t ion  w a s  disapproved because no APCD r u l e s  and r e g u l a t i o n s  

contained any NSR provis ions .  

A i r  Act, t h e  EPA t h e r e f o r e  promulgated and implemented, i n  1973, NSR regula-  

t i o n s  f o r  C a l i f o r n i a  [40 CRF 52.233(f)] .  A l l  the  APCDs have subsequent ly  

adopted NSR r u l e s  t o  supplement t h e i r  p e r m i t  p rocesses .  However, t h e  EPA 

only  approved NSR r u l e s  from ten of t h e  APCDs i n  1973, whi le  the  ARB maintained 

t h a t  none of these  APCD NSR r u l e s  s a t i s f i e d  the  C a l i f o r n i a  Pub l i c  Heal th  and 

Sa fe ty  Code. 

A s  r equ i r ed  by Sec t ion  11O(c) of t h e  Clean 

2 

On October 28,  1975, the  ARB d r a f t e d  suggested NSR r egu la t ions  as 
g u i d e l i n e s  f o r  t h e  APCDs. 

adopt  and implement r u l e s  similar t o  those  suggested by the  ARB, the EPA w i l l  

The EPA s t a t e d  t h a t ,  i f  and when a l l  t h e  APCDs 

c 
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cons ide r  d i scon t inu ing  i t s  program, l eav ing  NSR t o  t:he State." 

APCDs now have NSR r u l e s  approved by t h e  ARB. 

A number of * 
The ARB g u i d e l i n e s  inc lude  requirements f o r  a n  a i r  q u a l i t y  impact 

a n a l y s i s  performed on any proposed new o r  modified source  which would e m i t  

more than 25 pounds pe r  hour or 250 pounds p e r  day of any p o l l u t a n t  f o r  which 

t h e r e  i s  an a i r  q u a l i t y  s t anda rd ,  except  carbon monoxide (CO) ,  f o r  which t h e  

limits are 250 l b / h r  and 2500 lb /day .  The pe rmi t s  for any new o r  modified 

source  which would, by the  results o f  such an a n a l y s i s ,  p reven t  o r  i n t e r f e r e  

wi th  t h e  a t ta inment  or maintenance of any AQS should be  denied. 

l i n e s  a l s o  r e q u i r e  t h e  u s e  of t h e  b e s t  a v a i l a b l e  emission c o n t r o l  technology 

by most new or modified s o u r c e s  which would have emissions greater than 

15 l b / h r  o r  150 lb /day  (150 l b / h r  and 1500 lb /day  f o r  CO). 

The g u i d e l i n e s  a l s o  con ta in  a "trade-off" p rov i s ion ,  which permi ts  t h e  

The guide- 

9 

approval  of a proposed (new) source  i f  i t  i s  coupled wi th  the  cleanup of 

e x i s t i n g  (o ld)  sou rces ,  s o  t h a t  ne t  e f f e c t  i s  b e n e f l c i a l .  This  may become 

a technique of g r e a t  importance i n  areas where new development would o therwise  

be prevented i n  the  l i g h t  o f  mandatory a i r  q u a l i t y  ,goals. 

2.4 A i r  Qual i ty  Maintenance Areas 

EPA r e g u l a t i o n s  (40 CFR 51.12) r e q u i r e  t h a t  SIPS provide  f o r  t h e  iden- 

t i f i c a t i o n  of p o t e n t i a l  a i r  q u a l i t y  maintenance areas (AQMAs): r eg ions  where 

t h e  NAAQS are n o t  p r e d i c t e d  t o  b e  m e t  o r  maintained by 1977 and/or  where growth 

and development between 1975 and 1985 may cause d e t e r i o r a t i o n  of a i r  q u a l i t y  

to levels  b e l o w  the N U Q S .  The EPA has designated e i g h t  of the S ta te  proposed ** 
areas as AQMAs (see Fig. 2-2).: . 

S t a t e  agenc ie s  are to  perform a d e t a i l e d  a n a l y s i s  of t he  f u t u r e  a i r  
q u a l i t y  of each AQMA, w i th  s p e c i f i c  a t t e n t i , o n  t o  each p o l l u t a n t  which 

prompted des igna t ion  of the AQMA. "If t h e  r e s u l t s  of t h e s e  ana lyses  confirm 

* 
These APCDs are: Great Basin,  Uni f ied ,  Lake County, Monterey Bay, D e l  Norte,  
Humboldt, Mendocino, T r i n i t y ,  Sacramento, San Diego, San Franc isco  Bay Area, 
Southern C a l i f o r n i a  (no t  n e c e s s a r i l y  approved by t h e  EPA) .8 

** 
They are t h e  South Coast A i r  Basin,  t h e  San Franc isco  Bay Area Basin, t h e  
San Diego A i r  Basin,  The Sacramento Metropol i tan  Area, S a n  Joaquin and 
S t a n i s l a u s  c o u n t i e s ,  Fresno county, t h e  v a l l e y  p o r t i o n  of Kern county and 
t h e  Riverside-San Bernadino Area. 
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t h a t  a primary o r  secondary NAAQS w i l l  n o t  be maintained through 1985 o r  

achieved by 1980, t he  S t a t e  is  r equ i r ed  t o  develop and submit t o  t h e  EPA a 

long-range p l an  t o  b r i n g  about  and main ta in  compliance wi th  t h a t  NAAQS as 
soon as is f e a s i b l e .  In  C a l i f o r n i a ,  t h e  ARB i s  re spons ib l e  f o r  developing 

t h e s e  long-range A i r  Qual i ty  Maintenance P lans  (AQMPs). They may invo lve  

t echno log ica l  c o n t r o l  of bo th  mobile and s t a t i o n a r y  sources ,  as w e l l  as 

t r a n s p o r t a t i o n  and land  u s e  c o n t r o l s .  2,lO 

/- 

2.5 Prevent ion of S i g n i f i c a n t  A i r  Qual i ty  D e t e r i o r a t i o n  

, The Federa l  Program 

The a i r  i n  some areas of t he  United S t a t e s  i s  of h igher  q u a l i t y  than 

mandated by t h e  NAAQS. 

1974, t he  EPA promulgated r e g u l a t i o n s  (40 CRF 52.2) providing f o r  t he  protec-  

t i o n  of a i r  wi th  h ighe r  q u a l i t y  than t h e  limits s p e c i f i e d  by secondary NAAQS 
for  concen t r a t ions  of sulfur d iox ide  (SO2) and suspended p a r t i c u l a t e  matter. 

These Prevent ion  of S i g n i f i c a n t  A i r  Qual i ty  D e t e r i o r a t i o n  (PSD) r e g u l a t i o n s  

provide f o r  t h e  c l a s s i f i c a t i o n  of a l l  areas of each s ta te  as Class I, 11, 111, 

o r  exempt, each r e f l e c t i n g  d i f f e r e n t  s o c i e t a l ,  economic and environmental  goa ls .  

Class I and I1 areas are l i m i t e d  t o  c e r t a i n  a d d i t i o n a l  i n c r e a s e s  i n  

To prevent  p o t e n t i a l  e x p l o i t a t i o n  of such areas, i n  

C 
ambient p o l l u t a n t  concen t r a t ions  over  b a s e l i n e  a i r  q u a l i t y  levels. 

shows these  a l lowable  inc reases .  The b a s e l i n e  levels are t h e  SO and p a r t i c u -  

l a te  concen t r a t ions  e x i s t i n g  dur ing  1974 plus the  a d d i t i o n a l  concent ra t ions  

es t imated  t o  r e s u l t  from sources  gran ted  approval  f o r  cons t ruc t ion  b u t  n o t  

o p e r a t i n g  p r i o r  t o  January 1, 1975.l' 

al lowed t o  d e t e r i o r a t e  t o  t h e  level of t h e  secondary NAAQS f o r  SO2 and 

p a r t i c u l a t e  matter. 

NAAQS are exempt from the  PSD r e g u l a t i o n  f o r  t h a t  p a r t i c u l a r  p o l l u t a n t .  

I n  the  i n i t i a l  PSD r e g u l a t i o n s ,  t he  EPA des igna ted  a l l  areas of C a l i f o r n i a  

as Class 11. 

Table 2-3 

2 

A i r  q u a l i t y  i n  Class I11 areas is 

Areas where a i r  q u a l i t y  exceeds t h e  SO2 o r  p a r t i c u l a t e  

The PSD r e g u l a t i o n s  r e q u i r e  review of proposed power p l a n t s  and o t h e r  

s t a t i o n a r y  sources  t o  determine compliance wi th  t h e  p r e v a i l i n g  PSD s t anda rds  

f o r  t h e  area (or  ad jacen t  areas) i n  which the  power p l a n t  would be  b u i l t .  

Any s t a t e  o r  l o c a l  agency can  be de lega ted  t h e  r e s p o n s i b i l i t y  f o r  such review, 

b u t  none i n  C a l i f o r n i a  has  reques ted  this a u t h o r i t y .  

11 

c 
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Fig.  2-2.  Air Quality Maintenance Areas (reproduced from r e f .  2 ) .  
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Table 2-3. Allowable Inc reases  i n  P o l l u t a n t  Concentrat ions over  t he  Base l ine  
A i r  Qual i ty  Concentrat ionsaas  descr ibed  i n  t he  S i g n i f i c a n t  
De te r io ra t ion  Regulat ions.  c 

Po 11 u t a n  t 

P a r t i c u l a t e  matter: 

Annual geometric mean 

24-hour maximum 

* 
Class 111 

* Class I Class I1 

( u g h  3 1 (pg/m3) (pg/m3> 

5 10 

10 30 

* 
* 

S u l f u r  d ioxide :  

* 
* 

Annual a r i t h m e t i c  mean 2 15 

24-hour m a x i m u m  5 100 

25 700 * 3-hour m a x i m u m  

* 
Class I a p p l i e s  t o  areas i n  which p r a c t i c a l l y  any change i n  a i r  q u a l i t y  
would be  considered s i g n i f i c a n t .  Class I1 app l i ed  t o  areas i n  which 
d e t e r i o r a t i o n  normally accompanying moderate, wel l -cont ro l led  growth 
would be considered i n s i g n i f i c a n t .  
i n  p o l l u t a n t  concen t r a t ions  over  t h e  b a s e l i n e  air  q u a l i t y  concent ra t ion .  
Areas des igna ted  as Class 111 s h a l l  be l i m i t e d  t o  concen t r a t ions  of 
p a r t i c u l a t e  matter and s u l f u r  d ioxide  no g r e a t e r  than n a t i o n a l  ambient 
a i r  q u a l i t y  s t anda rds  which are  shown i n  Table  2-1. 

A l l  v a l u e s  are a l lowable  i n c r e a s e s  

Reproduced from r e f .  11. a 
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the i n i t i a l  PSD r e g u l a t i o n s ,  t h e  EPA des igna ted  a l l  areas of C a l i f o r n i a  as 

f \  Class 11. 

The PSD r e g u l a t i o n s  r e q u i r e  review of proposed power p l a n t s  and o t h e r  

s t a t i o n a r y  sources  t o  determine compliance wi th  t h e  p r e v a i l i n g  PSD s t anda rds  

€o r  the  area (o r  ad jacen t  areas) i n  which t h e  power p l a n t  would be  b u i l t .  

Any s t a t e  o r  l o c a l  agency can be  de l ega ted  t h e  r e s p o n s i b i l i t y  o f  such review, 

b u t  none i n  C a l i f o r n i a  has  reques ted  this a u t h o r i t y .  

11 

C a l i f o r n i a  A i r  Conservation Program 

S t a t e s  may develop t h e i r  own p lans  t o  prevent  s i g n i f i c a n t  d e t e r i o r a t i o n  

of a i r  q u a l i t y ,  b u t  they must b e  a t  least as s t r i n g e n t  as t h e  f e d e r a l  program 

and be approved by t h e  EPA. The ARB i s  c u r r e n t l y  developing an Air Conserva- 

t i o n  Program (ACP) t o  p r o t e c t  p r e s e n t  s u p e r i o r  a i r  q u a l i t y  i n  c e r t a i n  areas, 

wh i l e  p e r m i t t i n g  necessary ,  planned development i n  o t h e r  areas. Although the 

ACP i s  be ing  developed wi th  t h e  same goal  as the  PSD r e g u l a t i o n s ,  

C a l i f o r n i a ' s  s p e c i a l  requirements f o r  main ta in ing  a i r  q u a l i t y  make i t  

necessary  t o  have a much broader  program than the  p r e s e n t  PSD regu la t ions .  2,5 

The EPA's PSD r e g u l a t i o n s  dnly addres s  two p o l l u t a n t s ,  s u l f u r  d iox ide  

and p a r t i c u l a t e  matter. S u l f u r  d ioxide  i s  c u r r e n t l y  n o t  one of t h e  more 

s i g n i f i c a n t  p o l l u t a n t s  i n  most of C a l i f o r n i a .  However, h i g h e r  levels could  

occur  i f  s h o r t a g e s  of n a t u r a l  gas and low-sulfur oi.1 r e s u l t  i n  g r e a t e r  u se  

of h ighe r - su l fu r  f u e l s .  Such f u e l  swi tch ing  i s  spe lc i f i ca l ly  exempted under 

t h e  PSD r e g u l a t i o n s .  - Much of t h e  p a r t i c u l a t e  mat te ! r  i n  C a l i f o r n i a  a i r  comes 

from a g r i c u l t u r a l  a c t i v i t i e s  and wind-blown d u s t  r a t h e r  than from sources  

l i s t e d  i n  the  PSD regu la t ions .  

The p o l l u t a n t s  of c r i t i c a l  importance i n  C a l i f o r n i a ,  photochemical 

smog and i ts  p recu r so r s ,  are n o t  covered i n  the  f e d e r a l  r e g u l a t i o n s .  Many o f  

t he  19 s p e c i f i c  l a r g e  i n d u s t r i a l  source  c a t e g o r i e s  covered i n  t h e  PSD regula-  

t i o n s  are n o t  now l o c a t e d  i n  C a l i f o r n i a .  

t h a t  are covered are l o c a t e d  i n  urban areas which are exempted from PSD 
r e g u l a t i o n s .  A s i g n i f i c a n t  excep t ion  t o  t h i s  exemption would be  l a r g e ,  

remotely-sited power p l a n t s . '  

Many of the sources  i n  C a l i f o r n i a  

The proposed ACP, i n  a d d i t i o n  t o  f u l f i l l i n g  t h e  s p e c i f i c  requirements 

of t h e  PSD r e g u l a t i o n s ,  w i l l  i nc lude  a l l  po l lu tan t f i  f o r  which s t a t e  and 

n a t i o n a l  s t anda rds  ex is t  and w i l l  cover a l l  geographic areas of t h e  s ta te .  

The EPA has  i n d i c a t e d  t h a t  such a program would be  accep tab le ,  and t h e r e f o r e  

could supersede the  f e d e r a l  PSD r e g u l a t i o n .  
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The ACP w i l l  c l a s s i f y  a l l  areas of C a l i f o r n i a  i n t o  one of fou r  

c c a t e g o r i e s ,  C l a s s  A, B ,  C, o r  D. 

c an t  d e t e r i o r a t i o n  a r e a s )  w i l l  be  those areas where n a t u r a l  resource  va lues  

c l e a r l y  warran t  the  p r o t e c t i o n  and p rese rva t ion  of e x i s t i n g  s u p e r i o r  air 

q u a l i t y .  

ments, n a t i o n a l  f o r e s t  wi lderness  and p r i m i t i v e  areas, and s e l e c t e d  c o a s t a l  

areas and state parks ,  wi th  the  except ion  of  those f e d e r a l  and s t a t e  lands  i n  

the  heav i ly  p o l l u t e d  South Coast and Southeas t  Desert AQMAs. 
p o t e n t i a l  Class A areas is given i n  Table 2-4. 

Class B A i r  Conservation Areas (minimum d e t e r i o r a t i o n  areas) w i l l  

Class A A i r  Conservation Areas (no s i g n i f i -  

Class A areas w i l l  probably be  composed of n a t i o n a l  parks  and monu- 

A l i s t  of  

be areas where some d e t e r i o r a t i o n  w i l l  be allowed, b u t  where a i r  q u a l i t y  

b e t t e r  than e x i s t i n g  s t anda rds  w i l l  s t i l l  be  maintained. A l l  t he  n a t i o n a l  

f o r e s t s  w i t h i n  C a l i f o r n i a ,  except  those  i n  Orange, Los Angeles, R ive r s ide ,  

and San Bernardino Counties ,  w i l l  probably b e  des igna ted  Class B areas. 

areas w i l l  be  considered as a d d i t i o n a l  c r i t e r i a  f o r  Class B areas are 
established. 

Other  

C l a s s  C A i r  Conservation Areas ( a g r i c u l t u r a l  a r e a s )  are reg ions  where 

a g r i c u l t u r e  i s  a p r i n c i p a l  a c t i v i t y .  

t o  p r o t e c t  a g r i c u l t u r a l  p r o d u c t i v i t y  w i l l  be  maintained.  

Cen t ra l  and Imper ia l  Val leys  w i l l  probably be  des igna ted  Class C areas. 

I n  these  areas, air q u a l i t y  s u f f i c i e n t  

c Such r eg ions  as t h e  
(9) 

Class D A i r  Conservation Areas ( u r b a d i n d u s t r i a l  areas) w i l l  b e  those  

areas of C a l i f o r n i a  where c u r r e n t  S t a t e  and Nat iona l  Ambient A i r  Q u a l i t y  

Standards provide an adequate  measure o f  p r o t e c t i o n  and are c o n s i s t e n t  wi th  

the areas' p re sen t  and a n t i c i p a t e d  use. 

l i z e d  areas, a l l  of t h e  S t a t e ' s  AQMAs are probable  Class D areas. This could 

create a s i z a b l e  amount of ove r l ap  between Class C and D areas s i n c e  many 

a g r i c u l t u r a l  areas are w i t h i n  des igna ted  AQMAs. 

needs i n  p l aces  where a g r i c u l t u r a l  and a i r  q u a l i t y  maintenance areas over lap  

is  a major i s s u e  t o  be worked o u t  dur ing  t h e  development of t he  ACP. 

In  a d d i t i o n  t o  urban a n d  i n d u s t r i a -  

Resolving the  a i r  q u a l i t y  

The ARB w i l l  t ake  t h e  l ead  r o l e  i n  c l a s s i f y i n g  the  va r ious  areas of 

t he  S t a t e  and implementing measures t o  ensure  t h a t  ambient a i r  q u a l i t y  i n  the  

d i f f e r e n t  areas is maintained according t o  the  ACP. 

p o t e n t i a l  c l a s s i f i c a t i o n  scheme f o r  C a l i f o r n i a  under t h e  c r i t e r i a  of the  ACP. 

Figure 2-3 shows a 

c 
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Table 2-4. Par t ia l  L i s t  of Nat ional  Parks ,  Nat ional  Monuments, 
Wilderness Areas, P r imi t ive  Areas, and Large S t a t e  Parks  
i n  Ca1ifornia .a  

ARJIA NAME 

Kings Canyon 

Lassen Volcanic 

Redwoods 

Sequoia 

Yosemite 

Joshua Tree 

Lava Beds 

Death Val ley 

Agua T i b i a  

Caribou 

D e s  o l a  t ion  

Dome Lake 

Emigrant Basin 

High S i e r r a  

Hoover 

John M u i r  

Marble Mountains 

Minarets  

Moke lumne 

S almon-Tr in i ty  

San Rafae l  

South Warner 

Thousand Lakes 

Ventana 

A l p s  

Yol la  Bolly-Middle E e l  

Anza Borrego 

Cuyamaca Rancho 

Del Norte Coast Redwoods 

Humb o ld  t Redwoods 

Jedediah Smith 

Nat iona l  Park 

Nat iona l  Park 

Nat iona l  Park 

Nat ional  Park 

Nat iona l  Park 

Nat iona l  Monument 

Nat iona l  Monument 

Nat iona l  Monument 

P r i m i t i v e  Area 

Wilderness Area 

Wilderness Area 

Wilderness Area 

Pr imi t ive  Area 

P r i m i t i v e  Area 

Wilderness Area 

Wilderness Area 

Wilderness Area 
Wilderness Area 

Wilderness Area 

P r i m i t i v e  A r e a  

Wilderness Area 
Wilderness Area 

Wilderness Area 

Wilderness Area 

Wilderness Area 

S t a t e  Park 

S t a t e  Park 

S t a t e  Park 

S t a t e  Park 

S t a t e  Park 

COUNTIES 

Fresno , Tulare  

Shas ta ,  Lassen, Plumas 

D e l  Norte ,  Mendocino 

Tulare  

Mariposa,  Madera, Toulumne 

San Bernardino, R ive r s ide  

S isk iyou ,  Modoc 

Inyo, San Bernardino 

Rivers ide ,  San Diego 

Shas ta  

E l  Dorado 

T u l a r e ,  Kern 

T'Dul ulllIle 

Fresno 

kmador, Calaveras  

Mono, Inyo, Madera, Fresno 

Sisk iyou  

Mono, Madera 

Aimador, Calaveras  

S isk iyou ,  Trinity 

Sari Bernardino 

Miodoc 

Lassen, Plumas 

Mon t e r e y  

T r i n i t y  , Tehama 

San Diego, Imper ia l  

Si3n Diego 

D e l  Norte 

Humbolt 

De1 Norte 

a Reproduced from r e f .  (5).  
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Figure  2-3. A P o t e n t i a l  C l a s s i f i c a t i o n  of C a l i f o r n i a  f o r  t h e  A i r  Conservation 
Program (reproduced from r e f .  [5]). 
ARB po l i cy  nor i s  i t  proposed f o r  cons ide ra t ion  by t h e  ARB. 
Rather i t  is  an  i l l u s t r a t i o n  prepared by t h e  ARB s t a f f  t o  i n d i c a t e  
how va r ious  areas could even tua l ly  b e  c l a s s i f i e d  based on c u r r e n t  
land  use and the  four  c l a s s  scheme.) 

(This map does no t  i n d i c a t e  



2-23 

2.6 A i r  P o l l u t i o n  Emergency P lan  

Some urban a r e a s  of C a l i f o r n i a  f r equen t ly  exceed the  a p p l i c a b l e  AQS 

and have the  p o t e n t i a l  f o r  a i r  p o l l u t i o n  l e v e l s  h igh  enough t o  endanger p u b l i c  

h e a l t h .  The C a l i f o r n i a  A i r  P o l l u t i o n  Emergency P lan  (12)  (APEF') sets  f o r t h  t h e  

l e g a l  b a s i s  f o r  d e a l i n g  wi th  such ep isodes  of h igh  pol-lution. 

The l o c a l  APCDs have t h e  main r e s p o n s i b i l i t y  f o r  developing and imple- 

menting d e t a i l e d  p l ans  t o  prevent  a i r  p o l l u t a n t  concen t r a t ions  from reaching  

dangerous l e v e l s  o r  t o  aba te  such concen t r a t ions  shou1.d they occur.  I f  an 

episode  i s  s o  seve re  as t o  be  beyond the  capac i ty  o f  t he  APCD t o  p reven t  o r  

aba te  i t ,  t h e  s t a t e  (ARB) s h a l l  t ake  appropr i a t e  a c t i o n s  t o  a l leviate  t h e  

cond i t ion .  

Table 2-5 shows the  a r e a s  and the  p o l l u t a n t s  f o r  which t h e  APEP is 

a p p l i c a b l e .  D e f i n i t i o n s  of t h e  var ious  e p i s o d a l  s t a g e s  are given on Table 2-6, 

and the  p o l l u t a n t  concen t r a t ions  a t  which t h e  va r ious  ep isode  s t a g e s  are 

dec la red  are given i n  Table 2-7. 
C a l i f o r n i a  a r e  given i n  Sec t ion  3.3.1. 

A c t u a l  i n s t a n c e s  of such ep isodes  i n  

The APEP s p e l l s  o u t  i n  d e t a i l  t he  r equ i r ed  responses o f  t h e  ARB and 

t h e  l o c a l  APCDs. Abatement a c t i o n s  f o r  each p o l l u t a n t  covered and f o r  each 

ep isode  s t a g e  are o u t l i n e d .  For example, s u l f u r  d ioxide  r e l a t e d  abatement 

a c t i o n s  i n c l u d e  s e v e r a l  which p e r t a i n  t o  power p l a n t s * :  

r e q u e s t i n g  power p l a n t s  t o  import addi t iona l .  power 

from o u t s i d e  the  a i r  b a s i n ,  

r e q u i r i n g  e l ec t r i c  u t i l i t i e s  i n  the  a f f e c t e d  a i r  b a s i n  

t o  r educe  the use of f u e l  o i l  f o r  power genera t ion  

by s p e c i f i e d  amounts, p l u s  r e q u e s t i n g  e l e c t r i c i t y  

users t o  reduce t h e i r  consumption, 

r e q u i r i n g  a l l  combustion sources  t o  use n a t u r a l  gas ,  

0.1% s u l f u r  f u e l  o i l ,  o r  0.25% s u l f u r  f u e l  olil. 

Add i t iona l  a c t i o n s  inc lude  c o n t r o l l i n g  o t h e r  s t a t i o n a r y  sources ,  c u r t a i l i n g  

automobile t r a v e l ,  and r e s t r i c t i n g  any energy-In tens ive  o r  p o l l u t i n g  act ivi t ies .  

Adminis t ra t ive  a c t i o n s  r equ i r ed  by the  APEP inc lude :  

i s s u i n g  h e a l t h  warnings f o r  s e n s i t i v e  persons  i n  r ecep to r  areas, 

* Other types  of ep isodes  have a s s o c i a t e d  a c t i o n s  whidh p e r t a i n ,  less 
s p e c i f i c a l l y ,  t o  power p l a n t s .  
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Ventura County APCD. 
t h e  Southern 
Ca l i fo rn ia  APCD 
and the South Coast 
A i r  Basin po r t ion  
o f  the Santa Barbara 
County APCD 

San Diego County APCD 

T a b l e  2-5. a A r e a s  in which  t h e  A i r  Pol lu t ion  E m e r g e n c y  Plan is 
app l i cab le .  

I 

X X X X 

X X X 

Area I Carbon Monoxide I Oxidant I S u l f u r  Dioxide! S u l f a t e s  

I I I X X 
Bay Area APCD X X 

I Monterey Bay Unified 
APCD 1 x 1  

Sacramento County and 
Yolo-Solano APCDs 

Fresno, Kern, Tulare ,  
San Joaquin,  Kings, 
Madera. Merced, and 
S t a n i s l a u s  County 
APCDs 

X 

x 

a 
Reproduced  from ref. (12). 

c 

c 
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Table 2-6. Def in i t i ons  of Air P o l l u t i o n  Episode S tages  and 
Required Responses.a 

L i s t ed  below i n  o r d e r  of i n c r e a s i n g  a i r  p o l l u t i o n  s e v e r i t y  are the  ep isode  
s t a g e s  a t  which s p e c i f i c  a c t i o n s  are requi red .  

A. Stage 1 Episode 

A Stage 1 episode is declared  when the  concent ra t ion  of p o l l u t a n t s  
s p e c i f i e d  f o r  t h i s  s t a g e  is pred ic t ed  o r  reached. Persons wi th  
r e s p i r a t o r y  o r  coronary a r t e r y  d i sease  should be n o t i f i e d  t o  t ake  
precaut ions  a g a i n s t  exposure.  Schools should be n o t i f i e d  so they 
can c u r t a i l  s t u d e n t s '  p a r t i c i p a t i o n  i n  s t renuous  a c t i v i t i e s .  F i r s t  
s t e p s  i n  abatement a c t i o n  p lans  s h a l l  be undertaken. 

B. Stage 2 Episode 

A Stage 2 episode is  dec lared  when t h e  Concentrat ion of p o l l u t a n t s  
s p e c i f i e d  f o r  t h i s  s t a g e  is p red ic t ed  o r  reached. Abatement a c t i o n s  
s h a l l  be taken wi th  a minimum of de lay  t o  reduce t h e  concent ra t ion  of  
the  p o l l u t a n t  a t  i s s u e .  

This is  an in t e rmed ia t e  s t a g e .  
depending on circumstances;  e .g . ,  maximum concent ra t ions  and dura t ion .  

Abatement a c t i o n s  needed w i l l  vary 

C.  Stage 3 Episode Q 
A Stage 3 ep isode  is  dec lared  when t h e  condi t ions  s p e c i f i e d  f o r  t h i s  
s t a g e  are  p red ic t ed  o r  reached. Extensive a c t i o n s  s h a l l  be  taken t o  
prevent  exposure of people t o  p o l l u t a n t  concent ra t ions  of  t h e  i n d i c a t e d  
l e v e l s .  

D. A i r  P o l l u t i o n  Disaster ( S t a t e  of  Emergency) 

When i t  is  determined by medical a u t h o r i t i e s  or :Local o f f i c i a l s  t h a t  a 
s u b s t a n t i a l  number of persons are s u f f e r i n g  or  are t o  s u f f e r  i n c a p a c i t a t i n g  
e f f e c t s  from air  p o l l u t i o n ,  r e g a r d l e s s  of measured p o l l u t a n t  concentra- 
t i o n s ,  and a n a l y s i s  of meteoro logica l  and air q u a l i t y  d a t a  by the  ARB o r  
an APCD i n d i c a t e s  t h a t  t he  cond i t ion  is l i k e l y  t o  cont inue ,  or r ecu r ,  
t he  Chairman of the  ARB ( t h e  Sec re t a ry  of t h e  Environmental Q u a l i t y  Agency 
i f  and when e s t a b l i s h e d )  s h a l l  con fe r  wi th  t h e  D i r e c t o r  of t h e  Off ice  of 
Emergency Se rv ices  (OES) and they s h a l l  j o i n t l y  recommend' t o  the '  Governor 
t h a t  an a i r  p o l l u t i o n  d i s a s t e r  ( S t a t e  of  Emergency) be dec lared .  

E. Episode Termination 

An episode  is terminated whenever t h e  concen t r a t ion  of the  p o l l u t a n t ( s )  
which causes  t h e  d e c l a r a t i o n  of such ep isode  has  been v e r i f i e d  t o  have 
f a l l e n  below t h e  c r i t e r i a  l e v e l  f o r  t he  d e c l a r a t i o n  of the  ep isode ,  and 
a n a l y s i s  of meteoro logica l  and a i r  q u a l i t y  d a t a  i n d i c a t e s  t h a t  t h e  
p o l l u t a n t  concent ra t ion  is  expected t o  decrease.  



2-26 

Stage 2 

0.35 ppm 

0.35 ppm* 

75 ppm 
l 

' I 35 PPm 

~ 1.0 ppm 

0.7 PW 

Table 2-7. The A i r  P o l l u t i o n  Concentrat ion Criteria for 
Various Episode S tages  .a 

Stage 3 

0.50 ppm 

0.50 ppnP 

100 ppm for one hour and 
predicted to persist for 
one iddi tional hour 

50 PPm 

2.0 ppm 

0.9 pprn 

Averaging I Time 
~ 

Oxidant, as Ozone 

Oxidant, in 
Combination with 
Sulfur Dioxide 

1 Hour 0.20 ppm 

1 Hour 0.20 ppm* 

I 1 Hour I 4 0  ppm 

Carbon Monoxide 

12 Hours 

1 Hour 

24 Hours 
Sulfur Dioxide 

20 ppm 

0.5 ppm 

0.2 ppm 

24 Hours 
Sulfate, i n  (Sulfate) 
Combination with 
Oxidant 1 hour 

(Oxidant ) 

25 u g h 3  

0.20 ppm 

* 
These l e v e l s  s h a l l  apply when the  oxidant  concen t r a t ion  and the  s u l f u r  d iox ide  
concen t r a t ion  each exceeds 0.10 ppm, one-hour average,  and s h a l l  be determined 
by adding the  oxidant  and s u l f u r  d ioxide  concent ra t ions .  

I f  excess ive  concen t r a t ions  of p o l l u t a n t s  f o r  which cr i ter ia  have no t  been 
e s t a b l i s h e d  occur  o r  are p red ic t ed  t o  occur ,  a p p r o p r i a t e  abatement a c t i o n s  
s h a l l  be taken by t h e  a f f e c t e d  APCD a f t e r  c o n s u l t a t i o n  wi th  t h e  ARB. 

(Underlined p o r t i o n s  i n d i c a t e  t h e  l a tes t  r e v i s i o n ,  November 24, 1976.) 

Reproduced from r e f .  (12). a 
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a adv i s ing  schoo l s  t h a t  s t renuous  a c t i v i t i e s  by s t u d e n t s  must be 

d iscont inued  , 
0 n o t i f y i n g  va r ious  o f f i c i a l s  and o rgan iza t ions ,  and t h e  news media 

0 monitoring meteoro logica l  and a i r  q u a l i t y  d a t a  

0 suspending programs which involve  phys ica l  e x e r t i o n  by p a r t i c i p a n t s  

u s ing  p u b l i c  parks  o r  p u b l i c  r e c r e a t i o n a l  f a c i l i t i e s .  

P r o f e s s i o n a l  s p o r t s  a c t i v i t i e s  are excepted. 

0 i n s p e c t i n g  p o l l u t a n t  sources .  

Under normal circumstances,  emission s t anda rds  apply ing  t o  power p l a n t s  

remain a t  cons t an t  l e v e l s .  B u t  under emergency s i t u a t i o n s  i t  may be  necessary  

t o  reduce emissions s u b s t a n t i a l l y  from t h e  l e v e l s  s p e c i f i e d  i n  t h e s e  s t anda rds .  

Episode c o n t r o l  s t r a t e g i e s  implementing such emergency emission r educ t ions  

could have a major impact on power genera t ion .  

One response t o  mandated r educ t ions  would b e  t o  decrease  t h e  amount of 

e l e c t r i c i t y  generated i n s i d e  t h e  a f f e c t e d  a i r  b a s i n ,  wh i l e  i n c r e a s i n g  the 

amount generated o u t s i d e .  This r e q u i r e s  an i n t e g r a t e d  gene ra t ing  system 

spanning s e v e r a l  a i r  b a s i n s ,  a p o s s i b i l i t y  w i t h  a l a r g e  u t i l i t y  o r  w i th  s e v e r a l  

u t i l i t i e s  i n  a "power pool." A second p o s s i b l e  response would be  t h e  i n s t a l l a -  

t i o n  of i n t e r m i t t e n t  c o n t r o l s ,  t o  be  used under emergency cond i t ions .  The 

f e a s i b i l i t y  of t h i s  op t ion  depends on t h e  c o s t  o f  i n s t a l l a t i o n  and maintenance 

of such equipment. 

c l e a n  f u e l s  such as n a t u r a l  gas o r  very  low s u l f u r  f u e l  o i l .  

chosen, would have t o  be  s t o c k p i l e d  i n  s t o r a g e  tanks  a t  t h e  p l a n t .  

A t h i r d  s o l u t i o n  would b e  t o  have: t h e  c a p a b i l i t y  of burn ing  

Fuel o i l ,  i f  

Power p l a n t s  b u i l t  i n  areas t h a t  are prone to1 ep isodes  o f  h igh  pol lu-  

tion might be required to participate in a power pool to have intermittent con- 

t r o l s ,  o r  t o  be a b l e  t o  burn n a t u r a l  gas o r  0.1% s u l f u r  f u e l  oil. 
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2.7 Water Qua l i ty  Standards /-- 

Although water i s  one of man's most va luab le  resources  and, throughout 

much o f  recorded h i s t o r y ,  t h e s e  r e sources  have d e t e r i o r a t e d  through h i s  use ,  

i t  is  only  i n  t h e  i n d u s t r i a l  age t h a t  much a t t e n t i o n  has  been given t o  s a f e -  

guarding water  q u a l i t y .  I t  w a s  no t  u n t i l  t h e  n ine t een th  century  t h a t  wes te rn  

man has  s e r i o u s l y  considered p u r i f y i n g  i t .  The first municipal water f i l t r a -  

t i o n  p l a n t  w a s  b u i l t  i n  P a i s l e y ,  Scotland i n  1800. The U. S. Federa l  govern- 

ment f i r s t  expressed i t s  i n t e r e s t  wi th  t h e  Harbor A c t  of 1899.13 Today t h e r e  

is  a p r o l i f e r a t i o n  of water s t anda rds .  

S tandards  are e s t a b l i s h e d  on t h r e e  l e v e l s :  f e d e r a l ,  s ta te ,  and l o c a l .  

I n  C a l i f o r n i a ,  t h e  str ictest  r e g u l a t i o n  h a s  precedence. The s t anda rd - se t t i ng  

agency f o r  t h e  f e d e r a l  government i s  t h e  Environmental P r o t e c t i o n  Agency (EPA), 

a l though t h e  U. S .  Geological Survey may a l s o  sugges t  methods f o r  i d e n t i f y i n g  

. and measuring p o l l u t a n t s .  The Federal enabl ing  l e g i s l a t i o n  is the Federal 

Water P o l l u t i o n  Control Act a s  amended i n  P.L. 92-500 (convent iona l  p o l l u t a n t s )  

and t h e  Atomic Energy A c t  of 1954 ( r a d i o a c t i v e  p o l l u t a n t s ) .  

f o r  convent iona l  p o l l u t a n t s  are conta ined  i n  40 CFR, p a r t s  423 ( E f f l u e n t  

Guide l ines  and Standards) ,  122 (Thermal Discharges - p o s s i b l e  va r i ances ) ,  401, 

402 (Cooling Water S t r u c t u r e s ,  146 (Underground I n j e c t i o n  Systems - proposed), 

and 128 (Pre t rea tment  S tandards) .  The s t anda rds  f o r  r a d i o a c t i v e  p o l l u t a n t s ,  

adminis te red  by t h e  Nuclear Regulatory Commission (NRC),  are found i n  10  CFR 

P a r t  20, s e c t i o n s  20.106, 20.303, 20.304, and Appendices B and C. 

The r e g u l a t i o n s  

c ' 

C a l i f o r n i a  S t a t e  s t anda rds  are adminis te red  by t h e  S t a t e  Water Resources 

Cont ro l  Board (WRCB), j u r i s d i c t i o n s  be ing  se t  by t h e  Porter-Cologne Water 

Qua l i ty  Cont ro l  Act and t h e  Heal th  and S a f e t y  Code. 

i n  t h e  C a l i f o r n i a  Adminis t ra t ive  Code, T i t l e  23, Subchapter 15 ,  and t h e  Water 

Qua l i ty  Cont ro l  P l ans  (WQCPs). 

t r i c a l  power gene ra t ion  are: 

The s t anda rds  are def ined  

Three of t h e  WQCPs which are p e r t i n e n t  t o  elec- 

1. 3 C P  Po l i cy  on t h e  Use and Disposal of In land  Water Used f o r  
PowerDlant Coolinn. June 1975. 

2. - WQCP-Ocean Waters _- of C a l i f o r n i a ,  J u l y  1972. 

3. WQCP f o r  Cont ro l  of Temperature i n  t h e  Coas ta l  and I n t e r s t a t e  
- Waters and Enclosed Bays - and E s t u a r i e s  of C a l i f o r n i a .  

I n  a d d i t i o n ,  t h e r e  are 16  major hydro logic  b a s i n s  i n  t h e  s t a t e ,  each wi th  a 

c o n t r o l  plan.  
c 
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Under d i r e c t i o n  of Assembly B i l l  1575, s e c t i o n  25216.5, t h e  ERCDC has  

compiled t h i s  mu l t i t ude  of r e g u l a t i o n s  i n  P iekarz  et a l . ,  Compilation of Water 
Q u a l i t y  Standards Appl icable  i n  C a l i f o r n i a .  14  

The numerous p o l l u t a n t s  which are governed by t h e  r e g u l a t i o n s  and 

s t anda rds  may be ca t egor i zed  as: 

0 Phys ica l  and Chemical ( i nc lud ing  pH-hydrogen i o n  concen t r a t ion  

measure, meta l  i o n  concen t r a t ions ,  t u r b i d i t y ,  a l k a l i n i t y ,  con- 

c e n t r a t i o n s  o f  phosphorus, s u l f u r ,  e t c . ) .  

0 B a c t e r i o l o g i c a l  C h a r a c t e r i s t i c s -  i .e.,  f e c a l  co l i fo rm and c o l i -  

form count p r i m a r i l y .  

B io log ica l  C h a r a c t e r i s t i c s  - concerning b i o t a  and ecosystems. 0 

0 Thermal. 

0 Toxicologica l .  

0 Radioactive.  

Water q u a l i t y  s t anda rds  govern both ambient water q u a l i t y  and e f f l u e n t  

streams. 

q u a l i t y  ob jec t ives"  o r  " rece iv ing  water" s tandards .  

a d u l t e r a n t s  i n  a waste water  stream are c a l l e d  "ef f luent"  o r  "discharge" 

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

water are sugges ted  methods f o r  determining t h e  amounts of t hose  p o l l u t a n t s .  

Regula t ions  r ega rd ing  ambient water  q u a l i t y  are termed " w a t e r  

Those which govern t h e  

Q 
Concurrent w i t h  t h e  r e g u l a t i o n s  concerning t h e  p o l l u t a n t s  i n  the 

The water governed by t h e s e  s t anda rds  may be ca t egor i zed  i n  s e v e r a l  

ways. 
15-18 

and municipal waste water and d r i n k i n g  water. 
which e s t a b l i s h  recommended l i m i t s  f o r  r e c e i v i n g  waters  d i v i d e  t h e  v a r i o u s  

waters by usage: r e c r e a t i o n a l  o r  b e n e f i c i a l  uses ,  p u b l i c  water s u p p l i e s ,  

water f o r  use by f reshwater  o r  marine l i f e  and wi ld  l i f e ,  a g r i c u l t u r a l  uses ,  

and i n d u s t r i a l  uses.15 

water (ground and s u r f a c e )  or s a l i n e  ( inc lud ing  ocean waters, bays,  and 

e s t u a r i e s ) .  

necessary  f o r  monitoring, t o  e s t a b l i s h  compliance o r  non-compliance wi th  t h e  

s t anda rds .  

The f e d e r a l  r e g u l a t i o n s  i n i t i a l l y  make a d i s t i n c t i o n  between i n d u s t r i a l  

The c r i t e r i a  documents 

The r e c e i v i n g  waters may also1 b e  descr ibed  as f r e s h  

These l a s t  c a t e g o r i e s  h e l p  t o  determine t h e  background levels 

I n i t i a l l y ,  compliance w a s  determined by t ed ious  sampling and chemical 

tests performed on t h e  samples. Today, s o p h i s t i c a t e d  systems ex is t  f o r  con- 

t inuous  a n a l y s i s  o r  sampling followed by i n s t rumen ta l  a n a l y s i s .  The methods 

of  a n a l y s i s  commonly used a r e  descr ibed  i n  Standard Methods f o r  t h e  Examination 

-_____I__ of Water and Waste Water." Ins t rumenta l  t echniques  and monitoring equipment 

are  descr ibed  i n  Ins t rumenta t ion  f o r  Environment:al Monitoring, Vol. 2 ,  Water. 

-___ 

13 
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The problem of water  p o l l u t i o n  as app l i ed  t o  e l e c t r i c a l  power genera t ion  

i s  d iscussed  i n  t h e  Development Document f o r  E f f l u e n t  Limi ta t ions  Guidel ines  

and New Sources Performance Standards f o r  t h e  Steam E l e c t r i c  Power Genera t ing  

P o i n t  Source Category.20 It desc r ibes  f u l l y  t h e  sources  of p o l l u t i o n  through- 

ou t  a f a c i l i t y ,  t h e  chemicals involved throughout t h e  process  of power genera- 

t i o n  and t h e  c o n t r o l  equipment t h a t  can be used t o  meet t h e  s tandards ,  and 

s e r v e s  as t h e  b a s i s  for t h e  d i scuss ion  of s e c t i o n  3.1.1.6. 

While t h e  r e g u l a t i o n s  and s t anda rds  may be  c o s t l y  i n  some cases ,  t h e i r  

requirements  appear t o  be  achievable ,  p a r t i c u l a r l y  i n  t h e  case of e l e c t r i c  gen- 

e r a t i n g  f a c i l i t i e s .  Furthermore, they seem t o  be s e r v i n g  t h e i r  purpose,  a t  

l eas t  t o  some e x t e n t ;  i n  many cases, s u b s t a n t i a l  improvements i n  water q u a l i t y  

have been noted.  

2.8 Noise Standards 

Noise is commonly def ined  as unwanted sound. A t  an e l e c t r i c a l  power 

gene ra t ing  f a c i l i t y  n o i s e  can be  generated by t h e  b a s i c  genera t ion  u n i t ,  a long  

w i t h  a l l  t h e  p e r i p h e r a l  a s p e c t s  of t h e  p l a n t ,  p a r t i c u l a r l y  t h e  t ransmiss ion  

l i n e s .  I n  r e g u l a t i n g  t h e  n o i s e  a s soc ia t ed  wi th  a power p l a n t  one must con- 

s i d e r  bo th  t h e  occupat iona l  n o i s e  ( t h a t  experienced by t h e  workers,  governed 

by OSHA s t anda rds )  and community n o i s e  (experienced by t h e  surrounding popula- 

t i o n  and l e g a l l y  s t a r t i n g  a t  t h e  proper ty  l i n e ) .  

C 

The Walsh-Healy Act,  which r e g u l a t e s  n o i s e  l e v e l s  i n  i n d u s t r i e s  w i t h  

f e d e r a l  c o n t r a c t s ,  se ts  maximum n o i s e  exposure l i m i t s .  

a re  included i n  Table 2-8. 

nent  hea r ing  damage. 

phys io log ica l  o r  psychologica l  cond i t ions  which can r e s u l t  from excess  no i se ,  

such as stress and l o s s  of work func t ion ,  by e s t a b l i s h i n g  a stricter 

gu ide l ine .  

These OSHA s t anda rds  

They were i n i t i a l l y  e s t a b l i s h e d  t o  prevent  perma- 

Curren t ly ,  t h e r e  i s  some a t tempt  t o  prevent  t h e  o t h e r  

21 
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Table 2.8. Federa l  Occupational Sa fe ty  and Health Administrat ' ion Maximum 
Permiss ib le  Noise Levels .  

PERMISSIBLE NOISE EXPOSURESb 

Durat ion P e r  Day Sound Level  Slow Response 
( h r )  ( dBA) 

8 90 

6 92 

4 95 

3 97 

2 

1-1/2 

1 / 2  

1 

100 

102 

105 

110 

1 / 4  115 

b. When t h e  d a i l y  no i se  exposure i s  composed of two o r  more pe r iods  of n o i s e  
exposure of d i f f e r e n t  levels,  t h e i r  combined e f f e c t  should be considered,  
r a t h e r  than t h e  ind iv idua l  e f f e c t  of each. I f  t h e  sum C l / T l  + C2/T2 = Cn/Tn 
exceeds u n i t y ,  then  t h e  mixed exposure shoiild be considered t o  exceed t h e  
l i m i t  value.  Cn i n d i c a t e s  t h e  t o t a l  t i m e  o f  exposure a t  a s p e c i f i e d  n o i s e  
l e v e l ,  and Tn i n d i c a t e s  t h e  t o t a l  time of exposure permi t ted  a t  t h a t  level.  

@ 

b .  From Ref. 22. 

The EPA h a s  e s t a b l i s h e d  community no i se  l i m i t a t i o n  s t anda rds  i n  EPA Doc- 

ument N o .  550/9-74-004 (March 1974), and recomroended that  n o i s e  l e v e l s  a t  t h e  

prope r ty  l i n e  should not  exceed 55 d e c i b e l s  (dBA) from the  onse t  of construc-  

t i o n  and s t a t i o n  ope ra t ion  ac t iv i t i e s .  22 

I n  a d d i t i o n ,  t h e r e  a re  a mul t i t ude  of community s tandards .  They may be 

found a t  t h e  S t a t e  Of f i ce  of Noise P o l l u t i o n  o r  a t  t h e  l o c a l  community agencies .  

E s t a b l i s h i n g  community no i se  r e g u l a t i o n s  d i f f e r s  from e s t a b l i s h i n g  occupat iona l  

s t anda rds  i n  two important  r e s p e c t s .  F i r s t ,  i n  cons ider ing  h e a l t h  impact,  one 

must cons ider  a p o s s i b l e  24 h r .  exposure,  i nc lud ing  t i m e  s leep ing .  The worker 

who can l i s t e n  t o  90 dBA a l l  day may n o t  be  a b l e  t o  s l e e p  wi th  sound l e v e l s  as 

l o w  as 35 dBA. 

t o  90 dBA b u t  t h e  ears of t h e  person l i v i n g  next  t o  a power p l a n t  may not have a 

The ear appears  t o  b e  a b l e  t o  recover  from an  8 h r .  exposure 
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chance t o  recover. Secondly, a community can choose not to permit a noisy 

environment - no matter what the physiological impact. In this case, they 

may enact the important catch-all, the nuisance regulation. 

tion is given in Table 2 - 9 . )  

c (A typical regula- 

Methods for monitoring noise and the problems involved are discussed in 

the A i r  volume of LBL's Survey of Instrumentation for Environmental Monitor- 
23 ing. 

See section 3.1.1.2 for a very brief 
The potential health impacts power plants. 

report. 

discussion of noise generated by 
of noise are not treated in this 
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a Table 2-9. An Example of a Pub l i c  Nuisance Noise Ordinance. 

SEC. 3-1.01 UNNECESSARY NOISES. Every person us ing  any mechanical 
ins t rument  o r  device f o r  the  i n t e n s i f i c a t i o n  of  any sound o r  n o i s e  i n t o  the  
p u b l i c  streets; o r  who a t t a c h e s  any cans ,  b e l l s ,  pans, i r o n  or  o t h e r  metal 
o r  no i se  producing at tachment  t o  any veh ic l e  f o r  the  purpose of producing 
unnecessary no i se ;  o r  who blows any bugle ,  horn,  w h i s t l e ,  o r  b e a t s  any drums, 
or r i n g s  any b e l l s ,  o r  makes any o t h e r  loud,  unusual lor unnecessary no i se  f o r  
the  purpose of a d v e r t i s i n g ,  announcing o r  otherwise c a l l i n g  a t t e n t i o n  t o  any 
goods, wares o r  merchandise,  o r  f o r  t he  purpose of a d v e r t i s i n g ,  announcing, o r  
c a l l i n g  a t t e n t i o n  t o  any show, en ter ta inment  o r  event ;  o r  who makes any 
unnecessary n o i s e  which d i s t u r b s  the  peace,  and the  producing of such n o i s e  i s  
a lone  t h e  o b j e c t  t o  be a t t a i n e d ,  is  g u i l t y  of a misdemeanor. 

SEC. 3-1.02 PERSISTENT NOISES A NUISANCE. The p e r s i s t e n t  maintenance 
o r  emission of any n o i s e  o r  sound produced by human, ,animal or mechanical 
means, between t h e  hours  of 9 p.m. and 7 a.m. next  ensuing,  which, by reason 
of i t s  raucous o r  nerve-racking n a t u r e ,  s h a l l  d i s t u r b  t h e  peace o r  comfort, o r  
be i n j u r i o u s  t o  the  h e a l t h ,  of any person s h a l l  c o n s t i t u t e  a nuisance.  

Whenever the  e x i s t e n c e  of any such nuisance shis l l  come t o  the  a t t e n t i o n  
of the  Heal th  O f f i c e r ,  i t  s h a l l  be h i s  duty t o  n o t i f y  i n  w r i t i n g  the  occupant 
of the  premises upon which such nuisance e x i s t s ,  spec f fy ing  t h e  measures 
necessary  t o  aba te  such nuisance,  and un le s s  t he  same i s  abated w i t h i n  fo r ty -  
e i g h t  ( 4 8 )  hours  t h e r e a f t e r ,  t he  occupant so  n o t i f i e d  s h a l l  be  g u i l t y  of a 
misdemeanor, and the  Heal th  O f f i c e r  s h a l l  summarily a b a t e  such nuisance.  

SEC. 3-1.03 NOISES. EXCEPTIONS. Nothing i n  !Sections 3-1.0. and 3-1.02 
of t h i s  Art ic le  s h a l l  apply t o  the  p lay ing  of mus ic  by a band or t h e  blowing 
of a bugle ,  o r  t he  announcing of  any show, en ter ta inment ,  o r  even t  upon t h e  
pub l i c  streets f o r  which band music, bugle  blowing o r  p r i v i l e g e  of announcing, 
the  Chief of P o l i c e  of t h e  C i ty  of Oakland has  granted a s p e c i a l  permit  
specifying the t i m e  and place when and where such musric  may be played or such 
bugle  blown,  or  s h a l l  apply t o  the  blowing of any w h i s t l e  or  horn o r  the  
r i n g i n g  of any b e l l  o r  o t h e r  n o i s e  necessary  as a v e h t c u l a r  t r a f f i c  warning 
o r  s ignal ;  o r  t o  any r e g u l a r l y  l i censed  peddler  c a l l i n g  h i s  wares i n  an 
o rd ina ry  tone of voice ,  o r  r i ng ing  a b e l l  o r  blowing a horn of moderate s ize  
i n  f r o n t  of t he  res idence  of any customer of such peddler  f o r  t h e  purpose of 
announcing t h e  presence of such peddler ;  o r  t o  any p u b l i c  celebration or 
p u b l i c  func t ion  on a p u b l i c  ho l iday  o r  o t h e r  p u b l i c  occasion gene ra l ly  
ce l eb ra t ed .  

Reproduced from the  Oakland Municipal Code: Chapter 3, Pub l i c  Welfare,  
Morals and Po l i cy ,  A r t i c l e  1 Pub l i c  Nuisances. 

a 
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3. 
I- POWER PLANT EMISSIONS AND DISPERSION 

c The bulk of non-nuclear  e l e c t r i c  genera t ion  i n  C a l i f o r n i a  is accomplished 

by t h e  combustion of o i l  and gas i n  f o s s i l - f u e l  f i r e d  power p l an t s ,w i th  lesser 

output  from h y d r o e l e c t r i c  and a few geothermal steam p l a n t s .  

p o l l u t a n t s  from t h e s e  p l a n t s  i n t o  t h e  surrounding a i r  and water supp l i e s  poses 

t h e  most d i r e c t  t h r e a t  t o  p u b l i c  h e a l t h  and we l fa re  from such power generat ion.  

To a g r e a t  e x t e n t ,  t h e s e  emissions a r e  an unavoidable aspec t  of combustion o r  of 

geothermal energy u t i l i z a t i o n .  

are sub jec t  t o  con t ro l .  

The emission of 

Only t h e  q u a n t i t i e s  of t he  p o l l u t a n t s  e m i t t e d  

F o s s i l  f u e l s  c o n s i s t  of v a r i e t i e s  of carbonaceous-organic decayed ma t t e r  

t h a t  have'accumulated over s e v e r a l  geo log ica l  eons and e x i s t  today i n  t h e  form 

of e i t h e r  n a t u r a l  gas ,  petroleum, c o a l  o r  coa l  precursers .  

p r imar i ly  of methane (CH ) wi th  lesser amounts of h igher  a lkanes  such a s  e thane 

(C2H6), propane (C3H8), e t c .  I n  a d d i t i o n ,  n a t u r a l  gas  out  of the  w e l l  may con- 

t a i n  up t o  50% hydrogen s u l f i d e  (H2S) and ammonia (NH ); however, these gases 

a r e  gene ra l ly  removed p r i o r  t o  d i s t r i b u t i o n  and combustion. 

It is 

The d i s -  

Natural  gas c o n s i s t s  

4 

3 

Crude petroleum i s  a suspension of a lkanes ,  tars,  and minerals .  

c usab le  as commercial-grade f u e l  only a f t e r  f r a c t i o n a l  d i s t i l l a t i o n .  

t i l l a t i o n  products  commonly inc lude  gaso l ine ,  petroleum e t h e r ,  kerosene,  paraf -  

f i n s ,  f u e l  o i l ,  o t h e r  d i s t i l l a t e s  (used gene ra l ly  as s o l v e n t s ) ,  and a s p h a l t  

tars. 

t o r s .  

n >  30) ,  as w e l l  as heteroatomic organic  compounds such t h a t  t h e  t o t a l  n i t rogen  

conten t  may reach 5% weight,  and organic  s u l f u r  content  between 0.1X and 8% of 

t h e  t o t a l  weight. Fuel o i l  a l s o  con ta ins  t r a c e  amounts of many o t h e r  elements 

and minera ls .  

t i l e  form t o  pass  over i n  s i g n i f i c a n t  amounts i n t o  t h e  f u e l  o i l  d i s t i l l a t e  

f r a c t i o n ,  and are i n v a r i a b l y  present  i n  r e s i d u a l  f u e l  o i l  ( r e s idue ) .  

Only t h e  f u e l  o i l  f r a c t i o n  i s  used as a f u e l  i n  steam e l e c t r i c  genera- 

Fuel  o i l  con ta ins  a mixture  of hydrocarbons (alkanes:  C,Hzn+*, where 

Many of t h e s e  inorganic  c o n s t i t u e n t s  e x i s t  i n  s u f f i c i e n t l y  vola- 

Coal i s  a c l a s s  of s o l i d  carbonaceous ma te r i a l s .  It can e x i s t  i n  sev- 

eral  minera logica l  grades inc luding  a n t h r a c i t e  (the ha rdes t  form), bituminous 

( s o f t  c o a l ) ,  l i g n i t e ,  and s u b - l i g n i t e  forms such as peat .  

con ta ins  f ixed  n i t rogen  and s u l f u r  spec ie s  i n  concent ra t ions  ranging from 

0.1-8% weight,  as we l l  a s  v a r i a b l e  l e v e l s  of minerals .  Unlike f u e l  o i l ,  how- 

eve r ,  t h e s e  inorganic  elements do not  n e c e s s a r i l y  e x i s t  i n  a v o l a t i l e  organic  

form. 

Like f u e l  o i l ,  coa l  

The carbon i n  c o a l  a l s o  d i f f e r s  from f u e l  o i l  i n  t h a t  very l i t t l e  
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hydrogen i s  as soc ia t ed .  

t i o n s  of polynuclear  aromatic  hydrocarbons (PAII), a spha l t enes ,  and g raph i t e .  

The s o f t e r  grades of coa l  gene ra l ly  tend t o  conta in  l e s s  e lemental  carbon and 

more carbon as organic  compounds. 

I n  f a c t ,  most of t h e  carbon i n  coa l  e x i s t s  a s  combina- 

The type  of f u e l  used governs t h e  combustion cond i t ions  t h a t  can be em- 

These condi t ions  have a major impact on how much and what types of ployed. 

p o l l u t a n t s  a r e  emit ted i n t o  t h e  surrounding a i r  and water .  

t i o n ,  f o r  example, u sua l ly  occurs  a t  h igher  te1nperat:ures than does the  burning 

of (powdered) bituminous coal .  Higher combustion temperatures ,  as a r u l e ,  

mean h ighe r  l e v e l s  of n i t rogen  oxides  (NO ) emit ted, ,  but  lower emissions of 

carbon monoxide (CO) and p a r t i c u l a t e s .  Methan'e i n  n a t u r a l  gas can b u m  wi th  

t h e  h o t t e s t  flame temperature of any f o s s i l  f u e l .  

f o s s i l - f u e l  combustion processes  w i l l  genera te  technology-charac te r i s t ic  l e v e l s  

of s u l f u r  oxides  (SO 

as mercury (Hg) and selenium (Se),  and p a r t i c u l a t e  mat te r .  General cha rac t e r -  

i s t i c s  of t h e s e  emissions a r e  discussed i n  s e c t i o n  3.1.1, while  t h e  degree t o  

which they a r e  emit ted from p a r t i c u l a r  types  of p l a n t s  i s  t r e a t e d  i n  s e c t i o n  

3.1.2 and fol lowing.  

Fuel o i l  combus- 

X 

I n  genera l ,  however, a l l  

mostly s u l f u r  d ioxide  SO ), NOx, CO, metal vapors such 
X' 2 

Sul fu r  d ioxide  i s  an important emission product of coa l - f i r ed  and o i l -  

f i r e d  steam genera t ing  p l a n t s  l a r g e l y  because of t h e  organic  s u l f u r  found i n  

the  i n i t i a l  f u e l .  

a i r  and water ,  t he  primary s u l f u r  emissions are almost exc lus ive ly  SO2. 
t h e  absence of e f f e c t i v e  emission c o n t r o l  procedures ,  coa l  and o i l - f i r e d  power 

p l a n t s  can account f o r  as much as 70% of the  SO 
Fuel gas d e s u l f u r i z a t i o n  by means of e i ther  wet or dry scrubbing can remove up 

t o  97% of t h e  SO2; however, un le s s  care i s  t a k e n t o  prevent  leaching  of t he  

r e s u l t a n t  s ludge ,  t hese  measures may merely t r a n s f e r  t h e  d ischarge  of su l fu rous  

spec ie s  from t h e  a i r  t o  t h e  water suppl ies .  

no t  e m i t  s i g n i f i c a n t  q u a n t i t i e s  of SO2 because nea r ly  a l l  of t h e  gaseous s u l f u r  

( a s  hydrogen s u l f i d e ,  H2S) i s  removed from t h e  f u e l  p r i o r  t o  combustion. 

While o the r  s u l f u r  compounds such a s  s u l f a t e s  may occur i n  

I n  

emissions i n  a community. 2 

Natura l  gas-f i red,power p l a n t s  do 

Nitrogen oxides  (NO ) r e s u l t  from n e a r l y  all known types of combustion 
X 

0 processes .  

n i t rogen  i n  the  f u e l  is converted t o  n i t r i c  oxide (NO). 

s i o n s  from power p l a n t s  and o t h e r  high-temperature ( >  1l0d-l5OO0C) combustion 

processes  can a r i s e  from t h e  ox ida t ion  of n i t rogen  gas (N2) i n  a i r  t o  g ive  NO. 

I n  C a l i f o r n i a ,  e l e c t r i c  power genera t ion  accounts  f o r  about 11% of t o t a l  NOx 

A t  temperatures above 800 C, a s i g n i f i c a n t  p o r t i o n  of t he  f ixed  

I n  a d d i t i o n ,  NO e m i s -  
X 
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emissions,  and only about 20% of t h e  NO 

sources.  Aside from r e g u l a t i n g  condi t ions  i n  t h e  combustion zone, there i s  

p r e s e n t l y  no technology a v a i l a b l e  f o r  curbing NO 

3056, al though some promising methods are under development. 

emissions from a l l  s t a t i o n a r y  
X c emissions by more than about 

X 

Carbon compounds, when burned completely,  e x i t  t h e  combustion zone i n  

t h e  form of carbon d ioxide  (C02). 

t h e  exhaust gas  i n  which t h e  carbon w a s  no t  completely oxid ized ,  so t h a t  t h e  

exhaust conta ins  some carbon monoxide (CO). Because of t he  very e f f i c i e n t  com- 

bus t ion  condi t ions  a s soc ia t ed  wi th  most f o s s i l - f u e l  f i r e d  e l e c t r i c  power genera- 

t i o n ,  very  l i t t l e  CO i s  produced. I n  gene ra l ,  power p l a n t s  account f o r  b a r e l y  

1% of t h e  t o t a l  CO emissions i n  Ca l i fo rn ia .  However, i f  any low temperature 

However, t h e r e  i s  i n v a r i a b l y  a f r a c t i o n  of - 

combustion processes  a r e  incorpora ted  i n t o  e l e c t r i c  power p l a n t s ,  t he  rate of 

CO emissions w i l l  increase .  I n  a d d i t i o n  t o  CO, incompletely burned carbon can 

a l s o  e x i t  i n  t h e  form of carbonaceous p a r t i c u l a t e s  o r  soot. Rela t ive ly  l i t t l e  

i s  now known about soo t  p a r t i c l e s  from power p l a n t s ,  as d iscussed  below. 

P a r t i c u l a t e s  f r o m  f o s s i l - f u e l  f i r e d  p o w e r  plants have historically been 

s t u d i e d  i n  two c a t e g o r i e s  - minera l  ashes  and soot. 

both the  bottom ash f r a c t i o n ,  which is removed wi th  w a t e r  i n  a s l u r r y ,  and f l y  

ash ,  which escapes i n t o  t h e  a i r .  Coal ashes  f r equen t ly  conta in  si l icates,  alu-  

minates ,  and a l k a l i  meta l  oxides  and carbonates  which, because of t he  high 

temperature of combustion, have fused i n t o  g l a s s e s .  The occurrence of trace 

meta ls  such a s  vanadium, i r o n ,  chromium, l e a d ,  manganese, n i c k e l ,  etc. i n  t h e  

ash  f r a c t i o n s  has  been ex tens ive ly  documented, However, very  l i t t l e  is known 
about e i t h e r  t h e  phys ica l  o r  chemical form i n  which t h e s e  elements e x i s t .  

bonaceous p a r t i c u l a t e s  ( soot )  have been analyzed p r imar i ly  f o r  to ta l  carbon o r  

f o r  polynuclear  aromatic  hydrocarbons (PAH), without  much regard  for t h e i r  re- 

l a t i o n s h i p  t o  t h e  minera ls  i n  the ash  f r a c t i o n s .  

Mineral  ashes  occur  i n  

, e 

Car- 

P a r t i c u l a t e s  generated from combustion processes  are no t  homogeneous. 

Consequently t o t a l  p a r t i c u l a t e  mass (TSP) i s  a poor i n d i c a t o r  of t h e  p o l l u t i o n  

p o t e n t i a l  o r  t h e  community h e a l t h  r i s k  from f o s s i l - f u e l  f i r e d  b o i l e r s ,  

c a l l y ,  p a r t i c u l a t e s  from b o i l e r s  show a biomodal s i z e  d i s t r i b u t i o n  spectrum 

wi th  mass modes a t  0.2-1.0 pm and 

Typi- 

> lourn .  Obviously t h e  phys io logica l  e f f e c t s  

of 0.2-1.0 urn p a r t i c l e s  are very d i f f e r e n t  from those  of t h e  1 0  pm p a r t i c l e s ,  

e s p e c i a l l y  s i n c e  the  sma l l e r  s i z e d  p a r t i c l e s  p e n e t r a t e  i n t o  t h e  deep lung 

spaces  whereas t h e  l a r g e r  p a r t i c l e s  do not .  

t i o n s  of t h e  two size modes of p a r t i c l e s  d i f f e r ,  as do t h e i r  su r f ace  p r o p e r t i e s ,  

I n  a d d i t i o n ,  t h e  chemical composi- 
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I f  one cons iders  p a r t i c u l a t e s  on a to t a l  mass (TSP) b a s i s ,  then the  

t o t a l  p a r t i c u l a t e  emissions from coal - f i red  power p l a n t s ,  i f  uncon t ro l l ed ,  

would be approximately t en  times those from o i l - f i r e d  p l a n t s  wi th  t h e  same 

gene ra t ing  capac i ty .  However, most of t he  p a r t i c u l a t e  m a s s  from coa l - f i r ed  

p l a n t s  l i es  i n  t h e  

f i r e d  p l a n t  i s  i n  t h e  1.0pm s i z e  range. Therefore!, i f  one cons iders  t he  emis- 

s i o n s  of r e s p i r a b l e  p a r t i c u l a t e s ,  both coa l - f i r ed  and o i l - f i r e d  power p l a n t s  

e m i t  similar q u a n t i t i e s ;  nea r ly  a l l  of t h e s e  r e s p i r a b l e  p a r t i c u l a t e s  a r e  i n  

1 

10pm s i z e  range,  whi le  most of t he  t o t a l  mass from an oil- 

I 
t h e  f i n e  s i z e  f r a c t i o n s  (< lum). 

P a r t i c u l a t e  con t ro l  devices  a r e  of s e v e r a l  types ;  t h e i r  p a r t i c l e  removal 

e f f i c i e n c i e s  cover a wide range and depend heav i ly  on p a r t i c l e  s i z e .  The most 

commonly used method f o r  p a r t i c u l a t e  c o n t r o l  today i s  t he  e l e c t r o s t a t i c  p rec ip i -  

t a t o r ,  which is repor ted  t o  be capable of removing some 98-99% of t h e  t o t a l  sus- 

pended p a r t i c u l a t e  mass from a f l u e  gas stream. E l e c t r o s t a t i c  p r e c i p i t a t o r s ,  

a s  we l l  as nea r ly  a l l  o t h e r  methods, a r e  pa r t i cu la r ' l y  e f f e c t i v e  i n  removing 

very l a r g e  p a r t i c l e s .  Since t h e s e  conta in  t h e  bulk of t he  m a s s ,  e f f i c i e n c i e s  

w i l l  be high even i f  nea r ly  a l l  of t h e  smal le r  p a r t f c l e s  escape i n t o  the  atmo- 

sphere.  Co l l ec t ion  e f f i c i e n c i e s  f o r  e l e c t r o s t a t i c  p r e c i p i t a t o r s  and most o t h e r  

devices  f a l l  o f f  d r a s t i c a l l y  f o r  p a r t i c l e s  which a r e  smaller than 1 pm i n  diam- 

e t e r ,  t h e  r e s p i r a b l e  range. One no tab le  except ion to t h i s  behavior  i s  the  

f a b r i c  f i l t e r  o r  "baghouse." 

remove p a r t i c l e s  smaller than 1 Pm wi th  95% e f f i c i e n c y .  

are a l s o  removed by t h e  f a b r i c  f i l t e r ,  wi th  e f f i c i e n c i e s  c l o s e  t o  those  f o r  

the e l e c t r o s t a t i c  precipitator.  Consequently, although very l i t t l e  i s  known 

about t h e  phys ica l  and chemical p r o p e r t i e s  of combustion-generated pa r t i cu -  

l a t e s ,  i t  is  p o s s i b l e  wi th  e x i s t i n g  technologies  t o  c o n t r o l  t he  p a r t i c u l a t e  

emissions of even t h e  " d i r t i e s t "  f o s s i l - f u e l  combustion processes .  

1 

When proper ly  conditioned, baghouse f i l t e r s  can 

Larger s i z e d  p a r t i c l e s  

Metal vapors  are a l s o  emit ted from c e r t a i n  types  of e l e c t r i c  power 

p l a n t s .  

a i r b o r n e  mercury (Hg) vapor, f o r  which no c o n t r o l  measures have y e t  been de- 

v i sed .  Information on t h e  impact of Hg from power p l a n t s  is  obscured by t h e  

u n c e r t a i n t i e s  i n  t h e  a n a l y s i s  of emissions from o t h e r - n a t u r a l  and man-made 
I 

sources .  Selenium vapor, l i k e  Hg vapor,  is  a l s o  emi t ted  from coal - f i red  

p l a n t s ,  aga in  wi th  no a v a i l a b l e  method f o r  con t ro l .  

a l s o  r e l e a s e  these  two elements.  

needed t o  a s s e s s  t h e i r  impact r e a l i s t i c a l l y .  

Coal-f i red p l a n t s  c h a r a c t e r i s t i c a l l y  genera te  s i g n i f i c a n t  amounts of 

Oi l - f i r ed  power p l a n t s  

However, much more information is a l s o  
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Poss ib le  f o u l i n g  of l o c a l  water  s u p p l i e s  and aqu i f e r s  by f o s s i l - f u e l  

c and geothermal power p l a n t s  may a l s o  c o n s t i t u t e  a s i g n i f i c a n t  problem. Prohi- 

b i t i o n s  aga ins t  t h e  d i r e c t  d i scharge  of hea t  i n t o  l a k e s ,  r i v e r s ,  and bays have 

forced  t h e  use of cool ing  towers o r  evaporat ion ponds. 

t o  r e s u l t  i n  accumulations of sa l ts  and s ludges  which have t o  be disposed with- 

These procedures tend 

out  damaging t h e  q u a l i t y  of l o c a l  water  sources .  

devices  i n  power p l a n t s  genera te  copious q u a n t i t i e s  of s ludges which must, 

l i kewise ,  be s a f e l y  disposed. Organic compounds are not  p r e s e n t l y  a major 

source  of concern i n  e f f l u e n t  water  d i scharges  from power p l a n t s  as long as a l l  

w e t  scrubbing processes  occur a f t e r  combustion. 

I n  a d d i t i o n ,  s u l f u r  removal 

Geothermal power p l a n t s  use underground hea t  r e s e r v o i r s  as a source  of 

energy. P o l l u t i o n  problems can resul t  from the  t r a n s f e r  of h e a t  from the  

r e s e r v o i r  t o  the  su r face ,  a t r a n s f e r  t h a t  u t i l i z e s  e i t h e r  water  o r  steam. 

Geothermal l i q u i d s  gene ra l ly  conta in  

geothermal steam is f r equen t ly  r i c h  i n  hydrogen s u l f i d e  (H2S) and ammonia 

(NH3). 
The p o l l u t a n t s  a s soc ia t ed  wi th  geothermal power product ion are discussed i n  
s e c t i o n  3.2.  

high  concen t r a t ions  of mineral  salts; 

The amounts of t h e s e  emissions depend heav i ly  on the geothermal field. 

c Dispersion of p o l l u t a n t s  emit ted from t h e  s t a c k s  of power p l a n t s  through- 

ou t  t h e  community p r e s e n t s  a r a t h e r  complex series of problems, d i scussed  i n  

s e c t i o n  3.3 .  

which occur i n  t h e  atmosphere ( s e c t i o n  3 . 3 ) .  

Foremost of t h e s e  are t h e  chemical t ransformat ions  of p o l l u t a n t s  

SO2,  f o r  example, is  converted i n t o  s u l f u r i c  a c i d  m i s t  (H2S04)  i n  the 

presence of water vapor a t  a rate which may range as high as 13% of the  o r i -  

g i n a l  SO p e r  hour,  depending on meteoro logica l  condi t ions .  H SO a e r o s o l s  

are be l ieved  t o  be much more i r r i t a t i n g  and t o x i c  than SO2 a lone ,  so t h a t  SO2 

emissions can have an  even more s e r i o u s  impact on pub l i c  h e a l t h  i f  t he  condi- 

t i o n s  favor  conversion t o  H SO 

2 2 4  

2 4' 
Likewise NO, which is i t s e l f  only mi ld ly  t o x i c ,  can be  oxidized i n  t h e  

Fur the r ,  during atmosphere t o  t h e  more dangerous n i t rogen  d ioxide  (NO2). 

per iods  of i n t e n s e  s o l a r  r a d i a t i o n ,  as i n  t h e  summer months, both NO and NO2 

i n t e r a c t  w i th  o t h e r  p o l l u t a n t s  i n  t h e  p h o t o l y t i c  cyc le  t o  genera te  atmospheric 

ozone (0 ), n i t r i c  ac id  ("0 ), and o t h e r  noxious oxidants .  O f  a l l  a i r  po l lu t -  

a n t s ,  ozone and oxidants  have posed t h e  most s e r i o u s  t h r e a t  t o  pub l i c  h e a l t h  

i n  C a l i f o r n i a ,  and s e v e r a l  a i r  p o l l u t i o n  episodes have o c c w r e d  i n  C a l i f o r n i a  

i n  which p u b l i c  h e a l t h  and wel fare  were clearly endangered. 

3 3 
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Gas-par t ic le  r e a c t i o n s  are probably involved i n  many of  t h e s e  secondary 

conversion r e a c t i o n s  of a i r  p o l l u t a n t s .  

t o  c a t a l y z e  t h e  conversion of SO2 t o  H 2 S 0 4 ,  and the! conversion of NO t o  HNO 

o r  NH and o t h e r  n i t rogenous  spec ie s  have a l l  been demonstrated.  

are a l s o  thought t o  be involved i n  t h e  p h o t o l y t i c  cyc le  which produce 0 

Consequently, t h e  c o n t r o l  of p a r t i c u l a t e s  may be  important f o r  c o n t r o l l i n g  

oxidants .  

ox ida t ion  of SO t o  H SO These ques t ions  are ,  however, con t rove r s i a l .  

The i s b i l i t y  of  metal oxides  o r  s o o t  

3 
P a r t i c u l a t e s  

3' 

3 

P a r t i c u l a t e  c o n t r o l  may a l s o  be an e f f e c t i v e  means of slowing t h e  

2 2 4' 
The e f f e c t s  of a i rbo rne  and waterborne emissions from e l e c t r i c  power 

p l a n t s  should be considered i n  t h e  contex t  of  what t h e  people  a c t u a l l y  i n h a l e  

o r  i n g e s t  as w e l l  as i n  terms of emissions from o t h e r  sources .  For example, 

whi le  power p l a n t s  may account f o r  over  h a l f  of t h e  s u l f u r  ox ide  emissions i n  

C a l i f o r n i a ,  i t  i s  doub t fu l  t h a t  power p l a n t s  c o n t r i b u t e  more than  1/9 t o  t h e  

atmospheric loading  of NO Furthermore, i n d i v i d u a l s  i n  t h e i r  own houses are 

f r e q u e n t l y  exposed t o  NO 

than  those  a t t r i b u t a b l e  t o  a l l  outdoor community sources  combined. 

r i s k  assessments  must t h e r e f o r e  account f o r  confined-space a i r  q u a l i t y  as w e l l  

as community emissions.  

X 

levels from ranges and furnaces  t h a t  are much h igher  
X 

Heal th  

3.1 Fossi l -Fuel  Emissions 

3.1.1 General C h a r a c t e r i s t i c s  

The f o s s i l  f u e l s  (coal ,  o i l ,  and gas)  are so named because of t h e i r  

o r i g i n  from prehis tor ic  organic  m a t t e r .  I n  order f o r  the decayed f o s s i l  organ- 

isms t o  become coa l ,  o i l ,  o r  n a t u r a l  gas ,  t h e  material must be sedimented 

r a p i d l y  - e f f e c t i v e l y  removing carbon, hydrogen, oxygen, n i t rogen ,  phosphorous, 

and s u l f u r  from t h e  elemental cyc le s  i n  t h e  biosphere.  I n  a d d i t i o n  t o  t h e s e  

major c o n s t i t u e n t s ,  trace elements  accumulated by t h e  p r e h i s t o r i c  organisms, as 

w e l l  as t h e  elements p re sen t  i n  t h e  p r e h i s t o r i c  sedf-ments, f i n d  t h e i r  way i n t o  

c o a l  and o i l .  The f a t e s  of t h e s e  elements when coal!, o i l ,  and n a t u r a l  gas  are 

burned r ep resen t  t h e  major po r t ion  of t h i s  discussI.cn.  We a l s o  no te  t h a t  addi-  

t i v e s  t o  t h e  f u e l  or  t o  t h e  t rea tment  processes  can c o n t r i b u t e  t o  emissions.  

Because reduced carbon is  the '  primary element. i n  f o s s i l  f u e l s ,  t he  

p r i n c i p a l  combustion product  common t o  a l l  i s  carbon d ioxide  (C02) .  CO is not  

t o x i c  t o  humans and animals i n  t y p i c a l  atmospheric concen t r a t ions ,  and i s  there-  

f o r e  not  u s u a l l y  considered a po l lu t an t .  

2 

The only  t h r e a t  which might occur  

http://discussI.cn
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C from global  C 0 2  accumulation is the  p o s s i b i l i t y  of weather modif icat ion due t o  

a "greenhouse e f f ec t . "  

leases copious q u a n t i t i e s  of water vapor ( H 2 0 ) ,  as does coal combustion t o  a 

lesser ex ten t .  Water i t s e l f  i s  non-toxic; however, i t  may a f f e c t  weather end 

perhaps more impor tan t ly  i n t e r a c t  wi th  o t h e r  emissions.  

p l a n t  b o i l e r s  employ h igh  flame temperatures ,  r e s u l t i n g  i n  h igh ly  e f f i c i e n t  

combustion of t h e  f u e l ,  and t h e r e f o r e  i n  low carbon monoxide and hydrocarbon 

emissions s i n c e  almost a l l  of t h e  carbon and hydrogen i s  oxid ized  t o  CO and 

water. 

I n  a d d i t i o n ,  combustion of  f u e l  o i l  and n a t u r a l  gas re- 

Large f o s s i l - f u e l  power 

2 

Aside from t h i s  CO and water, every o t h e r  combustion product a s s o c i a t e d  2 
with  f o s s i l  f u e l - f i r e d  steam e l e c t r i c  genera t ion  poses  a p o t e n t i a l  hazard of 

one kind o r  another  t o  human hea l th .  

t he  s e c t i o n s  below. Primary p o l l u t a n t s ,  those  which are formed d i r e c t l y  i n  the 

flame, are d iscussed  f i r s t ,  as t h e  emissions from f o s s i l  f u e l  power p l a n t s .  

Secondary p o l l u t a n t s ,  which are products  t h a t  form i n  t h e  atmosphere from the  

o r i g i n a l  combustion emissions,  are discussed  i n  a subsequent s e c t i o n  (3.3.3). 

These t y p i c a l  products  are d iscussed  i n  

3.1.1.1 Su l fu r  Oxides (SO ) e 
S u l f u r  is  an e s s e n t i a l  element f o r  a l l  l i v i n g  organisms, u t i l i z e d  p r i -  

mar i ly  i n  t h e  form of su l fu r - con ta in ing  amino ac ids .  Bio logica l  degrada t ion  

of o rgan ic  mat te r  conver t s  most of t h i s  s u l f u r  t o  hydrogen s u l f i d e  (H2S) and 

mercaptans. 

a c i d s  i s  incomplete,  and the  py ro lys i s  which fol lows sedimentat ion conver t s  t h e  

breakdown products  i n t o  a hos t  of reduced s u l f u r  compounds, inc luding  H2S. .  I n  

n a t u r a l  gas ,  t he  p r e v a i l i n g  form of s u l f u r  is s p e c i f i c a l l y  H2S. 

c e n t r a t i o n s  of s u l f u r  i n  c o a l  and o i l  range from 0.1 - 5% or more. 

from t h e  w e l l  may conta in  as much as 50% H2S (sour  gas ) ;  however, t he  r e f i n e d  

gas which i s  used f o r  most purposes con ta ins  no more than 15.3 ppm ( p a r t s  p e r  

m i l l i o n )  by volume R 2 S .  

s u l f u r  d ioxide  ( S O 2 ) ,  and s u l f u r  t r i o x i d e .  2-5 H ~ S  emissions gene ra l ly  occur 

during low-temperature combustion processes ;  a t  h igher  temperatures  most of t h e  

H S i s  oxidized t o  SOz. 

During t h e  formation of coa l  and o i l ,  t h e  breakdown of amino 

Typical  con- 

Natura l  gas 

1 

1 Combustion of su l fur -conta in ing  f u e l s  gene ra t e s  a mixture  of H2S, 

1 , 

2 
Ordinary combustion of f o s s i l  f u e l s  forms SO2 and SOg i n  a r a t i o  of 30 

but  i n  a r a t i o  of 60 t o  1 i n  power p l a n t s  wi th  c o n t r o l l e d  r e a c t i o n  condi- 2 
t o  1, 

t i o n ~ . ~  Su l fu r  d ioxide  ox id izes  slowly i n  a i r  t o  form SO3 o r ,  i n  t he  presence 

of water vapor,  s u l f u r i c  a c i d  (H SO ) m i s t ,  Other forms of s u l f a t e s  may ensue 2 4  
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i f  ammonia (NH ) o r  a l k a l i  metals are p resen t .  H SO i n  t h e  atmosphere 

assumes an a e r o s o l  form and can account f o r  as  much as  30% of t h e  t o t a l  p a r t i c -  

u l a t e  mass. The s u l f u r  ox ides  (SO ) a l s o  r e a c t  wi th  t h e  ox ides  of v a r i o u s  
x =  

meta ls  t o  form t h e  meta l  s u l f i t e s  (SO ) o r  s u l f a t e s  ( S O Y ) .  2’6 3 
subs tances  i n  t h e  atmosphere can be i r r i t a t i n g ,  noxious., and t o x i c .  S u l f a t e s  

2 are now suspected t o  be p a r t i c u l a r l y  d a n g e r ~ u s . ~  Atmospheric r e a c t i o n s  of SO 

are descr ibed  i n  g r e a t e r  d e t a i l  i n  s e c t i o n  (3.3.3.2) below. The p r o p e r t i e s  of 

s u l f a t e s  and H SO m i s t s  a re  d iscussed  i n  g r e a t e r  d e t a i l  i n  s e c t i o n  (3.1.1.3.2) 

on p a r t i c u l a t e s .  

3 2 4  

2 

A l l  of t h e s e  

2 4  

Severa l  i n v e s t i g a t o r s  have attempted t o  estimate t h e  annual g l o b a l  emis- 

s i o n  and removal ra tes  of s u l f u r  ox ides  i n  t h e  atmosphere ( see  Ref. 7 f o r  a re- 

view). Man-made s u l f u r  p o l l u t i o n  (as SO ) accounts f o r  no more than 10% - 35% 

of t h e  t o t a l  world-wide SO emissions.  While anthropogenic sou rces  have had no 

l a r g e  impact on t h e  g loba l  SO2 l e v e l ,  which i s  on t h e  o rde r  of 2 ppb ( p a r t s  p e r  

b i l l i o n )  volume, l o c a l  concen t r a t ions  of SO i n  urban atmospheres may be o r d e r s  

of magnitude h igher .  2’7 

sou rces  between 1968 and 1972 o r i g i n a t e d  i n  t h e  United States, and most of t h a t  

i n  h e a v i l y  populated areas. 7’8 

t i o n a l  p o l l u t a n t s  accord ing  t o  source  as r epor t ed  by t h e  Na t iona l  Emissions 

Data System (NEDS) f o r  1972.8 F o s s i l  f u e l - f i r e d  e l e c t r i c  power p l a n t s  account- 

ed f o r  54% of t h e  t o t a l  SO emissions i n  t h e  U.S. (Fig. 3 .1-1A) .  Most of t h e s e  

emiss ions  a r i se  from uncon t ro l l ed  o r  poor ly  c o n t r o l l e d  coa l - f i r ed  p l a n t s  i n  t h e  

Eas t e rn  U.S. I n d u s t r i a l  p rocesses  and f u e l  combustion f o r  h e a t i n g  purposes 

2 
2 

2 
I n  f a c t ,  nea r ly  h a l f  o f  t h e  SO emi t ted  from man-made 

X 

F igure  3.1-1 shows annual  emissions of conven- 

@ 

X 

accounted f o r  most of t h e  ba lance  of nationwide SO emissions.  I n  c o n t r a s t ,  

c o n t r o l l e d  o i l - f i r e d  and n a t u r a l  gas  f i r e d  e l e c t r i c  power p l a n t s  emi t t ed  only  

13.5% of t h e  SO t o t a l  i n  C a l i f o r n i a  (Fig. 3 .1-1B) .  This  d i f f e r e n c e  is no tab le  

i n  view of t h e  f a c t  t h a t  t h e  t o t a l  pe r  c a p i t a  emissions of SO i n  C a l i f o r n i a  

are  only about 1/7 of t h e  n a t i o n a l  average. 

Sha i rga  have presented  evidence t h a t  one power p l a n t  i n  t h e  South Coast A i r  

X 

X 

X 

On t h e  o t h e r  hand, Drivas and 

Basin i n c r e a s e s  t h e  atmospheric concen t r a t ion  of SO2 by 10 ppb over an area of 

300 km . 2 Thei r  conten t ion  t h a t  t h e  maximum 1-hour‘ eiiuivalent SO concen t r a t ion  2 
is  no more than  130 ppb i s  p o s s i b l e ,  provided t h a t  p r e v a i l i n g  winds can prevent  

a n e t  accumulation of p o l l u t a n t s .  Thus, even i n  C a l i f o r n i a ,  i n d i v i d u a l  power 

p l a n t s  can have a s i g n i f i c a n t  impact on a i r  q u a l i t y .  

I n t r o d u c t i o n  of coa l - f i r ed  power p l a n t s  i n  C a l i f o r n i a  could c e r t a i n l y  

i n c r e a s e  SO emiss ions ,  although t h i s  need no t  s i g n i f i c a n t l y  decrease  C a l i f o r n i a  
X 
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2 
a i r  q u a l i t y  (see Fig. 3.1-2, or Ref. 9 ) :  w i th  i n s t a l l a t i o n  of a p p r o p r i a t e  SO 

c o n t r o l  devices ,  t h e  impact of new coa l - f i r ed  power p l a n t s  on t h e  atmospheric 

SOx l e v e l s  should no t  be s i g n i f i c a n t l y  worse than for c o n t r o l l e d  o i l - f i r e d  

p l a n t s  (Fig. 3.1-2). 

The p r i n c i p a l  methods used t o  l i m i t  s u l f u r  ox ides  emission are: 

a) use  of low-sulfur f u e l s ,  b) f u e l  d e s u l f u r i z a t i o n  p r i o r  t o  combustion, 

c )  removal of s u l f u r  ox ides  from gases  a f t e r  combustion, d) mod i f i ca t ion  of t h e  

combustion process ,  e )  ( r e a l l y  a d i s p e r s i o n  method) i n c r e a s i n g  s t a c k  he igh t .  

Debate over which c o n t r o l  technology o f f e r s  t h e  b e s t  promise of success  has 

been heated dur ing  t h e  p a s t  s i x  years .  The p r i n c i p a l  problem wi th  e i t h e r  f u e l  

d e s u l f u r i z a t i o n  o r  s t a c k  gas  d e s u l f u r i z a t i o n  is  t h e  d i s p o s i t i o n  of t h e  s o l i d  

o r  s l u r r y  waste products.  Leaching of s u l f i t e s ,  s u l f a t e s ,  o r  o t h e r  sa l ts  from 

t h e  s ludges  i n t o  l o c a l  water s u p p l i e s  i s  a p o s s i b l e  hazard.  Hence, measures 

which e i t h e r  i s o l a t e  accumulated s ludges  from contaminating t h e  environment o r  

which r e c y c l e  t h e  sulfurous product must be  incorpora ted  i n t o  t h e  des ign  and 

o p e r a t i o n  of a l l  coa l - f i r ed  and o i l - f i r e d  power p l a n t s .  For f u r t h e r  d i s c u s s i o n  

of c o n t r o l  measures, see s e c t i o n s  ( 3 . 1 . 2 )  through (3.1.6). 

3.1.1.2 Oxides of Nitrogen (NO ) 

F o s s i l  f u e l s  c o n t a i n  s i g n i f i c a n t  q u a n t i t i e s  of n i t rogen ,  p r i m a r i l y  as 

ammonia (NH ) o r  reduced o rgan ic  compounds (NR = amines) formed from t h e  in- 

complete d e n i t r i f i c a t i o n  of decayed o rgan ic  matter. Typica l  concen t r a t ions  of 

f i x e d  n i t rogen  i n  f o s s i l  f u e l s  range from 0.07% t o  1.4% by weight i n  f u e l  o i l ,  

and 0.7% t o  1.9% by weight i n  coal.21 

f o s s i l  f u e l  combustion ar ise  no t  on ly  from t h e  n i t rogen  i n  t h e  f u e l ,  bu t  a l s o  

from n i t r o g e n  gas  p r e s e n t  i n  t h e  air .  

3 3 

The emissions of n i t r o g e n  ox ides  from 

The n i t rogenous  products  of f u e l  combustion depend h e a v i l y  on t h e  flame 

temperature,  a i r  p re s su re ,  and t h e  flow rates of material through t h e  flame. 

The products  are p r i m a r i l y  n i t r i c  oxide (NO),  n i t r o g e n  d ioxide  (NO ),  o r  

gaseous n i t rogen  (N2), and t y p i c a l  r e a c t i o n s  are given i n  Table 3.1-1. 

steam e l e c t r i c  power gene ra t ion  u t i l i z e s  ve ry  h igh  flame temperatures 

(>17OO0C) i n  o r d e r  t o  maximize t h e  thermodynamic e f f i c i e n c y ,  2o copious quanti-  

t i e s  of NO can b e  produced by o x i d a t i o n  of atmospheric n i t rogen .  

2 
Since  

It  has  been 

t h a t  i n  power p l a n t s  a t  l e a s t  30-60% of t h e  n i t r o g e n  i n  f u e l  o i l  

and a t  l e a s t  18-25% of t h e  n i t rogen  i n  c o a l  becomes NO dur ing  combustion. 

c 
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Air bosins in United States ( a )  
Pol lutant  emissions b y  source 

- A 30 
T o t a l  (a11 rourccr)  

M o t o r  vehicles 

20 

Industr ia l  processes 

10 

0 
TS P SOX NOx HC 

I I 1 1 1 Y 
Air basins in California (b) 3t 1 Pollut.ant eniirsionr by source 

TSP sox HC 

P o  I I uian t type 
XBL 769 3923 

Figure  3.1-1. 
1972  ( c o n t r i b u t i o n s  from power p l a n t s  are  shaded):  
i n  t h e  United S t a t e s ; ,  (b) Ai b a s i n s  i n  C a l i f o r n i a ;  (c) South Coast 
A i r  Q u a l i t y  Control  Region (A 
( e )  Southeas t  Deser t  AQCR; 
Val ley AQCR; 
(j> South Cen t ra l  Coast AQCR; 

AQCR; and (m) Sacramento Val ley AQCR. T h e s e  emissions a r e  based 
upon r e f .  8 . )  
all ox ides  of s u l f u r ,  NO, is a l l  ox ides  of n i t rogen ,  HC is all 
hydrocarbons,  and CO i s  carbon monoxide. 

P o l l u t a n t  emiss ions  (mi l l i on  tons /yea r )  by source  i n  
(a) A i r  ba s ins  

R ) ;  (d )  Sari Franc isco  Bay Area AQCR; 
( f )  San Joaquin  AQCR; ( 8 )  Great Basin 

(h) Nor theas t  P l a t eau  AQCR; (i) North Cen t ra l  Coast AQCR, 
(k) San Diego AQCR; 

TSP is t h e  t o t a l  suspended p a r t i c l e s  (mass), SO, is 

(1) North Coast 
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1- 1 I I I 

Pollutant emissions b y  source South coast AQCR ( c )  
Tota l  (all sources) 

I M o t o r  vehicles 

Industrial  processes 

Electric power plrnls 

I 

TSP s o x  NO x HC CO (x1/4) 

I I I I I 

Sao Francisco bay area AQCR (d )  

Pollutant emissions b y  source 

T o t a l  (al l  sources) L 
M o t o r  vehicles 

/Waste disposal 

Industrial  processes 

Electric power plants 

---Heating systems . 
A J,,; ,,,, :,,/L2 - *  

I I I I I 
c 

TSP 
. .  

s o x  NO x HC 

P o l l u t a n t  type  
co O m 4 )  

XBL 769 3925 

Figure  3.1-1 (continued).  
AQCR; (d) San Franc isco  Bay Area AQCR; 

(c) South Coast A i r  Qua l i ty  Cont ro l  Region 

, 

c 
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0 

I I I I I 

T o t a l  (all sources) 

M o t o r  vehicles 

/Waste disposal 

Southeast Desert AQCR (e) 

Pollutant emissions by sourca 

Industrial  processes 

'&"eating systems 
Electric power plants 

TSP so NO H C  CO 
I I .  I 1 1 

San J o o q u i n  Valley AQCR ( f )  

Pollutant emissions by source 

, - M o t o r  vehicles / 
I 

0 

Great Basin Valley AQCR (g) Motor vehicles 

Waste disposal 
Pollutant emissions by  source 

- Industrial  processes 

Electric power plants 

Heatinp systems 

Total  (all sources) 

1 I 

TSP N O X  HC co 
. Pollutant type 

XBL 769 3922 
Figure  3.1-1 (continued).  (e )  Southeast  Desert AQCR; ( f )  San Joaquin 
AQCR; (g) Great Basin Valley AQCR; 
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Northeast Plateau AQCR (h) 
I I 
Pol lutant  emissions by  source 

- . r M o t o r  vehicles 

I . / r W a s t o  disposal 

T o t a l  (all sources) 

Industrial processes 

North Central Coast AQCR (i) Pollutant  emissions by source 

M o t o r  vehicles 

Waste disposal 

Industrial processes - / //[Electric power plank 

7 Heating systems 

TSP 
J 

NO, HC 
Pollutant type 

co 

c 

XBL 769 3921 
Figure 3 .1-1  (continued).  (h) Northeast Plateau AQCR; (i) North Central 
Coast AQCR; 

f 
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Pollutant emissions by SOIIIW 

1 

South Central C o a s t  AQCR ( j )  

, Motor vehicles 

< Waste disposal 

Electric power plants 

Industrial proasses 

TSP SOX NO, HC co 

I 1 1 1 1  

Son Diego AQCR (k) Pollutant emissions by soum 

‘r\ Total (all sources) 

Electric power p l M B  

Industrial procanr 

TSP SOX NO X HC 
Pol lu tan t  t ype  

XBL 769-3924 
Figure 3.1-1 ( c o n t i n u e d ) .  (j)  South Centra l  Coast AQCR: (k) San 
Diego AQCR; 
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North Coast AQCR ( I )  
Pollutant emissions by sourct 

1 

/, Waste disposal 

Electric power plu 

TSP S O X  HC co 

I 
Socromen to  

I 1 I 

Waste disposal 

Industrial procefta, 

Electric power pknts 

Heiting systems 

TSP SOX HC CO ( x  1/41 

P o l l u t a n t  type  

XBL 769-3926 

Figure 3.1-1 (cont inued) .  
Valley AQCR. 

(1) North Coast AQCR; and (m) Sacramento 
f 
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Emission from Q 1000 MVY 

Pollutant type 
XBL 768 3897 

Figure 3.1-2. Pollutant emissions from a 1000 MWe power plant (based 
upon r e f . 9 ) .  TSP is t h e  t o t a l  suspended p a r t i c l e s ,  SO, i s  a l l  su l fur  
oxides,  NO, i s  a l l  nitrogen oxides;  HC is a l l  hydrocarbons, and CO is 
carbon monoxide. 
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Table 3.1-1 Combustion Reactions of Nitrogen 

React ion 
Temperature Range Favoring 
Right Side of Reaction (ref) 

4 NH3(NR3) + 3 024- 6 H20(R20) + 2 N2 < 700°C (22) 

> 800°C (22) 4 NH3(NR3) +5024--"- 6 H20(R20) + 4 NO ,.. 

N2 + o2 +-2 NO > 1500"- 190O"C (22) 
> 1100"~ (23) 

2 NO + O2 -'2 NO2 < 400°C ( 2 4 )  

This latter contribution to the total NO emitted by power plants may be as high 
as 75%,"= and cannot be reduced by emission control measures which rely on 

modified combustion conditions. 

' 

While nitric oxide is a poisonous gas in its own right, the principal 
problem with NO is its conversion into other oxides of nitrogen which are even c 
more toxic. 22 Some of these oxides, dinitrogen trioxide (N203), dinitrogen 

pentoxide (N 0 ), and nitrogen trioxide (NO ) are unstable at temperatures 

above 5 to li0Zz4 and therefore do not accumulate to large concentrations in 
the atmosphere in the California air basins. 

in the formation of photochemical smog, howeverz3 (see section 3.3.3 below). 
Nitrogen dioxide (NO ) is the principal secondary product of NO emission into 
the atmosphere - the fraction of NO which oxidizes to NO, is usually at least 

3 

They may be important as catalysts 

2 

L 

80%.23'26 According to the EPA,23 NO2 is also formed directly as a primary 
combustion product, although primary NO2 is almost certainly not more than a 

few percent of the initial NO . Whether this small fraction is due to residual 

primary NO2 that does not decompose at the high flame temperature, or is formed 
in the first initial region of high NO and 0 concentrations at cooler tempera- 
tures 23'24 is not clear. In any case, this "primary" NO2 is present in concen- 

trations which are small compared to those of the NO- which forms sub- 2 
sequently in the ambient atmosphere. 2 
is labeled as the NOx emission, since the two forms do interconvert. 
pheric reactions of NOx are described in detail in section 3.3.3.3. 

of particulate nitrates are discussed in section 3.1.1.3.2 below. 

X 

2 

Often the sum of NO + NO concentrations 

Atmos- 

Properties 
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Figure 3.1-1 shows t h e  1972 annual emissions of NO (mostly NO) from 
X 

f o s s i l - f u e l  f i r e d  power p l a n t s  i n  r e l a t i o n  t o  a l l  o t h e r  sources  of NOx e m i s -  

s i o n s .  On a nationwide b a s i s ,  power p l a n t s  account f o r  about 25% of t h e  t o t a l  

NO emissions.  

37% f o r  motor v e h i c l e  emissions (Fig.  3.1-U; Ref. 8). I n  C a l i f o r n i a  

(Fig. 3 .1-1B;  Ref. 8 ) ,  e l e c t r i c  power p l a n t s  account f o r  only 11% of t h e  t o t a l  

NO 

emissions.  P a r t  of t h e  d i f f e r e n c e  between t h e  C a l i f o r n i a  f r a c t i o n  and t h e  

n a t i o n a l  average f o r  power p l a n t  NO 

t i v e l y  g r e a t e r  r e l i a n c e  on hydroe lec t r i c  power i n  C a l i f o r n i a  and t h e  l a r g e  

volume of veh icu la r  t r a f f i c .  I n  add i t ion ,  NO emissions from o i l - f i r e d  and 

n a t u r a l  gas- f i red  power p l a n t s  are 30-40% lower than  those  f o r  coa l - f i r ed  

p l a n t s ,  according t o  EPA emission f ac to r s , ’  and no coa l - f i r ed  power p l a n t s  

p r e s e n t l y  e x i s t  i n  C a l i f o r n i a .  

one power p l a n t  i n  t h e  South Coast A i r  Basin inc reases  t h e  atmospheric concen- 

t r a t i o n  of NO by 7.4 ppb over  a n  area of 300 lan . I?rovided t h a t  p r e v a i l i n g  

winds are s u f f i c i e n t  t o  prevent  a n e t  r eg iona l  accumulation of p o l l u t a n t s ,  

they  contend t h a t  t h e  maximum 4-hour equ iva len t  concen t r a t ion  of NO 

more than  120 ppb due t o  t h e  power p l a n t .  

t h e  a i r  q u a l i t y  s tandard  (250 ppb, 1 hour) t o  be exceeded i n  an area, an  ind i -  

v i d u a l  power p l a n t  can have a s i g n i f i c a n t  impact on NO 

This  compares wi th  24% f o r  emissions from h e a t i n g  systems and 
X 

emissions,  as compared t o  43% f o r  both h e a t i n g  s y s t e m  and motor v e h i c l e  
X 

emissions can be explained by t h e  rela- 
X 

X 

Drivas and Shairga hiwe presented  evidence t h a t  

2 
X 

i s  n o t  
X @ Thus, whi le  not  by i t s e l f  causing 

a i r  q u a l i t y .  
X 

Because of t h e  l i m i t a t i o n s  of a v a i l a b l e  c o n t r o l  techniques ,  cons t ruc t ion  

and s t a r t u p  of new f o s s i l - f u e l - f i r e d  power p l a n t s  i n  C a l i f o r n i a  w i l l  almost 

certainly increase the local  NO emissions. The three ex is t ing  NO control 

methods involve:  

gas ,  b) combustion modi f ica t ion ,  and c) f lue-gas  t reatment .  However, t h e  op t ion  

X X 

a) conversion t o  a lower NO -producing f u e l  such as n a t u r a l  
X 

of conve r t ing  power p l a n t  ope ra t ions  from c o a l  o r - f u e l  o i l  combustion t o  t h e  

burning of n a t u r a l  gas  is no longer  open t o  Californjia u t i l i t i e s  except perhaps 

i n  a i r  p o l l u t i o n  episodes.  

i n  reducing  f u e l  n i t rogen  ox ida t ion ,  and f lue-gas t rea tment  i s  s t i l l  r e l a t i v e l y  

i n e f f e c t i v e .  

Moreover, combustion mod i f i ca t ion  i s  n o t  e f f e c t i v e  27 
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3.1.1.3.1 S i z e  and Mass 

P a r t i c u l a t e  matter i s  descr ibed  by t h e  EPA as "...a cloud of s o l i d  par- 

t i c les  and/or  l i q u i d  d r o p l e t s  sma l l e r  than  1OOpm i n  diameter,  suspended i n  a 

gas.  1'31 

and should not  be mistaken h e r e  f o r  such by-products as sp ray  can p r o p e l l a n t s  

and t h e  l i k e .  

chemical composition, homogeneity, aerodynamic p r o p e r t i e s ,  o p t i c a l  p r o p e r t i e s ,  

Airborne p a r t i c u l a t e s  are a l s o  f r e q u e n t l y  c a l l e d  atmospheric a e r o s o l s ,  

P a r t i c u l a t e s  may be c h a r a c t e r i z e d  by t h e i r  dimensions, mass, 

r e a c t i v i t y ,  and water s o l u b i l i t y .  

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

References 3 and 31-33 give  e x c e l l e n t  descr ip-  

The s i z e  d i s t r i b u t i o n  of a n  atmospheric a e r o s o l  and its s u r f a c e  chemical 

composition determine t h e  b i o l o g i c a l  a v a i l a b i l i t y  and r e a c t i v i t y  of t h e  p a r t i c -  

u l a t e s  and t h e r e f o r e  a l s o  t h e  e f f e c t s  on human h e a l t h .  Most workers have used 

" e f f e c t i v e  p a r t i c l e  diameter" o r  "aerodynamic diameter" t o  d e s c r i b e  par t ic le  

s i z e .  For a t r u e  sphere ,  t h e  aerodynamic d iameter  is  i d e n t i c a l  t o  the physi- 

cal  d iameter  a t  cons t an t  dens i ty ;  bu t  long  f i b r o u s  p a r t i c l e s  possess  an aero- 

dynamic diameter which i s  ( i n  t h e  upper l i m i t )  3.5 t i m e s  t h e  th i ckness  of t h e  

f ibe r .34  The a b i l i t y  o f  p a r t i c l e s  t o  remain suspended i n  t h e  atmosphere is  re- 

l a t e d  t o  t h e  aerodynamic diameter and is  governed by competit ion between gravi -  

t a t i o n a l  s e t t l i n g  and o t h e r  f r i c t i o n a l  and "buoyant" f o r c e s  ( s e e  Ref. 33 f o r  

more de t a i l s ) .  

pended.31 

as " d u s t f a l l "  o r  du r ing  r a i n f a l l ,  and i s  widespread i n  urban areas and i n  many 

r u r a l  areas as well .31 

suspended i n  t h e  a i r  almost i n d e f i n i t e l y .  

3 

c 

P a r t i c l e s  g r e a t e r  t han  a few tens of microns cannot remain sus- 

S e t t l i n g  of p a r t i c l e s  l a r g e r  t han  a few microns (urn) occur s  e i t h e r  

Par t ic les  smaller than  about  0.1 - 1.0 pm may remain 
3 

Whitby3' has  analyzed t h e  s i z e  ( p a r t i c l e  d iameter ,  D ) d i s t r i b u t i o n  P 
c h a r a c t e r i s t i c s  o f  s e v e r a l  t ypes  of ambient urban a e r o s o l s ,  t y p i c a l  r e s u l t s  of 

which are shown i n  F igures  3.1-3 and 3.1-4. 

g r e a t e s t  a t  small d iameters ,  nea r  0.01 urn, 35-37 which probably r e f l e c t s  t h e  

concen t r a t ion  of primary combustion p a r t i c u l a t e s .  35-40 Figure  3.1-5 summa- 

r i z e s  t h e  sou rces  and behavior of t h e  v a r i o u s  s i z e  modes o f  p a r t i c u l a t e s .  The 

preva lence  of t h e s e  very  f i n e  par t ic les  is  important because of t h e i r  a b i l i t y  
t o  grow by coagu la t ion  and t o  a c t  as condensation n u c l e i .  35-38 The s u r f a c e  

d i s t r i b u t i o n  curve i n  Fig. 3.1-3 r eaches  a maximum i n  t h e  0.1-0.2 urn s i z e  

range3' which forms t h e  "accumulation mode." 

The number d e n s i t y  p r o f i l e  is  

35 

Th i s  mode is  important because 
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Figure 3.1-3. 
Distributions. 
Denver's City Maintenance Yard. Reproduced from ref. (35).) 
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Figure 3.1-4. Cumulative Number, Surface, and Volume Distributions. 
(For the grand average of October 1971 measurements at Denver's City 
Maintenance Yard. Reproduced from ref. (35) .) 
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Figure 3.1-5. 
(Reproduced from ref. (35) .) 

Nomenclature, origin, lifetimes, and sizes of aerosols. 
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c most of surface-catalyzed secondary r e a c t i o n s  of p o l l u t a n t s  ( s ee  s e c t i o n  3.3.3 

below) should occur wi th  p a r t i c l e s  i n  t h i s  s i z e  range. 

3.1-3,3.1-4, and 3.1-5 a l s o  g ive  t h e  volume d i s t r i b u t i o n  curves f o r  t h e  same 

urban a e r o s o l  samples.35 
35-41 is almost i nva r i ab ly  bimodal wi th  maxima around 0.2-0.3 p and 5-20 vm.  

Near ly  a l l  mechanically generated p a r t i c l e s  occur i n  t h e  l a r g e r  of t h e s e  two 
volume modes. 

35 , 39-41 Figs. 

The volume d i s t r i b u t i o n  of ambient a i r  p a r t i c u l a t e s  

35 

Since t h e  mass d i s t r i b u t i o n  curve is  e s s e n t i a l l y  i n d i s t i n g u i s h a b l e  from 

t h e  volume curve,  one can equate  t h e  mass median diameter ( a  term most conven- 

i e n t l y  used t o  desc r ibe  a e r o s o l  s i z e  d i s t r i b u t i o n s )  t o  t h e  p a r t i c l e  diameter  

(Dp) a t  which ha l f  t h e  t o t a l  p a r t i c l e  volume i s  less and ha l f  is g r e a t e r .  

However, use  of t h e  "mass median diameter" (MMD), which is usua l ly  construed 

t o  r e f e r  t o  t h e  median of a d i s t r i b u t i o n  t h a t  i s  log-normal and has  a s i n g l e  

mode,31 may be misleading i n  t h e  contex t  of an urban a e r o s o l  o r  power p l a n t  

31 

plume. As an  example, a p a r t i c u l a t e  sample wi th  MMD greater than 1.0 pm, such 

as t h a t  i n  Fig. 3.1-3, has  s u r f a c e  and mass modes i n  t h e  v i c i n i t y  of 0.1 ttm 
t h a t  are of cons iderable  s i g n i f i c a n c e  from t h e  s tandpoin t  of h e a l t h  e f f e c t s .  

c For i s o l a t e d  o r  a r t i f i c a l l y  generated p a r t i c u l a t e  samples such as t hose  

used t o  s tudy p a r t i c l e  depos i t i on  i n  t h e  respiratory-pulmonary systems, t h e  

MMD of t h e  p a r t i c l e s  may be an adequate  i n d i c a t o r  of  p a r t i c l e  s i z e  i n  some 

cases .  Curves such as those  i n  Fig.  3.1-6, based on a MMD, l i e  behind t h e  

concept of a r e s p i r a b l e  f r a c t i o n  and a non-resp i rab le  fraction.31 The upper 

31 

l i m i t  f o r  t h e  " resp i rab le"  f r a c t i o n  of p a r t i c l e s  i s  between 0.5 and 2.0 u m  MMD, 
depending on t h e  d e f i n i t i o n  of r e s p i r a b i l i t y .  

chemical composition of t h e  a e r o s o l s  appears  t o  have l i t t l e  e f f e c t  on r e s p i r a -  

b i l i t y .  31'42-44 The smal le r  " resp i rab le"  p a r t i c l e s  tend t o  lodge i n  t h e  pul- 

monary r eg ion  (Fig.  3.1-6) and a r e  more r e a d l l y  absorbed i n t o  t h e  blood and 

lymph systems. Because t h e  smaller p a r t i c l e s  a l s o  have g r e a t e r  surface- to-  

volume r a t i o s  than t h e  l a r g e r  "non-respirable" f r a c t i o n s ,  t h e s e  tend t o  be more 

r e a c t i v e  and t o  d i s so lve  i n  body f l u i d s .  

Within a f a c t o r  of 2 or so, 

3,31 

Current Federal  and S t a t e  r e g u l a t i o n s  fo r  ambient a i r  q u a l i t y  as w e l l  as 

s t a t i o n a r y  source  emissions a r e  addressed only t o  " t o t a l  suspended p a r t i c u l a t e "  

(TSP) mass. 

75 pg/m3 TSP f o r  an annual  geometric mean, and 260 Ug/m f o r  a 24-hour average. 

The corresponding C a l i f o r n i a  s tandards  a r e  60 and 100 vg/m3 TSP. The r e fe rence  

method def ined i n  both sets of r e g u l a t i o n s  i s  t h e  high-volume sampler (Hi-Vol), 

As examples, t h e  EPA primary s tandards  f o r  p a r t i c u l a t e s  are 
3 



3-22 

G3 

Figure  3.1-6 
Compartments 

1 .o 
N A S O P H A R Y N C E A  

0.9 

0.8 

0.7 

4 
vi 0.6 

0 

u1 

2 
2 0.5 
0 

a 

W 

t 
0.4 

U 

0.3 

0.2 

0.1 

0.0 
1 0 2  10.1 1 00 10' 102 

M A S S  M E D I A N  D I A M E T E R ,  p 

, 
as a Funct ion of P a r t i c l e  Diameter, (Reproduced from ref.. 

F rac t ion  of P a r t i c l e s  Deposited i n  t h e  Three Respi ra tory  

Table 3.1-2. 24-hour Source I d e n t i f i c a t i o n  based upon 
chemical, element balance."sb 

P;I.IJ'~Ils Ptinitms W i \ c r w k  t rcwo L n  IOU* 
?(I cIpILmhL.r l Y 7  24 Ostokr 1972 3 1  Qpictiikr It)? t SI.pit:iiihc.r 1972 ?ti  fi1oh.r IC)?: 

1'1.4 (1.2 &;I <Ill 0 7 5 tb.llfi 5.7 k 0.6 1.3 + 0 . 1  0:: 15 0.4 
svt dtl\l 19,s 5 0 . 1  15.1 2 V.5 28.S.r 11.0 51.1 +- 2.s M.h f I .  I 
AIIIO c\h;iusi 5.1 5 0.15 7.2 5 0.3 j.9 2 0.15 2.2 z 0 . 1  1.3 2 0.33 

Fl! :ish 0.1 2 ( 1 . 0 1  02 5 0.01 0.1 5 0.01 <(l.l 2 001 11.1 = IIOI 
D1zu.l c\ I1;Illrl I 4  I .9 0 . V  1I.h 22  
1 irc t i t i d  0.5 0.7 11.4 (1.2 0 . R  
ItiJu\I ;inJ ,\yric. 4 7  6.6 20.5 37,s 27.6 
1 i r m i  I t  I ..: I .K 7.4 0.9 4 .Y 
so: t 2.9 f 0.7 I V t  5 5.9 5 1.5 ' i . 2  2 1.0 16.6 2 3.3 
so; t 4.9 0.4 36.4'2 2.7, . I2.V 2 1.0 7.9 '+ 0.6 12.3 2 0.9 
K l l ;  + 2.3 5 0 . 1  16.3 * 0 . K  j.7 2 0 . 3  3 I 5 0.15 7J t 0.72 
Or p t  iiics 29.6 29.3 24.8 U U 
";llcrt I2 (1 IN 2 9 . ' U  , ' u u 
hlT:i*ii rc*d t i i ; i \ \  64 2 7 I S 0  * 20 125 f 14 " '  3117 5 I? ' IN 2 21 

a 

bValues a r e  i n  micrograms/meter3. 
d u s t ,  au to  exhaus t ,  cement d u s t ,  and f l y  ash are s tandard  e r r o r s  from least  

and measured t o t a l  mass concen t r a t ion  are a n a l y t i c a l  e r r o r s .  

'Measured va lues .  

$Value found t o  b e  s l i g h t l y  nega t ive .  

U = unknown. 

c'c.lnL.nl du*1 1.4 2 0.15 3.3 2 0.6 23 5 11.15 11.5 2 11.14 4.5 2 I3 

Tol.11 inas\ S6.7 161.5 I 14.6 1OS.5 133.5 

,.. .. - , . . . .  . .  

Reproduced from r e f .  (39) .  
E r ro r s  a s s o c i a t e d  wi th  sea sa l t ,  s o i l ,  

square f i t  f o r  chemical element ba lance ;  e r r o r s  a s s o c i a t e d  wi th  SO4, NO3, "4 
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which c o l l e c t s  nea r ly  a l l  p a r t i c l e s  i n  the  atmosphere l a r g e r  than about 0.3 urn 
i n  diameter.  3945 Fragmentary evidences i n d i c a t e s  t h a t  high-volume sampling also 

t r a p s  p a r t i c l e s  f i n e r  than 0.1-0.3 pm. lg4 The Hi-Vol method does no t  allow 

one t o  d i sc r imina te  between t h e  small p a r t i c l e s  which become trapped i n  t h e  

lung from those  larger ones which are e i t h e r  no t  depos i t i ed  a t  a l l  o r  are 
phys ica l ly  removed. Nor does t h e  method d i sc r imina te  between man-made pa r t i cu -  

l a t e s  such as combusion e f f l u e n t s ,  and n a t u r a l  forms such as c o n t i n e n t a l  d u s t s  

o r  sea sprays .  I n  order  t o  ob ta in  information on p a r t i c u l a t e  l e v e l s  i n  t h e  

a i r  which is meaningful from t h e  s tandpoin t  of e f f e c t s  on human h e a l t h ,  t h e  

s i z e  d i s t r i b u t i o n  as w e l l  as t h e  chemical composition should be more completely 

cha rac t e r i zed .  Methods f o r  doing t h i s  are descr ibed i n  Reference 3. 

3.1.1.3.2 Chemical Composition 

The chemical composition of p a r t i c u l a t e  matter obviously a f f e c t s  t h e  

health risks which these emissions pose,  bu t  the p a r t i c l e  s i z e  and t h e  s u r f a c e  
d i s t r i b u t i o n  of chemical spec ie s  are a l s o  important .  Most p a r t i c u l a t e  ma t t e r  

i s  l i k e l y  t o  be heterogeneous i n  composition, w i th  c e r t a i n  t y p e s  of chemical 

agen t s  accumulating p r e f e r e n t i a l l y  on t h e  su r faces  where they are a c c e s s i b l e  

t o  atmospheric vapors f o r  ca t a lyz ing  secondary r e a c t i o n s ,  o r  i n  the p a r t i c l e  

i n t e r i o r s ,  o r  aggrega t ing  i n t o  l a r g e  p a r t i c l e s  as opposed t o  small ones,  etc. 

Numerous s t u d i e s  have at tempted t o  document the  chemical composition of par t i cu -  

l a t e s  as a func t ion  of p a r t i c l e  s i z e  and o r i g i n ;  some of t h e  r e s u l t s  

summarized below. 

p a r t i c u l a t e  matter may be used a s  "markers" t o  i n d i c a t e  t h e  o r i g i n  of t h e  

m a t e r i a l  . 

31-126 are 

I n  many cases ,  p a r t i c u l a r  chemical c o n s t i t u e n t s  of ambient 

Cont inenta l  d u s t s  con ta in ,  as one would expect ,  l a r g e l y  inorganic  sub- 

s t ances  whose mineral  composition c l o s e l y  resembles t h a t  of nearby soils. 

These p a r t i c l e s  a r e  gene ra l ly  l a r g e ,  and i n  f a c t  comprise t h e  bulk of the  non- 

r e s p i r a b l e  f r a c t i o n  (MMD 2 5 pm), and con ta in  mostly s i l i c o n  (Si), aluminum 
(Al), potassium (K) ,  calcium (Ca), and t i t an ium (Ti). 46'47 Over 80% of t h e s e  

elements i n  TSP are found i n  t h e  l a r g e s t  (dus t )  p a r t i c l e s .  

such as i r o n  (Pe) ,  manganese (Mn), copper (Cu), and magnesium (Mg) are a l s o  
probably der ived from soil dus t .  30' 40y 46 ' 47 However, s i g n i f i c a n t  q u a n t i t i e s  

of t h e s e  elements a l s o  appear i n  t h e  small  p a r t i c l e  f r a c t i o n s  i n  urban areas 

such as Richmond, Sacramento, and t h e  Los Angeles County a i r  bas ins ,46  sug- 

g e s t i n g  man-made sources  f o r  t h e i r  o r i g i n .  

Other elements 

S o i l  d u s t s  can  account for a 

e 
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s u b s t a n t i a l  f r a c t i o n  of TSP i n  many areas - a s  much as 50% of t h e  t o t a l  mass 

repor ted  i n  Livermore, Ca l i fo rn ia47  f o r  example. 

extreme cau t ion  be fo re  us ing  Fe o r  Mn as elemental  markers f o r  f l y  ash  from 

power p l a n t s .  

One must t h e r e f o r e  e x e r c i s e  

115 

Sea s a l t  spray  is  a l s o  an important con t r ibu to r  t o  TSP i n  a r e a s  c l o s e  

t o  t h e  ocean. 

averaging about 1 - 5 v m  MMD. 39 '40948  

can be q u i t e  l a r g e  - nea r ly  50% f o r  a 21-month average i n  San Francisco.  

Sea sprays  are gene ra l ly  smal le r  i n  s i z e  than s o i l  d u s t ,  

The con t r ibu t ion  of sea spray  t o  TSP 

Changes i n  wind d i r e c t i o n  from o f f shore  t o  onshore and vice-versa  can markedly 

in f luence  t h e  composition of t h e  t o t a l  ae roso l s  i n  a reg ion ,  and occur regu- 

l a r l y  i n  C a l i f ~ r n i a . ~ ~  One must  account f o r  t h e  con t r ibu t ions  of sea sprays  

t o  t h e  atmospheric s u l f a t e  burden7 be fo re  a t tempt ing  t o  use  s u l f a t e s  as a 
marker f o r  power p l a n t  plumes. 

When one cons ide r s  t h e  r e l a t i v e  impact of n a t u r a l  a e r o s o l s  and d u s t s  on 

t h e  p a r t i c u l a t e  loading  i n  t h e  atmosphere, it becomes c l e a r  t h a t  " t o t a l  sus- 

pended p a r t i c u l a t e "  (TSP) m a s s  is no t  a good i n d i c a t o r  of p a r t i c u l a t e  a i r  

p o l l u t i o n .  What i s  needed, t h e r e f o r e ,  is  a r e l i a b l e  i n d i c a t o r  of p a r t i c u l a t e s  

from man-made sources .  General  measures such as  "TASP" ( t o t a l  anthropogenic 

suspended p a r t i c u l a t e s )  may be a s u i t a b l e  index f o r  t h e  San Francisco Bay Area 

APCD, but  could be  u n r e l i a b l e  f o r  a d i f f e r e n t  a i r  bas in  wi th  d i f f e r e n t  types 

0 

of p a r t i c u l a t e  p o l l u t i o n  sources .  For t h e  p re sen t ,  i t  appears  t h a t  s e v e r a l  

marker elements and compounds, a long wi th  s i z e  d i s t r i b u t i o n  mapping, w i l l  have 

t o  be used i n  o rde r  t o  o b t a i n  p a r t i c u l a t e  d a t a  which can be r e l a t e d  i n t e l l i -  

gen t ly  t o  hea l th  e f f e c t s  and p o l l u t i o n  sources. This goal  was t h e  p r i n c i p a l  
35 ,36 ,39 -41  their o b j e c t i v e  of t h e  C a l i f o r n i a  Aerosol Charac t e r i za t ion  Study; 

breakdown of p a r t i c u l a t e s  by source  is given i n  Table 3.1-2.~' Anthropogenic 

p a r t i c u l a t e s  can be genera l ized  i n t o  three ca t egor i e s :  

carbonaceous combustion p a r t i c l e s  ( soo t ) ,  and o t h e r  inorganic  materials, 

s u l f a t e s  and n i t r a t e s ,  

commonly c a l l e d  trace elements,  from combustion and i n d u s t r i a l  processes .  

Although nbt  e x p l i c i t l y  s t a t e d  i n  t h e  ACHEX report ,40 one can de f ine  primary 

a e r o s o l s  as p a r t i c u l a t e s  which occur immediately from combustion or i n d u s t r i a l  

p rocesses ,  while  secondary' a e r o s o l s  ( s u l f a t e s  and n i t r a t e s ,  e s p e c i a l l y )  are 

those  from gas -pa r t i c l e  o r  p a r t i c l e - p a r t i c l e  r eac t ions .  
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3.1.1.3.2.1. S u l f a t e s  

S u l f a t e s  a r e  a class of a e r o s o l s  which inc lude  s u l f u r i c  a c i d  (H2S04) 

mist, ammonium s u l f a t e  [(NH ) SO 1, and o t h e r  a c i d i c  and n e u t r a l  sa l t s  of s u l -  

f u r i c  ac id .  As def ined  by t h e  c u r r e n t  r e fe rence  sampling and a n a l y t i c a l  meth- 

ods,’ t h e  s u l f a t e  f r a c t i o n  con ta ins  as much as 10% p a r t i c u l a t e  s u l f i t e s  as 

w e l l .  ‘OS4’ Natura l  background s u l f a t e s  (as Na SO4, f o r  example) are thought 

t o  be n e u t r a l ,  7,10 9 38 s4’ 9 62 non- i r r i  t a t i n g ,  

a e r o s o l s  i n  concen t r a t ions  of about  4 - 5 
are n o t  only p re sen t  i n  h ighe r  concen t r a t ions ,  5’10 b u t  may a l s o  e x i s t  i n  t h e  

more a c i d i c  2’19’51752 and i r r i t a t i n g 5 3  forms. 

4 2  4 

and are p resen t  i n  C a l i f o r n i a  

F\g/m. 3 9 5  Most anthropogenic s u l f a t e s  

+ 
The coexis tence  of ammonium (EM4) i n  t h e  a e r o s o l s  wi th  s u l f a t e  has  l e d  

several workers to conclude t h a t  t h e  bulk  of t h e  s u l f a t e s  ex is t  as ( N 8 4 ) 2 S 0 4  

and NH4HS04. 38y54-58 Indeed, i n  t h e  Arizona d e s e r t s ,  c o r r e l a t i o n  between am- 

b i e n t  s u l f a t e s  and NH 
o the r  component i n  the aerosol p o i n t s  s t r o n g l y  t o  (NH4)2S04 as t h e  dominant 

+ 
4 

coupled wi th  the  obvious l a c k  of c o r r e l a t i o n  wi th  any 

Ammonium s u l f a t e s  have been unequivocal ly  i d e n t i f i e d  i n  ambient a i r  in 
6 1  

S t .  and Sweden. 

4ii However, i n  c o n t r a s t  w i th  prev ious  views, r e c e n t  work by Novakov e t  

a1 . 59 ’ 60  sugges t s  t h a t  no chemical a s s o c i a t i o n  between W 4  and s u l f a t e  exis ts  

i n  C a l i f o r n i a  urban a e r o s o l s ,  i n  s p i t e  of t h e  presence of N H 4  t oge the r  w i th  t h e  

s u l f a t e . 5 8  

+ 
i- 

Deta i l ed  a n a l y s i s  of a e r o s o l s  i n  r u r a l  Long I s l a n d  and New York 

C i ty  r e v e a l s  t h a t  only about 10% of t h e  to ta l  s u l f a t e  exists as ammonium s u l -  

f a t e s ,  less than  5% as s u l f u r i c  a c i d ,  and less than 3% as sodium b i s u l f a t e  

i n  s p i t e  of t h e  concurrent  presence of  NH+ i n  t h e  ae roso l s .  

s a f e  t o  gene ra l i ze  about  t h e  form i n  which s u l f a t e s  exist i n  t h e  urban a i r .  

62 - 
Hence, it is not  

4 

S u l f a t e  a e r o s o l s  are t y p i c a l l y  f i n e ,  w i th  mass median diameter  (MMD) 
approximately 0.4 

dangerous. 

than 3 pm diameter.  

m 39 y40’52’65-67 and are t h e r e f o r e  r e s p i r a b l e  and p o t e n t i a l l y  

65 
Less than 10% of ambient s u l f a t e s  are found on p a r t i c l e s  l a r g e r  

Most s u l f a t e s  are  no t  primary emissions from man-made sources  but  occur  

as secondary p o l l u t i o n  products  i n  t h e  atmosphere from o t h e r  s u l f u r  com- 

pounds. lo The chemistry of t h e  conversion of SO 2 and o t h e r  s u l f u r  compounds t o  

s u l f a t e s  is descr ibed  more completely i n  Sec t ion  (3.3.3.2) below, and is no t  

d i scussed  f u r t h e r  he re .  

A i r  Basin of C a l i f o r n i a ,  ambient s u l f a t e  concent ra t ions  c o r r e l a t e  l i n e a r l y  

It is worth no t ing ,  however, t h a t  in t h e  South Coast 
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wi th  r eg iona l  SO emissions.67 

concent ra t ions  a lso c o r r e l a t e  wi th  the  a c i d i t y  of r a i n f a l l ,  

al though no such c o r r e l a t i o n  has  y e t  been observed i n  California.’  

South Coast A i r  Bas in , ac id i c  s u l f a t e s  comprise approximately 10-15% of t h e  t o t a l  

p a r t i c u l a t e  mass on an annual average b a s i s .  5939,40 

f r a c t i o n  of TSP has  been known t o  reach 30%. 2’5’10 

a r e a s  of C a l i f o r n i a ,  anthropogenic s u l f a t e s  r ep resen t  only a very minor compo- 

nent  of t h e  t o t a l  p a r t i c u l a t e  burden. 

I n  t h e  e a s t e r n  United States, ambient s u l f a t e  
5,10,19,20,68 2 

I n  t h e  

On occasion,  t he  s u l f a t e  

However, i n  most o the r  

3.1.1.3.2.2 Nitrates 

/ \  

P a r t i c u l a t e  n i t r a t e s  p re sen t  i n  a e r o s o l s  inc lude  n i t r i c  a c i d  (NB03), 

ammonium n i t r a t e  (NH NO ), sa l t s  of n i t r i c  a c i d ,  o rganic  n i t r a t e s ,  e t c .  Thei r  

ex i s t ence  as p a r t i c u l a t e s  occurs  because of equi l ibr ium i n t e r a c t i o n s  between 

l i q u i d  o r  s o l i d  n i t r a t e s  and gaseous NHO 
t he  atmosphere i n  e i t h e r  form, b u t  a r e  seldom de tec t ed  i n  both states s imul ta -  

neously . 58-60,69 P a r t i c u l a t e  n i t r a t e  concent ra t ions  r ep resen ta t ive  of n a t u r a l  
3 70,71 background l e v e l s  have been observed on t h e  o rde r  of 0.70 - 0.85 

I n  urban areas, n i t r a t e  l e v e l s  a r e  t y p i c a l l y  around 2.4 pm/m , 
usua l ly  2.0 - 12.0 pg/m (means = 2.8 

and 4.9 - 36.4 pg/m (mean = 13.5 pg/m ) i n  t h e  South Coast A i r  Basin. 

Typical  concent ra t ions  of gaseous NHO 

order  of 10 ppb (26 

ozone (0 ). 69 

correlate with ozone. (Compare Refs. 58 and 195.) Because of the a f f i n i t y  of 

NH03 for only c e r t a i n  k inds  of  particulate^,^^ measurement of e i t h e r  f r e e  NH03 

o r  p a r t i c u l a t e  n i t r a t e  a lone  may overlook t o t a l  n i t r a t e  levels which could pose 

a t h r e a t  t o  pub l i c  h e a l t h .  For example, dur ing  a 1973 oxidant  episode i n  Los 

Angeles County, 0, l e v e l s  of 0.67 ppm were accompanied by p a r t i c u l a t e  n i t r a t e  

4 3  

58’68 Nitrates can be p re sen t  i n  3’ 

pg/m . 
but  are 3 65 

3 3 67 
pg/m ) i n  t h e  San Francisco Bay Area 

3 3 39-41 

i n  the  South Coast A i r  Basin are on t he  3 3 pg/m ) and “ t rack”  d i r e c t l y  with v a r i a t i o n s  i n  ambient 

P a r t i c u l a t e  n i t r a t e  l e v e l s ,  on the  o the r  hand, do not  n e c e s s a r i l y  3 

._ 

3 3 .3 

l e v e l s  which h i t  60 pg/m , free NHO,, l e v e l s  i n  excess  of 25 ppb (65 Vg/m 1, 
2 

and peroxyacetyl  n i t r a t e  l e v e l s  of  52 ~ p b . ’ ~  Average n i t r a t e  l e v e l s  which are 

a f a c t o r  of 10 o r  so above n a t u r a l  background may b e  a common problem throughout 

most of Ca l i fo rn ia .  39 ’ 40 Fr ied lander  39’41 and Gordon and Bryan65 have repor ted  

t h a t  t h e  ammonium-to-nitrate r a t i o  observed i n  Los Angeles County is  cons i s t en t  

with NH NO as the  p r i n c i p a l  form i n  which n i t r a t e s  occur i n  p a r t i c u l a t e s .  Like 

Like t h e  s u l f a t e  a e r o s o l s ,  n i t r a t e s  are found l a r g e l y  i n  t h e  f i n e  p a r t i c l e  frac- 

t i o n s ,  wi th  MMD approximately 0.2 - 1.6 pm 30-41y 72s195 and a r e  the re fo re  respkable .  

4 3  
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Nitrates and HNO i n  t h e  atmosphere are t h e  r e s u l t  3 
t i o n s  of n i t rogen  oxides  (NO ), and do not  arise d i r e c t l y  

X 

of secondary reac- c from primary combus- 

(See section 3.3.3.3 on secondary chemical r eac t ions . )  t i o n  source  emissions.  

There i s  some evidence t h a t  p a r t i c u l a t e  nitrates are formed dur ing  t h e  process- 

es which a l s o  gene ra t e  photochemical ox idants .  58,69 P a r t i c u l a t e  n i t r a t e s  i n  

t h e  atmosphere o f t e n  c o r r e l a t e  wi th  photochemical ox idan t s ,  whereas t h e  cor- 

r e l a t i o n  wi th  e i t h e r  ambient NO o r  NO concen t r a t ion  o r  w i th  NO emissions is 

very  poor.67 
2 X 

On t h e  o t h e r  hand, dur ing  t h e  win te r  of 1973-74 when a n a t u r a l  

gas sho r t age  occurred,  d a i l y  average n i t r a t e  l e v e l s  i n  t h e  San Francisco Bay 

Area climbed t o  20 - 24 wg/m This  in -  3 3 (from t h e  more normal 2 - 1 2  Ug/m ) . 
crease occurred dur ing  per iods  i n  which photochemical smog formation w a s  in -  

s i g n i f i c a n t ,  and w a s  a t t r i b u t e d  t o  t h e  increased  NO 

combustion f o r  e l e c t r i c  power genera t ion  and space  heating.67 

n i t r a t e  ep isode  occurred dur ing  November 1976. 

Ni t ra te  ( inc lud ing  n i t r i c  a c i d )  a e r o s o l s  t y p i c a l l y  c o n s t i t u t e  about 

emissions from f u e l  o i l  
X 

A similar 
6 7a 

39-41,58,73 and can 5 - 20% of  t h e  t o t a l  p a r t i c u l a t e  mass i n  urban a i r  samples, 

r iva l  s u l f a t e s  as a t h r e a t  t o  human h e a l t h .  

o f  n i t r i c  ac id  and s u l f u r i c  a c i d  mist should be  s imi la r ,  and i n  some cases i t  

It i s  expected t h a t  t h e  e f f e c t s  

may be d i f f i c u l t  t o  s e p a r a t e  t h e  e f f e c t s  of n i t r a t e s  from those  of s u l f a t e s  c 
dur ing  an a i r  p o l l u t i o n  episode (see Ref. 74, f o r  example). 

eve r ,  i f  n i t r a t e s  a re  produced p r i n c i p a l l y  by photochemical processes  ,67 one 

might expect  t o  observe e s p e c i a l l y  high levels of n i t r a t e s  i n  t h e  a i r  du r ing  

I n  Southern C a l i -  
f o r n i a ,  average n i t r a t e  and s u l f a t e  l e v e l s  are approximately equal .  39-41 How- 

oxidant  smog episodes ,  r e g a r d l e s s  of t h e  presence o r  absence of s u l f a t e s .  

t h i s  regard ,  p a r t i c u l a t e  n i t r a t e s  ( a s  n i t r i c  ac id )  should be given a t  least as 

high  a p r i o r i t y  f o r  monitor ing and c o n t r o l  as c u r r e n t l y  being devoted t o  

s u l f a t e s ,  

I n  

5 and development of b e t t e r  measurement techniques is s o r e l y  needed. 

While n i t r a t e s  have thus  far rece ived  t h e  most a t t e n t i o n  i n  r e sea rch  on 

p a r t i c u l a t e  n i t r o g e n  s p e c i e s ,  r e c e n t  work sugges t s  t h a t  o t h e r  n i t r o g e n  spec ie s  

may a l s o  be  important .  Novokov and co-workers 59’60 have obta ined  evidence 

t h a t  reduced n i t rogen  s p e c i e s  can be t h e  predominant forms of n i t rogen  on t h e  

s u r f a c e  o f  atmospheric par t ic les .  Among t h e  spec ie s  t h a t  may be  important are 

ammonia not  a s soc ia t ed  wi th  s u l f a t e  o r  n i t r a t e ,  amines, amides, and n i t r i t e s .  

More r e sea rch  i s  requi red  t o  understand the impl i ca t ions  of t h e s e  f ind ings .  

c 
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3.1.1.3.2.3 Carbon 

Carbonaceous p a r t i c u l a t e s  are usua l ly  def ined a s  a l l  organic  and inor-  

ganic  forms of carbon i n  t h e  a i r  which are no t  present  i n  t h e  vapor phase. 

These usua l ly  conta in  l i q u i d  o r  s o l i d  p a r a f f i n i c ,  o l e f i n i c ,  and aromatic  hydro- 

carbons as w e l l  as organic  ac ides ,  a l coho l s ,  aldehydes,  amines, esters, e t c . ,  

and elemental  carbon. Most people equate  carbonaceous p a r t i c l e s  wi th  soo t  o r  

t a r s .  However, carbonaceous p a r t i c l e s  should not  be considered l imi t ed  t o  

these .  Furthermore, soot  and t a r s  themselves are very poorly cha rac t e r i zed  

m i x t u e s  of organic  (C-H form) and elemental  forms of carbon. 

The f r a c t i o n  of t o t a l  p a r t i c u l a t e  matter which i s  estimated t o  be organ- 

i c  o r  e lemental  carbon depends heavi ly  on t h e  sampling and a n a l y t i c a l  method. 

H i s t o r i c a l l y ,  t h e  carbon content  of ae roso l s  has  been equated to e i t h e r  t he  

amount of material which e x t r a c t s  i n t o  benezene, o r  t h a t  f r a c t i o n  which 

disappears"  upon i g n i t i o n .  31 While cons iderable  e f f o r t  has  been devoted t o  I 1  

determining t h e  concent ra t ions  and o r i g i n s  of organic  p a r t i c u l a t e  c o n s t i t u e n t s  

known t o  be hazardous,  l e s s  e f f o r t  has  been devoted t o  c h a r a c t e r i z i n g  t h e  com- 

p o s i t i o n  and o r i g i n  of carbonaceous material more genera l ly .  Even t h e  propor- 

t i o n s  of elemental  and organic  carbon present  remain a matter f o r  specula t ion ,  

and those s t u d i e s  which addressed t h i s  problem have assumed h ighly  ope ra t iona l  

d e f i n i t i o n s  f o r  organic  and elemental  carbon. 

examined organic  so lven t - ex t r ac t ab le  f r a c t i o n s .  75-78 

q u a n t i t a t i v e  ana lyses  of cyclohexane ex t r ac t s "  and benzene e x t r a c t s  

a i rbo rne  p a r t i c u l a t e  matter have been publ ished.  Unfortunately,  t he  ana lyses ,  
a s  s o p h i s t i c a t e d  as these  were, a r e  only as good as the  e x t r a c t i o n  procedures.  

Appel  e t  a l .  (83) have r ecen t ly  shown t h a t  n e i t h e r  cyclohexane no r  benzene 

e x t r a c t s  more than 50% of  the organic  carbon ' in  a i rborne  p a r t i c u l a t e  matter. 

One assumes i n  these  cases  t h a t  o rganic  so lven t s  do no t  e x t r a c t  e lementa l  
( o r  inorganic)  carbon. 

@ 

As an example, s t u d i e s  of carbonaceous p a r t i c u l a t e  mat ter  have p r imar i ly  

Deta i led  q u a l i t a t i v e  and 
80-82 of 

.\ 
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c 
Carbon ana lyses  o f  p a r t i c u l a t e  matter which r e l y  on i g n i t i o n  l o s s e s  may 

2’ a l s o  be incomplete.  I n  the  presence of  0 o rgan ic  forms o f  carbon combust 

a t  temperatures  between 50 C and 6OO0C, amorphous e lementa l  carbon between 

200°C and 7OO0C, and f i n e  g raph i t e  p a r t i c l e s  between 7OO0C and 1100 C .  

I f  the combustion temperature used i n  the  a n a l y s i s  i s  n o t  h o t  enough, some 

carbon remains unburned. The p r i n c i p a l  advantage of t h i s  method over  

o rgan ic  so lven t  e x t r a c t i o n s  i s ,  o f  course ,  the  a b i l i t y  i n  p r i n c i p l e  t o  

ensure  measurement of  t he  t o t a l  carbon content  o f  ae roso l s .  

0 

0 (84) 

The r e l a t ive  con ten t s  of  o rgan ic  and e lementa l  carbon i n  a tmospheric  

p a r t i c u l a t e s  has  been the  s u b j e c t  of  cons iderable  disagreement i n  the  l i t e r a -  

t u r e  and i s  summarized i n  Table 3.1-3. I f  t hese  s t u d i e s  p re sen t  a r e l i a b l e  

i n d i c a t i o n  of the  carbon con ten t  o f  a i r b o r n e  p a r t i c u l a t e s ,  then i t  appears  

t h a t  o rgan ic  compounds r a t h e r  than e lementa l ,  f r e e ,  o r  g r a p h i t e  carbon 

usua l ly  comprise the  ma jo r i ty .  No f u r t h e r  g e n e r a l i z a t i o n s  a t  t h i s  p o i n t  would 

seem j u s t i f i a b l e ,  given the  n a t u r e  of  t h e  e x i s t i n g  body o f  da t a .  

However, numerous a t t empt s  t o  i d e n t i f y  t h e  types  of o rgan ic  compounds i n  

p a r t i c u l a t e  matter have been publ i shed ,  and t h e  r e s u l t s  a re  summarized i n  Table 

3.1-4. Resolut ion by c l a s s  of  compound ( a c i d s ,  bases ,  p o l a r s ,  hydrocarbons,  e t c .  

i s  gene ra l ly  determined by so lven t  e x t r a c t i o n  procedures  and has  been used by 

most  workers.  Analyses of s p e c i f i c  subs tances  ( ind ica t ed  by * i n  Table)  by a 

v a r i e t y  of methods have been at tempted i n  a few cases. Only a smal l  f r a c t i o n  

of t h e  9 a n i c  ~ mass has  been i d e n t i f i e d  i n  terms of s p e c i f i c  subs tances .  The 

organic  spec ie s  i n  p a r t i c u l a t e  ma t t e r  which have rece ived  t h e  g r e a t e s t  p u b l i c i t y  

and a t t e n t i o n  a re  t h e  po lycyc l i c  aromatic  hydrocarbons (PAH). Severa l  of t hese  

compounds have been impl ica ted  as carcinogens (cancer-causing agen t s )  when 

adminis te red  o r a l l y ,  subcutaneously,  o r  by o t h e r  rou te s .  (729  93-97) p o ~ y c y c ~ i c  

aromatic  hydrocarbons (PAH) have been de tec t ed  i n  q u a n t i t y  i n  urban a e r o s o l s ,  

a long wi th  a h o s t  of o t h e r  o rgan ic  compounds. Cor re l a t ion  of  known carcino-  

g e n i c i t y  t o  these  a i rbo rne  PAH s p e c i e s  i s  given i n  Table  4 . 3 - 2 ,  i n  s e c t i o n  

( 4 . 3 )  below. I t  is  doubt fu l  whether t h e  PAH compounds comprise more than about 

10% of t h e  t o t a l  o rganic  carbon i n  urban a e r o s o l s .  And i f  no more than  20% 

o r  so (83) of t h e  t o t a l  carbon i s  e lementa l  (or  i no rgan ic ) ,  o rgan ic s  - e s p e c i a l l y  

a l i p h a t i c  hydrocarbons and ca rboxy l i c  a c i d s  - m u s t  be  t h e  major c o n s t i t u e n t s .  
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Table 3.1-3. Tentat ive Estimates f o r  Carbon Content of Airborne P a r t i c l e s  (% TSP) 

Origin Total  Organic "E l e  mental" Reference 

U.S. Average 

U.S. Range 

Pasadena, CA 

? J X G - ~  CA 

Rivers ide,  CA 

Pasadena, CA 

Los  Angeles, CA 

New York, NY 

New York, NY 

Ankara, Turkey 

@ London, England 

Chicago, I L  

Tulsa,  OK 

P i t t sbu rgh ,  PA 

Secaucus, N J  

DIESEL EXHAUST 

soo t  

1 g C  

9.0 - 11.OC 

36.0 - 52.0' 

11.8 - 13.5' 

11.8 - 20.0' 

19.7' 

85.0 - 93.0 

3 0 0  

6.Sa 

6.0. - 1 7 a  

34b 

18.2b 
b 21.6 

12.9 - 14.3' 

7.0 - 8.5C'd 

2.2 - 47.4a 

f 

f 

f 

12.0 - 16.2 

8.4 - 11.8 

7.8 - 10.8 

13.2 

4.7 - 6.1 

2.1 - 2.5 

llC 

f 

f 
25.0 - 36.0 

0.0 - 5.0 

1.0 - 12.2 

8.0e 

34.0 - 46.0 

5.6 f 

128 

f )  

Benzene so lub le  f r a c t i o n ,  which is  -60% of t o t a l  "organic" carbon (75). 
Obtained from estimate of "carbon balance" (39). 
Obtained from measurements of weight loss upon ign i t ion .  
Assumed from combined ex t r ac t ions  wi th  cyclohexane, benzene, and 
chloraform-methanol. 
Residue which remains a-fter exha'us'tive r eac t ion  with HF, NHbOH, and "03 a t  
15OoC, but  which subsequently burns t o  CO2 upon high-temperature i g n i t i c n .  
Taken from measurements of f ixed  hydrogen content.  
i n  the  form of p a r a f f i n i c  hydrocarbons with formula CnH2n. 
is j u s t i f i e d  by da ta  of r e f .  (74). 
Obtained from resonance Raman spectroscopy, 
domain'' occupies h a l f  of t he  t o t a l  p a r t i c l e  radius .  

Hydrogen w a s  assumed t o  be  
This  assumption 

which shows that  "graphi te  
Number i s  very rough. 
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f Table 3.1-4. ~ e s u l t s  of Some Measurements of Organic Compounds i n  ljrban Aerosols  

l J d g  c 
______ 

464,000(83) I ro ta1  Carbon 

l l i p h a t i c  
Hydrocarbons 

-- 

4roma t i c  
Hydrocarbons 

Unident i f ied  
Hydrocarbons 

Polar Organic 
Compounds 

3rganic  Acids 
(Carbox- 

y l a t e s )  

_ _ _  - .- -A__- I-- Solvent  Ext rac t  of Par  t i  c u l a t e  

- - --- 

l lgfg TSP 

46,000 (83) 
58,000(82) 

C 91,000(80) 
89,400(92) 

h381,000(58) 
i264,000(58) 

* 3,100(82) 
500 (98) * 

*' 148(80) 
*b 1,500(81) 

300 (82) 
*c 118(92) 

34,300 (82)  

* 

* 1,500(82) 

13,054 (82) 
*f 2,500 (82) 
*g 465(82) 

__ .___- 

Form Benzene 

I J d g  c 
288,000 (83) 

__- 
h140, 000 (58) 

89,000(83) 
e 69,000(83) 
i200, 000 (58) 

43,000(83) 
e 23,000(83) 
h130,000(58) 
i150,000(58) 

50,000(58) 
i 20,000(58) 

176,000 (83) 

- -- 

W k  c 
# 31 3,000 (83) 
{I 65 ,@00(82) 
t 205,000(99) 

O(83) 

O(83) 

a(83) 
h460,000(58) 
i420 ,000(58) 

Organic 
Bases 

20,000(58) 
10,000(58) 

5,630(82) I *  75 (82) 

a(83) 
h200, 000 (58) 
i180,000(58) 

30, OOWOO 1 

a (83) 

I I .. 

so lvents  Cyclohexane 

* Sum of  i n d i v i d u a l  components i d e n t i f i e d  i n  a i r  sample (by GC-MS, e t c . )  
# Ext rac t ion  was done on r e s idue  fo l lowing  a benzene e x t r a c t i o n .  I n  gene ra l ,  

a Sum of  p o l a r ,  a c i d i c  and b a s i c  components assumed t o  equa l  t o t a l .  
b TSP concent ra t ion  was assumed t o  be  100 pg/m3. 
c Average of sampling s i tes  i n  C a l i f o r n i a .  

d Exhaust gas from motor veh ic l e .  
e Ambient a i r  sample i n  Los Angeles area. 
f A l i p h a t i c  a c i d s  only 
g Aromatic a c i d s  only  
h Aerosol  sample from Pasadena CA dur ing  an oxidant  ep isode .  

o rgan ic  carbon is  assumed t o  c o n s t i t u t e  10-1551, of TSP mass (75).  

D i s t r i b u t i o n  p r o f i l e  shows average 
t o  be j u s t i f i e d .  

Numbers r ep resen t  
t he  sum of o rgan ic  forms e x t r a c t e d  from which o rgan ic  compounds e x t r a c t e d  i n  
each s o l v e n t  was n o t  s t a t e d .  

which "smog level ' '  w a s  " 1 0 w ' ~ .  
i Same a s  h ,  except  t h a t  a e r o s o l  sample was taken i n  Pasadena, CA on a day i n  

( Numbers j n  parentheses  a re  c i t a t i o n s  t o  l i t e r a t u r e .  
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Little information regarding the corresponding carbon composition of the 

primary particulates emitted from power plants exists. 

One area of nearly universal agreement concerns the size distribution 
( 3 9 , 3 6 , 3 7 , 4 0 )  have of carbonaceous particulates. Several investigations 

suggested that the 0.01 F.rm diameter particle number mode is greatly enriched 
in carbonaceous material. 

must be formed during combustion, (lo2) this interpretation would appear 
reasonable. In fact, virtually all of the carbon found in all types of 

In view of the means by which particulate carbon 

co,,oustion emissions and in ambient air samples occi!?s in particles with 

MMD < 1 - 3 pm. ( 3 5 - 3 7 ,  39 9 40,  80, 83  9 9 2  9 '''9 
9 IO4)  One should note that 

carbonaceous particlates are anything but inert (see section 3 . 3 . 3  below), 
and that their very small size makes control of their emissions very diffi- 

cult. 

Very fragmentary work has been done on the sources of particulat? 

Part of the problem lies in the multitude of carbon in the atmosphere. 
organic compounds which can arise from primary combustion or from secondary 

atmospheric reactions. Friedlander (41) has attributed 68% of the ambient 
carbon in Los Angeles air basin to "tire dust" and the remainder to auto- 
mobile emissions. While his tire dust factor appears to be grossly over- 

estimated, more recent work from Friedlander's laboratory ( 3 9 , 5 8 )  attempts 
to demonstrate the large contribution of secondary oxidative reactions in 

the atmosphere to the formation of carbonaceous particulates. The hydro- 
gen content is one to two times that of carbon by mole; that of nitrogen 

is 2-5% that of carbon by mole (38'86'89) but bound oxygen constitutes some 
16% by mole of the carbonaceous material, or 12% of its weight. 

Only a few compounds in atmospheric carbon particulates have been 
identified as source markers; most of these have been PAH substances and 
have generally not been useful as "fingerprints" of power plants emissions. 
Automobile emissions appear to be the major source of PAH in California, (80,9 2) 

because of the increasing use of unleaded gasoline ('05) and the pyrolysis of 
hydrocarbons. ('06)) (As the PAH in the fuel is increased to raise the 
octane rating, the emissions of higher order PAH climb disproportionately 

higher. ('06) One of the PAH emission products which can be traced almost 
exclusively to the automobile is coronene. (80'92s106) A s  Table 3.1-5 
shows for the South Coast Air Basin, the ratio of PAH compounds such as u 
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benzo(a)pyrene t o  coronene is  lowest near  t h e  ocean (BAP/COR = 0,.18) where 

no p o l l u t i o n  sources  o t h e r  than v e h i c u l a r  t r a f f i c  are s i g n i f i c a n t .  (92 This  

r a t i o  i s  considerably h igher  (BAP/COR = 0.32) f a r t h e r  i n l a n d ,  i n d i c a t i n g  

t h a t  c o n t r i b u t i o n s  from s t a t i o n a r y  combustion sources  are  s i g n i f i c a n t .  

Power p l a n t  emissions appear t o  be  enriched i n  benzo(a)pyrene-like PAH com- 

pounds r e l a t i v e  t o  coronene (Table 3.1-5). Furthermore, i t  i s  evident  t h a t  

PAH emission f a c t o r s  f o r  power p l a n t s  o v e r a l l  are g r e a t l y  reduced  as  t h e  

s i z e  of t h e  power p l a n t  i s  increased ,  and a s  t h e  f u e l  fed i n t o  t h e  b o i l e r s  

(92)  

c 

Table 3.1-5 summarizes some t y p i c a l  PAH emission f a c t o r s  f o r  v a r i o u s  

combustion sources .  (80) 

as a m i r r o r  f o r  p a r t i c u l a t e  carbon emissions i n  genera l ,  t h e  d a t a  i n  Table 3.7-6 

are probably more meaningful. Only t h r e e  types  of s o u r c e s - c o a l  furnaces ,  

coke product ion,  and open b u r n i n g - a r e  major f a c t o r s  i n  atmospheric loading  

of benzo(a)pyrene i n  t h e  U . S .  None of t h e s e  sources  p r e s e n t l y  e x i s t  t o  any 

s i g n i f i c a n t  e x t e n t  i n  C a l i f o r n i a .  R e l a t i v e  t o  o t h e r  sources ,  e l e c t r i c  power 

genera t ing  p l a n t s  b a r e l y  f i g u r e  i n  t h e  emission inventory  a t  a l l .  

f a c t ,  t h e  l a r g e  d i f f e r e n c e s  i n  benzo(a)pyrene emissions between small  coal-  

f i r e d  furnaces  and b o i l e r s  and small gas-f i red or o i l - f i r e d  furnace b o i l e r s  

vanish w i t h  i n c r e a s i n g  s i z e  of t h e  p l a n t  u n i t .  For power p l a n t s  of t h e  

200 - 1000 MW range, t h e r e  i s  apparent ly  no d i f f e r e n c e  i n  t h e  q u a n t i t i e s  of 

benzo(a)pyrene (and maybe a l s o  p a r t i c u l a t e  carbon) emissions.  (80) One m u s t  

be  c a r e f u l  t o  remember, however, t h a t  t h e r e  p r e s e n t l y  e x i s t s  no j u s t i f i c a t i o n  

f o r  equat ing  benzo(a)pyrene emissions wi th  t o t a l  carbon. Hence t h e  c o n t r i -  

b u t i o n  of power p l a n t s  t o  t o t a l  carbon emissions i s  almost t o t a l l y  unknown. 

Over t h e  p a s t  25-30 y e a r s  t h e  c o n c e n t r a t i o n s  of PAH i n  urban a r e a s  i n  most 

of t h e  Western World have been dec l in ing .  (809 '* ' l o 7 )  

due t o  t h e  conversion of r e s i d e n t i a l  and commercial h e a t i n g  systems from 

c o a l  t o  "cleaner" f u e l s ,  and h a s  been unaf fec ted  by t h e  exponent ia l  growth 

of e l e c t r i c  power genera t ion .  

However, t o  use  a l l  source emissions of benzo(a)pyrer e 

(80) In 

This  decrease  is  l a r g e l y  



c 

Table 3.1-5. Emission Factors for  PAH Compounds. (a) 

Source Type Benzo(a)pyrene Coronene BAP/COR Ratio 

Santa Monica, CA Ambient Air (83)  0 .36  (pg/m3) 2.06 (pg/m3) 0.18 

0.76  2.38 0.32 West Covina, CA Ambient Air (83) 

Power Plants: 

Pulverized 

Crushed 

Coal Furnaces : 

Underfeed Stoked (72 )  

Hand Stoked (72 )  

Hotor Vehicles: 

Make "A" 

Coal Fired 

60 MW (72)  1.32 (ng/W-yr) 0 .91  (mg/W-yr) 

400 MU (72)  7.70 0 .41  

1.4 

19.0  

460 Hw (72 )  1.20 

485 MW (72)  24.47 0.10 241. 

Residential 

Make "B" 

Hake "A" 
Trucb 

Hake "B" 

270. (rng/Wyr) 13 2 (mg/MW-yr) 20.5 

13,300. 391. 34.0 

0.16 - 0.18 (65 ,92)  

5.0 (mg/1000 kra) 20.0 (mg/1000 km) 0.25 ( 8 0 )  

21.3 40.0 0.53 (80)  

41.3 93.8 0.44 ( 8 0 )  

9.0 37.6 0.24 (80)  

(a) From Ref. 80. 
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c 
T a b l e  3.1-6. Estimated Benzo(a)pyrene Emissions in United States, 1972. (a) 

__-__-- _- 
Source Type Benzo(a)pyrene, Metric Tons 

Stationary Sources: 

Coal,  Residential Furnaces 

Coal, Intermediate-Sized Furnaces 

2 70 

6 

Coal,  Steam Power Plants < 1  

O i l ,  Residential through Steam Power 

Gas, R e s i d e n t i a l  through Steam Power 

Wood, Home Fireplaces 

Enclosed Incineration 

Open Burning, Coal Refuse 

Open Burning, Vehicle Disposal 

Open Burning, Forest and Agriculture 

Open Burning, Other 

Petroleum Catalytic Cracking 

Coke Production 

Asphalt 

2 

2 

23 

3 

281 

5 

10 

9 

6 

0.05 - 153 
<I 

Mobile Sources: 

Gasoline-Powered Cars, Trucks 10 

Diesel-Powered Trucks, Buses c1 

Tire Dust 10 

_I ___ ._ ___ ___ ~ 

( a )  From Ref. 80. 
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3.1.1.3.2.4. Trace Elements 

"Trace elements" r ep resen t  the  f i n a l  major c l a s s  of c o n s t i t u e n t s  i n  par- 

t i c u l a t e s  i n  urban a i r .  
atmosphere is  h igh ly  v a r i a b l e ,  and depends on t h e i r  sources ;  hence,  "trace" 

can be a misnomer. The term ''trace elements" i s  genera l ly  used t o  desc r ibe  

Their  c o n t r i b u t i o n  t o  t h e  t o t a l  mass loading  i n  the 

a l l  elements i n  p a r t i c u l a t e  matter wi th  atomic number g r e a t e r  than about  ten .  

And s i n c e  physical-chemical a n a l y s i s  of t hese  elements can be c a r r i e d  o u t  

e a s i l y  and unambiguously by a number of techniques,  such as x-ray spec t ros -  

copy, atomic abso rp t ion ,  atomic emission,  flame photometr ic  methods, e tc .  3 .  

s t u d i e s  of the  metal and e lementa l  composition of ambient a e r o s o l s ,  f l y  ash ,  

and f u e l s  are abundant i n  the l i t e r a t u r e .  (3 ,31,39-41,46-48,108-117)  However, 

i t  is  n o t  enough t o  c h a r a c t e r i z e  the t o t a l  concent ra t ions  of an  element i n  a 

given p a r t i c u l a t e  sample, s i n c e  the  s i z e  f r a c t i o n ,  s u r f a c e  d i s t r i b u t i o n ,  and 

chemical form a l l  depend on t h e  f u e l  source and combustion condi t ions .  Lead 

i n  coa l ,  f o r  example, does no t  g ive  r ise t o  the  same kinds  of  p a r t i c u l a t e  
emission products  as l ead  i n  gaso l ine .  (39-41,108-117) 

Trace elements  i n  the ambient a i r  gene ra l ly  e x i s t  as metal oxides  o r  

o t h e r  similar compounds, and may arise e i t h e r  from n a t u r a l  sources  such as 

s o i l  d u s t ,  o r  from man-made emissions such as f u e l  combustion. Table 3.1-7 

shows some t y p i c a l  t r a c e  element concent ra t ions  i n  t h e  ambient a i r  f o r  

s e v e r a l  ( C a l i f o r n i a )  c i t i e s .  It is c l e a r  t h a t  trace element concent ra t ions  

are s u b j e c t  t o  wide v a r i a t i o n s  which can,  i n  p a r t ,  be  t raced  t o  seasona l  

f l u c t u a t i o n s .  

are due t o  anthropogenic  a c t i v i t y .  Only t i t an ium,  copper, and zinc i n  the 

Los Angeles-Azusa area, and poss ib ly  win te r  Zn i n  Sacramento, show concentra- 

I n  only a few cases i s  i t  obvious t h a t  any of these  elements 

t i o n s  which are much d i f f e r e n t  from l o c a l  s o i l  d u s t  concent ra t ions .  (39,461 

Lead, bromine and c h l o r i n e  levels are h ighe r  than  n a t u r a l  background concen- 

t r a t i o n s  because of t h e  l ead  h a l i d e s  (PbBrC1, most ly)  from v e h i c u l a r  
t r a f f i c .  (39-41' 'lS) 

elements s imultaneously g ives  much b e t t e r  r e s o l u t i o n  of the, sources  f o r  each 

element. (39-41'115) A s  examples, 92% of t h e  vanadium and 76% of t h e  copper 

i n  New York C i ty  a i r  can be  t r aced  t o  f u e l  o i l  combustion, whi le  97% of t h e  
potassium is der ived  from s o i l  dus t .  (115) 

However, mass balance  c a l c u l a t i o n s  involv ing  several 

- 
In  some cases  i t  is  necessary  t o  s o r t  o u t  the  elemental  compositions of  

p a r t i c u l a t e  f r a c t i o n s  a s  a func t ion  of ae roso l  s i z e  i n  o rde r  t o  r e so lve  the  

o r i g i n s  of each element.  Elements occurr ing  i n  s o i l  dus t  should be found on 
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3 
Table 3.1-7 Trace Element Concent ra t ions  i n  C a l i f o r n i a  Urban Atmospheres (pg/m ) 

3 
w / m  

New Y o r k  
Fresno Los Alse les  Azuva 'C1 c y  --- - Element Sacramento Sen Jose Pasadena Pomona - Hlverside 

a b C b d C d b d b x  b -- 
0.23 0.62 6. 71 0.73 0.716 2.06 1.13 0.27 0.84 0 . 8 1 Y m  0.55 SodAum 

Aluminum 

Calcium . 

Van ad i UD. 

Lead 

Xagnesium 

Potassium 

Plan gan e s e 

Copper 

Chlor ide  

Bromide 

Chromium 

Nickel 

I ron  

Zinc 

S u l f u r  

Barium 

S i l i c o n  

Titanium 

Cadmium 

0.093 

0.16 

0.0020 

0.89 

0.048 

0.25 

0.006 

0.019 

0.25 

0.29 

0.011 

0.002 

0.25 

- 

- 
- 

0.061 

0.74 

0.002 

0.55 

0.013 

- - _  

0.90 

0.93 

0.0060 

0.70 

0.13 

0.59 

0.036 

0.008 

0.34 

0.16 

- 

- 
- 
- - -  
- - -  
1.22 

0.030 

1.02 

- - -  
3.37 

0.094 

- - -  

2.56 

2.72 

0.0110 

3.34 

3.5 

0.62 

0.047 

1.5 

7.9 

1.19 

0.032 

0.025 

1.95 

0.16 

- 

- 

z5 

- - -  
- - -  
- - e  

0.60 

0.84 

0.0050 

1.06 

0.20 

0.47 

0.030 

0.005 

0.89 

0 .29  

- 

- 
- 
- - -  
- - -  
1.18 

0.098 

0.07 

3.15 

0.091 

- - -  

1.03 

0.94 

0.0048 

2.03 - 
<0.4 

0.36 
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c )  
d) 

Mean concent ra t ions  f o r  .January 1974,(Ref. 46) 

October 1972, Averages for one day, (Ref. 39) 
September 1972, Averagee fo r  one day (Ref. 37). 
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the  l a r g e s t  a i rborne  p a r t i c l e s  ( l a r g e r  than 5um MMD), whi le  those a t t r i b u t e d  

t o  such man-made sources  as f u e l  combustion should a l s o  be de tec ted  on t h e  

Analysis of t h i s  smal le r  ( r e s p i r a b l e )  p a r t i c l e  modes. 

type sometimes shows a bimodal s i z e  d i s t r i b u t i o n  f o r  c e r t a i n  e lements ,  ind ica-  

t i n g  t h a t  bo th  man-made and n a t u r a l  sources  are important .  This bimodal 
d i s t r i b u t i o n  has  been observed f o r  z i n c , ( 4 6 )  l e a d ,  ('15) manganese, 

van ad i um, 

(31,35-41,46-48,115) 

(46,115,112,113) 

(112,113,116) and chromium. Figure 3.1-7 shows an example of (115) 

s ize- reso lved  concent ra t ions  of  s e l e c t e d  elements i n  a e r o s o l s .  On t h e  o t h e r  

have shown enrichment f a c t o r s  o f  g r e a t e r  than t e n  (117) hand, Gladney e t  a l . ,  

times over  n a t u r a l  c r u s t a l  abundance f o r  tha l l ium,  chromium, n i c k e l ,  copper,  

z i n c ,  a r s e n i c ,  cadmium, t i n ,  l e a d ,  selenium, s u l f u r ,  c h l o r i d e ,  and bromide 

i n  Boston area p a r t i c u l a t e s .  

Enrichment of t r a c e  elements i n  a e r o s o l s  can occur  by two means. One 

i s  the  escape of smal l  p a r t i c l e s  from f l u e  gas c o n t r o l  systems designed t c  

trap l a r g e r  p a r t i c l e s .  The o t h e r ,  more important ,  involves  the m e c h a n i s m  

by which t r a c e  elements end up i n  coarse  o r  f i n e  p a r t i c l e s  i n  t h e  f i r s t  p l a c e .  

One explana t ion  f o r  t h e  p a r t i c l e  s i z e  dependence o f  s p e c i f i c  element concen- 

' t r a t i o n s  i s  t h e  ash ing  c h a r a c t e r i s t i c s  of p y r i t i c  (FeS) i n c l u s i o n s  t h a t  c 
c o n t a i n  many of t h e  t r a c e  elements.  ('I8 '119) 

suggested t h a t  c e r t a i n  elements o r  t h e i r  compounds i n  the  f u e l  are v o l a t i l i z e d  

i n  the  high-temperature combustion zone and then e i t h e r  condense o r  adsorb 

onto  e n t r a i n e d  p a r t i c l e s .  The mass thus  depos i ted  is  g r e a t e s t  p e r  u n i t  weight 

f o r  t he  smallest p a r t i c l e s .  I n  suppor t  of t h e  volatilization-adsorption- 

condensation hypothes is ,  a l l  t h e  elements which p r e f e r e n t i a l l y  accumulate i n  

t h e  f i n e  (2-3 pm) p a r t i c l e  f r a c t i o n s  have b o i l i n g  p o i n t s  comparable t o  o r  

below the  temperature of t h e  combustion zone (1300-18OO0C). Table 3.1-8 

c a t e g o r i z e s  some o f  t h e s e  elements by b o i l i n g  p o i n t .  It i s  suggested t h a t  

t h e s e  elements can reach t h e  vapor phase,  i f  n o t  as t h e  oxides ,  as e i t h e r  

t he  reduced metals o r  t h e  carbonyls  o r  c h l o r i d e s .  The same process  o s t e n s i b l y  

However, Davi son e t  a l . ,  ( lo8) have 

accounts  f o r  t h e  prevalence o f  a i r b o r n e  l e a d  (98% from v e h i c l e  emissions,  (121)) 
(31.,35,37,39-41,46) i n  f i n e  p a r t i c l e s .  

3.1.1.3.3. Fly Ash Emissions 

c P a r t i c u l a t e  emissions from o i l - f i r e d  and coa l - f i red  power p l a n t s  a r e  

g e n e r a l l y  r e f e r r e d  t o  as " f l y  ash" because of t h e i r  s i z e ,  cons is tency ,  and 
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- 
10 urn 

a). 
power plant 

Fly ash from an oil-fired b). 
power plant. 

Fly ash from a coal-fired 

c). Higher magnification of a) d). Higher magnification of b) 

Figure 3.1-8. 
(Reproduced from ref. (114).) 

Surface features of particles with high magnification. 
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high mineral  conten t .  

bu t ions  of  f l y  ash from e l e c t r i c  power genera t ing  s t a t i o n s  t o  the  o v e r a l l  

p a r t i c u l a t e  (TSP) loading  i n  t h e  U.S . ,  C a l i f o r n i a ,  and C a l i f o r n i a  a i r  

b a s i n s .  ( 8 9 9 )  

power p l a n t s  a re  shown i n  Figure 3.1-2 and d iscussed  i n  more d e t a i l  i n  

s e c t i o n s  3.1.2 through 3 . 1 . 4 .  

Figure 3.1-1 shows the  r e l a t i v e  and abso lu te  c o n t r i -  

Typical  p a r t i c u l a t e  emission f a c t o r s  f o r  the  va r ious  types  of  

Since TSP i s  not  a p a r t i c u l a r l y  meaningful index  of  t he  a e r o s o l  po l lu-  

t i o n  problem o r  of  the  e f f e c t s  of e l e c t r i c  power p l a n t  emissions on pa r t i cu -  

l a t e  s i z e ,  chemical composition, and r e a c t i v i t y ,  a f u r t h e r  d i scuss ion  of  f l y  

Table  3.1-8. Separa t ion  According t o  Boi l ing  Poin t  of Poss ib l e  
Inorganic  Species  Evolved During Coal Combustion. (a) 

Spec ies  boiling or subliming, Spec ies  boiling or  sublirnlng, 
.’1550°C >155OoC - 

As.  A s . 0 , .  A 5 . S  A I .  A1:3, 
Ba E a 0  

B e 0  
81 Bi,O., 
Ca c 
C d .  CdO. cds CaO 
Cr(CO),. ,  CrCI,. CrS (155”) 
ti Cr. Cr:O, 
rh g c u .  CUO 
Nl(CO):, rJ;C\, 
PbCI,. PbO, PbS VgO. MgS 
rt b Mn. M n O ,  MnO, 
S NI, NiO 

co.  c o o ,  cos 

Fe. Fe,O,. Fe,O,, FeO 

Pb :tj2O-175O0C 
Se, SeO,. SeO, SI. SI02 
S b ,  Sb2S.. SbiO, Sn. SnO? 

SnS Ti. 110,. T i 0  
Sr u ,  UO? 
TI, TI,O, TI:O, 
Zn. ZnS ZnO 

SrO 

(a)Reproduced from Ref. (108). 

ash i s  c l e a r l y  warran ted .  

by the  e l e c t r o n  micrographs i n  F igures  3.1-8,(114) and are  q u i t e  d i f f e r e n t  

fo r  c o a l  and o i l  emissions.  

s u r f a c e s ,  whi le  p a r t i c l e s  from coa l - f i r ed ,  power p l a n t s  are smooth and 

g lassy  i n  appearance.  

Fly ash  p a r t i c l e s  are  heterogeneous,  as evidenced 

O i l  f l y  ash p a r t i c l e s  have rough honeycomb-like 

Nearly a l l  f l y  ash  p a r t i c l e s  from both  p l a n t s  are 

c 
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s p h e r i c a l .  Fly ash emissions from coa l - f i r ed  and o i l - f i r e d  power p l a n t s  

a l s o  possess  d i f f e r e n t  (mimodal)  s i z e  d i s t r i b u t i o n s ,  as shown i n  
Figure 3.1-9 . (111'114) I n  gene ra l ,  f l y  ash p a r t i c l e s  from the  coa l - f i r ed  

.- 

c 

L. 

'O 1 

Figure  3.1-9. A Comparison of P a r t i c l e  Mass Size  D i s t r i b u t i o n  from 
Coal and O i l  F i red  Power P lan t s .  (Reproduced from r e f .  (114).) 

p l a n t s  are an o rde r  of  magnitude l a r g e r  than those  from o i l - f i r e d  p l a n t s ,  

such t h a t  most (80%) of  the  p a r t i c u l a t e  mass from c o a l  combustion is  no t  of  

r e s p i r a b l e  s i z e .  

i s  r e s p i r a b l e .  ('"' '14) 

On t he  o t h e r  hand, much of t he  o i l  f l y  ash (60-70% by mass) 

Therefore ,  i f  one cons iders  t h e  t o t a l  p a r t i c u l a t e  

emissions from c o a l  and o i l - f i r e d  power p l a n t s  w i t h  c o n t r o l  devices  p r e s e n t ,  

t he  t o t a l  emissions of  r e s p i r a b l e  range p a r t i c u l a t e s  by coa l - f i red  and 

o i l - f i r e d  power p l a n t s  are about t he  same. 

The chemical composition of  f l y  ash from f u e l  o i l  o r  c o a l  composition 

depends heav i ly  upon t h e  concent ra t ions  and chemical forms of elements i n  

the  f u e l .  

mining s i t e  f o r  t h a t  matter, t r a c e  element concent ra t ions  may vary over an 

Depending on the  source of t h e  f u e l ,  o r  t he  s p e c i f i c  d r i l l i n g  o r  3 
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order of magnitude. Typical ranges of concentration for specified elements 

usuaily found in fuel and fly ash are discussed in greater detail in sections 

3.1.2 and 3 . 1 . 3 .  In general, fly ash from both oil-fired and coal-fired power 
plants is rich in silicon, aluminum, sodium, calcium, magnesium, iron and car- 
bon. Potassium, titanium, and phosphorous are also present in massive quan- 

tities in fly ash from coal-fired plants, but are relatively insignificant in 
fly ash from oil-fired plants. Fuel oil combustion, on the other hand, releases 

large amounts of vanadium, nickel, and chromium, which are nearly absent in 

coal ash. The elements in power plant emissions whose atmospheric loan loading 
exceeds 10% of current ambient standards are lead, beryllium and nickel. 

The distributions of various elements emitted in fly ash as a function of 

particle size and surface location have been reported by several workers, and 

the agreement has generally been good. Table 3.1-9 summarizes these results. 
(108-144,1'17,1. !) The work of Hulett, (12') coupled with other investigations, 

suggests that the elements which accumulate in the fine respirable (< 2-3um) 

particle fractions are generally also enriched on the particle surfaces. 
phenomenon has been ascribed to the accretions and condensation of the more 

This 

volatile elements on particles existing in the solid state at the flame tem- 

peratures (1300"C-1800"C). Hence, the "condensation nuclei" would become the 
interiors of particles, and the degree of condensation on the particles would 
increase with the surface-to-volume ratio and would occur maximally in particles 

smaller than - 3um. (108-110) 
It is unfortunate from the point of view of effects on public health that 

some of the most volatile elements that are emitted (Table 3.1-8 and 3.1-9) 
are also the most toxic. ('15) Recent studies ('15) of the deposition of air- 

borne metals in human tissues, on the other hand, have generally failed to re- 

veal massive accumulations of elements traceable to specific sources. 

the only metals for which there was a significant elevation in body tissues from 

In fact, 

human subjects breathing polluted city air relative to a "clean air" control 

group were lead (concentrated in the lymph nodes) and nickel (concentrated 
in lung, lymph, and kidney). While the lead could be traced exclusively to motar 
vehicle emissions, the nickel was unquestionably derived from airborne effluents 

r 

from fuel oil combustion, of which 11% was estimated to be from electric power 
('15) mile particulate emissions generating plants in New York City after 1970. 

from power plants are potentially very dangerous to humans, it is not clear c 
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Table 3.1-9. Preferential Accumulation of Elements i n  Fly Ash: Size 6 Spacial Distributiona 

Element 

Si, A l ,  K 
C a ,  T i ,  Na 

Xf, La, Eu 
Ce, Ta, Co, Y 
B i ,  Sn, Sr, Nb 

Pb, Cd, N i  

T1, Cu, C r  
sb, zu, Ho 

V, N i ,  Cr 

Zr 

Fe 

Mn, Cu, Be, U 

Carbon 

Diameter I 

Pines Coarse 
(<2- 3pm) ( > 3 w )  

0 0 

0 0 

+ - 

0 ,+ 0 

- + 
0 ,+ 0 

0 ,+ 0 

+ - 
+ - 
0 0 

%om references: 108-114,117,122,125 
+) P re fer entia 1 a cc mu1 a t ion 
-) Preferential depletion 
0) No Preferential accumulation or depletion 
X) Not found 

Locations 
Surfaces Interiors 

+ - 
1 ? 

+ .. 

(Vapor 
Phase) 

.e 
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whether they pose a l a r g e  t h r e a t  t o  urban popula t ions ,  i n  comparison t o  

o t h e r  l o c a l  p o l l u t i o n  6ources.  

Di rec t  rneasurerrrents of the  impact of power p l a n t s  on the concen t r a t ions  

of a i rbo rne  metals have been repor ted  f o r  s e v e r a l  elements.  These s t u d i e s  

have usua l ly  compared t r a c e  element concent ra t ions  downwind versus upwind 

from an e x i s t i n g  power p l a n t ,  or else  before  and a f t e r  s t a r t u p  f o r  a new 
(113,126) power p l a n t .  An example of t hese  d a t a  i s  given i n  Table 3.1-10. 

Table 3.1-10. 
between ambien 

A comparison f o r  t h e  Allen Steam P lan t  a r ea  
a i r  concent ra t ions  and ambient a i r  s tandards .  

Maximum 
Instan- 

taneous standard ' period yearly avera& 
s i r  i p v r i  

Shon 
Air time Maximum 

As 
Be 
cd 
Hg 
Ni 
Pb 
Se 
Zn 

0.1 3 
0.0033 
0.01 5 
0.0025 
0.22 
0.19 
0.16 
1.7 

5 0.026 4.4 10-5 
0.01 0 . 3  5.6 104 

- 1  0.015 2.4 10-5 
1 0.025 4.8 x 10-5 - 10 0.02 3.aX 10-5 - 1.5 0.1 3 2.1 x 104 - 50 0.034 5.6 in-5 

- 2  0.08 1.7 x IO4 

-- 
*Based o n  EPA or ACGIH standards. The values for Be and 

IIg are EPA ambient air standards. The values for the other 
elements are the ACClH workroom TLV's divided by a 
factor of 100. 

bThese values are based on the maximum yearly average 
ambient air concentration calculated in the vicinity of the 
plant. 

Reproduced from ref .  (1121. C 

I n  gene ra l ,  t h e  c o n t r i b u t i o n  of power p l a n t  emissions a r e  not  s u f f i c i e n t  t o  

e l e v a t e  t h e  a i r b o r n e  concen t r a t ions  of t r a c e  elements  in urban o r  r u r a l  areas 

above t h e  p r e v a i l i n g  ambient s a f e t y  s tandards .  

p l a n t  t o  t h e  community l e v e l  of TSP can be as h igh  as 25 pg/m , which may 

s u f f i c e  t o  ra i se  t h e  ambient l e v e l  above e x i s t i n g  a i r  q u a l i t y  s t anda rds .  

However, TSP i s  probably t h e  l e a s t  r e l i a b l e  index of p a r t i c u l a t e  a i r  pol lu-  

t i o n  i n  terms of imp l i ca t ions  f o r  human h e a l t h .  

The c o n t r i b u t i o n  of a power 
3 

(127) 

Control  of p a r t i c u l a t e  emissions i s  accomplished by any of s e v e r a l  

methods, a l l  of which a r e  d iscussed  a t  g r e a t e r  l eng th  i n  s e c t i o n s  3.1.2 and 

3.1.3 as w e l l  as i n  r e fe rences .  ( 3 s  128-133) Methods employed f o r  c o n t r o l  of 

p a r t i c u l a t e  einissions from i n d u s t r i a l  sources  inc lude  i n e r t i a l  s epa ra t ion ,  



f a b r i c  f i l t r a t i o n ,  e l e c t r o s t a t i c  p r e c i p i t a t i o n ,  g rav i ty  s e t t l i n g  and w e t  

scrubbing. 

f o r  removing p a r t i c l e s  from t h e  air .  

culate-forming gases  and vapors i n  order  t o  con t ro l  t h e  ambient l e v e l s  of 

p a r t i c l e s .  

l i k e  Los Angeles where photochemical p a r t i c u l a t e  smog i s  formed from reac t ions  

between n i t rogen  oxides and hydrocarbon fragments. In  genera l ,  p a r t i c u l a t e  

removal devices  f o r  l a r g e  p a r t i c l e s  a r e  more successfu l  i n  an economic sense 

than gaseous con t ro l  techniques.  

however, i s  harder and has no t  been s e r i o u s l y  attempted on a l a r g e  scale even 

though i t  is  the  most important s i z e  range f o r  hea l th  e f f e c t s ,  v i s i b i l i t y  

reduct ion,  atmospheric dynamics, and length  of res idence i n  the atmosphere-. 

Control of p a r t i c u l a t e s  i n  the  narrow sense means using devices  

However, we a l s o  have t o  con t ro l  p a r t i -  

This po in t  i s  nowhere more apparent than on sunny days i n  c i t i e s  

The con t ro l  of submicron p a r t i c u l a t e s ,  

Ser ious e f f o r t s  t o  con t ro l  t h e  smaller  p a r t i c l e s  on a l a r g e  s c a l e  s t i l i  

l i e  i n  the  fu ture .  A study of t he  opt ions  and economics w a s  r ecen t ly  under- 

taken by t h e  Midwest Research I n s t i t u t e .  (134) Taking " f ine  p a r t i c l e s "  t o  be 

those below 2 u m  i n  s i z e ,  they concluded t h a t ,  i n  genera l ,  emissions s tandards 

f o r  t h i s  s i z e  f r a c t i o n  are both technologica l ly  and economically f e a s i b l e .  

Fabric  f i l t e r s  and high e f f i c i ency  e l e c t r o s t a t i c  p r e c i p i t a t o r s  are the only 

p re sen t ly  ava i l ab le  methods f o r  e f f i c i e n t  and economical c o l l e c t i o n  of fine 
p a r t i c l e s  from l a r g e  i n d u s t r i a l  sources.  

adequately con t ro l l ed  by e x i s t i n g  equipment, emerging and new technology 

will be relatively more important in the problem of fine particle control. 

Some of this new technology i s  descr ibed i n  t h e  MRI repor t .  Instruments 

capable of determining p a r t i c l e  s i z e  d i s t r i b u t i o n  w i l l  p lay en important 

r o l e  i n  measuring and understanding the  s i z e  dependence of e x i s t i n g  and 

new p a r t i c u l a t e  con t ro l  devices.  

@ 

Thus, while l a r g e  p a r t i c l e s  can be  

3.1.1.4. Hazardous Metal Vapors 

Several  t r a c e  elements found i n  coa l  o r  o i l  fly ash are a c t u a l l y  or 

p o t e n t i a l l y  hazardous t o  human hea l th .  

l a t e  emissions from power p l a n t s  and were discussed i n  sec t ion  3.1.1.3. 

There a r e ,  on t h e  o the r  hand, t r a c e  elements emitted from coa l  and f u e l  o i l  

Most of these  occur i n  t h e  par t icu-  
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c combustion which e n t e r  t h e  a i r  i n  t h e  vapor phase r a t h e r  than as p a r t i c u l a t e s .  

Most no tab le  of t hese  a r e  mercury (Hg) and selenium (Se) .  In  a d d i t i o n ,  s i g -  

n i f i c a n t  p o r t i o n s  of a r s e n i c  ( A s )  and t e l l u r i u m  (Te) a r e  a l s o  d ischarged  as 

vapors from power p l a n t s .  ( 3 ’  lo8 Control devices  which are designed 

t o  remove p a r t i c u l a t e s  from t h e  f u e l  gas do no t  t r a p  these  vaporous elements.  

I n  t h e  U.S., c o a l  and f u e l  o i l  combustion f o r  e l e c t r i c  power gene ra t ion  

( 3 )  

a r e  be l i eved  t o  account f o r  some 2000 T/yr ,  o r  about 30% of t h e  man-made Bg 

emiss ions ,  (3’138) and about 1100-3600 T/yr ,  o r  65-70% of t h e  man-made Se 

emissions.  (139-142) 

a r e  not p r e c i s e l y  known, bu t  could be comparable t o  those  from f o s s i l  f u e l  

combustion. 

Con t r ibu t ions  of t h e s e  elements from n a t u r a l  sou rces  

(138,139) 

P a r t i c u l a t e  emissions from a s i n g l e  870 MW coa l - f i r ed  power p l a n t  

r e v e a l  t h a t  Hg and Se  l e v e l s  a t  t h e  p l a n t  are  enriched s e v e r a l  thousand-fold 

over t h e  n a t u r a l  ambient background ( see  Table 3.1-11 o r  Ref. 113) a e r o s l l .  

Observed concentrations i n  the ambient a i r  w i t h i n  40 km of the p lant ,  however, 

sugges t s  t h a t  much of t h e  Hg and Se p resen t  i n  a e r o s o l s  i s  der ived  from 

sources  o t h e r  than t h e  power p l a n t .  

power p l a n t  s t a c k  gases  a r e  c l e a r l y  above (39138’139) e x i s t i n g  ambient and 

occupat iona l  s t anda rds  (100 ug/m3 f o r  Se, 1 pg/m 

Concent ra t ions  of Hg and S e  i n  (113) 

e 
3 f o r  Hg, Refs. 3,138,139,144). 

I n  t h e  immediate p l a n t  neighborhood, t y p i c a l  d a i l y  inha led  doses of e i t h e r  

Hg o r  Se  138’145 

th re sho ld  l i m i t  s t anda rd  f o r  Se, (144) and c l o s e l y  approaches t h a t  f o r  Hg. 

But i n  t h e  surrounding c.ommunity, upwind ve r sus  downwind measurements show 

t h a t  a 870 MW power p l a n t  adds approximately 0.05 pg/m3 t o  t h e  atmospheric 

mercury c o n c e n t r a t i o n ,  (145a) which i s  less than 10  per  cen t  of 

t h e  e x i s t i n g  threshold  l i m i t  s t andard  f o r  mercury. (45’138) 

occupat iona l  l e v e l s  of Hg o r  Se are r e a d i l y  a v a i l a b l e  f o r  power p l a n t s  a t  

t h e  p re sen t  t i m e .  Whether t h e  power p l a n t  e f f l u e n t s  of metal vapors pose a 

d i r e c t  t h r e a t  t o  human h e a l t h  needs t o  b e  s t u d i e d  more c l o s e l y .  Espec ia l ly  

important i s  an a c c u r a t e  assessment of t h e  p o t e n t i a l  of power p l a n t  Hg and 

Se emissions t o  contaminate food and water s u p p l i e s .  

would be  approximately 1Opg. This dose i s  w e l l  below t h e  
(138) 

No d a t a  on 

Major c o n t r o l  technology f o r  mercury and selenium emissions from 

Cont ro l  methods f o r  s t a t i o n a r y  sources  has  y e t  t o  be  f u l l y  developed. 

smal l - sca le  Hg emissions which have been d i s c ~ s s e d ‘ ~ )  inc lude :  a )  r e f  r i g e r a -  

t i o n  t o  condense t h e  Hg vapors;  b )  s o l i d  absorbents ;  c )  sc rubbing  s o l u t i o n s  
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Table 3.1-11. Comparison of Enrichment Factors of aerosols from 
Walker Branch Watershed and fly ash collected at Allen Steam Plant.a5c ! 

f 

~~~ 

EF 

Element Aerosol Fly ash 

- 2 36 
1.9 0.9 

4 
AI 
As 35.2 57 
Au 35.4 35 
Br 982 
ca 4.2 1 A 
cd 402 
c1 295 co 4.1 5 2  
Cr 2 .o 4.5 
cs 0.3 1 .o 
cu 13.7 35 
Eu 1 .I 1 .o 
Fe 1.2 2.9 
Hf 0.6 0.4 

I 
K 1.6 0.7 

1.6 0.6 Lo 
1 .o 

0.4 
cu 
Mn 1.8 
Na 3.7 0.3 
Pb 485 17.5 
Rb 
S 4.8 sc 1.1 1.8 
seb 380  2174 
To 0.5 1.3 
?b 1 .o 
Th 1.1 1.4 
Ti 2.7 1.6 
V 8.1 13.3 

- 
30 - 

5800 - 504 
100 

Hgb 

- 

1 .o 1.1 
- 

- 

Zn 7.2 92 

a EF 

b EF here is the sum of particulate plus gaseow 
effluent. EF for Hg when just the particulate 
phase is uken into account is -0.5; for Sc 
it is 160. 

[ElementJ/[CeJ fly ash or deposit 
[Element] / [ C c ]  roil 

Reproduced from ref. (112). C 
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designed s p e c i f i c a l l y  f o r  Hg and Se .  However, o p e r a t i o n  o f  t h e s e  t y p e s  of 

d e v i c e s  i n  l a r g e - s c a l e  p l a n t s  h a s  n o t  been s u c c e s s f u l .  

3 .1 .1 .5 .  Gaseous Hydrocarbons and Carbon Monoxide 

Hydrocarbons (HC) are a c l a s s  of  o r g a n i c  compounds which are composed 

s t r i c t l y  of carbon and hydrogen. For  o u r  purposes ,  t h e  term hydrocarbons 

r e f e r s  t o  t h o s e  a l k a n e s ,  o l e f i n s ,  and a r o m a t i c s  which e x i s t  i n  t h e  gaseous o r  

vapor s t a t e  i n  t h e  atmosphere,  a s  opposed t o  t h o s e  which e x i s t  i n  p a r t i c u l a t e  

matter. 

Both hydrocarbons (HC)  and carbon monoxide (CO) a re  e m i t t e d  from f o s s i l  

f u e l  combustion p r o c e s s e s ,  and a r e  i n d i c a t o r s  of wasted o r  l o s t  
energy .  (3y146y147) S t o r a g e  t a n k  l o s s e s  could  r e p r e s e n t  a s o u r c e  of HC 

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

combustion. S i n c e  e l e c t r i c  power g e n e r a t i n g  s t a t i o n s  o p e r a t e  with v e r y  

e f f i c i e n t  combustion c o n d i t i o n s ,  t h e i r  e m i s s i o n s  of CO and hydrocarbons are 

low. T h i s  i s  shown v e r y  g r a p h i c a l l y  i n  F i g u r e s  3.1-1 and 3.1-2. (899) 

p l a n t s  account  f o r  l ess  t h a n  2% of t h e s e  e m i s s i o n s ,  t h e  l a r g e s t  c o n t r i b u t i o n s  

t o  t h e  t o t a l  coming from motor v e h i c l e  e x h a u s t s .  Hence, power p l a n t s  may 

n o t  b e  a s i g n i f i c a n t  s o u r c e  of t h e s e  p o l l u t a n t s .  Power p l a n t  emiss ion  c o n t r o l  

d e v i c e s  f o r  t h e s e  p o l l u t a n t s  might t h e r e f o r e  n o t  have s i g n i f i c a n t  e f f e c t  on 

ambient a i r  q u a l i t y .  I t  would probably  b e  d i f f i c u l t  t o  j u s t i f y  t h e  c o s t s  

a s s o c i a t e d  w i t h  c o n t r o l  procedures  i n  terms o f  t h e  l i m i t e d  b e n e f i t s  t h a t  

would b e  r e a l i z e d .  

Power 

c 

f 
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3.1.1.6 Water waste effluents 
The basic heat transfer fluid at a conventional steam power plant 

is water, either in liquid or vapor form. 
basic power system 
a number of substances subject to control, including both heat and chemical 
pollutants. 
indicated schematically in Figure 3.1-10. 
effluents from two fundamental plant systems, the cooling system and the 
boiler, including their associated water treatment and cleaning equipment. 

We will then summarize effluents from cleanup of combustion products, an 
important consideration in fossil-fuel power plants. The present discus- 
sion, based largely on reference 148, is intended to broadly characterize 
the water effluents from conventional steam-generating power plants 
(including, to some extent, nuclear plants), giving some indication of 
the type of substances which may find their way into the effluent stream, 
typical amounts of these materials, and the manner in which they may be 
controlled. The emissions into water and their potential impacts are not 
treated substantially in the remainder of this report, which is devoted 
primarily to emissions into air. 

Water discharged from the 
or from various treatment and cleaning systems contain 

For a fossil-fuel plant many of these effluent sources are 
We will first discuss water 

Cooling systems 
The plant cooling systems are a major source of potential emissions 

into water resources. The basic function of these systems is to remove 
from the basic  power systems that portion of the combustion, geothermal, 

or nuclear heat which is not converted into work (electrical energy) and, 
particularly in the case of fossil-fuel plants, which does not escape 
with flue gases. 
steam exiting from the turbine is condensed, usually for recycle in the 
steam supply system (except possibly for geothermal plants). 
condensation is accomplished by the transfer of heat'to a secondary 

This heat removal occurs at the condenser, where the 

This 

fluid, usually water. . 

The heated water from the condenser may transfer heat to the general 
environment in several distinct manners. "Once-through" cooling, the 

simplest and currently prevalent type, pumps water from some body of 
water, through the condenser, and finally out to a receiving body, without 



Figure 3.1-10. 
indicated.  [Reproduced from ref .  (168). ] 

Typical  Plow Diagram for Fossil-Fired Power P lant .  Sources of chemical wasees are  

A 
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any recirculation. 

to a body of water. 

of heat to the air in a cooling tower, either through evaporative (or 

"wet") cooling or through "dry" cooling. 

condenser is evaporated into a forced or natural draft of air. 

Due to the water's latent heat of vaporization, a relatively small amount 

of water can carry off the waste heat, and most of the water can recircu- 

l a t e  to the condenser. Even less water is used in a dry cooli-g system, 

where heat is transferred from the condenser water to the air across a 

heat transfer surface which prevents evaporation of the water. In general, 

however, dry cooling towers require steam conditions at the turbine exhaust 

that reduce the power plant efficiency, as compared with wet cooling 

systems. 

The waste heat is simply transferred, via a condenser, 

More sophisticated cooling systems effect a transfer 

In wet cooling, water from the 

For any wet cooling system, whether once-through or evaporative, 

there is a priori a substantial thermal effluent, either to water or to 

air resources. There are also notable chemical effluents. The latter is 

also true of dry cooling systems. 

Water Resources Control Board place specific limits on the degree to which 

temperatures may be raised in cold interstate waters, warm interstate 

waters, and the open ocean. Once-through cooling is only permitted at 

coastal sites; however, due to developmental controls in the coastal zone, 

few power plants are likely to be built at such sites in the near future. 

Due to the decreased plant efficiency and increased expense associated 
with dry cooling methods, most plants will use evaporative (wet) cooling, 

primarily with forced <mechanical) draft. (An alternative which requires 

more space is use of cooling ponds or canals, possibly with spray modules 

to increase evaporation rates.) Such' wet cooling systems recirculate the 

water to the condenser, but the systems suffer losses due t o  "drift", 

loss through the evporative process, and "blowdown", removal of water 
to maintain a satisfactory chemical environment. 

Regulations149 from the California 

Flows associated with 

a typical wet cooling tower are given in Table 3.1-12. 

Blowdown is required' because of the concentration of dissolved 

substances, primarily salts, which would occur as water is lost to 

evaporation and makeup water is added to maintain the system inventory. 

This makeup water, added at a rate of about 10,000 gallons per minute for 
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a 1000 W e  power p l a n t ,  150-152 c o n t a i n s  s u b s t a n c e s  which,  i f  t h e y  are 

c o n c e n t r a t e d  s u f f i c i e n t l y  i n  t h e  c o o l i n g  water ,  could r e a c h  t h e i r  s o l u b i l i t y  

l i m i t  and p r e c i p i t a t e  as  s c a l e  i n  t h e  system. 

t r a n s f e r  and t h e r e f o r e  r e d u c e  t h e  s y s t e m ' s  e f f i c i e n c y .  TO p r e v e n t  t h i s ,  

a p o r t i o n  of  t h e  c i r c u l a t i n g  w a t e r  i s  p e r i o d i c a l l y  d i s c h a r g e d  as blowdown 

and r e p l a c e d  i n  t h e  makeup water.  

T h i s  would.impede h e a t  

Tab le  3.1-12. (Reproduced from [ a ] )  Cooling Tower 
Q u a n t i t i e s  f o r  Coal-Fired Power P l a n t  -- lOOC MWe ~ _ - -  - 

--I___ 

. ~ _ _ _  

Thermal l o a d  

C i r c u l a t i n g  c o o l a n t  574,000 g a l l m i n  

Blowdown d i s c h a r g e  r a t e  4,290 gal/rnin 

Di s so lved  s o l i d s  

11.07 x lo9 kwh/yr 

4 ,270 Te /y r  
r e l e a s e d  i n  blowdown 

Make-up water r a t e  11 ,430  g a l j m i n  

D r i f t  rate 287 ga l /min  

D i s s o l v e d  s o l i d s  
r e l e a s e d  i n  d r i f t  

286 T e l y r  

Evaporated water 1.37 X l o 7  Te/yr  

[ a ]  T.H.  P i g f o r d ,  e t  a l . ,  Ref .  (152).  

U U 
Most n a t u r a l  waters c o n t a i n  c a l c i u m  (Ca ) ,  magnesium (Mg ), 

+ sodium ( N a  ), and o t h e r  m e t a l l i c  i o n s ,  and c h l o r i d e  (C1-) , c a r b o n a t e  

(CO--) , b i c a r b o n a t e  (HCO-) , s u l f a t e  (SO--), and o t h e r  n e g a t i v e  i o n s  i n  

s o l u t i o n .  A n  example of  s a l t  c o n c e n t r a t i o n s  i n  blowdown water (and 

o t h e r  e f f l u e n t  s t r e a m s )  i s  g i v e n  i n  T a b l e  3.1-13. These s u b s t a n c e s  

o c c u r  l a r g e l y  from t h e i r  p r e s e n c e  i n  t h e  makeup water .  

are  a l s o  added t o  r e d u c e  c o r r o s i o n ,  s c a l i n g ,  and b i o l o g i c a l  f o u l i n g  ( t h e  

l a s t  would b e  p a r t i c u l a r l y  t r u e  of once-through sys t ems ,  n o t  t h e  t o p i c  

o f t h e  p r e s e n t  d i s c u s s i o n ) .  

s c a l e  and c o r r o s i o n  are  c o n t r o l l e d  by phospha te s  and chromates;  

and c h l o r i n e  i s  f r e q u e n t l y  used as a b i o c i d e .  Algae i n  w a t e r  

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

3 3 4 

However, chemica l s  

S u l f u r i c  a c i d  i s  used t o  m a i n t a i n  t h e  pH; 

c 

A 



c 
Table  .3.1-13. Wastewater Quali ty  :a 

(a 1 Stream 

Cool ing  tower blowdown 

Demineralized water system 

Reverse osmosis blowdown 
Spent regenerant 
Filter backwash (b) 

Floor drains from miscellaneous services(b) 

Combined wastewater streams 
(wastewater' storage reservbir) 

SO absorber thickener underflow 2 

(e)  
S o l i d s  m i x  tank discharge, and 
wastewater to evaporation pond 

Ca 

702 

461 
59 

117 

117 

64 2 

1144 

704 

- 
M g  

228 
- 

151 
11 
38 

38 

208 

3686 

94 7 

Na 

2688 

168 7 
2665 
448 

44 8 

24 70 

.7040 

656 3 

Chemical A n a l y . ; i s  

c1  

3840 

2373 
1464 
640 

640 

3512 

31639 

8453 

in 

HC03 

35 

525 

6 

6 

- 

57 

61 

61 

:If! 

s04 

2946 

1821 
38 74 
491 

4 91 

2712 

9427 

6678 

p04 

9 

6 

2 

2 

- 

8 

52 

14 

- 
s03 - 

- 
d 

- 

214 

160 

s io2 

78 

45 
59 
13 

13 

72 

495. 

135 

T D S ~  

10350 

6850 
7673 
1725 

1725 
w 

I cn 9681 r- 

63758 

23715 

a. 

b. Taken same as AWT water 
c. Saturated with respect to gypsum (CaSO *2H 0) 
d. Reproduced from ref. (150). 
e. TDS = total dissolved solids 

Boiler blowdown returned directly to the raw water storage reservoir. 

4 2  
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D r i f t  p r o p e r l y  r e f e r s  t o  d r o p l e t s  of  c i r c u l a t i n g  w a t e r  e n t r a i n e d  

i n  t h e  u p d r a f t  t h rough  t h e  c o o l i n g  tower ,  and n o t  t o  t h e  w a t e r  which i s  

a c t u a l l y  evapora t ed  ( t h e  l a t t e r  i s  d i s c u s s e d  immediately below).  D r i f t  

losses  a c t u a l l y  have a p o t e n t i a l  f o r  removing n o t  o n l y  water, b u t  d i s s o l v e d  

s o l i d s  (such as t h e  s a l t s  d i s c u s s e d  above)  from t h e  c o o l i n g  system; t h e s e  

m a t e r i a l s  t hen  c o n s t i t u t e  an emis s ion  i n t o  air, which may be  d e p o s i t e d  o n  

ground o r  w a t e r  s u r f a c e s  nearby o r  may become more g e n e r a l l y  p a r t  of  t h e  

n i - - s p h e r i c  m i x t u r e .  Cool ing tower e n t r a i n m e n t  r a t e s  have been e s t i m t e d  

t o  b e  from 0.001 t o  0.01% of  t h e  c i r c u l a t i n g  water f o r  mechanical  d r a f t  

c o o l i n g  (and abou t  h a l f  t h i s  f o r  n a t u r a l  d r a f t  t owers ) .  150-151 

of s a l t s  e n t r a i n e d  depends on t h e i r  c o n c e n t r a t i o n  i n  t h e  wa te r  and on t h e  

d r i f t  c o n t r o l  systems.  Observed l o s s  ra tes  v a r y  w i d e l y ;  r e f e r e n c e  9 4 8  

q u o t e s  ra tes  of  from 25 t o  500 t o n s  p e r  y e a r  from a number of env i ronmen ta l  

s t a t e m e n t s  f o r  n u c l e a r  power p l a n t s  (which d i f f e r  l i t t l e  i n  t h i s  r e specL  

from f o s s i l - f u e l  p l a n t s )  u s i n g  non-ocean w a t e r s  - t h e  p l a n t s  all had 

s imilar  o u t p u t s ,  t h e  l a r g e s t  b e i n g  1700 We, t w i c e  t h e  smal les t ;  t h e r e  

was n o t  an o b s e r v a b l e  c o r r e l a t i o n  among t h e  s i x  examples between t y p e  of  

The amount 

c o o l i n g  (wet o r  d r y )  a n d e x p e c t e d  s o l i d  l o s s  ra te .  Comparable ra tes  f o r  

s a l t  d e p o s i t i o n  from c o a l - f i r e d  p l a n t s  of  1000 We o u t p u t  have been g iven  
151,152 a s  300 t o  600 t o n s  p e r  y e a r .  

By t h e i r  v e r y  n a t u r e ,  e v a p o r a t i v e  c o o l i n g  towers  are s o u r c e s  of  

water  v a p o r ,  which may c a u s e  v i s i b l e  vapor  plumes, ground fogg ing  a n d / o r  

i c i n g ,  r e a c t i o n s  w i t h  SO and,  p e r h a p s ,  wea the r  m o d i f i c a t i o n .  The 2' 
v i s i b l e  plumes a r i s e  from c o n d e n s a t i o n ,  i n t o  v i s i b l e  d r o p l e t s ,  of water 

vapor  f rom t h e  a i r  as i t  c o o l s ,  c a u s i n g  i t  t o  change from b e i n g  n e a r l y  

s a t u r a t e d  t o  s u p e r s a t u r a t e d ;  rough ly  t h e  t h i r d  of  C a l i f o r n i a  t h a t  is 

c l o s e s t  t o  t h e  c o a s t  i s  c o n s i d e r e d  t o  have  a h i g h  p o t e n t i a l  f o r  fogg ing .  

Mechanical  d r a f t  t owers ,  i n  c o n t r a s t  t o  t h e  much t a l l e r  n a t u r a l  d r a f t  

t o w e r s ,  may e m i t  such  plumes c l o s e  t o  ground l e v e l ,  c a u s i n g  a p o t e n t i a l  

n u i s a n c e ,  i f  n o t  h a z a r d  ( f o r  example, t o  m o t o r i s t s ) .  However, t h e  

p r i n c i p a l  h e a l t h  impact of  t h e  vapor  e m i t t e d  ar ises  from p o s s i b l e  i n t e r -  

a c t i o n s  w i t h  s u l f u r  d i o x i d e  (SO ) ,  perhaps  i n  combina t ion  w i t h  o t h e r  

s u b s t a n c e s ,  t o  form s u l f u r i c  a c i d  m i s t .  (See e l s e w h e r e  i n  S e c t i o n  3 of 

t h i s  r e p o r t . )  E x p l i c i t  a t t e n t i o n  shou ld  b e  g i v e n  t o  p r e v e n t i n g  t h e  mixing 

of  vapor  and s t a c k  e x h a u s t  plumes, where t h i s  cou ld  b e  a haza rd .  F i n a l l y ,  

2 
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W the potential for weather modification has not been verified in detail, 

although "precipitation enhancement'' has been suggested. 

The boiler produces steam by the transfer of heat from a combustion 
zone to water inside the boiler tubes. Although this water circulates in 

a closed system, scaling presents a potential problem, since the solubility 

of salts decreases with increasing temperatures. 
temperatures, the salts precipitate out of solution onto heat transfer 

surfaces. Calcium and magnesium salts are the most troublesome. To 

prevent such scaling in the boiler, salts are precipitated out as a sludge 

and discharged as boiler blowdown, either continuously or intermittently 

(often daily). 

well as chelating or complexing agents. 

aminetetraacetic acid (Na - EDTA) and trisodium salt of nitrilotriacetic 

acid (Na - NTA) are the most common chelating agents. 

At boiler operating 

Sodium phosphates are often used to carry this out, as 

Tetrasodium salt of ethylenedi- 

4 
3 

The solubility of iron in water increases as the pH decreases below 

7 (acidic); to prevent corrosion, alkalis such as sodium carbonate, sodium 
hydroxide, and/or ammonia are used to neutralize any acidic tendencies of 

the boiler water. 

corrosion of metallic surfaces; to control corrosion,mechanical or 
chemical deaeration may be used - for example, hydrazine is used in high 
pressure boilers to remove dissolved oxygen via the reaction 

Dissolved oxygen in the boiler water may also cause 

N2H4 + O2 -t 2H20 i- N2 

Because of these additives, boiler blowdown has a pH of 9.5-10.0 and a 

total dissolved solids concentration of about 10-100 mg/l, with 0 - 2  mg/l 

of ammonia from the hydrazine. 

in Table 3.1-14. 
Representative overall releases are given 

Water treatment 

Water streams in the plant must be treated for a variety of reasons; 

the discussion which follows is based on reference (148). The treatments 
include both pretreatment of water for introduction into the cooling and 

boiler systems and processing of waste streams from cleaning and other 

operations, including blowdown. 
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Tab le  3.1-14. (Reproduced from [ a ] . )  B o i l e r  Blowdown 
Releases i n  L i q u i d  Wastes - 1000 MWe 
-__- ----- 

Component R e 1  eas es Releases 
l b / d a y  Te /y r  

f- 

Suspended s o l i d s  3,000 497 

Non-degradable o r g a n i c s  

Eiological oxygen demand 

Ac i d s  

A l k a l i n i t y  

C h l o r i n e  

Phospha te s  

Boron 

Chroma t es 

400 

1 5  

500 

63 

160 

250 

2,000 

15  

66.2 

2.4 

82.5 

10 .4  

26.3 

41.7 

331 

2.4 

[a] P i g f o r d ,  T. H . ,  e t  a l . ,  Ref. ( 1 5 2 ) .  
- 

To minimize blowdown, t h e  makeup water f o r  t h e  c o o l i n g  towers  and 

t h e  b o i l e r - f e e d  water is p r e t r e a t e d  t o  remove suspended and d i s s o l v e d  

s o l i d s  and s a l t s .  C l a r i f i c a t i o n ,  i o n  exchange,  and e v a p o r a t i o n  a re  commonly 

used f o r  t h i s  purpose.  C l a r i f i c a t i o n  i s  t h e  chemical  p r e c i p i t a t i o n  of  

suspended and d i s s o l v e d  s o l i d s  ( c o a g u l a t i o n  and water s o f t e n i n g ,  r e s p e c -  

t i v e l y ) .  Aluminum s u l f a t e ,  f e r r i c  s u l f a t e ,  and sodium a l u m i n a t e  are t h e  

most common c o a g u l a n t s ,  w h i l e  ca l c ium hydrox ide ,  which i s  h y d r a t e d  ( s l a k e d )  

l i m e ,  and sodium c a r b o n a t e  a re  t h e  p r i n c i p l e  water s o f t e n e r s  used.  Ion 
exchange u n i t s  c a n  remove a l l  m i n e r a l  sa l t s  i n  one  o p e r a t i o n ,  p roduc ing  

h i g h - q u a l i t y  water s u i t a b l e  f o r  b o i l e r  and f e e d  pu rposes .  E v a p o r a t o r s  

a r e  a l s o  used t o  p u r i f y  b o i l e r  f e e d  water, by b o i l i n g  and t h e n  condens ing  

t h e  water .  A p o r t i o n  of  t h e  b o i l i n g  water i s  drawn o f f  as blowdown 

d u r i n g  t h e  p r o c e s s .  

The w a s t e s  from water p r e t r e a t m e n t  can  b e  c h a r a c t e r i z e d  by pH and 

c o n c e n t r a t i o n s  o f  suspended s o l i d s  and o t h e r  s u b s t a n c e s  c h a r a c t e r i s t i c  of 

e a c h  p r o c e s s .  C l a r i f i c a t i o n  wastes c o n s i s t  of c l a r i f i e r  s l u d g e  and f i l t e r  

washes.  The s l u d g e  cou ld  e i t h e r  be alum o r  i r o n  s a l t  s l u d g e  from the 

c o a g u l a n t s ,  w h i l e  l i m e  w a t e r - s o f t e n e r  s l u d g e  i s  a ca l c ium carbonate/magnesium 
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hydroxide sludge; filter backwash is a more dilute waste stream. All ion 

exchange wastes are either acidic or alkaline, except sodium chloride 

solutions which are neutral. 

significant amount of suspended solids, but certain chemicals such as 

calcium sulfate and calcium carbonate have very low solubilities and are 

often precipitated because of common ion effects.* 

cons i s t s  of salts concentrated (usually by a factor of 3-5) from the feed 
water. Due to their low solubility, calcium carbonate and calcium sulfate 

may precipitate out in the blowdown if present in the feed water, while 

the decomposition of bicarbonate to carbon dioxide and carbonate ion 

causes the blowdown to be alkaline (pH 9-11). 

These wastes do not naturally have any 

Evaporator blowdown 

Even with pretreatment of the boiler feed water and the addition of 

corrosion and scale control agents, scale and corrosion products build up 

in the boiler tubes. To maintain maximum heat transfer rates, these 

products must be removed from time to time. Acidic, alkaline, and 
chelating cleaning mixtures are used and result in waste flows containing 

high concentrations of metallic species, especially copper and iron, and 

having a high chemical oxygen demand (COD). 
usually inhibited hydrochloric acid (see note next page) with hydrofluoric 

acid or fluoride salts added for silica removal. The principle pollutants 

released in waste streams from this type of cleaning are "acidity", 

phosphates, fluorides, and organic compounds with biological oxygen demand 

(BOD). Large quantities of copper, iron, "hardness", phosphates, and 
"turbidity" are also released from the dissolved scale. Alkaline mixtures 
may contain free ammonia and ammonium salts, an oxidizing agent (e.g., 

potassium or sodium bromate, or chlorate) for copper removal, ammonium 

persulfate, nitrates or nitrites, and sometimes caustic soda. The 

resultant waste stream contains ammonium ions, oxidizing agents high in 

alkalinity, and large concentrations of iron and copper ions from the 

dissolved scale. Common chelating agents, EDTA, NTA, citrates, and 

gluconates, are used with alkaline cleaning mixtures, often after acid 

Acidic cleaning mixtures are 

*If one ion of a slightly soluble salt has its concentration increased, 
the other ion may be forced out of solution (maintaining the product 
of their concentrations constant). 
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c l e a n i n g ,  t o  n e u t r a l i z e  r e s i d u a l  a c i d i t y  and remove a d d i t i o n a l  amounts of 

i r o n ,  coppe r ,  a l k a l i n e  e a r t h s  and s i l i c a .  

Othe r  p l a n t  components r e q u i r e  c l e a n i n g .  One example i s  t h e  

condense r ;  a l t h o u g h  t h e  steam s i d e  does n o t  r equ i r e  f r e q u e n t  c l e a n i n g ,  

depending on b o i l e r  water q u a l i t y ,  t h e  water s i d e  i s  t y p i c a l l y  c l e a n e d  

w i t h  ( u n i n h i b i t e d )  h y d r o c h l o r i c  a c i d .  Feedwater h e a t e r s ,  condensa te  

c o o l e r s ,  hydrogen c o o l e r s ,  a i r  cornpresser c o o l e r s ,  s t a t o r  o i l  c o o l e r s  are 

some of t h e  o t h e r  system components r e q u i r i n g  i n f r e q u e n t  c l e a n i n g .  

I n h i b i t e d  h y d r o c h l o r i c  a c i d *  i s  commonly used t o  c l e a n  t h e s e  i t e m s .  

A steam e l e c t r i c  power p l a n t  h a s  o t h e r  m i s c e l l a n e o u s  s o u r c e s  o f  

was te -wa te r ,  i n c l u d i n g  p i p i n g ,  equipment l e a k a g e ,  and d r a i n a g e .  F l o o r  

d r a i n s  c o l l e c t  t h e s e  wastes ,  which can i n c l u d e  d u s t ,  f l y a s h ,  c o a l  d u s t ,  

c l e a n i n g  a g e n t s ,  o i l  and g r e a s e .  

l a b o r a t o r y  w a s t e s  can be  handled as a p p r o p r i a t e .  

S a n i t a r y  wastes f rom workers  and p l a n t  

Wastes associated w i t h  t h e  combustion process itself are the next 

t o p i c  f o r  d i s c u s s i o n .  

L i q u i d  w a s t e s  from combust ion p r o d u c t s  

L i q u i d  w a s t e s  can  a r i se  from p r o c e s s e s  i n  t h e  b u r n e r  area, i n  t h e  
148-151 s t a c k ,  and - u l t i m a t e l y  - f rom h a n d l i n g  and s t o r a g e  of r e s u l t i n g  s l u d g e s .  

Combustion p r o c e s s e s  leave a r e s i d u e  of s o o t  and f l y  a s h  d e p o s i t e d  on t h e  

f i r e s i d e  of t h e  b o i l e r  t u b e s ,  a i r  p r e h e a t e r  s u r f a c e s ,  and i n  t h e  e x h a u s t  

s t a c k s .  H igh-p res su re  w a t e r  i s  used t o  wash t h e  s o o t  and f l y  a s h  from t h e s e  

components. Water i s  used t o  c l e a n  t h e  b u i l d u p  of sca le  from t h e  c o o l i n g  

tower b a s i n s .  Water is  a l s o  used t o  h a n d l e  a i r  p o l l u t i o n  c o n t r o l  equipment 

wastes.  An e l e c t r o s t a t i c  p r e c i p i t a t o r  f o r  f l y  a s h  removal,  fo l lowed  by a 

w e t  l i m e  or l i m e s t o n e  s c r u b b e r  t o  a b s o r b  SO2, is  t h e  most l i k e l y  combina t ion  

of  equipment f o r  a coal-based power p l a n t ,  s i n c e  b u r n i n g  c o a l  r e s u l t s  i n  

t h e  emission of l a r g e  q u a n t i t i e s  of p a r t i c u l a t e s  and SO 2' 
When p u l v e r i z e d  c o a l  is  burned most of t h e  a s h  i s  e n t r a i n e d  a l o n g  

w i t h  t h e  e x h a u s t  g a s e s  a s  f l y  a s h  (about  80%), w h i l e  t h e  rest set t les  out  

i n  t h e  f u r n a c e  a s  bot tom ash. The bottom ash is  s l u i c e d  o u t  of t h e  f u r n a c e  

*Hydrochlor ic  a c i d  t o  which a n  i n h i b i t o r  h a s  been added t o  slow its 
r eac t i v  i t y . 
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by water  and then placed i n  dewater ing b i n s ,  r e q u i r i n g  about  2,400-40,000 

g a l l o n s  per  ton  of a sh  conveyed. The f l y  ash  c o l l e c t e d  by t h e  e l e c t r o s t a t i c  

p r e c i p i t a t o r s  i s  pneumatical ly  t r a n s f e r r e d  t o  s t o r a g e  s i l o s  wi th  a i r .  

Operat ion of  t h e  l i m e  o r  l imes tone  SO scrubbers  w i l l  r e s u l t  i n  t h e  

gene ra t ion  of a s ludge  ( th i ckene r  underf low),mainly composed of calcium 

s u l f i t e ,  calcium s u l f a t e ,  and water con ta in ing  numerous d i s so lved  s o l i d s  

( see  Table  3.1-13). 

bv Ponding. If  t h e  was tes  a r e  bur ied  as l a n d f i l l ,  t h e  f l y  ash  and scrubber  

s ludge  a r e  mixed t o  reduce t h e  water conten t  of t h e  s ludge  and avoid d u s t  

problems wi th  t h e  a sh ,  and t rucked t o  t h e  d i s p o s a l  s i t e  a long  w i t h  t h e  

bottom ash .  Ponding involves  mixing t h e  f l y  ash and s ludge  w i t h w a t e r  and 

pumping t h e  mixture  t o  a l i n e d  pond where t h e  water d r a i n s  through a 

porous underdra in  system of bottom a s h  (which w a s  l a i d  down dur ing  pond 

c o n s t r u c t i o n ) .  

(See t h e  s e c t i o n  on coa l - f i r ed  power p l a n t s  f o r  more d e t a i l s . )  

2 

These wastes can be  e i t h e r  disposed of as l a n d f i l l  o r  

The dra inage  water i s  piped t o  a l i n e d  evapora t ion  pond. 

O i l - f i r ed  p l a n t s  a l s o  produce a s h ,  c o l l e c t e d  by mechanical c o l l e c t o r s ,  

which i s  d isposed  of by b u r i a l .  O i l  con ta ins  less ash  than  c o a l  so  t h e  

q u a n t i t i e s  generated are much less. Any bottom ash  can be  washed ou t  

w i th  t h e  h o t ,  h igh  pH, b o i l e r  water. 

Both c o a l  and o i l  a s h  c o n t a i n  t r a c e  elements ,  inc luding  heavy metals, 

and must be  disposed of so  t h a t  none of t h e s e  contaminants e n t e r  any water 

s u p p l i e s .  (See t h e  t a b l e s  on c o a l  and o i l  a sh  a n a l y s i s  l a t e r  i n  t h i s  r e p o r t . )  

Coal-f i red p l a n t s  have an a d d i t i o n a l  waste stream r e s u l t i n g  from 

l each ing  from exposed, i n a c t i v e  c o a l  s t o r a g e  p i l e s .  These s t o r a g e  p i l e s  

u s u a l l y  c o n t a i n  enough c o a l  f o r  90 days o f . o p e r a t i o n .  

up t o  2,340,000 cub ic  ya rds  of c o a l  might have t o  be  s t o r e d ,  cover ing  a n  

area from 15 t o  75 a c r e s ,  depending on t h e  h e i g h t  of t h e  c o a l  p i l e .  Act ive  

c o a l  s t o r a g e  would b e  i n  enclosed s i l o s  hold ing  3 t o  6 days supply.  Since 

t h e  i n a c t i v e  c o a l  s t o r a g e  p i l e  is open t o  t h e  atmosphere,  mois ture  and a i r  

can o x i d i z e  t h e  metal  s u l f i d e s  conta ined  i n  t h e  c o a l  t o  s u l f u r i c  ac id .  

For a 1000 MWe p l a n t ,  

Oxida t ion  a l s o  resu l t s  i n  t h e  p r e c i p i t a t i o n  of f e r r i c  compounds. R a i n f a l l  

w i l l  wash t h e s e  a c i d s  and compounds o u t  i n  t h e  r u n o f f ,  which might average 

22  t o  26 m i l l i o n  g a l l o n s  pe r  y e a r  ( see -Tab le  3.1-15). 

Coal p i l e  runoff  is  cha rac t e r i zed  by a low pH (high a c i d i t y ) ,  h igh  

concen t r a t ions  of d i s so lved  s o l i d s ,  inc luding  i r o n ,  magnesium, s u l f a t e ,  



a 
Table 3.1-15. Typica l  Chemical Wastes from a Coal-Fired Power P lan t .  

~- 

iqas te  S t ream 

I o n  exchange 
Bo i lcr b l  owdown 
Boiler c l e a n i n g  
ao i le r  f i r e s i d e  c l e a n i n g  
A i r  ? r e h e a t e r  c l e a n i n g  
X i s c e l l a n e o u s  c l e a n i n g  
Labora to ry  o p e r a t i o n s  
F ioo r  d r a i n s  
Recircula t i ng bottom 

ash s l u i c i n g  blowdown 
Ash pond o v e r f l o w  (once- 

th rough f l y  ash)  
Coal  p i l e  d r a i n a g e  

Flow, 1 TI 

I 

G P D / P b  TSS 

88 
5 2  

0 . 2 5  
4.44 

11.7 

10 
30 

4 00 

1.11 

5000 

3 - 

46 
25 

1 2 7  
582 

18822 
1ooo2 

l o o *  
l o o 2  

1000 

60 

864 

) i c a l  Concen t r a t j  
I r o n  Copper 

) n s  of Major P o l l u t a n t s l , m g / l  
_L_ 

S u l f a t e  

2 0 8 5  - - 
1650 
1 1 3 0  

- 
- 
- 

510 

6880 

Hardness  

244 

1 0 2 5  

Notes: 1. Based on t h e  a v e r a g e  of a v a i l a b l e  d a t a  
2. Assumed v a l u e s  
3. Based on 0.02 acres/Mw coal  p i l e  and 40 i n c h e s  of r a i n f a l l  p e r  y e a r ;  

t h e  flow i s  c a l c u l a t e d  t o  b e  59,500 GPD for a 1000 Nw p l a n t  

a Reproduced from r e f .  (148). 
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and c o a l  dus t .  The a c i d  w i l l  d i s s o l v e  o t h e r  meta ls  so  t h a t  aluminum, 

sodium,manganese, copper,  z i n c ,  and o t h e r  metals are p resen t .  The runoff  

w i l l  a l s o  wash any chemical sp rays  used f o r  d u s t  c o n t r o l  

e t h e r ,  and polye thylene  g lyco l  o r  calcium c h l o r i d e )  o r  to prevent  f r e e z i n g  

( o i l ,  s a l i n e  s o l u t i o n s  o r  calcium c h l o r i d e ) .  Runoff must be  prevented 

from reaching  any ground o r  s u r f a c e  water  supp l i e s .  This  can be  done, 

f o r  example, by us ing  a v i n y l  l i n e r  under t h e  c o a l  p i l e  w i th  a 6” bed of 

sand on top  t o  prevent  t h e  c o a l  from punctur ing t h e  l i n e r .  

then be  c o l l e c t e d  f u r  t rea tment  and/or  d i sposa l .  

(phenol,  

The water can 

Water r e c y c l e  and d i s p o s a l  

Because of t h e  l a r g e  v a r i e t y  of u s e s  of water and t h e  wide range of 

water  q u a l i t y  r equ i r ed  i n  a power p l a n t ,  i t  is  p o s s i b l e  t o  cascade  t h e  

u s e  of t h e  v a r i o u s  l e v e l s  of water q u a l i t y  i n  a waste management systen 

which i n c o r p o r a t e s  a h igh  degree of water r euse  and p reven t s  t h e  d i scha rge  

of any e f f l u e n t  t o  s u r f a c e  o r  ground water s u p p l i e s .  148 The water 

consumption of such a p l a n t  would c o n s i s t  on ly  of  evapora t ion  from 

r e c e i v i n g  ponds and/or  ash-scrubber s ludge  d i s p o s a l  areas, and evapora t ive  

and d r i f t  l o s s e s  from t h e  cool ing  towers. 

The h i g h e s t  water q u a l i t y  is  requ i r ed  f o r  b o i l e r  feedwater  (about 

2 mg/l TDS). 

o r i g i n a l  source  of supply and can be  recyc led  f o r  a lmost  any o t h e r  use.  

Cooling system blowdown i s  a l s o  u s u a l l y  r eusab le  a f t e r  a s o f t e n i n g  process .  

Wi thou t  s o f t e n i n g ,  i t  is s t i l l  s u i t a b l e  for low w a t e r  q u a l i t y  uses, such 

as ash  s l u i c i n g ,  SO s t a c k  scrubber  makeup water, and coal p i l e  dust 

c o n t r o l .  Another p o s s i b l e  source  of water is t h e  dra inage  from coal 

p i l e s ,  roads ,  and b u i l d i n g s ,  which can b e  f i l t e r e d  and recyc led .  Power 

p l a n t s  r e c e i v i n g  c o a l  by s l u r r y  p i p e l i n e  can‘dewater  t h e  c o a l  and u s e  t h i s  

water i n  t h e i r  s e r v i c e  systems. 

Because of t h i s ,  b o i l e r  blowdown is  g e n e r a l l y  pu re r  than  t h e  

2 

Some power p l a n t s  c o l l e c t  a l l  of t h e  r e u s a b l e  water, such as b o i l e r  

and coo l ing  tower blowdown,into a r e s e r v o i r  which i s  t h e  source  f o r  a l l  

lower q u a l i t y  water needs, such ta s  a sh  s l u i c i n g .  Other p l a n t s  a s s i g n  

s p e c i f i c  u ses  f o r  t h e  recyc led  water from t h e  va r ious  sources .  An example 

would be  t h e  t ak ing  of cool ing  tower makeup water  from b o i l e r  blowdown and 

of makeup f o r  t h e  a s h  s l u i c i n g  equipment from cool ing  tower blowdown. 
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One of the simplest ways to dispose of the nonreusable waste water 

is to pump it to lined evaporation ponds for final disposal. Such ponds 

can occupy a large area. An alternative means of disposal is to use 

waste water to slurry the ash, scrubber, and water treatment sludges to 

disposal ponds, which can also be rather large. 

Many power plant sites are too small to allow the use 0.f disposal 

ponds. Careful water management could minimize water consumption and waste- 

water generation allowing fo r  water disposal in a low moisture ash and 

waste sludge mixture. Closed-loop bottom ash sluicing and SO scrubbing 

systems together with dry pneumatic fly ash handling equipment can be usec 

to significantly reduce water use. 

systems can come from boiler and cooling tower blowdown, while blowdown 

from the closed loop systems can be combined with ash, SO scrubber sludge, 

and water treatment wastes to form a semisolid mixture which can be tr.Ickr- 
to a d i s p o s a l  area. This s o l i d  waste can be used as landfill either on or 

o f f  of the site, or, for mine-mouth plants, at the coal mine. Mine-mouth 

power plants can also use waste water in coal preparation and mining 

activities. 

2 

Makeup water for these closed-loop 

2 

Summary of power plant liquid waste streams 

A number of tables are included at this point to summarize the major 

waste streams from steam power plants; they are characteristic primarily 

of fossil-fuel plants, but -with the exception of streams that result 

directly from the fuel, combustion process, or flue gas cleanup systems - 
they are also characteristic of nuclear power plants. 

Table 3.1-15 summarizes the chemical wastes from a coal-fired power 
plant process. A summary of important effluents and their limitations 

are given in Table 3.1-16. 

3.1-17. Table 3.1-18 lists many of the chemicals used in power plants, 

while Table 3.1-19 summarizes chemical waste treatment and control 

technology. 

Chemical waste flow rates are given in Table 

c 

c 
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Table 2.1-16. Summary of Effluent Limitations Guidelines and Standarde for Pollutants other than 
Heat. 

10lJncc 

Aah trsnaport 

M e a  ash tianaport 

Ply aah trenaport 

taCVOl\.r waatos 
loller blordom 

~).tsl cgulprnt cloanlng wastes 

Ocher., encepr aanltay uaates 
and 1.duaat.a 

Ralnfall runoff I r a  mterlsla ator- 

Rainfall runoff I r a  other aourcma 0.. 
Sanitary uaatea and raduaster 
A 1 1  aourcea 

ape pl1.a and construcclan .ct lv l t l *r  

POUVTANT P A M W C R  

Free available ChlOllM 
Total realdual chlorine 
rreo avallabla ehlorlne 
Total realdual chlorlne 
Chranlum, total 
Zinc, to ta l  
Total phoaphorua I aa P ) 
Corroaion inhibiting materiala 

All corrorlon lnhlbltlnq N t e r l m l l  

Total aunponded aollda 
011 and 9reaae 
Total auapendod sollda 
011 and qroaae 
Total ruapended rollds 
011 and preaae 

other than Cr, Zn, and P 

Total auapcnded rol lda  
O i l  and grease 
Coppor, total  
Iron, total 
Total aurpendd aollda 
O i l  and greaao 
Coppor, total  
Iron, total 

011 and proaao 
rots1 auopondd eolid. 

Total auSp.nd.6 DOllda 
A11 pollutant prarmtera  
rll pollutant pranetara 
Polychlarlr\.t*d biphony1a 
pH value ***. 

0.2 (0.1 MI) ** 
e. 

0.2 (0.1 ma.) 0. 

0 .2  ( 0 . 2  mar) 
1.0 (1.0 man) 
3 . 0  ( 5 . 0  man) 
Case- by-ca ae 

b. J 

- - 
1.4 (8.0 N.) 

1.2 (1.6 -11 
10 (100 u x )  
IS ( 20 N X )  

Not t o  sxcaed -/I 
Ro llmltaclon 
)lo llnltatlon 
No diacharpe 

at a11 Clnea 
Wlthrn the range 6.0-9. 

I 

N u  Sourcrs 

- - 
- 

Ib dlacharqe - - 
1.5 (1.0 WX)  
0.7Stl.O U.) 

m diacharge 
WO dlacharqe 

81ote1 ~umbere are concentratlona, m g A ,  except for pH valuam. Effluent llnitatlons, arcopt for @ and rainfall runoll. are quantltlea or pollutants 
to b. determined by rultlplyinq the concentratron Indicated t l w a  the flow of water I r a  the correnpondlnq aource. Cffluont Iloltstlone are 
averages of d a l l y  vsluem for IO COnaecutive day* ( m a r i m w  vakwa for any o(u day Lis determined I r a  the n-ra In parontheaeo), encopt lor 
pn .MI ralnfall runoff. In tho went that waate  aCreamC fraa varlour aourcea are -(nod for treatment or dlachargo, the quontlty of each 
pollutant attrrhutable to  each w a s t e  water aourcs alia11 not crceed the Ilmltetlon for  that aource. No Iimitatlona CIO proacrbbed lor 
aourcea/pollutanta not a p e e l f l a d  In t k l a  table. 

00 Not.i Neither free available chlorrns nor total realdual  chlorine may be discharged I r a  any unit for more than t 4  h m r a  t appreqate ) In any m 
day and not m r e  than one unlt I n  any plant m y  diacharge freq available chlorins or total rcilc)ual chlorlno a t  any OM t l r .  CnceptlOna to ba 
made, on e case-by-caae b r i a ,  i f  dlscharqer demonotratem Chat llmrtatlona mat bo encoded In order for the c w l i n p  a y a t m  t o  op.rate 
off lclently. 

Ier that la a n n o d a t e d  with 10 year, 24 hour ralnfall event. 

icrea 0.4, manltary r a a t a a  and radrantoa.  

**a W O C ~ I  ... and frm facllltlea dcalgncd, constructed, and operated to trrat tho volumo of material atoraqa runoff ..id runoff I r a  construction aCtlVlt- 

**b* w o f w c  r r a  all rourcea encept nonreclrculatinq cwllnq vater, rainfall runoff Iran er -tea other than materlalr etoraqe pllea and conatructlon actlv- 

a Reproduced from ref. (148). 

i 

w 
I m c- 
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Table 3.1-17. Flow Rates and Chemical Wastes  

SOC-1500 Cmlb 

w a t e r  T r t a u n t  
Ciarlflcatlon 
Lott.ninq 
lor t.chanqe 

17-11 I 10‘ G U / Y l .  D.p.ndent 
01. rainfall 

limr L Yare  DreIne 

Plant L.MratOry and 
Sanpllnq 

Yo r i p o r t e d  & t a  

Reproduced f rom ref .  (148). a 
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Table 3. B. Chemicals Used in Power Plants. a 

Us e - 
Coagulant in clarification 
water treatment 

Regeneration of ion ex- 
change water treatment 

Lime soda softening 
water treatment 

Corrosion inhibition or scale 
prevention in boilers 

pH control in boilers 

Sludge conditioning 

Oxygen scavengers in boilers 

Boiler cleaning 

Reqenerants of ion exchange 
for condensate treatment 

Chemi ca 1 

Aluminum sulfate 
Sodium aluminate 
Ferrous sulfate 
Ferric chloride 
Calcium carbonate 
Sulfuric acid 
Caustic soda 
Hydrochloric acid 
Common salt. 
Soda ash 
Ammonium hydroxide 
Soda ash 
Lime 
Activated magnesia 
Ferric coagulate 
Dolomitic lime 
Disodium phosphate 
Trisodium phosphate 
Sodium nitrate 
Ammonia 
Cyclohexylamine 
Tannins 
Lignins 
Chelates such as EbTA,t?l'A 
Hydrazine 
Morphaline 
Hydrochloric acid 
Citric acid 
Formic acid 
Hydroxyacetic acid 
Potassium bromate 
Phosphates 
Thiourea 
Hydrazine 
Ammonium hydroxide 
Sodium hydroxide 
Sodium carbonate 
Nitrater 
Caustic soda 
Sulfuric acid 
Anmnonex 

a 
Reproduced from ref. (148). 

Us e Cherni ca 1 - 
Corrosion inhibition or scale , Organic phosphates 

prevention in cooling towers 

Biocides in cooling towers 

pH control in cooling towers 

Dispersing agents in 
cooling towers 

Biocides in condenser Cooling 

Additives to house service 
water systems 

water systems 

Additives to primary coolant 
in nuclear units 

Numerous uses 

Sodium phosphate 
Chromate9 
Zinc salts 
Synthetic organics 
Chlorine 
Hydrochlorous acid 
Sodium hypochlorite 
Calcium hypochlorite 
Organic chromates 
Organic zinc compounds 
Chlorophenates 
Thiocyanates 
Organic sulfurs 
Sulfuric acid 
Hydi Jchloric acid 
Lignins 
TaMinS 
Polyacrylonitrile 
Pol yacrylami de 
Polyacrylic acids 
Polyacrylic acid salts 
Chlorine 
Hypochlorites 
Chlorine 
Chroma teS 
Caustic soda 
Bor il t e3 
Nitrates 
Boric acid 
Lithium hydroxide 
Hydra z ine 
Numer ou s . pr opr i eta ry 

chemi ca 18 

w 
I 

m 
m 
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c 
a 

Table 3.1-19. Chemical Wastes Control and Treatment  Technology. 

1. 

c 

a Reproduced from ref .  (148). 
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Table 3.1-19. 
/ \  

Chemical  Wastes Control and Trea tment  Technology ( continued) 

C o n t r c l  a n d / o r  E f f  l u e n t  

T r e a t m e n t  Redurt  ion I n d u s t r y  costs 
F n l l u t d n t  P a r a m e t e r  Technology Acir l e v a  b l e  usage  c a p  I t  d 1 Opera t  i n o  

N e q l i q i b l e  C h l o r i n e  1. C o n t r o l  of R e s i d u a l  C o n t r o l  t o  Limi ted  u s a g e  In $5.000 
(Once- thrarqh  Con- C12 w l t h  d u t m d t l c  0 . 2  mg/l t h e  i n d u s t r y -  
d e n s e  I C o o  11 ng ) i n s t r u m e n t a t i o n  Technology f r a n  

sewage t r e a t m e n t  
2 .  U t i l i z e  m e c h a n i c a l  E l i m i n a t e s  p r a c t i c e d  i n  s o n e  NO C o s t  Data A v a l l a b l e  

C 1  d i s c h a r g e  p l d n t s - d l l  sys tems 
a r e  n o t  c a p a b l e  o f  
b e i n g  c o n v e r t e d  t o  
mecha n icd 1 c l e a n  i nq . 

2 
c l e a n  inq  

AS d e s c r i b e d  above------------------------------------------ 
Chlnr  i n e  1. C o n t r o l  of R e s i d u a l  

(Rer l rCUldt  ing)  e l2  a u t o m a t i c .  ------------ 
i n s t r u m e n t a t i o n  

2. Reduct ion  o f  C12 Below d e t e c t -  Being i n s t a l l e d  i n  No C o s t  Data AVdl1 b l e  
v l t h  sodium . a b l e  l v n i t s  a new n u c l e a r  
b i s u l f i t e  f (IC il it y i hovever  

e x c e s s  NdHSO 
d i s c  ha rged  . 3 IS - 

Alurrinum/Zinc 1. Chemical P r e c l p -  Removal t o  I . imited usage  $500-53000/1000 qpa 1@-183C/IO@ ? a l .  
l W 3 t f r  T r e a t m e n t ,  i t d t  i o n  1 .0  mq/l  
C h e r , i c a l  C l e a n i n g ,  
m a l  Ash Handl inq ,  2 .  Ion Exchange S i m i l a r  t o  

________-____________________________L__---------  _________-____  
Coal P i l e  D r d l M g e )  copper  

3. mep well D l s m s a l  --------As d e s c r i b e d  above------------------------------------------- .-------  

0:1 1. O i l - w a t e r  S e p a r a t o r  Removal t o  Common u s a q e  s 1,500-s  15 ,000  N o  d a t a  
( C h e n i c a l  C l e a n  i n q ,  [Sed m e n t a t i o n  15  mq/l based  on  503 q a l M u  
Ash Handl ing .  f l o o r  w i t h  st innnlnq) 25-400 r a n g e  
6 Yard D r a i n s )  

2 .  Ai r  F l o t a t i o n  Removal to Limi ted  usage  $5.000-550.000 NO d a t a  

-. 
10 mq/l 

P%n?ls 1. 3 ' ? l ? g l c a l  R c v v a l  t3 N - t  - r a c t i c c l  $150 529'Y/1707 7-3 22E/1'11' a a l .  
(P-h 11an31inq. Cad1 Trea tment  1 mq/l i n  t h e  ~ n d d s t r j .  

6 i a r d  D r a i n s )  2. ozone Trea tment  Removal t o  N o t  p r a c t i c e d  No d a t a  
F 1 le Drd i n a g e ,  Fl 001 

10.01 m q / l  i n  t h e  i n d u s t r y .  
No d a t a  

3 .  A c t i r a t e d  Carbon Removal t o  N o t  p r a c t i c e d  550-5350/1000 qpd 4 c - i 5 e / i n m  q d i  
c O . 0 1  m q / l  i n  t h e  i n d u s t r y .  

( w a t e r  Treatmen' ,  O x i d a t i o n  6 Ion  11, t h e  i n d u s t r y .  
Chemical C l e d n i n q ,  Exchanqe ( S u l f i t e )  
Ash Handl inq ,  Coal  
Pi1- D r a i n a g e ,  S O  

2 

511 f a t e / S u l f i t e  Ion E x c h a n q c f S u l f a t e )  75-95% Not p r a c t i c e d  T o t d l  C O S t  Of $2.00/1000 g a l .  

Femo(*a 1 )  ~- 
k m c n i a  1. S t r i p p i n g  50-90% N o t  p r a c t i c e d :  T o t d l  COSt - 3C/1000 g a l .  

( w a t e r  T r e a t m e n t ,  s e v e r a l  i n s t a l l a -  
Blcwdswn, Chefr ica l  t i o n s  i n  sewage 
C l e a n i n q .  Closed  t r e a t m e n t  
c co 1 i nq h'a t e r  S ys t ems I 

Ava : la  b l e  2 .  ~ i o l o g i c a l  Psmoval t o  Not p r a c t i c e d  for NO Data 
N i t r i f l c a t l o n  2 m q / l  t h e s e  w a s t e  s t r e a m s  

3. Ion Exchange 80-95t N o t  p r a c t i c e d  T o t a l  C O S t  - lOC/1000 g a l .  - 
O x i d i z i n g  Agents I . e u t r a l i z a t i o n  w i t h  N e u t r a l  pH 6 Limi ted  Usage No Ddtd Ava 1 l a b l c  

( C h e r i c a l  C l e a n i n g )  r e 3 J c i n a  a g e n t  and  > 3 5 %  removal 
p r e : i p i t a t  ion  & h e r e  
n n r c c s a r y .  - ______ ____-_ - _______. - - __ 

RCID/COD B i o l o q i c a l  Trea tment  85-95% Common p r a c t l c e  S 2 5 . 0 3 0 - 5 3 5 , Q O O  N-ql i q i b l e  

c?rJfdater T r e a t m e n t .  1. C I ~ ~ m i c d l  O x I d a t i o n  85-95% Limi ted  u s a g e  N - Ddtd A J a j l a h l -  
______ (_;an 1 td I)' W d  S t  PS) 

1 .  k e r a t i o n  85-95\ Not pract  i r e d  NO Data Ava 1 l a b l e  r h e - i c a l  C l e a n i n g )  

Ava 1 l a b l e  3 .  B l n l m i c d l  T r e a t .  85-95% N o t  p r a c t i c e d  NO Data _ _ _ _ _ _ _ ~ ~  . 
PI Jor  i d e  Chemical P r e c i p i t a t i o n  Rsmoval t o  Limi ted  Usage Tot.al C O 5 t  - 10-5Ot/1000 g a l .  

Rqron Ion Exchange Eemoval t o  N o t  g e n e r a l l y  No Data Ava i I a l > l e  
I r t , i * i i c a l  ~ _ _ _ _ _ _ ~  c l e a n  1 n i b  ---.--:-'A.LL -___ 

( 1 . w  l.q,?el Paclkastesl  1 m q / l  p r a c t  i c e d - r a d i o -  
a c t i v e  mat*- r ia l  would 
c o n c e n t r n t e  on  i n n  
exchanyc  r c c i n  r c q u i r -  
inq i n c l u s i o n  In s o l i d  
l a d b a s t e  d i s p m a l  
sys tem.  



3-69 

3.1.1.7 Noise -~ /-- 

Mechanical and combustion n o i s e  from a power p l a n t  may be  caused by the  

o p e r a t i o n  of conveyors ,  pumps, steam l i n e s ,  f u r n a c e s ,  exhaust d u c t s ,  t u r b i n e s ,  

g e n e r a t o r s ,  v e h i c l e s ,  t r a n s f o r m e r s ,  t r a n s m i s s s i o n  l i n e s ,  and v i r t u a l l y  a n y t h i n g  

e l s e  t h a t  moves. Noise abatement  i s  n e c e s s a r y  b o t h  f o r  t h e  p r o t e c t i o n  o f  power 

p l a n t  p e r s o n n e l ,  and a l s o  t o  p r e v e n t  n o i s e  t r a n s m i s s i o n s  from t h e  g e n e r a l  

v i c i n i t y  of  t h e  power p l a n t .  

i n  i n d u s t r i e s  w i t h  f e d e r a l  c o n t r a c t s ,  set  maximum l i m i t s  t o  exposure  t o  no i se  

( s e e  ? a b l e  2-8) , l a r g e l y  on t h e  b a s i s  of  p o t e n t i a l  h e a r i n g  impairment (see 

Tab le  3.1-20). 

i n  EPA Document No. 550/9-74-004 (March 1974) ,  by recommending t h a t  n o i s e  

l e v e l s  a t  t h e  p r o p e r t y  l i n e ,  from t h e  o n s e t  of c o n s t r u c t i o n  and s t a t i o n  

o p e r a t i o n  a c t i v i t i e s , s h o u l d  n o t  exceed 55 dBA. 

The Walsh-Healy A c t ,  which r e g u l a t e s  n o i s e  l e v e l s  

154 

The EPA h a s  e s t a b l i s h e d  community n o i s e  l i m i t a t i o n  s t a n d a r d s  

T a b l e  3.1-20 P e r c e n t a g e  R i s k  of  Developing a Hear ing  Handicap 

65 Yt ars Age 20 25 30 35 40 45 50 55 G O  
0 5 10 15 20 25 30 35 40 45 E x p o s u r e  

-- ____.-. ( a g e  - 20) - 

c T o t a l  0.7 1 .0  1.3 2.0 3.1 4.9 7.7 13.5 24.0 40.0 
N o i s e - i n d u c e d  
T o t a l  0.7 2.0 3.9 6.0 8.1 11.0 14.2 21.5 32.0 46.5 5 
N o : s e - i n d u c e d  0.0 1.0 2.6 4.0 5.0 6.1 6.5 8.0 8.0 6.5 '", 

4 T o t a l  0 .7  4.0 7.9 12.0 15.0 18.3 23.3 31.0 42.0 54.5 2 
N o i s e - i n d u c e d  0.0 3.0 6.6 10.0 11.9 13.4 15.6 17.5 18.0 14.5 g 

0.7 6.7 13.6 20.2 24.5 29.0 34.4 41.8 52.0 64.0 ; 01 T o t a l  
9 5  N o i s e - i n d u c e d  0.0 5.7 12.3 18.2 21.4 24.1 26.7 28.3 28.0 24.0 VI 

d 0 g 100 Tota1 0.7 10.0 22.0 32.0 39.0 43.0 48.5 55.0 64.0 75.0 2 
N o i s e - i n d u c e d  0.0 9.0  20.7 30.0 35.9 38.1 40.8 41.5 40.0 35.0 0) 

T o t a l  0 . 7  14.2 33.0 46.0 53.0 59.0 65.5 71.0 78.0 84.5 
2 '05  N o i s e - i n d u c e d  0.0 13.2 31.7 44.0 49.9 54.1 57.8 57.5 54 .0  44.5 

T o t a l  0.7 20.0 47.5 63.0 71.5 78.0 81.5 85.0 88.0 91.5 2 
'lo N o i s e - i n d u c e d  0.0 19.0 46.2 61.0 68.4 73.1 73.8 71.5 64.0 51.5 

1,5 T o t a l  0.7 27.0 62.5 81.0 87.0 91.0 92.0 93.0 94.0 95.0 

N o  i n c r e a s e  i n  r i s k  at t h i s  l e v e l  of e x p o s u r e  

4 I 

90 
Y 

d 

v) - 
0 

N o i s e - i n d u c e d  0.0 26.0 61.2 79.0 83.9 86.1 84.5 89.5 70.0 55 0 a- 

a )  From Ref. 154 

Power p l a n t s  meet t h e s e  l i m i t a t i o n s  by e n c l o s i n g  a n d / o r  i n s u l a t i n g  a l l  

n o i s e  p roduc ing  components o r  p r o c e s s e s  t h a t  would v i o l a t e  t h e s e  s t a n d a r d s .  

The main power b u i l d i n g  is  e n c l o s e d  t o  t h e  e l e v a t i o n  o f  t h e  t u r b i n e - g e n e r a t o r  

o p e r a t i n g  deck ,  and e n c l o s u r e s  su r round  induced-d ra f t  and f o r c e d - d r a f t  f a n s ,  

a l o n g  w i t h  t h e  c o a l  p u l v e r i z e r  and a l l  c o a l  h a n d l i n g  equipment ,  ( e . g .  conveye r s ,  

r a i l r o a d  c a r  un load ing  equipment,  e t c . ) .  The f u e l  p i p e s ,  steam l i n e s ,  a i r  
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i n l e t s  and exhaust  d u c t s  are wrapped wi th  i n s u l a t i o n .  lS5 

are loca ted  around yard a c t i v i t i e s ,  a u x i l i a r y  equipment, and ductwork t h a t  might 

cause excess ive  no i se .  Muff le rs  and b a f f l e s  are used wherever necessary .  Low 

power pub l i c  address  systems and quie t - type  e l e c t r i c  motors a l s o  h e l p  reduce 

"noise  pol lut ion".  The enc losures  and sound pane l s  ( f ree-s tanding  w a l l s )  

a r e  u s u a l l y  two inches  t h i c k ,  made of a s o l i d  s t r u c t u r a l  s k i n  on t h e  o u t s i d e ,  

a c o u s t i c a l  f i l l  ( u sua l ly  a g l a s s  f i b e r  m a t e r i a l )  and p e r f o r a t e d  s h e e t i n g  

i n s i d e .  Doors and l a t c h e s  a r e  equipped wi th  bulb seals  t o  prevent  a c o u s t i c  

( a i r )  leaks.  Puctwork and p ipes  a r e  i n s u l a t e d  wi th  f i b e r  g l a s s  he ld  on by 

pe r fo ra t ed  muff le r  steel. 

15' Sound pane l s  

157 

Table 3.1-21 shows t h e  p red ic t ed  no i se  l e v e l  i n c r e a s e s  caused by t h e  

ope ra t ion  of a 2000 MWe coa l - f i r ed  p l a n t  a t  t h e  n e a r e s t  r e s idence ,  about 2 m i l e s  

away from t h e  c e n t e r  of t h e  power gene ra t ing  f a c i l i t i e s  (which does not  i nc lud  

t h e  waste  d i s p o s a l  ponds). The next  n e a r e s t  r e s idence ,  which i s  about  3 m i l e s  

from t h e  gene ra t ing  f a c i l i t i e s ,  i s  not  expected t o  exper ience  any i n c r e a s e s  m 

n o i s e  l e v e l s  due t o  t h e  power p l a n t ' s  opera t ion .  
155 - 

Table 3.1-21 Noise Levels  a t  a Po in t  Two Miles from t h e  Center  of a 2000 MbJe 
Coal-Fired Power P l a n t  ( cen te r  of p l a n t ,  excluding evapora t ion  
ponds) a 

63 
(dBA r e  0.0002 dyn/cm2) 

L1o L50 L90 
Leg Ldn 

b e f o r e  power p l a n t  58 63 52 37 26 

a f t e r  power p l a n t  59 64 52 43 42 

A-Weighted n o i s e  levels: 

Leg: 

Ldn: energy equ iva len t  day-night level 

Ll0: 

L50: 

energy equ iva len t  average n o i s e  level 

( 2 4  hour equ iva len t  sound level wi th  lOdB n igh t t ime  pena l ty )  

n o i s e  l e v e l  exceeded 10% of t h e  time 

n o i s e  level exceeded 50% of t h e  t i m e  

: n o i s e  level exceeded 90% of the t i m e  L90 

a) From Ref. (155) 
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However, n o i s e  (unwanted sound)  can c a u s e  more t h a n  h e a r i n g  l o s s .  It  

can b r i n g  abou t  h y p e r t e n s i o n ,  d i l a t e  t h e  p u p i l s ,  c a u s e  d r y n e s s  i n  t h e  mouth, 

c o n t r a c t  muscles  and blood v e s s e l s ,  c a u s e  e x c e s s  p r o d u c t i o n  of e p i n e p h r i n e  and 

n o r e p i n e p h r i n e ,  s t o p  t h e  f l o w  of g a s t r i c  j u i c e s ,  and a c c e l e r a t e  c a r d i a c  

s t i m l a t i o n  ( s t u d i e s  have c o r r e l a t e d  h e a r t  d i s o r d e r s  w i t h  n o i s e ) .  I t  c a n  

a l s o  cause  p s y c h o l o g i c a l  e f f e c t s .  

Such e f f e c t s  a r e  t y p i c a l l y  s p e c i f i c  t o  i n d i v i d u a l s  and a re  n o t  used as  t h e  

q u a n t i t a t i v e  b a s i s  f o r  n o i s e  s t a n d a r d s .  However, t h e y  and more s u b j e c t i v e  

c o n s i , : r r a t i o n s  a r e  a primary r e a s o n  f o r  f o r m u l a t i o n  o f  community n o i s e  ( n u i s a n c e )  

s t a n d a r d s ,  such  a s  t h a t  sugges t ed  by t h e  EPA. 

E igh teen  m i l l i o n  Americans s u f f e r  from some h e a r i n g  l o s s .  Half  of t h o s e  

exposed t o  95dB of  n o i s e  f o r  40 h o u r s  a week w i l l  j o i n  them o v e r  t h e  n e x t  

10 yea r s .  These are  permanent losses i n  h e a r i n g ,  t h e r e  are many more c a s e s  of 

temporary h e a r i n g  l o s s e s .  

The noise t h r e s h o l d  f o r  d i s c o m f o r t  i s  abou t  117dB a t  2000-5000 Hz ,  w h i l e  t h e  

p a i n  t h r e s h o l d  i s  abou t  143dB. 

T a b l e  3.1-20 shows a h e a r i n g  loss  r i s k  c h a r t .  

( 1 5 4 )  

c 
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3.1.2 Coal-Fired Power P l a n t s  

Gs 

’ \  

Coal r e p r e s e n t s  one of our  l a r g e s t  f u e l  r e sources  a v a i l a b l e  f o r  large 

The p r o p e r t i e s  of c e n t r a l  s t a t i o n  power p l a n t s  and is one of t h e  d i r t i e s t .  

c o a l  va ry  widely,  even among Western c o a l s ,  and indeed among samples from t h e  

same f i e l d  ( see  Table  3.1-22), making i t  d i f f i c u l t  t o  p r e d i c t  t h e  exact emis- 

s i o n  c h a r a c t e r i s t i c s  of any g iven  p l a n t .  

Western c o a l  (Table 3.1-22) wi th  even t h e  b e s t  p o l l u t i o n  c o n t r o l s  p r e s e n t l y  

a v a i l a b l e  f o r  l a r g e  power p l a n t s ,  t h e  enormous c o a l  consumption ra tes  of t h e s e  

p l a n t s  r e s u l t  i n  s u b s t a n t i a l  emissions of gaseous and p a r t i c u l a t e  p o l l u t a n t s  

(Table 3.1-23). 
gene ra t ion  w i l l  depend on the  demonstrat ion of environmental  a c c e p t a b i l i t y .  

Using “average” p r o p e r t i e s  f o r  

Burning c o a l  w i t h i n  C a l i f o r n i a  f o r  f u t u r e  e lec t r ic  power 

3.1.2.1 Coal Combustion Processes  

The v a r i o u s  types of coa l - f i r ed  power p l a n t s  which are p r e s e n t l y  i n  oper- 

a t i o n  d i f f e r  from one another  i n  t h e  manner i n  which c o a l  is f e d  i n t o  t h e i r  

b o i l e r s .  These are p r i n c i p a l l y  pu lve r i zed  c o a l  fu rnaces ,  cyc lone  fu rnaces ,  

crushed c o a l  fu rnaces ,  and s toker-fed b o i l e r s .  21 

found i n  small, o l d e r  power p l a n t s .  

l a r g e ,  non-uniform s i z e d  chunks of c o a l  can b e  burned. On t h e  o t h e r  hand, t h e  

e f f i c i e n c y  of t h e  s t o k e r  l i m i t s  t h e  s i z e  of t h i s  type of coal-f ixed power 

p l a n t  ( t y p i c a l l y  60 m e ) .  8o 

requi rements  t h a t  reduce ope ra t ing  e f f i c i e n c y .  I n  addition, PAH emissions 

from a s toker - fed  power p l a n t  are much h ighe r  than those  from o t h e r  types ,  

sugges t ing  t h a t  carbon l o s s e s  may a l s o  be  h igher .  

Stoker-fed b o i l e r s  are 

Thei r  p r i n c i p a l  advantage is  t h a t  f a i r l y  

Other d i sadvantages  inc lude  h igh  a i r / f u e l  r a t i o  

80 

Cyclone fu rnaces  and pulver ized  coa l - f i r ed  u n i t s  have t h e  fo l lowing  
21 advantages over  s toker - fed  u n i t s :  

1) 
2) a b i l i t y  t o  u s e  any s i z e  of c o a l  a v a i l a b l e  

3) 

4) 

a b i l i t y  t o  handle  t h e  l a r g e r  c o a l  f eed  rates of l a r g e r  c o a l  p l a n t s .  

improved response t o  load changes 

increased  thermal  e f f i c i e n c y  due t o  lower excess  air  f o r  combustion 

and lower carbon l o s s  

5 )  lower NO emiss ions  (uncont ro l led)  

6) reduced manpower for opera t ion  

7)  improved a b i l i t y  t o  u s e  s u b s t i t u t e  f u e l s  ( o i l  o r  gas) .  

X 



Table 3.1-22. Selec ted  P r o p e r t i e s  of Western Coals as Received by  the Power P l a n t .  a )  

Locat ion Moisture  
% 

Ash 
% 

S u l f u r  
% 

Nitrogen 
% 

Heat Va lrie 
Btuf lb  

Montana 35.4 6.9 0.3 0.7 6706 
Richland County 33.3-38.4 4.6-9.6 0.2-0.5 0.6-0.8 6120-7450 
(county average)  

Utah, Kane County 14.8 7.0 0.42 0.98 10,800 
(Kaiparowit a 14.0-16.5 6.5-9.0 0.35-0.75 0.84-1.03 10,300-11,000 
P l a t e a u  1 

Utah, Carbon Co. 4.6 6,8 0.4 1.3 12,730 
( p r i c e  c o a l  f i e l d )  3.6-13.5 4.0-8 .O 0.2-1.1 1.2-1.5 10,620-12,960 

New Mexico 
( S t a t e  average)  

7.3 6.0- 19.5 0.6 
2.4-20.1 10.0 0.4-1.2 

11,900 
9,560-13,250 

-4 

Colorado 
( S t a t e  average)  

~~ - 

11.8 
2.2-31.9 

~ - 

7.2 
4.8-70.4 

- 

0.5 
0.3-2.4 

11,160 
7,470, 13,780 

Arizona 10.74 7.93 0.51 1.03 10,725 
(Black Mesa Coal 9 75-1 6.0 5.84-12.2 0.36-1.26 0.90-1.07 10,000-11,500 

Wyoming 17.3 7.5 0.6 0.8 9,190 
0.3-0.9 0.7-1.0 8,530-10,280 10.4-27.1 4.1-15.0 ( S t a t e  average)  

Utah Alton 
( c o a l  f i e l d  
average) 25.3 7.19 0.86 0.79 8,897 

a)Frorn r e fe rences  1.23 and 124. 

11 m 



c 
Tahlc 3 . 1 -  23 

Emissions From a Coal-Fired Power Plant, 1000 MWe (net), 100% load 

Emission Factor Uncontrolled Control led NSPS Max. Allowed 
Emission ( LD/Tcoa 1) a (T/tIR 1 (T/ t 1R 1 (LR/106 Btu) (T/HR) 

Particulates 17 x A 29 0.15 0.10 0.52 
SOx (as SO,] 32 x S 4.6 0.49 1.2 6.2 
NOx (as NOZ) 18 

co 1 

Hydrocarbons (as CH4) 0.3, 
A1 deh ydes 0.005 

4.3 3.6* 0.70 

0.24 0.26 - 
0.072 0.078 - 
1.2 . 1.3 . - 

3.6* 
- 

~ 

A = ash content of coal in percent, S = sulfur content of coal in percent 

Assum tions: * 

A s h  in the coal becomes flyash and 95% of the sulfur in the coal is oxidized to SO, (calculated w 
I as (SO2)). -.I 

Coal properties: 

9 Fuel consumption (where rl stands for thermal efficiency): 
uncontrolled,. 1070 MWe (gross) @ 38% q:481 Tc0,]/HR (total waste hest:6.0 10 Btu/HR) 
controlled, 1120 MJe (gross) @ 37% q:517 Tcoal/HR (total waste heat: 6.5 lo9 Btu/HR) 

Mw (% of net output) 

ash content, 7.0%; sulfur content, 0.5%; heating value, 10,000 Btu/LB; density, 81 LB/Ft3 

13,14 Internal Power Consumption Collection Efficiencies of Pollution Controls 
auxiliary equipment 70 (7%) electrostatic precipitation 99.5% 
SO, stack gas scrubber 20 (2%) SOX stack gas scrubber 90.0% 

electrostatic precipitator 10 (1%) 
Stack gas reheat 20 ( 2 % )  NO, controls: sufficient to meet NSPS' 

TOTAL (controlled) 120 (12%) 

From reference (161) a 

bNet Plant efficiency: 33X 
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e I n  a c y c l o n e  f u r n a c e ,  c rushed  c o a l  i s  f e d  i n t o  a c y l i n d r i c a l  chamber 

i n t o  which a i r  is  blown t a n g e n t i a l l y ,  i m p a r t i n g  a w h i r l i n g  motion t o  t h e  c o a l .  

The c o n d i t i o n s  i n  t h e  f u r n a c e  are  such t h a t  t h e  a s h  forms a s l a g .  The c o a l  i s  

h e l d  i n  t h e  s l a g  on t h e  c y l i n d e r  s u r f a c e  where i t  i s  "scrubbed" by t h e  incoming 

a i r .  Coa l s  w i t h  v e r y  h i g h  a s h  c o n t e n t s  can b e  burned i n  a c y c l o n e  f u r n a c e ,  and 

t h e  s l a g g i n g  s e r v e s  t o  r educe  t h e  amount o f  f l y  a s h .  However, some c o a l s  are  

n o t  s u i t a b l e  f o r  combustion i n  a c y c l o n e  f u r n a c e .  Hence, t h e  f l e x i b i l i t y  and 

u s e f u l n e s s  o f  t h e  c y c l o n e  f u r n a c e  may be  l i m i t e d  where c o a l  q u a l i t y  i s  v a r i a b l e .  21 

The most e n e r g y - e f f i c i e n t  t y p e  of f u r n a c e  f o r  l a r g e  c o a l - f i r e d  power 

p l a n t  i s  t h e  p u l v e r i z e d  c o a l  type. I n  t h i s  case, c o a l  whjch h a s  been ground 

i n t o  a f i n e  power i s  blown i n t o  t h e  combustion chamber. Almost any k i n d  of  

c o a l  can  b e  burned p u l v e r i z e d ,  s o  t h a t  l i m i t a t i o n s  on power p l a n t , s i z e  and 

c o a l  q u a l i t y  a re  n o t  p a r t i c u l a r l y  s t r i n g e n t .  

3.1.2.2 Coal-fired Plant Emissions Characteristics 

H y p o t h e t i c a l  e m i s s i o n  f a c t o r s  f o r  c o a l - f i r e d  e l e c t r i c  power p l a n t s  have 

been p u b l i s h e d  by t h e  

Tab le  3.1-23. 

s u l f u r  c o n t e n t ,  as  i n d i c a t e d  by t h e  EPA formula.  16' 

EPA,8y99161 and a re  summarized i n  F i g u r e  3.1-2 and 

Emiss ions  of s u l f u r  o x i d e s  (SO,) depend h e a v i l y  on t h e  f u e l  

Tab le  3.1-23 shows t h a t  

e 
t h e y  a re  r e l a t i v e l y  independent  of t h e  p a r t i c u l a r  c o a l  combustion p r o c e s s  used i n  

t h e  power p l a n t .  

f u e l  s u l f u r  i s  o x i d i z e d  t o  SO u n c o n t r o l l e d  SO e m i s s i o n s  from a 1000 We 

power p l a n t  shou ld  b e  on t h e  o r d e r  of  6 t o n s  p e r  hour  f o r  0.6% s u l f u r  

c o a l .  

Assuming t h a t  all t h e  SOx e m i t t e d  is SO , 2  and t h a t  95% of t h e  2 

X' X 

161,162 

The o n l y  o t h e r  gaseous  p o l l u t a n t  e m i s s i o n s  from power p l a n t s  which are 

s u b j e c t  t o  c o n t r o l  measu res  a t  t h e  p r e s e n t  t i m e  a re  n i t r o g e n  o x i d e s  (NO ), 

which are  e m i t t e d  p r i m a r i l y  as n i t r i c  o x i d e  (NO). 

o x i d e  e m i s s i o n s ,  which depend on t h e  a s h  and s u l f u r  c o n t e n t  o f  f u e l ,  t h e  NOx 

d i s c h a r g e d  i n t o  t h e  atmosphere i s  governed by t h e  combustion p r o c e s s  c o n d i t i o n s  

as  w e l l  as n i t r o g e n  c o n t e n t  of  t h e  f u e l .  Pr imary f a c t o r s  a r e  f lame t e m p e r a t u r e  

and f u r n a c e  t e m p e r a t u r e s ,  r e s i d e n c e  t i m e  of t h e  combustion g a s  a t  t h e  f lame 

t e m p e r a t u r e ,  h e a t  r e l e a s e  and removal r a t e s ,  and t h e  amount of e x c e s s  a i r .  

N i t rogen  o x i d e s  r e s u l t  from t h e  o x i d a t i o n  of  n i t r o g e n o u s  compounds i n  t h e  f u e l  

(up t o  75% t o t a l  

a tmosphe r i c  n i t r o g e n  ( s e e  Tab le  3.1-1 and a l s o  Ref.  8 ) .  F i g u r e  3.1-11 shows 

t h e  p r e d i c t e d  f l u e  gas NO c o n c e n t r a t i o n  as  a f u n c t i o n  o f  combustion tempera- 
t u r e  u n d e r  " t y p i c a l "  b o i l e r  f u r n a c e  c o n d i t i o n s .  167 

X 
Unl ike  p a r t i c u l a t e  o r  s u l f u r  

161-164 

o r  from t h e  h igh - t empera tu re  o x i d a t i o n  o f  
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For coa l - f i r ed  power p l a n t s ,  combustion temperatures  i n  t h e  range of 

1500°C - 1900OC (2700°F - 3400°F) a r e  requi red  f o r  optimum ope ra t ing  performance. 

Hence, f l u e  gas  concen t r a t ions  of NO i n  power p l a n t s  should range between 5 0 -  
__-. . _ _  

1000 ppm (Figure  3.1-11). High temperatures ,  coupled wi th  r ap id  hea t  removal 

from t h e  combustion gases ,  prevent  t he  decomposition of NO, so t h a t ,  once 

formed i n  t h e  flame, NO remains i n  t h e  f l u e  gas.  22’ 1659 166 Table  3.1-24 shows 

some r e p r e s e n t a t i v e  NO emission f a c t o r s  f o r  t h e  v a r i o u s  types  of coa l - f i r ed  

b o i l e r s .  It i s  ev iden t  t h a t  cyclone furnaces  e m i t  much more NO (about 2.5 

times) than e i t h e r  s toker-fed b o i l e r s  o r  pu lver ized  c o a l  u n i t s .  I n  compar- 

i s o n  w i t h  c u r r e n t  EPA emission s t anda rds  (0.70 pounds NO per  1 0  BTU inpu t ,  

Ref.(16l))cyclone fu rnace  NOx emissions are f a r  t o o  h igh .  NO emissions from 

t h e  o t h e r  types  of b o i l e r s  a l l  l i e  wi th in  +25% of t h e  c u r r e n t  EPA stand-  

X 

X 

6 
2 

X 

161,168 ard.  

P a r t i c u l a t e  emissions from coa l - f i r ed  power p l a n t s  have g e n e r a l l y  b3en 

cha rac t e r i zed  as f l y  a sh ,  and analyzed p r i n c i p a l l y  i n  terms o f  minera l  o r  

inorganic  e lementa l  coinposition. Table  3.1-25 shows t y p i c a l  f l y  a sh  emissions 

f o r  t h e  v a r i o u s  types  of coa l - f i r ed  power p l a n t s  i n  common use.  Pulver ized  

c o a l  f i r e d  u n i t s  emit more t o t a l  p a r t i c u l a t e  mass than any o t h e r  f i r i n g  meth- 

ods.  About 80% of t h e  a sh  contained i n  t h e  feed c o a l  i s  en t r a ined  i n  t h e  f l u e  

gas  stream, wi th  t h e  remainder r e t a i n e d  i n  t h e  fu rnace  f o r  dry-bottom pulver-  

ized  u n i t s .  21s168 

naces ,  i n  which the a sh  i s  molten,  can r e t a i n  as much as 50% of t h e  combustion- 

generated a s h  i n  t h e  furnace ,  bu t  can only u t i l i z e  c e r t a i n  types  of coa l .  F ly  

ash emissions from cyclone furnaces are  general ly  about hal f  of those from 

pulver ized  coa l - f i r ed  b o i l e r s ,  on a t o t a l  mass ( f l y  ash  t o  f l u e  gas)  b a s i s .  

@ 

On t h e  o t h e r  hand, wet-bottom o r  s lag- tap  pulver ized  fu r -  

A s  shown i n  Table  3.1-26 t h e  s i z e  d i s t r i b u t i o n  of a sh  p a r t i c l e s  emi t ted  

from coa l - f i r ed  power p l a n t s  can vary  d rama t i ca l ly  wi th  t h e  f i r i n g  process .  

Stoker-fed b o i l e r  p a r t i c u l a t e s  are p r i m a r i l y . l a r g e r  than  22 urn diameter .  

4% of t h e  TSP mass occurs  i n  t h e  r e s p i r a b l e  f r a c t i o n  (MMD C 2.5 pm). 16’ 
Only 
I n  

c o n t r a s t ,  65% of t h e  t o t a l  p a r t i c u l a t e  mass emi t ted  from cyclone fu rnace  f i r e d  

b o i l e r s  h a s  mean r a d i u s  C20.5 urn. Obviously, an even l a r g e r  f r a c t i o n  of t h e  

p a r t i c l e  number and s u r f a c e  area l i e s  i n  thisi s i z e  range.35 

f i r e d  power p l a n t s  e m i t  p a r t i c u l a t e s  whose mass i s  approximately evenly d i s -  

t r i b u t e d  on a log-normal scale among s i z e  ranges  between 2 . 5 - 2 2  pm. 

The f a c t  t h a t  t h e  f l y  a sh  mass is  n o t  dominated by t h e  very  l a r g e s t  p a r t i c l e s  

i n d i c a t e s  t h a t  most of t h e  p a r t i c u l a t e s  (by number) a r e  of r e s p i r a b l e  s i z e .  

Pulver ized  coal-  

169,170 
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F i g u r e  3.1-11. 
Combustion as a Func t ion  of Flame Temperature.  (Reproduced from 
re f .  (167).) 

Tab le  3.1-24.  

T h e o r e t i c a l  P r o d u c t i o n  of N i t r i c  Oxide by F o s s i l  Fuel  

f N i t r o g e n  Oxide P r o d u c t i o n  as  a Func t ion  of B o i l e r  Type. 

Type of boiler firing 

Vertical * 221 

Corner 526 

Front-uall  + 4 16 

Spreader-stoker 431 

__ -- 

Cyclone 1204 

Horizontally opposed + 393 
___ 

T>pe of boi ler  f ir ing  
- 

Vertical * 
Coroer 

rroot-wal l  * 
Spreader-stoker 

Cyclone 

HorizonLllly opposed 

* 

4 

Ae 

310 

4 13 

606 

4 37 

1160 

350 

Lb/106Btu 

Bd 1 Ae 

0 . 5 5  

0 . 6 5  0.59 

aAverage v a l u e s  for three or four t e s l s  at eztcb unit. 
bReyirted a s  N02. at sbck conditions. 
CA\erage  mlucs for hvo tests at each unit. 
d B :  Before f ly-ash collector. 
e A :  After f ly-ash co l lector .  

* P u l v e r i z e d  c o a l  f i r i n g .  

fReproduced from r e f .  (168) .  
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~- 
ConcenuaUons 

lbs/lOOO IbC 
FhCP dry flue (11s TYPC of 

nk-arh 
Ash in 
mal a' B e  B g  Ah co~~ectord - T,P d i l e r  firing 

Full-load testse 
-- 

C . 8  0.27 c .  f 
6 . 9  0.42 c .  E 

0.44 4.6 0.82 E 
0.36 4 . 2  0.66 C 
0 . 3 3  2.8 0.62 L 
0.65 8.9 1.27 C 

0.11 8.7 0.21 c. E 
0.13 5.5 0.21 c. E 
0.22 4.4 0.41 L 
0.1s 2.6 0.35 C 

3.1 0.56 E Cyclone 7.4 1.8 0.22 
Horizonully opposed X 7 . 8  2.9 0.61 5 . 1  1 . 1  C 

Vertical L 20.2 4 . e  
Corner + 14.9 3.7 
Front-r.al1 L 10.3 2.5 
Spreader-stoker 8.4 2 .3  
Cyclone 7 . 1  1.5 
Horizonull? opposed t 8.2 4 . 9  ___ 

Partial-load ICSCS' 
Veri ical  C 19.0 4 . 1  
Corner 6 13.5 2.9 
Front-wall L 9.2 2.4 
Spreader-srokcr 8.1 1.5 

Table 3.1-25. Fly ash Concentrations and Collection Efflciencies of 
various Coal-Fired Bo1lers.l 

_________ 

Collrctor 
rfficaency. 

t 

4 6 4  
93 9 
63 1 
83.9 
74.5 
83 9 

9 i  5 
95.7 
91 3 
87 3 

77 'I 
w. 3 

Particulates Pulverized a .b Spreader sloLe$ C y c l o n C  

(R - piriicle radius 
in microns) 

Total 8 0 kfl I6  IWI 6 5 kgIT 12 IWI I kHT 2 IWt  
R > 22 2Y" 61x 1% 

22 > R > 10 23 18 7 
I O > R > 5  20 I I  a 
J > R > 2 . 5  17 6 "  I O  

2 5 > R  I 5  4 <  65 

Table 3.1-26. Particle Size Distributions (by Mass) Emitted from Coal- 
Fired 'Power Plants.a*b*C 

Pulverized C 

24 f 
18 
16 
16 
26 

%om ref. (169). 
bFrom ref. (162). 
'From ref. (170). 
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c The inorganic  chemical composition of coa l - f i r ed  power p l a n t  f l y  a sh  
31 9 23 9 124 163 Much of t h e  has  been s c r u t i n i z e d  by numerous i n v e s t i g a t o r s .  

work has  a t t e m p t e d  t o  determine t h e  mass ba lance  d i s t r i b u t i o n  of e lements  

from t h e  feed coa l  t o  t h e  va r ious  bottom ash  and f l y  ash  f r a c t i o n s .  Typ ica l ly ,  

many elements a r e  enr iched  i n  f l y  ash re la t ive  t o  t h e  feed coa l .  Table  3.1-27 

summarizes t h e  concen t r a t ions  of t h e  most important elements i n  c o a l  and f l y  

ash observed from s e v e r a l  power p l a n t s .  31' 113'123'124 

aluminum, and t h e  a l k a l i  meta ls  and a l k a l i n e  e a r t h s  a r e  t h e  dominant s o i l  

and rock c o n s t i t u e n t s ,  and a r e  probably fused i n t o  g l a s s - l i k e  m a t e r i a l s  

dur ing  combustion ( see  F igures  3.1-8  and 3.1-9, and a l s o  Ref. 114.)  

I n  a d d i t i o n ,  i r o n  i s  p resen t  i n  f l y  ash  from c o a l  combustion i n  l a r g e  quant i -  

t ies ,  and may account  f o r  much of whatever r e a c t i v i t y  i s  a s s o c i a t e d  wi th  fly 

ash .  For more d e t a i l e d  ana lyses  of t h e  e lementa l  composition, r e f e r  t o  t h e  

o r i g i n a l  r e p o r t s .  From Tables  3.1-27and 3.1-28, one can a s s e s s  t h e  en r i -h -  

Elements such as s i l i c o n ,  

m e n t  of e l e m e n t s  i n  f l y  ash r e l a t i v e  t o  concen t r a t ions  i n  coa l .  Much more 

impor tan t ,  however, i s  the  enrichment of elements i n  f l y  ash  r e l a t i v e  t o  ambiint  

a e r o s o l s  o r  t o  e lements  i n  s o i l .  This  in format ion  i s  a v a i l a b l e  f o r  t h e  Allen ' 

Steam P l a n t  i n  T e n n e ~ s e e , " ~  and i s  shown i n  Table  3.1-11 i n  Sec t ion  3.1.1.4. 

I t  i s  ev iden t  t h a t  wh i l e  i r o n  i n  f l y  a sh  is  enr iched  8-15 f o l d  compared t o  t h e  

feed  c o a l ,  i t  is enr iched  by only a f a c t o r  of 2.9 compared t o  neighboring s o i l s ,  

and only  a f a c t o r  of 2.5 compared t o  t h e  background a e r o s o l .  Other e lements  i n  

coal-der ived f l y  a sh  which are enr iched  re la t ive  t o  t h e  s o i l  i nc lude  (with 
r e s p e c t i v e  enrichment f a c t o r s )  lead  (17.5) ,  vanadium (13.3), z inc  ( 9 . 2 ) ,  copper 

(35.), cadmium (30.), gold (35.) ,  and a r s e n i c  (57 . ) .  These can a l l  be  con- 

s ide red  t r a c e  elements  i n  c o a l  f l y  ash.  I t  is  noteworthy t o  p o i n t  o u t  t h a t  

elements such as manganese, n i c k e l ,  and vanadium,which form a s u b s t a n t i a l  f r a c -  

t i o n  of t h e  f l y  ash  from o i l - f i r e d  power p l a n t s  are  of only  minor importance 

a s  coa l - r e l a t ed  emissions.  Table  3.1-29 shows e s t i m a t e s  of t h e  t r a c e  element 

emissions c h a r a c t e r i s t i c s  from a 1000 MWe power p l a n t ,  based on informat ion  

from t h e  Kaiparowits  proposal .  

furnace ,  captured by a p r e c i p i t a t o r ,  and emi t ted  through t h e  s t a c k  have d i f f e r -  

ing  s i z e  d i s t r i b u t i o n s .  

c 

163 

The p a r t i c u l a t e  mass f r a c t i o n s  r e t a i n e d  i n  t h e  

Many t r a c e  elements i n  t h e  c o a l  p r e f e r e n t i a l l y  con- 

c e n t r a t e  on c e r t a i n  s i z e  f r a c t i o n s  when burned i n  a coa l - f i r ed  power p l a n t .  

The elements  f avor ing  t h e  l a r g e s t  p a r t i c l e s  tend t o  be  r e t a i n e d  i n  the fu rnace  

c bottom ash ,  whi le  those  concen t r a t ing  i n  t h e  smal le r  p a r t i c l e s  can escape col-  

l e c t i o n  ( p a r t i c u l a r l y  i f  a p r e c i p i t a t o r  i s  t h e  chosen c o n t r o l ) ,  so t h a t  t h e i r  

emission r a t e s  w i l l  no t  be  decreased by t h e  r a t e d  e f f i c i e n c y  of t h e  p o l l u t i o n  



e cs e 
Table 3.1-27 Trace element concentrations in coal and in ash fractions from coal-fired power plen't (ppm) 

Element 
USGSa b S-gans on EPAC 

(as free X) Coal Fly Ash Bottom Ash Coal Fly Ash 

d Carbon 

Silicon 
Aluminum 

Sodium 
Potassium 
Calcium 
Magnesium 
Iron 
Sulfur 

Phosphorus 
Arsenic 
Fluorine 

Antimony 
Thallium 

Europium 
Cadmium 

Copper 
Lithium 
Zinc 
Manganese 

750,000-800,000 
10,000- 70,000 

10,000- 44,000 
100- 4,500 
250- 2;OOO 

1,400- 12,000 

500- 2,000 
1,400- 7,700 

600- 3',200 

100- 700 
-- 
e-- 

-- 
--- 
--- 
6 
1-18 

3-29 
3-1 7 
-- 

--- 
200,000-300,000 
60,000-140,000 

750- 15,000 
7,500- 12,500 
32,000-120,000 

6,000- 13,500 
24,000- 77,000 

1,600- 6,800 
250- 4,000 
3-15 

110-610 

0.6-3 7 
1.1-1.7 
10- 30 

1 
36- 128 

45-1 10 

50-105 
100-300 

--- 
260,000-300,000 
120,000-140,000 
3,000- 15,000 

4,000- 13,000 
31,000- 90,000 

6,000- 9,600 
20,000- 70,000 

800- 2,000 
250- 4,000 

1 
50 

0.05-0.6 
0.2 -0.4 
10-20 

1 
33-39 
50-80 
22-48 

100-700 

720,000-770,000 
--- 
--- 
--- 
--- 
--- 
--- 
--- 

3,000- 13,000 
--- 
1-5 
20-200 

0.1-43 

--- 
0.1 

5-50 
1-122 

1.5-54 
5-200 

3,700-362,000 
84,000-300,000 

50,000-300,000 
1,500- 7,000 

23,000- 25,000 
840-100,000 

360- 38,700 
14,000-190,000 

500-100,000 
320-210,000 & w 

0 --- 
--- 
--- 
--- 
--_ 
--- 
--- 
--- 
--- 
--- 

(continued) 



Table 3.1-27 (continued) 
--= =------ b - ~  - _ _ _  .. _____ 

Swanson EFAC - USG? 
Element 

Bottom Ash Coal Fly Ash (as free X) Coal Fly Ash 

Boron 

Barium 

B er y 11 ium 
Chromium 

Cobalt 

Gallium 

Tit ani um 

Nickel 

Lead 

Scandium 

Strontium 

Vanadium 

Y t t 1: ium 
Z i r conium 

200-700 100-300 
2,000-5,000 1,500-5,000 

3- 7 
20- 150 

7-20 

15-50 

3,000-7,000 

10-70 

20-70 

10-20 

300-3,000 

70- 150 

30-70 

150-300 

2- 7 

15-70 

7-15 
15-30 

3,000-5,000 

10-30 

20-30 

10-15 

300- 1,500 

70- 100 

30-50 

150-300 

20- 100 

50-700 

1 

1.5-15 

5 
1-20 

70-5,000 

0.5-15 

1.5-70 

1-15 

20-500 

3-50 
1-10 

3-150 

22,400 

--- Lanthanum --- 70 70 . 3-10 

a) Average range of concentrations for coals from Western and Southwestern states. The fly ash concentrations 
are the range of values for power plants in Colorado, Arizona, Utah, Nevada, and the "FOUK Corners" site. 
(ref. 123). 

b)  Ref. 124. 

c) Ref. 31. 

d) Measured by the weight loss upon ignit-lon. 
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Table 3.1-28. 
Relative to  the Input Coal at two Coal-Fired Power Plants.  a 

Enrichment  fac tors  for  Elements  on Suspended Pa r t i c l e s  

Ref. (171) Ref. (117) 
Element 

Ba 2.6 0.9 0.92 0.08 
As 7.3 3.2 6.3 1.7 
Sb 6.7 1.6 4.0 0.9 
V 3.8 1.0 0.72 0.06 
Ga 3.1 0.7 1.0 0.2 
Se 2.5 1.1 5.7 1.3 
Zn 6.4 4.4 2.9 0.6 
co 2.2 0.3 1.0 0.2 
C r  2.0 0.3 0.92 0.08 
Fe 1.2 0.1 0.83 0.33 
Mn 0.66 0.08 1.3 0.2 
T i  0.54 0.14 0.78 0.14 
Sm 0.83 0.16 0.69 0.07 
l a  0.95 0.40 0.66 0.02 
Th 0.91 0.1C 0.80 0.03 
sc E 1.0 E 1.0 

0.92 0.17 
Mg 
Na 0.85 0.17 
A1 0.41 0.06 0.83 0.08 
La 0:98 0.09 0.71 0.05 

0.42 0.26 1.2 0.3 

a 
Reproduced f r o m  ref. (171). 
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Table 3.1-29. Estimated t r a c e  element emissions from 1000 Mw coa l  p l a n t  
w i t h  90% SO2 scrubber  and 99.5% e l e c t r o s t a t i c  p r e c i p i t a t o r . a )  

- - - -. - - - -  ---___ _ _ _ _ _  _ -  - --_____ ---_ 
E 1 erne n t Conc i n  r 

b Emitted Emission t o t a l  a sh  __ Fly - ash __ - E m i t t e d  ___ -- ash _- ~ 

and 
mol ec .wt . (PPd t o t a l  ash  f l y  ash  t o t a l  I b h r  

Sb (121.8) 

A s  (74.9) 

Ba (137.4) 

B e  (9.01) 

B (10.8) 

Cd (112.4) 

C r  (52.0) 

co (58.9) 

Cu (63.5) 

F (19.0) 

Ga (69.7) 

Pb (207.2) 

L i  (6.94) 

Mn (54.9) 

Hg (200.6) 

Mo (95.95) 

Ni (58.7) 

Se (78.96) 

Sr  (87.63) 

Sc (44.96) 

T1 (204.4) 

T i  (47.9) 

u (238.07) 

Y (50.95) 

Y (88.92) 

Yb (173.04) 

Zn(65.38) 

Zr(91.22) 

2 .8  

0 .9 (coa l )  

2290 

3.4 

1400 

1.0 

70 

20 

80 

54 ( coa l )  

26 

38 

7 2  

210 

0.06 ( coa l )  

6 

34  

3 ( coa l )  

560 

14 

0.34 

3000 

6 

92 

44 

4 
64 

150 

1 
- 

0.8 

0.8 

0.8 

0.8 

0.8 

1 

1 
- 
1 

1 

0 .8  

0.8 
- 

1 

1 
- 
0.8 

0.8 
0.8  

0.8 

0.8 

1 

0.8 

0.8 
1 

0.8 

0.01 

0.25 

4.0. 

4.0. 

3.9 1 0-3 

3.5.10-3 

6.7 

4.1 

4.2. 

0.25 

6.50 

4.4.  

4.5. 

3.6. 

1 

5.6. 

3 - 7 0  

0. 18 

4.1. 

3.5 

4 . 0 0 1 0 - ~  

4.5 

5.6 

3 . 7 0 1 0 - ~  

4.2.10-~ 

5 . 2 0 1 0 - ~  

4.4 

4 . 8 - 1 0 - ~  

1, 7*10-3 

0.24 (GAS) 

0.54 

a.  0 0  1 o - ~  

2 . 1 * 1 0 - ~  

4. a 1 o - ~  

0.32 

0.028 

0.020 

14 (GAS) 

0.010 

0.Olcl 

0.019 

0.045 

0.063 (GAS) c 2.0-  

7.40 

0.60 (GAS) 

0.14 

0.12 

9.6' 

0.71 

1.6 

0.030 

9.6 

9.9 

0.020 

0.039 

TOTAL CONSLJMP-) (EMITTED) 
( ~ ~ ~ ~ ~ ~ N )  = (CONC I N  C0AL)x TOTAL c 
;_-_ _--- - ___ 

aT----"---- Values c a l c u l a t e d  from re fe rence  163. 
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c o n t r o l  equipment. 

a t i o n  f o r  assessment of t h e  h e a l t h  e f f e c t s  of f l y  ash  emission. 

The elemental  s i z e  d i s t r i b u t i o n  i s  an  important consider-  

Table 3.1-30 and Table 3.1-31 show t h e  s i z e  d i s t r i b u t i o n s  of i r o n  and 

s e v e r a l  o t h e r  ( t r a c e )  elements which e x h i b i t  enrichment i n  f l y  a sh ,  be fo re  

and a f t e r  an e l e c t r o s t a t i c  p r e c i p i t a t o r  i n  t h e  f l u e  gas  stream. P r i o r  t o  t h e  

e l e c t r o s t a t i c  p r e c i p i t a t o r ,  a l a r g e  percentage of t h e  i r o n ,  chromium, n i c k e l ,  

l ead ,  cadminum, and z inc  are found i n  p a r t i c l e s  wi th  diameter  g r e a t e r  than  20 

pm. In  c o n t r a s t ,  t h e  stream which i s  discharged i n t o  t h e  atmosphere i s  
enrlLLied i n  s r i a l l e r  p a r t i c l e s  (MMD between 1 - 5  pm) conta in ing  i r o n ,  vanadium, 

111 Combinatio. chromium, n i c k e l ,  l ead ,  antimony, cadmium, z inc ,  and selenium. 

of Tables  3.1-30 and Table 3.1-31 a l lows  de termina t ion  of abso lu t e  COR- 

c e n t r a t i o n s  of s ize- reso lved  f l y  ash  minera ls .  

Information on t h e  elemental  and organic  carbon composition of f l y  a sh  

from coa l - f i r ed  power p l a n t s  i s  r e l a t i v e l y  spa r se ,  and shows a high degr -e  

of v a r i a b i l i t y  (Table 3.1-27, a l s o  Ref.(31)). Current  understanding of t h e  

propor t ion  of t o t a l  carbon emit ted as p a r t i c u l a t e  from coal - f i red  b o i l e r s  as 

polynuclear  aromatic  hydrocarbons (PAH, a l s o  c a l l e d  "polycycl ic  p a r t i c u l a t e  

organic  matter'' o r  "PPOM" i n  Ref.(80)) i s  t o t a l l y  lacking.  

from power p l a n t s ,  wi th  t h e i r  h igher  combustion e f f i c i e n c i e s ,  are u s u a l l y  very  

low when compared t o  o t h e r  sources .  809 172 

e m i t  less than  1.6 micrograms (yg) of p a r t i c u l a t e  po lycyc l i c  o rgan ic  matter 

per  m i l l i o n  c a l o r i e s  (Mcal) of h e a t  i npu t ,  compared t o  over 1600 pg/Mcal f o r  

hand-stoked r e s i d e n t i a l  furnaces .  8o Figure  3.1-12 shows t h e  c o r r e l a t i o n  

between benzo(a)pyrene emissions and the heat i npu t  rate f o r  f o s s i l  f u e l  furnaces .  

Benzo(a)pyrene emissions a r e  t h e  h ighes t  f o r  t h e  smallest u n i t s ,  and decrease  

w i t h  inc reas ing  furnace  s i ze .  80'172 

combustion e f f i c i e n c i e s  of t h e  l a r g e r  u n i t s .  172 

o i l  and gas  f i r e d  u n i t s  e m i t  lower amounts of PAH than  coa l - f i r ed  u n i t s ,  
a l though t h e  d i f f e r e n c e  i n  emission rates due t o  t h e  type of f u e l  burned 

approaches zero as t h e  s i z e  of t h e  u n i t  i nc reases  (Fig.  3.1-12). 

The PAH emissions 

Coal-f i r e d  power p l a n t s  gene ra l ly  

Presumably, t h i s  r e s u l t s  from t h e  h igher  

The d a t a  a l s o  i n d i c a t e  t h a t  

80,172 

I n  a d d i t i o n  t o  conta in ing  trace elements,  c o a l  a sh  i s  a l s o  s l i g h t l y  

r a d i o a c t i v e .  

c o a l  ash,  p l u s  an  e s t ima t ion  of t h e  r a d i o a c t i v i t y  emit ted w i t h  t h e  c o a l  a sh  of 

a 1 O O O M W e  power p l a n t  ope ra t ing  a t  100% load. Moore and Poet158 have surveyed 

measurements of r a d i o a c t i v i t y  which escape from coa l - f i r ed  power p l a n t s  i n t o  

t h e  surrounding environment. 

New York, and Alabama power p l a n t s  range between 37.8-300 P icocur i e s  p e r  gram 

Table 3.1-32 shows a t y p i c a l  r ad ionuc l ide  a n a l y s i s  of c o a l  and 

6$ Typical  counts  of f l y  ash  specimens from Poland, 



Table 3.1-30. 
Particles. (Reproduced from ref .  (111) .) 

Concentration and Mass Median Diameter of Emitted 

PD-.. p1.m 

Cm-. 
D01e111 

TP 
fc  
V 
ca 
Cr 
co  
Nt 
M n  
c u  
PD 
Sb 
Zn 

TP 
Sc 

1111.1 O"ll.1 

38x 1 0  18 
3 x  Io- 6 

970 5 
8 .5  8 4 
300 12 

0 0 
3% I1 2 
600 15 

le9 5 
6.99 < l  
162 0.6 

23X 10' 16 
iia 0.9 

8700 4 . 1  
1340 2.6 
1 5  1.6 
0 1  5 0  
0 7 <0.5 

0 0 
1 . 3  . 5 4 

0 0 

1 4  1.1 
6.8 0.6 
0 7  6.7 

%Ot 4 . 7  
6 5  4.1 

Table 3.1-31. Percent of Particles and Elements Emitted as a Function 
of Size. (Reproduced from ref. (lll).) 

Ab-. 
7&30 
1 0 - ? O  

5-10 
1-S 
PI 

10 24 
21 
II 
13 

I 

5 

17 m 
18 
11 

1 
9 
I4 
45 
19 

6 

17 
30 
1 1  
I9 

0 

12 
IO 
4 )  
15 

I6 
I1 
H 

n 
I? 

23 

1 

0 
0 

13 
b3 
30 
I4 

0 

19 
I1 

0 

0 

1 
b0 
59 

0 

0 

0 
IO0 

0 
0 

11 
62 

I? 
11 
I2 
15 

n 
21 
2) 
I7 
IS 

7 

9 
19 

(1 

1 

I6 
81 
Z? m 
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GROSS HEAT INPUT TO F U R N A C E ,  cal/hr 

Figure 3.1-12. Benzo(a)pyrene Emissions from Coal, Oil, and Natural 
Gas Heat-Generation Processes.  ( Reproduced from ref. (80). The he?$ 
input for a 1000 MWe power plant operating at  38% efficiency is  2. 3 x 10 
cal/ hr. ) 
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Table  3.1-32 R a d i o a c t i v e  e m i s s i o n s  from a 1000 MWe c o a l - f i r e d  power 
p l a n t  . a )  

- -.- - __ ~ _-~.~ = - --------_=-- =---= ~ ~ = = ~ _ = _ ~ _ - _ _ _ = _ _ =  ____L -- 

Radionucl ide  q-c i igm Coal s C i / g m  Ash 

Rad i urn- 2 26 

Radium-228 

Thorium- 230 

Thorium-232 

p C i / l b  +ash 

0.018 - 0.13 
0.022 - 0.18 
0.069 - 0.20 
0.024 - 0.17 
0.133 - 0.68 

0.24 - 1.86 
0.30 - 2.57 
0.96 - 2.86 
0.33 - 2.43 
1.83 - 9.71 

60.3 - 308 830 - 4404 

/- 

Assumes a l l  t h e  r a d i o a c t i v i t y  i n  t h e  c o a l  remains i n  t h e  a s h  and is 
e q u a l l y  d i s t r i b u t e d  between f l y  and bottom a s h .  

pCi /hr  C i l y r  
. -  - -  - -- -- 

0.508 - 2.70 8 

8 

7 

Zinc on t r o l l e d  ( t o  t a l )  

Emit ted i n  f l y  a s h  

Emit ted i n  bot tom a s h  

5.80*107 - 3.08010 
4.63010~ - 2.46010 
1.17*107 - 6.19010 

0.406 - 2.16 
0.103 - 0.543 

- - c 
0.536 - 2.85 
0.0022-0.011 

0.535 - 2.84 

8 

Emit ted from stack 0.015- 10-7-0.013*10 
8 

Reta ined  i n  the plant 

i n  t h e  s o l i d  w a s t e s  

( c o l l e c t e d  f l y  a s h )  

C o n t r o l l e d ,  99.5% ( t o t a l )  6.12*107 - 3.25010 
8 

6.10*107 - 3.24010 

a)Values were c a l c u l a t e d  from r e f e r e n c e s  164 and 168. 

c 



3-89 

(pCi/gm). Global background counts  i n  s o i l s ,  however, are  on t h e  o rde r  of 

5.4-227 pCi/gm. Evident ly ,  r a d i o a c t i v i t y  emit ted from coa l - f i r ed  power p l a n t s  

is p r e f e r e n t i a l l y  concent ra ted  i n  t h e  f l y  ash .  Upwind ve r sus  downwind measure- 

ments of  r a d i o a c t i v i t y  have a l s o  been r epor t ed  f o r  t h e  Four Comers  power p l a n t  

of Southern C a l i f o r n i a  E d i ~ 0 n . l ~ ~  Radionuclide counts  were r epor t ed  t o  be 48.6 

pCi/lO m 

a t  a d i s t a n c e  of 5.6 km downwind. 

power p l a n t  t o  cause some i n c r e a s e  i n  t h e  e x i s t i n g  background l e v e l  of 

r a d i o a c t i v i t y .  158 

from b5-760 pCi/lO m , one cannot a rgue  t h a t  coa l - f i red  power p l a n t s  are a 

s i g n i f i c a n t  g l o b a l  o r  r e g i o n a l  source .  

6 3  6 3  a t  a d i s t a n c e  of 9.3 km upwind from t h e  p l a n t ,  bu t  91.8 pCi/lO m 

Hence, one might expect  a l a r g e  coa l - f i r ed  

Since v a r i a t i o n s  i n  t h e  background r a d i o a c t i v i t y  range 
6 3  

3.1.2.3 E f f e c t s  of Emission Control  Measures 

The above d i scuss ion  of emissions from coa l - f i r ed  power p l a n t s  has  

focused on uncont ro l led  emissions.  However, both p r e s e n t l y  ope ra t ing  an2 

planned power p l a n t s  i nco rpora t e  some kind of emissions c o n t r o l  s t r a t e g y .  

The d i scuss ion  i n  t h e  prev ious  s e c t i o n s  provides  a b a s e l i n e  f o r  judging  

t h e  e f f e c t i v e n e s s  of emission c o n t r o l  technologies ,  and sugges t s  p o s s i b l e  

emissions from a given power p l a n t  du r ing  malfunct ion of  an emission 

c o n t r o l  system. The p resen t  s e c t i o n  d i s c u s s e s  t h e  va r ious  types  of 

emiss ions  c o n t r o l  technologies  a v a i l a b l e ,  t h e i r  e f f e c t i v e n e s s ,  t h e i r  by- 

products  and waste d i s p o s a l  problems. 

3.1.2.3.1 Su l fu r  Oxides Cont ro l  

The p r i n c i p a l  methods f o r  c o n t r o l l i n g  s u l f u r  ox ides  emission are: a ) u s e  

of low-sulfur f u e l s ,  b) f u e l  d e s u l f u r i z a t i o n  p r i o r  t o  combustion, c )  removal 

of s u l f u r  ox ides  from g a s e s  a f t e r  combustion, d) modi f i ca t ion  of t h e  combustion 

process ,  and e) inc reas ing  s t a c k  h e i g h t  (which alters d i s p e r s i o n  c h a r a c t e r i s -  

t ics) .  

has  been heated.  Conf l i c t ing  recommendations have been advanced by t h e  EPA, t h e  

Debate over  which c o n t r o l  technology o f f e r s  t h e  b e s t  promise of success  

e l e c t r i c  power companies, and o t h e r  government agencies ,  based on t h e  proven 

o r  hypothesized e f f e c t i v e n e s s  of c e r t a i n  procedures  v e r s u s  t h e  c o s t  of i n s t a l -  

l a t i o n  and opera t ion .  

have appeared i n  t h e  l i t e r a t u r e  10-18921 and should b e  consul ted  f o r  d e t a i l e d  

Severa l  reviews of t h e  v a r i o u s  SOx c o n t r o l  measures 

G3 inf Or ma ion* 
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Conversion to a low-sulfur fuel would require the substitution of coal c o r  oil containing less than 0.5-1.0% total sulfur by weight for unregulated 

coal or oil with higher sulfur content (up to 4.5% weight). The sulfur content 

of fossil fuels burned in some California air basis is currently limited by 

regulation to less than 0.5% (see Section 2 . 2 ,  above). 

An alternative to the combustion of increasingly scarce low-sulfur fuels 

is the removal of sulfur compounds from the fuel that is consumed, regardless 

of its grade. This can be done either before it is burned (fuel desulfurization) 

or after combustion (flue gas desulfurization). While technologies for coal and 

oil fuel desulfurization are still in their early stages of development, devices 

which scrub sulfur oxides from stack gases are already comercially available 

from many vendors.18 

upon the chemical composition of the coal and the homogeneity of this compositi n. 

The available technology is inadequate for some coal. Slack1* has reviewed the 

v a r i o u s  types of stack gas scrubbers that are presently in use in power pl:its. 

Most of t hese  involve absorption of S O  into e i t h e r  solid or liquid matrices of 

metal oxides or metal carbonates, although catalytic oxidation systems are also 

now operational. 

The efficacy of existing flue gas scrubbers is dependent 

2 

Invariably, the scrubbers accumulate large quantities of sulfite or sulfate 4 
sludge for which disposal must be arranged. For some of these systems, the 

product can be recycled into a commercial grade of H SO plus the original 

absorbingsmaterial. Reclaimed sulfur compounds from power plant emissions would 

have a substantial impact on the world sulfur market, as would sulfur extracted 

from pre-combustion fuel desulfurization. Alternatively, disposal of the 

sludge as solid waste may introduce problems with land and water use. 

For most scrubbing systems, resulting sulfite and sulfate sludges are sufficiently 

water-soluble that leaching into the soil and nearby drinking water supplies 

is a potential problem. 

2 4  

The two most advanced SO2 stack gas removal systems are limestone (CaCO ) 3 28 scrubbing and lime (CaO) scrubbing. These are both throwaway processes, 

which involve disposing of large quantities of solid wastes. Both the lime 
and limestone systems can reliably remove 90% of the SO in the stack gases- 

This would reduce the SO2 emissions from a 1000 MWe coal fired plant to about 

0.15 tons per  hour at full load. 

166 
2 

The lime process is more expensive, requiring additional energy expendi- c tures and pollution controls for the calcining kiln. Lime, however, is more 

reactive with SO so that less reactants are used, generating less solid 

wastes, when compared to the limestone process. During full scale tests at 

the Mojave Coal Plant, lime was shown to cause fewer operating and maintenance 

problems than limestone. 

2 ’  

163 
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Table  3.1-33 Estimated s ludge e f f l u e n t  from a SO, f l u e  gas  scrubber  
f o r  a 1000 MWe coa l - f i r ed  power p l a n t  ope ra t ing  a t  f u l l  
load.a)  - 

LIME WASTE LIMES TONE WASTES 

% Rate (T/hr) % Rate T/hr) 

CaS03 % H20 73 6.2 

Ca (OH) 11 0.9 

0.4 
T o t a l  dry w t  100 8 .4  

CaS04 2 H 2 0  11 0.9 

CaC03 5 - 

58 6.7 

9 1 .o 
- - 

33 3.8 

100 11.5 
T o t a l  w e t  w t  

(50% s o l i d s )  17 23 

a)Calcula ted  from re fe rence  174. 

Table 3.1-34. Chemical a n a l y s i s  of 
s ludge  l i q u o r  from a li e 
SO2 f l u e  gas  scrubber .  af 

Element Mg/k 

Ca 1144 
Mg 3686 

Na 17040 

c1 31639 

HC03 61 

s04 9427 

p04 52 

s03 214 

SiO2 495 

TDS 63758 

- 

a)From re fe rence  164. 
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Both  systems use  a sc rubber ,  where t..e l ime o r  imestone s l u r r y  is  in-  

troduced t o  the f l u e  gas, a r e a c t i o n  tank which a l lows  t ime f o r  t h e  fo l lowing  

o v e r a l l  r e a c t i o n s  t o  t ake  p l ace :  

1 )  CaCo3 ( l imestone)  + so2 + % H ~ O  + (CaSo3 % H ~ O )  + co2 

o r  

and 

3) 

c 

A t h i ckne r  i s  used t o  concen t r a t e  t h e  underflow from t h e  r e a c t i o n  tank  from 

5-15% s o l i d s  t o  30-50% s o l i d s .  

f i t e  c r y s t a l s  t h a t  can r e t a i n  as much as 50% water i n  t h e  i n t e r s t i c e s  of j t s  

c r y s t a l l i n e  s t r u c t u r e .  F igure  3.1-13 shows t h e  approximate r a t e  a t  which 

scrubber  s ludge  i s  produced as a f u n c t i o n  of power p l a n t  capac i ty  and s u l f u r  

conten t  of t h e  c o a l  burned f o r  d i f f e r e n t  s t o i c h i o m e t r i c s .  Table  3.1-33 shows 

t h e  d r y  s o l i d s  composition of t h e  s ludge ,  and Table  3.1-34 shows t h e  composi- 

t i o n  of t h e  l i q u i d  s o l u t i o n  e n t r a i n e d  i n  t h e  s ludge.  

The s o l i d s  are mainly calcium s u l -  162,164,174 

c 
Both of t h e s e  scrubber  systems r e q u i r e  about  2% of t h e  power s t a t i o n ’ s  

g ross  energy output  f o r  b a s i c  ope ra t ion .  Moreover, s i n c e  these  are w e t  

p rocesses ,  t h e  f l u e  gases  are cooled by t h e  scrubber .  

t o  prevent  condensat ion,  t h e  f l u e  gas  m u s t  be r ehea ted ,  reducing t h e  g r o s s  

energy output  from t h e  power p l a n t  by ano the r  2 - 4 % .  

t h e  plume t o  r i se  f a s t e r  and h igher  t o  a i d  d i l u t i ~ n - d i s p e r s a l , ~ ’ ~  an e f f e c t  
which is  a l s o  augmented by t h e  use  of t a l l ,  l a r g e  d iameter  s t acks .  175 The 

scrubbers  a r e  loca t ed  downstream of p a r t i c u l a t e  c o n t r o l  dev ices  i n  o rde r  t o  

avoid 1 )  having t o  handle  a s h  i n  t h e  scrubber ,  and 2) lowering t h e  temperature  

and r a i s i n g  t h e  humidity of t h e  f l u e  gas  going i n t o  t h e  p a r t i c u l a t e  c o n t r o l  

dev ices  ( see  Sec t ion  3.1.2.3.3),  a l t e r a t i o n s  which would adve r se ly  a f f e c t  

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

To r e s t o r e  buoyancy and 

Increased  buoyancy a l lows  

Besides t h e  l ime and l imestone scrubbing  techniques,  t h e r e  are t h r e e  o t h e r  

methods t h a t  show promise. They are magnesia s l u r r y  scrubbing,  t h e  Wellman- 

Lord process ,  and c a t a l y t i c  ox ida t ion ,  a l l  of which can achieve  90% removal 

e f f i c i e n c i e s .  

t h e  problem of having t o  d i spose  l a r g e  q u a n t i t i e s  of s o l i d  wastes. 

A l l  of t h e s e  a r e  r e g e n e r a t i v e  processes  t h a t  avoid 

However, 

163,164,166 f 
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Sulfur in coal (“A) 
XBL 772- 32 I 

Figure 3.1-13. The amount o f  waste produced by a throwaway f l u e  
gas scrubber a s  a function of su l fur  content i n  the  coal  and the 
stoichiometric  r a t i o  o f  the scrubber material .  (Reproduced from 
ref.  (173).) 
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t h e s e  processes  have not  been ex tens ive ly  t e s t e d  i n  coa l - f i r ed  power p l a n t s ,  
3 and r e q u i r e  a l a r g e  c a p i t a l  investment f o r  an a u x i l i a r y  r egene ra t ion  p l a n t .  

The magnesia s l u r r y  process  ope ra t e s  wi th  t h e  same p r i n c i p l e  as t h e  

l ime scrubbing process ,  except  t h a t  t h e  by-products,  MgS03 and MgS04, are re- 

genera ted .  Trapped SO2 can be s e n t  t o  an ac id /chemica l  p l a n t  t o  be processed 

i n t o  98% s u l f u r i c  a c i d  (H SO ) o r  e lementa l  s u l f u r ( S ) .  The r egene ra t ion  s t e p  

uses  process  water  and f u e l  and i s  an  a d d i t i o n a l  source  of p a r t i c u l a t e ,  

and NO emissions.  L ike  t h e  l ime scrubber ,  t h e  magnesia scrubber  by i t s e l f  

u ses  about  2% of t h e  p l a n t ' s  g r o s s  output .  Addi t iona l  energy i s  requ i r ed  f o r  
163,164,166,173 s t a c k  gas  r e h e a t ,  MgO regeneration, and H SO o r  S product ion.  

2 4  
s02 

X 

2 4  
The Wellman-Lord system u t i l i z e s  a sodium su l f i te -sodium b i s u l f i t e  

scrubbing s o l u t i o n  t o  absorb  SO The NaHSO is  then  thermally s t r i p p e d  t o  2' 3 
o b t a i n  concent ra ted  SO2 which can then  be  converted t o  H SO 

l a rge  q u a n t i t i e s  of Na SO a r e  a l s o  generated and must be so ld  o r  disposed.  

Three t o  6% o f t h e  power p l a n t ' s  output  i s  a l s o  requi red  t o  ope ra t e  t h e  
p rocess ,  i n  a d d i t i o n  t o  l a r g e  q u a n t i t i e s  of steam and wa te r ,  r e s u l t i n g  i n  

o r  S .  F a i r l y  2 4  

2 4- 

1% t imes t h e  increment i n  emi t ted  a i r  p o l l u t a n t s  a s t h e  magnesia scrubbing 

process .  163,164,166,173 

The c a t a l y t i c  o x i d a t i o n  process  u s e s  a vanadium pentoxide c a t a l y s t  to 

conver t  SO2 t o  SO3. The SO r e a c t s  wi th  moi s tu re  i n  t h e  f l u e  g a s  t o  form 3 

/- 

H SO m i s t ,  which is  scrubbed ou t  w i t h  a r e c i r c u l a t i n g  a c i d  stream t o  y i e l d  

80% H2S04 a c i d .  The h e a t  from t h i s  exothermic process  i s  used t o  minimize 

t h e  energy consumption from t h e  power p l a n t  and a l s o  any p o l l u t a n t s  from t h e  
process .  13'14'28' 29 

waste products  from t h e s e  f i v e  types  of f l u e  gas  SO2 removal sys t ems .  

2 4  

Table 3.1-35 summarizes t h e  a d d i t i o n a l  p o l l u t a n t s  and 

An a l t e r n a t i v e  c a t a l y t i c  method which has  been t e s t e d  s u c c e s s f u l l y  on 

l abora to ry - sca l e  u n i t s  reduces both SO and NO us ing  CO. The r e a c t i o n  is  

c a r r i e d  out  i n  hot  s t a c k  gas ,  and no scrubber  i s  used. According t o  t h e  

work of Ki l l ick ,16 '  t h e  b e s t  c a t a l y s t  appears  t o  be a promoted i r o n  oxide  

bed. I f  t h e  system can be operated on a commercial s c a l e ,  advantages could 

inc lude  e f f e c t i v e  emission r educ t ion  combined wi th  low c a p i t a l  c o s t ,  e l i m i -  

na t ion  of s ludge  problems, and minimal thermal  l o s s e s .  

2 

The r e l a t i v e  advantages and d isadvantages  of o t h e r  c o n t r o l  techniques  

such as increased  s t a c k  h e i g h t ,  o r  t h e  i n t e r m i t t e n t  u se  of d e s u l f u r i z a t i o n  

s y s t e m s  are  d i scussed  i n  r e f .  1 4  and 15. Rais ing  t h e  he igh t  of  t h e  s t a c k  

w i l l  r e s u l t  i n  t h e  ame l io ra t ion  of ground l e v e l  SOx concen t r a t ions  i n  t h e  

v i c i n i t y  of t h e  power p l a n t .  *'15 A t  t h e  same time, t h e  a r e a  over  which SO2 
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Table 3.3-32 
Scrubber 6. 

PoLiutant/U'astes Generation from various types of 

a 
A. Limestone Slurry Scrubber a B. Lime Slurry Scrubber 

( Tons/Year) (Tons/ Year) 

Wa 
*.I 

PUI,. .Dl 
c u l a ~ i  SO, NO, Sold ublr 

- - I 5 6  400 b - R I m a r  y sourcc 

Secondary source 
ca5o.tcJS0, 

ufl l l ty  - 493 740 173 - - - - 4 4 -  
Steam 

'Water 
Electricity 787 1 1 8 1  275 - 

Chem8cal 
nil nil nil - 

- 
- 

LQmeston __ ___ __ ~- - 
Total 1280  1921  448 156444 

WYI 
u 

Pan;. L: 
~ I o t e  SO, NO, Sold L ' N  

15.. 200 b - - - Piomary source 
CaSO./CaSO, 

Secondary source 
u t  ' I l ty  - Steam 490 735 172 - 

WJWf - - - 
Electricity 741 1 1 1 2  259 - 42 - - 

t h e m l c r l  

D. Sodium Solution Scrubbing - 
SO Reduction to Sulfur 

C .  Magnesia Slurry- Regeneration a 
to HZSO 

( %oris/ Year ( T o n s l y e a r )  

a 

- - - - (110 400)b 
Pi~mary source 

Secondary source 
w o .  

- u t l l l t y  
440 660 154 - - - -  386 - Steam 

Water 
Electricity 711 1067  249 - 
Fuel 011 791 1 1 8 7  277 - 
Heal credit -20 -30 -7 - 

- - - 

- _...._ 
- nil nil nit nil 

c c c  
Coke 
C J ~ J ~ Y S ~  

TOtJI 1968 2880 673 386 - 

Pan;. WDtW 
culate So, NO, Sold soluble 

Rimary source 

Secondary source 

- (32 700)b - - -  - (13 Ooop 
Suliur 
Na,SO, - - -  
ut I1 It y 

Steam 
Water 
Electricity 
Nalural QJS 
Heal creert 

Chemical 
Lime 
SOOJ Ish 
A n l m x d r t l o n  

2 138 3 207 

742 1113  
255 - 
6 3  4 5  

' 5  - 

- -  

- -  

749 - 
260 
I02 

-22 

- 
I 742 

- 
560 

a E. Catalytic Ojridation 
( Tons/ Year ) ~ 

Primary source . .  - - (I09 900)b - - %SO. 
Secondary source 

u t l l t t y  
Steam 179 269 63 .- 
Water - ,- 
Electricity 904 1 356 316 - 
Heat credit -987 -1 481 -345 - -  

- 55 - - - 

b Reproduced from ref. (166). 
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i n  t h e  plume i s  t r anspor t ed  becomes much w i d e r ,  and t h e  r e s u l t a n t  lengthening 

of t h e  SO, res idence  time i n  t h e  atmosphere. This  may f a c i l i t a t e  t he  formation 
L 

a n d  d i s t r i b u t i o n  of a c i d  s u l f a t e s .  Hitchcock2O has  shown, however, t h a t  one 

cannot r u l e  out  b i o l o g i c a l  a c t i v i t y  as t h e  source  of t h e  ub iqu i tous ly  e l eva ted  

ac id  s u l f a t e  concen t r a t ions  i n  t h e  Eas te rn  U.S., which Al t shu l l e r19  had. a t t r i b u -  

t ed  t o  power p l a n t  emissions.  

s t a c k  h e i g h t s  of power p l a n t s  i n  A i r  Basins w h e r e  t h e  ra te  of  a i r  exchange is 

slow (such as t h e  South Coast o r  San Franc isco  Bay Area) could l ead  t o  g r e a t l y  

I f  A l t ~ h u l l e r ~ ~  i s  c o r r e c t ,  i n c r e a s e s  i n  t h e  

+ l e v a t -  ' s u l f a t e  l e v e l s  l o c a l l y .  

Bas i ca l ly ,  emission c o n t r o l  measures f o r  SO from power p l a n t s  which oper-  

a t e  by e i t h e r  f u e l  o r  f l u e  gas d e s u l f u r i z a t i o n  would compel any u t i l i t y  plannini  

t o  e r e c t  a new f a c i l i t y  t o  propose a s a t i s f a c t o r y  p lan  f o r  s o l i d  and l i q u i d  

waste d i sposa l 'wh ich  would p r o t e c t  l o c a l  communities from d e t e r i o r a t i o n  of s o i l  

and water  q u a l i t y .  175 Other "halfway" measures such as i n t e r m i t t e n t  desu l f  iri- 

z a t i o n  o r  readjustment  of s t a c k  h e i g h t s  may be s a t i s f a c t o r y  i n  remote areas UT 

C a l i f o r n i a ,  bu t  c l e a r l y  not  i n  r eg ions  which a r e  p r e s e n t l y  exper ienc ing  chronic  

a i r  p o l l u t i o n  problems. 

X 

3.1.2.3.2 Nitrogen Oxides Cont ro l  

Cons t ruc t ion  and s t a r t u p  of new f o s s i l  f u e l - f i r e d  power p l a n t s  i n  C a l i f -  

f 

o r n i a  w i l l  c e r t a i n l y  i n c r e a s e  t h e  l o c a l  NO 

f o r  NO c o n t r o l  cannot reduce emiss ions  by a s u b s t a n t i a l  f a c t o r  (Figure 3.1.2; 

a l s o  Ref. [ 9 ] ) .  

t o  a lower NO -producing f u e l  such as n a t u r a l  gas ,  

and c) f lue-gas  t rea tment .  S ince  t h e  op t ion  of conve r t ing  power p l a n t  opera- 

t i o n s  from coa l  o r  f u e l  o i l  combustion t o  t h e  burning of n a t u r a l  gas  is  no longer  

open t o  C a l i f o r n i a  u t i l i t i e s  except  i n  a i r  p o l l u t i o n  ep isodes ,27  f u t u r e  e l e c t r i c  

power genera t ion  w i l l  r e q u i r e  an a l t e r n a t i v e  method. 

emissions,  s i n c e  e x i s t i n g  techniques  
X 

X 
The t h r e e  e x i s t i n g  NOx c o n t r o l  methods involve:  a )  conversion 

b)  combustion modi f ica t ion ,  
X 

Combustion modi f ica t ion  techniques  t h a t  have been conceived o r  demonstra- 

t e d  are low-excess-air  ope ra t ion ,  s taged  o r  o f f - s to i ch iomet r i c  combustion, f l u e  

gas  r e c i r c u l a t i o n ,  reduced a i r  p rehea t ,  steam o r  water  i n j e c t i o n ,  o r  a combina- 

t ion of t h e s e  methods. 28930 

a f u e l - r i c h  mixture  f o r  primary combustion s o  t h a t  t h e r e  is  a decreased supply 

of N2 and O2 a v a i l a b l e  f o r  NOx formation when t h e  f u e l  i s  burned a t  t h e  peak 

flame temperature .  

f u e l  a t  lower temperatures .  

The o f f - s t o i c x o m e t r i c  method re l ies  on c r e a t i n b  

c Excess a i r  i s  then  introduced t o  ox id i ze  t h e  remaining 

This  can be accomplished by "biased f i r i n g ' '  
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which lets air flow through only selected burners, by 'lover firing," which adds 

"NOx ports" above the burners. Recirculating a portion of the exhaust gases 

back into the intake dilutes the fuel and air mixture with a noncombustible gas 

which provides an additional heat sink to lower combustion temperatures. Temper- 

ature reduction of the incoming air simply involves reducing the amount of air 

preheating but requires a larger economizer and reduced feed water tempera- 
tures. 1629 165 
NO formed from air nitrogen, these are ineffective for controlling NO forma- 

tion From fuel nitrogen. 

While combustion modification methods substantially reduce the 

X X 

Flue-gas treatment results in the removal o r  decomposition of the NO after 
X 

it has been formed, and the methods include such systems as wet scrubbing with 

alkaline solutions or aqueous sulfuric acid. Catalytic reduction, adsorption 
on solid matrices, and catalytic decomposition have also been reported ex- 

perimentally. 28' 160 Either catalytic reduction or decomposition of NO 
in hot stack gas offers the best promise because the method could be simplL, 

and no waste management problems would exist as long as the catalyst remains 

active. Additional development effort should definitely be encouraged, since 

effective controls do not now exist and since it has been shown that NO emissions 
from power plants are a substantial contributor to photochemical oxidant forma- 

tion over wide areas. 

X 

@ 
25 

3.1.2.3.3 Particulate Emission Control 

The chief methods employed for  industrial particulate emissions control 

involve inertial separation, filtration, electrostatic precipitation, gravity 
settling and wet scrubbing. Two manuals, one by AIHA128 and the other by the 

T..AAPCD,129 provide good coverage of the principles and practical aspects of in- 

dustrial air cleaning devices; other manuals are available. A summary of the 
state of the art has also been published by NAPCA (now EPA), "Control Techniques 

f o r  Particulate Air Pollution. 1'130 More recently, a series of manuals on wet 
scrubber, fabric filter, and electrostatic precipitator technology have been pre- 

pared by the EPA. 131-133 

Inertial separators include the single cyclone, high-efficiency cyclone, 

multiple cyclone, and mechanical centrifugal separators. In these, the gas is 

directed along a circular path o r  undergoes an abrupt change in direction, 

causing the larger particles to move out of the air stream by their inertia. 

Generally they are suitable for medium size (15-40 pm) particulates, but some 
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wi th  smal le r  o r i f i c e s  w i l l  work down t o  5 pm. Fine d u s t s  and m e t a l l u r g i c a l  

f u m e s ,  which a r e  5-10 urn and sma l l e r ,  cannot be adequately c o l l e c t e d ;  n e i t h e r  

can l o w  dens i ty  p a r t i c l e s .  V e r s a t i l i t y  and low c o s t ,  however, make t h e  s i n g l e  

cyclone the  most widely 'used of d r y  c e n t r i f u g a l  s e p a r a t o r s .  12' Since  a l a r g e  

f r a c t i o n  of t h e  f l y  a sh  produced from high-temperature c o a l  combustion occurs  

i n  the  l a r g e r  diameter  ranges ,  cyclones should serve t o  remove much of  t h e  

p a r t i c u l a t e  m a s s  generated i n  c o a l - f i r e d  power p l a n t s .  

a s  a pre l iminary  s t a g e  i n  p a r t i c u l a t e  removal, t o  be used i n  conjunct ion  wi th  

e i t h e r  h igh-ef f ic iency  e l e c t r o s t a t i c  p r e c i p i t a t o r s  o r  f a b r i c  (baghouse) f i l t e r s  

They are recommended 

downstream. 

E l e c t r o s t a t i c  p r e c i p i t a t i o n  of p a r t i c u l a t e s  is  c u r r e n t l y  t h e  most popular  

method f o r  f l y  ash  emission c o n t r o l  i n  power p l a n t s .  Bas i ca l ly ,  a h igh  vo l t age  

corona d ischarge  produces gas  i o n s ,  which r e a d i l y  a t t a c h  themselves t o  p a r t i c l e  , 
a l lowing  t h e  p a r t i c l e s  t o  be  drawn ou t  of t h e  gas  stream by t h e  high e l e c t r i c  

field. Reference 135 provides a detailed theoretical treatment of precipitator 

opera t ion .  The c o l l e c t e d  dus t  i s  removed p e r i o d i c a l l y  by v i b r a t i n g  t h e  co l l ec -  

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

of t h e  f l y  ash  i s  between l o 3  and 10 

sulfur133 o r  carbon1g6 content  o r  t h e  temperature  of  t h e  f l y  ash  i s  h igh .  

To compensate f o r  t h e  use  of low s u l f u r  c o a l  ( s u l f u r  conten t  less than  l .O%),  

the  p r e c i p i t a t o r  i s  l o c a t e d  b e f o r e ,  o r  on t h e  h o t  s i d e ,  of t h e  a i r  p rehea te r .  

I n  t h i s  p o s i t i o n ,  exhaus t  gases  e n t e r  t h e  p r e c i p i t a t o r  a t  about  345-455OC 

(650-850'F) i n s t e a d  of  t h e  120-180°C (250-350°F) temperature  of t h e  exhaust  

gases  coming o u t  of t h e  p rehea te r .  This  keeps t h e  p r e h e a t e r  c l e a n e r ,  bu t  the 

h ighe r  temperatures  put  g r e a t e r  stresses on t h e  p r e c i p i t a t o r  components and 

i n c r e a s e s  s l i g h t l y  t h e  energy requirements  f o r  t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r .  

Hot p r e c i p i t a t o r s  use about  0 .4  t o  0.7% of  t h e  power p l a n t ' s  g ros s  output  

compared t o  0.3-0.5% f o r  cold-s ide p r e c i p i t a t o r s .  163'164 

requi red  p resen t s  shock (and exp los ion ,  i f  flammable vapors a r e  p re sen t )  

hazards  a g a i n s t  which personnel  must be  p ro tec t ed .  

21,162,164 

c E l e c t r o s t a t i c  p r e c i p i t a t o r s  work more e f f i c i e n t l y  when the  r e s i s t i v i t y  

lg6 t h a t  is, when e i ther  t h e  ohm-cm; 10 

* 

The h igh  vo l t age  

31 

Overa l l  p a r t i c u l a t e  c o l l e c t i o n  e f f i c i e n c i e s  of 99.5% by weight can be 

a t t a i n e d ,  163-165 r e s u l t i n g  i n  an emission r a t e  of about 0.15 tons/hour  

f o r  a 1000 me power p l a n t .  Figure 3.1-14 shows a f a i r l y  t y p i c a l  

.--- ---- * 
A i r  f lowing i n t o  t h e  combustion chamber is  preheated by hea t  t r a n s f e r  from t h e  
f l u e  gases .  
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s i z e  d i s t r i b u t i o n  of f l y  a s h  p a r t i c l e s  be fo re  and a f t e r  t rea tment  of t h e  

f l u e  gas  stream wi th  an e l e c t r o s t a t i c  p r e c i p i t a t o r .  Co l l ec t ion  e f f i c i e n c i e s  

b e t t e r  than  99% f o r  p a r t i c l e s  l a r g e r  than 5 pm are  c l e a r l y  demonstrated.  

For p a r t i c l e s  sma l l e r  than 1 pm, h igh-ef f ic iency  e l e c t r o s t a t i c  p r e c i p i t a t o r s  

are s t i l l  capable  of removing 92-93% of t h e  number and mass, under optimum 

cond i t ions  ( see  Fig.  3.1-14). However, t h e  e f f i c i e n c y  i n  t h e  submicron 

range may n o t  be  
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Figure  3.1-14. Number-averaged Particulate Concentrations at the irlet and outlet of an Electrostatic 
Precipitator (ESP) of a Coal-Fired Power Plant as  a function of Particle Diameter. ( Reproduced 
from ref. (157 ). ) 

b e t t e r  than 50% f o r  most p r e c i p i t a t o r s .  .39129 . R a g a i n i l 7 l  has  r epor t ed  a 

d i f f e r e n t  submicron s i z e  d i s t r i b u t i o n  of f l y  a s h  p a r t i c l e s  which escape t h e  

e l e c t r o s t a t i c  p r e c i p i t a t o r  of  a 430 MWe coa l - f i r ed  power p l a n t .  The MMD i s  

t y p i c a l l y  on t h e  o r d e r  of 1.0 pm, w i t h  p a r t i c l e  number modes a t  0.06 urn and 
108.109.111.171.133 0.6 pm (Figures  3.1-15 and 3.1-16). Numerous o t h e r  s t u d i e s  

have reached t h e  same conclus ions ,  i n d i c a t i n g  t h a t  t h e  p r i n c i p l e  p a r t i c u l a t e  
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Figure 3.1-15. 
a 430 MWe Coal-Fired Power Plant, equipped with a 99.5% Effective Electro- 
static Precipitator. (Reproduced from ref. (171).) 

The Number-Size Distribution of Particles collected fron: 
, 

e 
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Figure 3.1-16. The Mass-Size Distribution of Par t i c l e s  co l l ec ted  from 
a 430 MWe Coal-Fired Power Plant,  equipped with a 99.5% Effect ive  
Electrostat ic  Precipitator.  (Reproduced from r e f .  (171) . )  
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emissions from coa l - f i r ed  power p l a n t s  e q u i p p e d  wi th  an e l e c t r o s t a t i c  prec ip-  

i t a t o r  a r e  enr iched i n  r e s p i r a b l e  range (< 2 pm) p a r t i c l e s .  c 
E l e c t r o s t a t i c  p r e c i p i t a t o r s  are f a i r l y  temperamental and t h e i r  e f f i -  

c i e n c i e s  can drop i f  overloaded,  i f  t h e  p a r t i c l e  s i z e s  decrease  ( d i f f e r e n t  

types  of f i r i n g  r e s u l t  i n  d i f f e r e n t  s i z e  p a r t i c u l a t e  emissions ( see  Table 

3 . 1 - 3 4 ) ) ,  o r  i f  t h e  s u l f u r  con ten t  and/or  temperature  of t h e  f l u e  gases  f l u c -  

t u a t e  g r e a t l y .  163 The lower e f f i c i e n c y  of t h e  p r e c i p i t a t o r  f o r  t h e  small- 

er p a r t i c l e s  i n  t h e  Lee'" s tudy  might be  a t t r i b u t e d  t o  any of t h e s e  f a c t o r s .  

For ::,is reason,  i nco rpora t ion  of a cyclone i n  t h e  f l u e  gas  stream p r i o r  t o  

t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r  may s e r v e  t o  improve t h e  performance of t h e  

l a t t e r  device.129 

t e n t h  of one percent  i n  t h e  c o l l e c t i o n  e f f i c i e n c y  of a p a r t i c u l a t e  removal 

dev i se  can i n c r e a s e  t h e  emission of small  p a r t i c l e s  by 20%, o r  60 lb /hour  

f o r  a 1000 MWe p l a n t .  

One should a l s o  n o t e  t h e  f a c t  t h a t  a v a r i a t i o n  of j u s t  one 

-- F i l t r a t i o n  can be performed by a baghouse, a c o l l e c t i o n  of l a r g e  porous 

f a b r i c  bags,  made of n a t u r a l ,  s y n t h e t i c ,  and minera l  f i b e r s ,  and hung v e r t i -  

c a l l y  i n  a l a r g e  enc losure .  

laden f l u e  gases  can pass  up through them. 

t o  have a low enough f low r e s i s t a n c e  t o  b e  p r a c t i c a l  f o r  t h e  h igh  exhaust  f low 

r a t e s  t y p i c a l  of l a r g e  power p l a n t s .  

, They are  open a t  t h e  bottom so  t h a t  t h e  dus t -  

e This  arrangment a l lows  t h e  u n i t  

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

. pores ,  they form a cake which i t s e l f  a c t s  as a f i l t e r  and makes p o s s i b l e  

e f f i c i e n t  f i l t r a t i o n  of very  small p a r t i c l e s .  The c o l l e c t i o n  e f f i c i e n c y  of t h e  

f i l t e r  bags i n c r e a s e s  u n t i l  they  become s u f f i c i e n t l y  clogged t o  r e q u i r e  c lean-  

ing  by shaking o r  by r e v e r s i n g  t h e  d i r e c t i o n  of gas  flow. 

f a l l  i n t o  a hopper f o r  s to rage . )  

p l a n t  (or bypass  of t h e  baghouse) u n l e s s  a second system is a v a i l a b l e  o r  t h e  

baghouse is  designed so  t h a t  n o t  a l l  t h e  bags need be  emptied a t  once. 

I m e d i a t e l y  a f t e r  c l ean ing ,  t he  c o l l e c t i o n  e f f i c i e n c y  f o r  smal l  p a r t i c l e s  may 

be low u n t i l  a cake b u i l d s  up. Precoa t ing  wi th  coa r se  d u s t  is  sometimes used 

t o  prevent  such dec reases  i n  e f f i c i e n c y .  

(Trapped p a r t i c l e s  

This  c l ean ing  may r e q u i r e  shutdown of t h e  

F a c t o r s  which might l i m i t  t h e  use fu lness  of f a b r i c  f i l t e r ~ l ~ ~  inc lude  t h e  

temperature  l i m i t s  imposed by t h e  f a b r i c  m a t e r i a l  ( c u r r e n t l y  90-230" C) and t h e  

mois ture  con ten t  of t h e  f l u e  gas  ( too  much mois ture  can cause co ld  spo t  con- 

densa t ion  which cakes s o l i d s  or  accumulates a c i d s ) .  



3-103 

The p r i n c i p a l  advantages of baghouse f i l t e r s  are t h e i r  s i m p l i c i t y  and 

t h e i r  e f f i c i e n c y  of p a r t i c u l a t e  removal, p a r t i c u l a r l y  f o r  f i n e  p a r t i c l e s .  

Although unusable  f o r  m i s t s  and hydroscopic p a r t i c l e s ,  t h e  baghouse c o n t r o l s  
a lmost  any d r y  d u s t s  and fumes w i t h  v i r t u a l l y  complete ( 2 9 9 . 8 % )  e f f i c i e n c y .  129 

Basic  f i l t r a t i o n s  mechanisms are t h e  same as those  f o r  a n a l y t i c a l  f i l t e r s  and 

are d i scussed  i n  Ref. 3 . Figure  3.1-17 compares t h e  c o l l e c t i o n  e f f i c i e n c y  of 

t h e  baghouse f i l t e r  w i th  o t h e r  types  of p a r t i c u l a t e  removal systems. 

optimum ope ra t ing  cond i t ions ,  t h e  baghouse f i l t e r  i s  a t  least as e f f i c i e n t  as 

rrhe ,,,est types  of e l e c t r o s t a t i c  p r e c i p i t a t o r s  f o r  v i r t u a l l y  any s i z e  range of 

p a r t i c l e s  encountered. F igure  3.1-17, however, does no t  adequate ly  d i s p l a y  

t h e  f a c t  t h a t  d e t a i l e d  d a t a  on submicron p a r t i c l e  c o l l e c t i o n  e f f i c i e n c y  are 

d i f f i c u l t  t o  ob ta in .  

l a r g e  coal-f i r e d  power p l a n t s ,  they w i l l  probably become t h e  recommended 

method of p a r t i c u l a t e  removal because of t h e i r  a b i l i t y  t o  remove very  s u i 1 1  

p a r t i c l e s .  391629163 

baghouse f i l t e r s  w i l l  c e r t a i n l y  a i d  t h e i r  acceptance,  because of t h e  r e s u l t i n ?  

improvement i n  energy e f f i c i e n c y  and maintenance requirements .  Combination oi 

baghouse f i l t e r  wi th  cyc lones  ( a s  pre t rea tment  devices)  i s  recommended f o r  

coa l - f i r ed  power p l a n t s ,  t o  extend t h e  usab le  l i f e  and e f f i c i e n c y  of t h e  f i l t e r .  

Under 

Once baghouse f i l t e r s  have been proven r e l i a b l e  f o r  

Development of ceramic and non-corrosive f a b r i c s  f o r  

Wet c o l l e c t i o n  dev ices  have a wide range of c o s t s  ( i n i t i a l  p l u s  mainte- 

nance) ,  e f f i c i e n c i e s ,  and power requirements .  They inc lude  sp ray  chambers, 

cyclone-type sc rubbe r s ,  o r i f i c e - t y p e  scrubbers ,  mechanical sc rubbers ,  mechan- 

i c a l - c e n t r i f u g a l  c o l l e c t o r  w i t h  water sprays ,  h igh  p res su re  sp rays ,  Ven tu r i  

sc rubbers ,  packed towers, and w e t  f i l ters ,  as well as combinations of these. 

These can u s u a l l y  handle  high-temperature moisture- laden emissions, and t h e  

c o l l e c t e d  d u s t  i s  secu re ly  he ld  i n  a l i q u i d  r a t h e r  than d r y  and loose .  

remains t h e  problem of d i s p o s a l  of t h e  scrubbing l i q u i d . )  

e f f i c i e n c y  d e c l i n e s  f o r  p a r t i c l e  s i z e s  below 10 pm. The a e r o s o l  i s  we t t ed  by 

c o n t a c t  wi th  a l i q u i d  d r o p l e t  and then  removed by impingement on a c o l l e c t i n g  

s u r f a c e  followed by f l u s h i n g  of t h e  l i q u i d .  P a r t i c l e s  make con tac t  wi th  t h e  

drops  by impaction, d i f f u s i o n ,  t u r b u l e n t  processes ,  condensat ion,  and o t h e r  

poss ib ly  important  processes .  The d r o p l e t s  have t o  b e  l a r g e  enough so they  

can be  removed by g r a v i t y  s e t t l i n g ,  c e n t r i f u g a l  a c t i o n ,  and impaction. 12’ Some 

e f f i c i e n c y  v s .  p a r t i c l e  s i z e  curves  given i n  Ref. 2 i nd ica t e -good  c o l l e c t i o n  

e f f i c i e n c y  down t o  about  1 urn and poor e f f i c i e n c y  below a few t e n t h s  of a pm. 

(There 

P a r t i c l e  c o l l e c t i o n  
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F i g u r e  3.1-17. 
C o n t r o l  Dev ices  as a F u n c t i o n  of P a r t i c l e  S i z e .  (Reproduced from 
Ref. 134) .  

E x t r a p o l a t e d  F r a c t i o n a l  E f f i c i e n c i e s  o f  P a r t i c u l a t e  
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An experimental scrubber for gases and fly ash was built several years 

ago by the Braxton Company in Massachusetts. 
cfm capacity and worked with the aid of a 400 Hz sound wave which increased 

the gas flow past the liquid droplets. Efficiencies in excess of 99.8% were 
reported for gases and particles, and the amount of waste liquid was substan- 
tially smaller than that from more conventional scr~bbers.~ A test report on 

one of these systems has just been completed. 

technology are reviewed briefly in Ref. 134, as are other advanced particulate 
rerndval methods. 

It was a pilot plant with 20,000 

3 Acoustic and ultrasonic scrubbing 

Particulate collection efficiencies for the various control devices 

described above do not necessarily apply to specific elements o r  compounds 

even when accounting for size distributions. 

mineral removal by electrostatic precipitators is available,as discussed in 

Section 3.1.2.2. Polynuclear aromatic hydrocarbons (PAH) and other cari 3r 

species are also emitted from the stacks of coal-fired power plants. 

Ample data on the efficiency if 

Studies of the formation of PAH by combustion processes have shown that 

airborne PAH are almost entirely absorbed onto the particulate o r  soot emissions. 

Only trace amounts of vapor phase PAH are emitted. 172 
control methods for sulfur oxides (SO stack gas scrubbers) and particulate 2 
matter (filters, cyclones, and electrostatic precipitators) should help 

reduce PAH emissions. 68’80’172 

furnace showed negligible reduction of total benzene-soluble organics and 

benzo(a)pyrene by the fly ash collector. 
fired furnace shows a 73% reduction of the benzo(a)pyrene emission rate by the 

fly ash collection system. 17’ 
PAH emission control studies. 
the various particulate removal devices are not as effective in removing PAH 

as other constituents of fly ash. 172 

NOx reduction which initiates the combustion in a fuel-rich mixture and then 
completes it at lower temperatures using less excess air may increase PAH 

emissions. In the first stage of this process, combustion is incomplete, 

favoring PAH formation, while the lower amounts of excess air reduce the 

Because of this, present 

Several tests of a vertically-fired coal 

However, a single test of a front-wall- 

Table 3.1-36 summarizes the results of these 

Although the data are scant, it appears that 

Unfortunately, the proposed method of 

oxidation of the PAH that is formed. 

are cited in the literature concerning PAH from two-state combustion. 

According to Ref. 35, no test results 
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Table 3-1-36 Polyc ry l i c  Aromatic Hydrocarbon Emissions From 
Pulver ized Coal-Fired Pover P lan t  (Dry Bottom Furnace), 
1000 We, 100% Load. 

Ref. (eo) 

Fluoran thene 

Pyrene 
Benzo ( a )  pyrene 
Benzo (e) pyrene 

Benzo(ghi1pprene 
Coronene 
Perylene 

Phenanthrene 

An than threne 
n 

Ver t i ca l ly -F i r ed  - Front-Wall-Fired Tangent ia l ly-Fired 

Emission Emission Emission Emission Emission Emission 

(pg/106 Cal) (g/hr)  (Ug/lo6 (g/hr) (pg/106 Cal) 
Rate Fac to r  Rate Fac to r  Rate Factor  

(F/hr)  

1.29 3.00 0.83 1.93 2.11 4.91 
1.16 2.70 1.04 2.41 0.76 1.77 
0.12 0.28 0.09 0.21 0.76 1 77 
- - 0.29 0.67 0.46 1.07 
- - 0.07 0.16 0.81 1 38 

- - - 0.04 3.093 
- - 0.38 0.88 

- - 1.04 2.42 0.19 0.44 
- - - - 0.03 0.070 

- 
- - 

Ref. (168)* 

Fluor an thene 200 1.90 80 0.76 

Pyrene 155 1.47 180 1.71 
Benzo(a)pyrene 19 0.18 19 0.18 
Benzo (e) pyrene - - 23 0.22 

Ben zo (ghilpyrene - - 7 0.066 

Cor Onene 
Perylene - - - - 

- - - - 

390 3.70 
100 1.33 
140 1.33 

86 0.82 

150 1.42 
7 0.066 

71 0.67 

* The measurements from Ref. 168 were taken a f t e r  t h e  Fly Ash Co l l ec to r .  
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Often ,  reducing  one t y p e  of p o l l u t a n t  c r e a t e s  a n o t h e r ;  c o n t r o l l i n g  t h e  

emiss ion  of a i r  p o l l u t a n t s  r e s u l t s  i n  a s o l i d  waste problem. There are two 

proposed methods t o  d i s p o s e  of t h e  v a s t  q u a n t i t i e s  of a s h  and s c r u b b e r  s l u d g e  

g e n e r a t e d  by t h e  o p e r a t i o n  of l a r g e  c o a l - f i r e d  power p l a n t s  (see Table  3.1-37): 

a "dry" method which u s e s  t h e  s o l i d  w a s t e s  as  l a n d  f i l l  and a "we t"  method i n  

which t h e  wastes a re  pumped i n t o  man-made ponds. Care must be taken  w i t h  any 

c l i s y s a l  scheme t o  i s o l a t e  t h e  s o l i d  wastes from any water  s u p p l i e s ,  s i n c e  

t h e  wastes i n c l u d e  a l l  t h e  trace e lements  found i n  t h e  bottom a s h  and f l y  as' 

(Table  3.1-27) p l u s  t h e  d i s s o l v e d  s o l i d s  of t h e  s c r u b b e r  s l u d g e  (Table3.1-3L . 
I n  t h e  d r y  method, s c r u b b e r  s l u d g e  i s  mixed w i t h  f l y  a s h  t o  reduce  i t s  

The remaining f l y  a s h  and bottom a s h a r e m i x e c  m o i s t u r e  c o n t e n t  t o  about  27%. 

w i t h  a l i t t l e  water t o  form a m i x t u r e  of about  20% m o i s t u r e  t o  avoid  d u s t  

problems. Both m i x t u r e s  a re  t h e n  t r u c k e d  t o  t h e  d i s p o s a l  s i t e .  The b u r i d *  ; s  

s t a g e d  s o  t h a t  one s e c t i o n  of t h e  d i s p o s a l  area is f i l l e d  at a time. Each 

s e c t i o n  should  b e  a s i n g l e  d r a i n a g e  area i s o l a t e d  by r i d g e  l i n e s  forming a 1 0 1 ~  

p r o f i l e  f i l l  area. 1 6 3  

The t r u c k s  t h e n  s p r e a d  and compact t h e  a s h  as t h e y  traverse t h e  fill c 
s e c t i o n -  

s l u d g e  and a s h  m i x t u r e  i s  s p r e a d  o v e r  t h e  ash .  T h i s  m i x t u r e  sets i n t o  a mor- 

t a r - l i k e  c r u s t  which becomes c h e m i c a l l y  s t a b l e  and r e l a t i v e l y  i n e r t .  

c o v e r ,  t y p i c a l l y  one-foot t h i c k , i s  ther.  p laced  and compacted o v e r  t h e  c r u s t .  

After 35 y e a r s  of o p e r a t i n g  a 1000 We power p l a n t ,  a t  70% a v e r a g e  c a p a c i t y  

f a c t o r ,  s e v e n t e e n  m i l l i o n  c u b i c  y a r d s  of s o l i d  w a s t e s  would need t o  b e  d isposed;  

t h i s  would cover  a n  area of 214 acres t o  a n  a v e r a g e  d e p t h  of 50 f e e t .  Drain- 

age  d i t c h e s  and an e a r t h  dam would be c o n s t r u c t e d  t o  c o l l e c t  and hold  any w a t e r  

runoff  from t h e  f i l l  a r e a  t o  allow f o r  i t s  e v a p o r a t i o n .  Such a c o l l e c t i o n  
163,164 pond might  cover  8-10 a c r e s  of l a n d .  

The w e t  d i s p o s a l  method i n v o l v e s  mixing t h e  f l y  a s h  and s c r u b b e r  s ludge  

w i t h  power p l a n t  waste water. 

20% by weight  suspended s o l i d s  and a b o u t  24% d i s s o l v e d  s o l i d s ,  i s  t h e n  pumped 

t o  a l i n e d  d i s p o s a l  pond. 

60% s o l i d s  c o n t e n t  a s  t h e  waste w a t e r  used t o  s l u r r y  t h e  a s h  and s l u d g e  per-  

c o l a t e s  th rough t h e  s e t t l i n g  s o l i d s  i n t o  a porous u n d e r d r a i n  system composed 

of bottom a s h  p r e v i o u s l y  t r u c k e d  t o  t h e  d i s p o s a l  area and l a i d  down d u r i n g  

pond c o n s t r u c t i o n .  

A f t e r  t h e  a s h  i s  p laced  t o  i t s  g r e a t e s t  d e p t h ,  a l a y e r  of s c r u b b e r  

An e a r t h  

The r e s u l t i n g  waste s l u r r y ,  c o n t a i n i n g  about  

The ash-s ludge  m i x t u r e  would s e t t l e  t o  a nominal 

T h i s  w a s t e  w a t e r  and r a i n  w a t e r  runoff  i s  c o l l e c t e d  and 
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transferred to a nearby lined evaporation pond for final disposal. As each 

pond becomes full, the surface is stabilized to prevent the formation of either 

airborne dust 164 or quicksand. 21 

The disposal area for ponding is much larger than a comparable dry disposal 

area, since larger quantities of water must be evaporated and because the ponds 

are shallower than the land fill sites. For 35 years of operation at 70% 

capacity, a 1000 MWe power plant using the wet disposal method would need 
ponds to accommodate 12,300 acre feet (19.8 X lo6 cubic yds) of sludge and ash 
Ktxtare containing 40% water. The disposal pond area would cover abour: 410 
acres at a 30-foot average depth, with the evaporation ponds covering anothe 

21,164 200 - 300 acres. 
Alternatively, fly ash, bottom ash, and/or scrubber sludges may be utilized 

successfully for commercial applications. Capp 17' has reviewed the properties 

of building materials which contain fly ash. 

ash can be structurally superior to their conventional counterparts. Commercial- 

scale utilization of fly ash in building materials has been ongoing for at least 

the last 1 5 - 2 0  years - this market outlet for ash wastes may be expanded. 
Ash wastes from power plants can be used in asphalt and road-bed materials as 

w e l l .  

ash. 17' Another very important use for power plant ash wastes is in strip 

mine reclamation, and in conventional agriculture. The high percentages of 

calcium, potassium, and phosphorous make ash wastes excellent fertilizers. 

For surface mine reclamation, the high pH of many fly ash specimens alleviates 
the e f f e c t s  of  ac id  drainage from the abandoned mines. However, the presence 

Concrete products containing fly 

Many highways in Michigan and other states are presently paved with fly 

of trace elements, some of which are toxic, may limit the types of vegetation 
which can grow on the reclaimed soil. 

tolerant, so that these'plants may be excellent pioneer crops for reclaimed 

lands. 17' 

Grasses and legumes appear to be most 

Corn and alfalfa grow especially well on fly ash, but barley and 

spinach crops will not survive. 176 Commercial utilization of SOx scrubber 

wastes is presently limited to sulfur or sulfuric acid manufacture, where 

technology permits. Sulfur-deficient soils8 are generally rare, and the use of 

SO scrubber wastes in construction has not been successful. 
X 

3.1.2.3.5 - Fugitive Emissions 

In addition to the public health and environmental implications of emissions 
from coal-fired power plants, there are potential occupational hazards within 
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Table 3.1-37. Sol id  vas tes  from a 1000 We pulverized coal-f i red pover 
plant  v i t h  a 90% lime SO2 scrubber and 99.5% e l e c t r o s t a t i c  
p rec ip i t a to r  operating a t  f u l l  load.') 

_ = 1 _ _ _ _ _ 2 _ _ _  - ----- -- .-i-cI-hc-d 

Bottom and economizer ash 

Collected f l y  ash 

Pulverizer  r e j e c t s  

Lime scrubber sludge (50% solids) 

7.4 tonslhr 

29.4 
5.3 

17* 

59.1 tons/hr  

23 tons/hr f o r  limestone scrubbing 

- 

a)From references 161, 168, and 173. 

b 
Table 3.1-38. OSHA Standards  for  Fugi t ive Dust 

Substance 

(a)  

(a) 

Coal d u s t  ( r e sp i r ab le  
f r a c t i o n  l e s s  than 5 %  SiOz) 

Coal d u s t  ( r e sp i r ab le  
f r ac t ion  more than 5% Si02) 

I n e r t  o r  nuisance d u s t  
( r e sp i r ab le  f r ac t ion )  

Tnert or nuisance d u s t  
( t o t a l  dus t )  

Crys t a l l i ne  quar tz  
( r e sp i r ab le )  

Crys t a l l i ne  quar tz  
( t o t a l  d u s t )  

Milligrams pe 
Cubic Meter 

- (ms/m3) 

2 . 4  

( xsio2 lo + 2 ) 
5 

15 

(,,io2 lo + 2 ) 

Million Pa r t i c l e s  
Per Cubic Foot 

(Hp/ f  t 3 )  

15 

50 

a. In t en t  of law is t o  regulate  f r ee  s i l i c a  ( c r y s t a l l i n e  port ion;  
i . e . ,  quartz)  

Reproduced  f r o m  ref. (164). 

Note: 
The OSHA s t anda rds  for  fugitive e m i s s i o n s  of combust ion  g a s e s  a r e  

t he  same for coa l - f i r ed  power plants  a s  fo r  o the r  i ndus t r i a l  sources. 
T h e s e  include : SOz, 5 ppm; NO , 25 ppm; NO 2' 5 ppm; and  CO 2' 50 ppm. 
A11 of  t h e s e  m a x i m u m  p e r m i s s i b l e  concent ra t ions  a r e  a v e r a g e d  o v e r  an 
8-hour  working  day, and a s s u m e  that  t he  workers a r e  i n  a " reasonab ly  
no rma l ' '  state of health.  

c 

f 
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t h e  power p l a n t  i t s e l f .  Coal,  coa l  a s h ,  and exposed and u n s t a b l e  s o i l  s u r f a c e s  

a r e  a l l  sou rces  of d u s t  a t  a coa l - f i r ed  power p l a n t .  

t i o n s  i n  a l l  new power p l a n t s  are t h e r e f o r e  s u b j e c t  t o  t h e  U.S. Occupat ional  

S a f e t y  and Heal th  Adminis t ra t ion  (OSHA) r e g u l a t i o n s  summarized i n  Table  3.1-38 

F u g i t i v e  d u s t  concentra-  

D u s t  is  c rea t ed  whenever c o a l  o r  c o a l  ash  i s  t r anspor t ed ,  processed,  o r  

s t o r e d .  

enclosed c o a l  conveyors,and c losed  pneumatic h y d r a u l i c  f l y  ash t r a n s p o r t  systems. 

Both c o a l  and c o a l  a sh  have t o  be  t r anspor t ed  i n  c losed  systems,  

Active c o a l  and f l y a s h  s t o r a g e  must b e  i n  enclosed conc re t e  s i l o s .  The 

f n z - t i v e  c o a l  s t o r a g e  is compacted and s t a b i l i z e d  t o  prevent  f u g i t i v e  d u s t .  

A t  any t r a n s f e r  p o i n t s ,  water, f ans .  hoods, and f a b r i c  f i l t e r s  are used t o  

minimize d u s t .  

and polye thylene  g l y c o l ,  o r  calcium c h l o r i d e  are used f o r  c o a l  d u s t  abatemenr 

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

Water and/or  non-toxic chemical sp rays  con ta in ing  phenol,  e t h e r ,  

163,164,167 

I f  calcium c h l o r i d e  (0.1-0.5% s o l u t i o n )  is  used as an  a n t i f r e e z e  o r  d u s t  

c o n t r o l  agent  on c o a l  s t o r a g e  p i l e s ,  increased  amounts of  hydrogen c h l o r s a e  

could  be  emi t ted  i n  t h e  f l u e  gases  of t h e  power p l a n t .  Coal c o n t a i n s  about  

0.1% (range 0 .01-0 .46%) c h l o r i n e .  With t h e  use  of calcium c h l o r i d e  sprayed 

on t h e  c o a l  p i l e  and a 60% emission as hydrogen c h l o r i d e ,  0.09-0.3 l b  per  l o 6  
Btu, o r  about  0.32 tons /h r  of hydrogen c h l o r i d e  could be emi t ted  from a 1000 

MWe power plant,167 as a r e s u l t  of d u s t  abatement procedures.  

A l l  s u r f a c e  roadways t h a t  are ex tens ive ly  used should b e  paved, wh i l e  

u t i l i t y  roadways and working areas should be su r faced  w i t h  c r u s t e d  rock  and 

t r e a t e d  w i t h  de l iquescen t  chemicals  o r  water. 

OSHA s t a n d a r d s  f o r  f u g i t i v e  emissions of combustion gases are t h e  same 

f o r  coa l - f i r ed  power p l a n t s  as f o r  o t h e r  i n d u s t r i a l  sources .  These inc lude :  

SO2, 5 ppm; NO, 25 ppm; NOZ, 5 ppm; and CO, 50 ppm. 

a l lowab le  concen t r a t ions  are averaged over  an  8-hour workday, and assume t h a t  

t h e  workers are i n  a reasonably "normal" s ta te  of  h e a l t h .  

A l l  of t h e s e  maximum 

' \  
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3 . 1 . 3  Oi l -F i r ed  Power P l a n t s  

E l e c t r i c  g e n e r a t i n g  p l a n t s  which u t i l i z e  f u e l  o i l  t o  f i r e  the 

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

streams, f o r  optimum e f f i c i e n c y .  F r e q u e n t l y ,  o i l - f i r e d  power p l a n t s  are 

c o n s t r u c t e d  s o  as t o  p e r m i t  t h e  combust ion of  a v a r i e t y  of  f u e l s ,  i n c l u d i n g  

n a t u r a l  g a s  and i n  some c a s e s  p u l v e r i z e d  c o a l .  O i l - f i r e d  power p l a n t s  can  

u s u a l l y  bu rn  e i t h e r  d i s t i l l a t e  f u e l  o i l  ( r e f i n e d )  o r  r e s i d u a l  f u e l  

( u n d i s t i l l e d  r e s i d u e  from o t h e r  pe t ro l eum r e f i n e r y  o p e r a t i o n s ) .  

of  t h e  p r i c e ,  r e s i d u a l  f u e l  o i l  i s  u s u a l l y  p r e f e r r e d .  It is  o f t e n  t h e  

c a s e  t h a t  t h e  h e a v i e r ,  more v i s c o u s  f u e l  o i l s  c o n t a i n  h i g h e r  p e r c e n t a g e s  

of  s u l f u r  and ash. 

Because 

3 .1 .3 .1  S p e c i f i c  e m i s s i o n s  c h a r a c t e r i s t i c s  _---___ 

O i l - f i r e d  power p l a n t s  e m i t  e s s e n t i a l l y  t h e  same k ind  of p o l l u t &  t 

as c o a l - f i r e d  power p l a n t s ,  a l t h o u g h  t h e  amounts d i f f e r .  T a b l e  3.1-39 

shows t h e  e m i s s i o n s  from a t y p i c a l  1000 MWe power p l a n t  a t  maximum l o a d .  

S i m i l a r  d a t a  on gaseous  and p a r t i c u l a t e  mass e m i s s i o n s  i s  c o n t a i n e d  i n  

F i g u r e  3.1-2 ( S e c t i o n  3 .1 .1 ) .  S u l f u r  o x i d e  e m i s s i o n s  a re ,  as w i t h  c o a l  

combust ion,  de t e rmined  a l m o s t  s o l e l y  by t h e  fuel s u l f u r  c o n t e n t .  I n  

p r a c t i c e ,  t h e  r ange  o f  f u e l  s u l f u r  c o n c e n t r a t i o n s  i n  o i l  i s  abou t  t h e  

same as  f o r  c o a l .  

N i t r o g e n  o x i d e  e m i s s i o n s ,  a l s o  as w i t h  c o a l  combust ion,  are  governed 
8 by b o t h  t h e  combust ion t e m p e r a t u r e  and t h e  f u e l  n i t r o g e n  c o n t e n t  ( s e e  

S e c t i o n s  3.1.1.2 and 3.1.2.2 f o r  d e t a i l s ) .  F u e l  o i l  and o i l  f l y  a s h  are 

s l i g h t l y  r a d i o a c t i v e ,  a l t h o u g h  less so  t h a n  c o a l  combustion e m i s s i o n s ,  

so t h a t  t h e  r a d i o n u c l i d e  o u t p u t  o f  a n  o i l - f i r e d  power p l a n t  is o n l y  abou t  

1/10 t h a t  of  a c o a l - f i r e d  p l a n t  ( o n l y  0.18 pCi/gm ash). 

On t h e  o t h e r  hand, s i n c e  v i r t u a l l y  a l l  t h e  a s h  i n  t h e  o i l  becomes 

f l y  a s h  upon combust ion,  p a r t i c u l a t e  e m i s s i o n s  c a n  v a r y  g r e a t l y  depending 

on t h e  g r a d e  of  f u e l  o i l  burned.  150 

h i g h e s t  l e v e l  of f u e l  ash115 and i s  t h e r e f o r e  expec ted  t o  e m i t  t h e  g r e a t e s t  

mass o f  f l y  a s h  upon combustion. Consequent ly ,  any a b s o l u t e  p a r t i c u l a t e  

mass e m i s s i o n  f a c t o r s  quo ted  may b e  i n a p p r o p r i a t e  i n  some cases. 

I n  g e n e r a l ,  r e s i d u a l  oil c o n t a i n s  t h e  

The s i z e  d i s t r i b u t i o n  of p a r t i c u l a t e s  from f u e l  o i l  combustion i n  

a power p l a n t  i s  i n v a r i a b l y  s h i f t e d  toward smaller p a r t i c l e s  compared t o  

Q 

c 



c c 
Table 3.1-39 

Emissions From a Residual Fuel Oil-fired Power Plant, 1000 MWe (net), 100% Load 

Emission Factor Uncontrolled Controlled NSPS Max. Allowed 
(T/HR) (T/HR) (LB/106 Btu) (T/HR) Emission (~~1103 gal) 

Particulates 78.8 x A 1.2 0.19 0.10 0.49 

s02 157 x S 2 . 5  1.3 0.80 3.9 

so3 2 x s  0.031 0.016 - - 
NO, (as N02) 105 3.3 1.5" 0.30 1.5* 
co 3 0.094 0.098 - - 
Hydrocarbons 
Aldehydes (HCHO) 1 

2 

1 
0.063 0.065 - 
0.031 0.033 - 

A = ash content of fuel oil in percent, S = sulfur content of fuel oil in percent. 
Assumptions: 

All.the ash in the fuel oil becomes fly ash, 99% of the sulfur is oxidized to SO?. and 1% of the sulfur L' 

5 to S O 3 .  
Residual fuel properties: 
gal) ; density, 59 LB/ft3 (7.88 LB/gal) 
Fuel consumption (where r) stands for thermal efficiency): 

ash content, 0.5%; sulfur content, 0.5%; heating value, 19,000 Btu/LB (1.5 10 B t W  

uncontrolled, 1050 MWe (gross) @ 38% r):62,900 GAL/HR (total waste heat: 5.8 0 10' Btu/HR) 
controlled, 1060 W e  (gross) @ 37% ~:65,200 GAL/HR (total waste heat: 6 . 2  109 Btu/HR) 

Internal Power Combustion MW (% of net output). Collection Efficiencies of Pollution Controls 
auxiliary equipment 50 (5%) cyclone collector 85% 
cyclone particulate collector 10 (1%) (ash collected: 1.1 TJHR) 

TOTAL (controlled) 60 (6%) SO, control 50% 
(switch from 0.5% sulfur oil to 0.25% sulfur 
oil) 

NOx cpntrol: sufficient to meet NSPS* 

From reference (161) a 

bNet plant efficiency: 35% 
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c o a l  f l y  a s h  ( s e e  T a b l e  3.1-31, f o r  example).  While r e p o r t s  o f  t h e  

p a r t i c l e  s i z e  d i s t r i b u t i o n  may d i s a g r e e  s l i g h t l y ,  n e a r l y  a l l  of t h e  

e x i s t i n g  work s u g g e s t s  t h a t  o i l  f l y  a s h  p a r t i c l e s  are  s m a l l .  The e x a c t  

p a r t i c l e  s i z e  d i s t r i b u t i o n  p robab ly  depends on t h e  g rade  of  f u e l  o i l  and 

on combustion p r o c e s s  c o n d i t i o n s ,  as  w e l l  as t h e  sampling methods. It 

can be  assumed s a f e l y  t h a t  a t  least  50% of  t h e  u n c o n t r o l l e d  p a r t i c l e s  

a r e  s m a l l e r  t h a n  5 pm d i a m e t e r .  167 

The t r a c e  element  compos i t ion  of f u e l  o i l  and t h e  r e s u l t i n g  f l y  a s h  

i s  h i g h l y  v a r i a b l e  depending on t h e  g e o l o g i c a l  c h a r a c t e r i s t i c s  of t h e  o i l  

f i e l d  and t h e  d e g r e e  of o i l  p r o c e s s i n g ,  and f o r  f l y  a s h  compos i t ion ,  on t h ?  

b u r n e r  t e m p e r a t u r e ,  f u e l - t o - a i r  r a t i o  and s t a c k  s i z e .  T a b l e  3.1-40 

shows a n  a n a l y s i s  of  v a r i o u s  g r a d e s  of  f u e l  o i l  and a s h e s .  

t h e  m i n e r a l  compos i t ion  of  o i l  f l y  a s h  w i t h  t h a t  from c o a l  combustion 

(Tab les  3.1-27, 3.1-28, and 3.1-291, i t  immediately becomes obv ious  t h h  

o i l  f l y a s h  i s  g r e a t l y  e n r i c h e d  i n  vanadium, whereas  c o a l  a s h  c o n t a i n s  

l a r g e  amounts of  i r o n .  

amounts of manganese and n i c k e l ,  n e i t h e r  of  which i s  an i m p o r t a n t  

c o n s t i t u e n t  of  c o a l  f l y  a s h .  

e m i s s i o n  ra tes  f o r  t r a c e  e l e m e n t s .  

I f  one compares 

Fur the rmore ,  o i l  f l y  a s h  c o n t a i n s  s i g n i f i c a n t  

T a b l e s  3.1-41 and 3.1-42 g i v e  e s t i m a t e d  

3 .1 .3 .2  E f f e c t s  of  e m i s s i o n  c o n t r o l  measures  

The e m i s s i o n  c o n t r o l  t e c h n i q u e s  used  t o  l i m i t  t h e  d i s c h a r g e  of  

gaseous  and p a r t i c u l a t e  f u e l  o i l  combust ion p r o d u c t s  are i d e n t i c a l  t o  

t h o s e  used t o  c o n t r o l  c o a l  combust ion e f f l u e n t s .  They are n o t  d i s c u s s e d  

i n  any d e t a i l  h e r e .  

i n f o r m a t  i o n .  

The reader shou ld  r e f e r  t o  S e c t i o n  3.1.2.3 f o r  f u r t h e r  

S i n c e  f u e l  o i l  is  a r e f i n e d  p r o d u c t ,  t h e  easiest  way t o  c o n t r o l  SO2 

e m i s s i o n s  is  t o  bu rn  low-su l fu r  o i l .  Many a i r  p o l l u t i o n  c o n t r o l  d i s t r i c t s  

have a l r e a d y  adopted r e g u l a t i o n s  bann ing  t h e  u s e  of f u e l  o i l s  w i t h  s u l f u r  

c o n t e n t  g r e a t e r  t han  0.5%. 

t h e  c o n t i n u e d  a v a i l a b i l i t y  of low-su l fu r  f u e l  o i l .  

f u e l  s u l f u r  l i m i t a t i o n s  c a n  remain t h e  p r i n c i p l - e  method f o r  SO, e m i s s i o n s  

c o n t r o l  f o r  t h e  long-term f u t u r e .  E v e n t u a l l y ,  o i l - f i r e d  power p l a n t s  

w i l l  have  t o  b e  equipped w i t h  d e s u l f u r i z a t i o n  d e v i c e s  s imi l a r  t o  t h o s e  

i n  u s e  o r  under  development f o r  c o a l - F i r e d  power p l a n t s .  

However, t h i s  c o u r s e  of a c t i o n  presumes 178 

I t  i s  u n l i k e l y  t h a t  

r 
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Table 3.1-40. Elemental  Concentrat ion i n  Fuel  and Fly  Ash of an Oil-Fired 
Power P l a n t  (ppm) . 

e EPRI EPA' LACAPCD~ Gordon e t .a l  
F ly  Ash Fuel  O i l  F ly  Ash Element 

(as f r e e  X) Fuel  O i l a  Residual  4' API 
Fuel  O i l b  F lv  Ash 

f Carbon 
Vanadium 
Nickel  
Msngmese 
I ron  
Chromium 
Cobal t  
S i l i c o n  
Aluminum 
Barium 
Magnesium 
Lead 
Calcium 
Sodium 
Copper 
Titanium 
Molybdenum 
Boron @ Zinc 
Su l fu r  
Chlor ine 
Bromine 

- 
40-113 
20-90 
0.2-1.0 
10-20 
0.7-4.0 

8-30 
- 
- 

0.3-5 
2-3 
1-4 
17-400 

0.2-1.0 
30 

- 
- 

0.02-0.15 
0.4-2.0 - 

- 
- 

181,000 
312,000 
104,000 

2 50 
26,000 
1,850 
2,100 
45,000 
76,000 

900 
4,200 
2,000 
2,800 
22,500 
.2,000 

30 
220 
290 
500 

100,000 
5,000 

g 

581,000 
17,000 
14,000 

g 

g 
g 

22,000 

2,800 
8,600 

g 
g 
g 
g 

g 
g 
g 
g 
g 

70,000 
g 
g 

6,700 

-85,000 
36 

0.28 
- 
- - - 
5 
12 
<60 

26 
130 

- 

<3 

- - - 
8,700 

90 
21 

%lean va lue  f o r  o i l  ob ta ined  from v a r i o u s  r e s e r v o i r s  i n  t h e  United S t a t e s ,  t h e  

bRef. 139. 
M i d d l e  E a s t ,  South A m e r i c a ,  a n d  Canada (ref. 115). 

These d a t a  were obtained from an  o i l - f i r e d  power p l a n t  i n  Southern C a l i f o r n i a  
( r e f .  39). 

dThese d a t a  were obta ined  from an o i l - f i r e d  power p l a n t  i n  Southern C a l i f o r n i a  
( r e f .  40). 

e These d a t a  were obta ined  from an  o i l - f i r e d  power p l a n t  i n  t h e  Boston 
met ropol i tan  area (ref. 122). 

fMeasured by t h e  weight loss upon i g n i t i o n .  

gThe concen t r a t ion  of t h i s  element 

C 

i n  t h e  f l y  ash w a s  w e l l  below 10,000 ppm. 
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Table 3.1-41. Trace Element Emissions from a 1000 m e  Residual Fuel 
Oil-Fired Power Plant, Operating at 100% Load.a 

El anent Ash concentration Emission rate 
_--I - (Ppm) (LB/HR) 

Carbon 
Iron 
Chromium 
Cobalt 
Silicon 
Aluminum 
Barium 
Magnesium 
Lead 
Calcium 
Sodium 
Copper 
Titanium 
Molybdenum 
Boron 
Zinc 
Chlorine 

581,000 

1,350 

2 , 800 
8 , 600 

900 
4 , 200 
2,000 
2,800 
6,700 
2,000 

30 
220 
290 
500 

5 , 000 

22  , 000 

2,100 

2.0 
8.0 
0.67 
0.76 
1.0 
3.1 
0.33 
1.53 
0.73 
1.0 
2.4 
0.73 
0.011 
0.80 
0.11 
0.18 
1.8 

a 
Values calculated from Table 3.1-40 with neither preferential concentration 
onto different size particles nor vaporization assumed. 

Table 3.1-42. Trace Element Emissions from a 1000 MWe Residu 
Oil-Fired Power Plant, Operating at 100% Load. 

Emission rate 
-- 

E 1 em en t Emission Factor Uncontrolled Controlled 
( ~ ~ 1 1 0 3  GAL.) (LB/HR) (LB/HR) 

Arsenic 
Ber y 11 ium 
Cadmium 
Manganese 
Mercury 
Nickel 
Vanadium 

0.001 (VAPOR) 0.060 0.015 

0.02 1.2 0.160 
0.001 0.060 0.0092 
0.0004 (VAPOR) 0.024 0.024 
0.1 6.0 0.69 
0.3 18.0 2.8 

0.0007/0.0002 0.042 0.012 

hValues  c a l c u l a t e d  from ref. 177 f 
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Nitrogen oxide  c o n t r o l s  a r e  very  s imi la r  t o  those  used i n  coa l - f i r ed  

power p l an t s .  S i n c e  the o b j e c t i v e  has been t o  avoid product ion  of  NO from 

atmospheric  n i t r o g e n ,  t h e  p r i n c i p l e  methods i n  use  o r  planned involve  some 

s o r t  o f  combustion mod i f i ca t ion  procedure.  To da te ,  t h e s e  methods have been 

l i m i t e d  i n  t h e i r  e f f e c t i v e n e s s ,  poss ib ly  due t o  t h e  i n a b i l i t y  o f  combustion 

mod i f i ca t ion  t o  lower t h e  formation of  NO from f u e l  n i t rogen .  
X 

Since  o i l  c o n t a i n s  less ash by weight than  c o a l ,  less e f f i c i e n t  

methods o f  f l y  a s h  c o n t r o l  c a n  b e  used and s t i l l  comply wi th  t h e  EPA’s New 

Source Performance Standards f o r  p a r t i c u l a t e  emissions (Sec t ion  2.2).  

Hence, m u l t i p l e  cyclone c o l l e c t o r s  a re  commonly used s i n c e  they  are 

r e l a t i v e l y  s imple and inexpensive t o  ope ra t e .  However, as i n d i c a t e d  

e a r l i e r  i n  Sec t ion  3.1.2.3.3,cyclone c o l l e c t o r s  are r e l a t i v e l y  e f f i c i e n t  

for l a r g e  (> 10 urn) p a r t i c l e  c o n t r o l ,  bu t  do no t  remove any more than  40% 

of t h e  r e s p i r a b l e  p a r t i c l e s  (< 2 - 3  urn) (see Figure 3.1-17, a l s o  r e f e r e n c e ,  

1 3  and 161). Fly ash  p a r t i c l e s  from f u e l  oil combustion, on t h e  o t h e r  hand, 

are  r i c h  i n  small r e s p i r a b l e  (< 2 pm) p a r t i c l e s .  Consequently, t h e  use  

of cyc lones  should have l i t t l e  e f f e c t  on t h e  concen t r a t ion  or composition 

of p a r t i c u l a t e s  from o i l - f i r e d  power p l a n t s .  

t h e  m a s s  concen t r a t ion  of r e s p i r a b l e  range  (< 3 pm) p a r t i c u l a t e s  which 

escape from t h e  mul t icyc lones  of an  o i l - f i r e d  b o i l e r  can be 20 times 

g r e a t e r  than  f o r  t h e  comparable p a r t i c u l a t e s  emi t ted  from t h e  same s i z e  
coa l - f i r ed  power p l a n t  equipped w i t h  an  e l e c t r o s t a t i c  p r e c i p i t a t o r .  

Th i s  occurs  i n  s p i t e  of t h e  fact  t h a t  t h e  uncont ro l led  o i l - f i r e d  

combustion emissions are only  12% of  those  from t h e  coa l - f i r ed  p l a n t .  

3 

As Table 3.1-43 shows, 

Table  3.1-43 Comparison of P a r t i c u l a t e  Emissions. 114  

All Data From‘ 
Dcrcr iption Oil fircd Iioilcr Coal fucd boiler 

(mg I m 3  (mglm’) 
Arcracc p.trlicutalc conccn- 

tration 
Bcforc ihc control dcvicc 435a 30 70 
Aflcr thc control devicc 87 9.2 . 

Particulitc cmirrioni in 
stack garcr 

3 pm or smaller 67.4b 3.2C 
Irrgcr than 3 p n  19.6 6.0 

a R a d  o n  80% control clficicncy. 
h a 7  X 7 7 . 5 % ~  67.4 mg/m’ (rftcr tlic multicycloncr). 
C9.2 X 35.0% = 3.2 mglm’ (after thc clcctrortatic prccipitator). 
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From t h e  s t a n d p o i n t  of impacts  on p u b l i c  h e a l t h ,  t h e r e f o r e ,  t h e  incopo- 

r a t i o n  of  more e f f e c t i v e  p a r t i c u l a t e  removal systems such as baghouse 

f i l t e r s  o r  even e l e c t r o s t a t i c  p r e c i p i t a t o r s  i n  p l a c e  of m u l t i c y c l o n e s  

a l o n e  should be pursued.  These emiss ion  d a t a  a l s o  p o i n t  o u t  t h e  d e f i c i e n c y  

i n  e x i s t i n g  s t a n d a r d s ,  s i n c e  both  t y p e s  of power p l a n t s  shown i n  T a b l e  

3.1-43 comply. 

S o l i d  w a s t e s  and d u s t  are n o t  s i g n i f i c a n t  problems a t  o i l - f i r e d  

power p l a n t s  a t  t h e  p r e s e n t  t i m e .  However, i n c l u s i o n  of s c r u b b e r s  f o r  

S i ,  removal would i n t r o d u c e  t h e  same s l u d g e  d i s p o s a l  problems as are  

encountered  i n  c o a l - f i r e d  power p l a n t s .  The o n l y  d u s t  t h a t  could occur  

would b e  from f l y  a s h  h a n d l i n g  equipment and from t h e  ground. 

t h e  a s h  h a n d l i n g  equipment and u s i n g  w a t e r  t o  moisten t h e  a s h  and any l o o s e  

ground would minimize d u s t  problems. 

a r e  t h e  c o l l e c t e d  a s h ,  which is  about  1.5% t h e  weight  of t h e  s o l i d  wastes 

f r o m  a coa l  plant w i t h  l ime SO2 scrubbers, and any s l u d g e  from s u l f u r  

c o n t r o l  equipment. 

Enclos ing  

The s o l i d  w a s t e s  t o  b e  d i s p o s e d  of 

Analogous t o  c o a l  d u s t  from c o a l  s t o r a g e  p i l e s ,  o i l  s t o r a g e  t a n k s  

have e v a p o r a t i v e  hydrocarbon l o s s e s .  

f o r  o i l  s t o r a g e :  f i x e d  r o o f ,  f l o a t i n g  r o o f ,  and v a r i a b l e  vapor  space .  

Fixed roof  t a n k s  are t h e  s i m p l e s t  and l e a s t  expens ive  t a n k s ,  b u t  r e s u l t  

i n  t h e  g r e a t e s t  l o s s e s .  These are t h e  working l o s s e s  t h a t  occur  when t h e  

t a n k s  a r e  r e f i l l e d ,  s i n c e  t h e  incoming f l u i d  d i s p l a c e s  t h e  vapor  which is  

i n  t h e  t a n k ,  which i s  s imply vented  t o  t h e  atmosphere.  B r e a t h i n g  l o s s e s  

a l s o  occur  due t o  thermal  expans ion ,  b a r o m e t r i c  p r e s s u r e  changes,  and 

added v a p o r i z a t i o n  of t h e  f l u i d .  

t a n k s  a re  more expens ive  and compl ica ted ,  b u t  are des igned  t o  e l i m i n a t e  

There are  t h r e e  b a s i c  t y p e s  of t a n k s  
1 6 1  

F l o a t i n g  roof  and v a r i a b l e  vapor  s p a c e  

r-' 

o r  l e s s e n  t h e s e  vapor  l o s s e s .  V a r i a b l e  vapor  space t a n k s  have a t e l e s c o p i c  

roof  o r  f l e x i b l e  diaphram t h a t  e s s e n t i a l l y  e l i m i n a t e s  b r e a t h i n g  l o s s e s  ( b u t  

n o t  r e f i l l  l o s s e s ) .  

l o s s e s  b u t  a l l o w  s t a n d i n g  s t o r a g e  l o s s e s  through leakage  of  t h e  s e a l s  of  t h e  

f l o a t i n g  r o o f .  

ra te  from a 60-day-capacity t a n k  farm f o r  a 1000 MJ p l a n t  o p e r a t i n g  a t  70X 

F l o a t i n g  roof  t a n k s  p r e v e n t  b o t h  b r e a t h i n g  and r e f i l l  

Table  3.1-44 g i v e s  an approximate emiss ion  f a c t o r  and em:ssion 3 

c a p a c i t y .  U n d e r  t h e  assumptions l i s t e d  below i n  t h e  tab le ,  t h e  

e 

l o s s e s  from f i x e d  roof  t a n k s  a r e  a lmost  f i v e  times t h e  l o s s e s  from f l o a t i n g  
1 6 1  roof tanks .  

n 
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t a b l e  3.1-44. Evaporat ive Hydrocarbon b r i e r  from t h e  Oil Storage Tanks 
of Oil-Fired 1000 W e  Power Plants .  Operating a t  702 
C.pec:t,. 

DISTILUTE AND RESIDUAL OIL 

Dirt l l la te  R i r i d w l  
Type of Sto rage  Tank 

1. PIDATING ROOF 
(nev lo ld  tank) 

Dai ly  Lasses 
L e f i l l  LosserC 

T o t a l  Emisrlooa 

2. FIXED ROOF 
(nev lo ld  t k k )  

Dal ly  b S S e 8  
R e f i l l  Lorre& 

T o t a l  5 1 a r i o m  

0.0052/0.012 - 

0.036/0.oL1 
1.0 

- 
1.0 

10124 9.1122 - - 
10124 9;7/22 

72/01 67/76 
33 31 

1051114 98/10? 

- - 
33 31 

33 31 

CRUDE OIL 

Emissions factor Rate o f  a a i ~ d o a e  
' (LBS/UnlC of Time-lOhal)b (Tons/60 days) 

Wpc o f  Storage Tmk 

1. PLOATINC ROOF 
(nev/old tank) 

D a l l y  tosacs 
R e f i l l  tcssesc 

T o t a l  ~ s s l o a s  

2. FIXED ROOF 
(nev/old tanka) 

Dal ly  Losacr ' 0.150/0.170 
R e f i l l  b a s e r C  7.3 

Total hissionm 

511140 - 
S7/140 

290/330 
240 

530/570 

3. VARfABLE VAPOR not used 

a Baaed upon Ref. (161). 

b The u n i t  of t ime f o r  the  d a i l y  emission8 f a c t o r s  l a  per  day. vhfle t h e  
refill lessee a r e  per  s t o r a g e  tank c a p a c i t y  (which v e  v l l l  assume i n  t h e  
celculntiob of the emfaslons r a t e  is once eve ry  60 days). 

eve ry  60 dayr .  
e R e f i l l  losses asaumc t h a t  each tank i s  completely emptied and t hen  r e f i l l e d  
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3.1.4 N a t u r a l  Gas-Fired Steam Power ___ P l a n t s  _-- 
Natura l  gas  i s  t h e  most d e s i r a b l e  f u e l  f o r  a f o s s i l - f u e l  power 

p l a n t .  It i s  piped d i r e c t l y  t o  t h e  power p l a n t ,  e l i m i n a t i n g  any need f o r  

s t o r a g e .  S i n c e  i t  is  a g a s ,  i t  can b e  mixed completely w i t h  a i r ,  a l l o w i n g  

p r e c i s e  c o n t r o l  of i t s  combustion. Complete combustion can e a s i l y  be 

a t t a i n e d  w i t h  low e x c e s s  a i r ,  v i r t u a l l y  no smoke, and r e l a t i v e l y  low NOx 

emiss ions .  161'21 Table  3.1-45 summarizes t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  

and p o l l u t a n t  emiss ion  f a c t o r s  f o r  a n a t u r a l  g a s - f i r e d  power p l a n t  ( s e e  

a l s o  F i g u r e  3.1-2, S e c t i o n  3.1.1.1) .  

N a t u r a l  g a s  i t s e l f  c o n s i s t s  of methane, w i t h  minor p r o p o r t i o n s  of 

e t h a n e  and a few h i g h e r  a l k a n e s ,  n i t r o g e n  g a s ,  carbon d i o x i d e ,  and a 

sub-par t -per -mi l l ion  t r a c e  of mercaptans f o r  d e t e c t i o n  of f u g i t i v e  

emiss ions .  219161 

t o  remove most of t h e  s u l f u r - b e a r i n g  compounds (mainly HzS). Consequeni l , ,  

combustion of n a t u r a l  g a s  produces n e g l i g i b l e  e m i s s i o n s  of s u l f u r  oxides 

and f l y  ash .  Most of t h e  p a r t i c u l a t e  e m i s s i o n s  c o n s i s t  of o r g a n i c  and 

t a r r y  carbonaceous matter .21 

f i r e d  power p l a n t s  are  w e l l  below c u r r e n t  e x i s t i n g  e m i s s i o n s  s t a n d a r d s ,  

w i t h  t h e  n o t a b l e  e x c e p t i o n  of NOx. 

governed s o l e l y  by t h e  f lame tempera ture  d u r i n g  t h e  b u r n i n g  of gas, so  

t h a t  NO 

w a r r a n t  emiss ion  c o n t r o l  procedures .  E s s e n t i a l l y  t h e  same methods f o r  

N a t u r a l  g a s  c o n t a i n s  v i r t u a l l y  no ash,  and i s  processcd  

I n  g e n e r a l ,  a l l  of  t h e  e m i s s i o n s  from gas- 

P r o d u c t i o n  of n i t r o g e n  o x i d e s  is  

e m i s s i o n s  from g a s - f i r e d  power p l a n t s  a re  s u f f i c i e n t l y  h i g h  t o  
X 

r e d u c i n g  NO e m i s s i o n s  from c o a l - f i r e d  and o i l - f i r e d  p l a n t s  a r e  used 
21,161,164 f o r  n a t u r a l  g a s - f i r e d  p l a n t s .  

X 

c 

Because of p r e s e n t  and p r o j e c t e d  s h o r t a g e s  i n  n a t u r a l  g a s  s u p p l i e s ,  

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

f i r i n g  of power p l a n t s  w i l l  b e  r e s t r i c t e d  i n  t h e  f u t u r e .  

f u n c t i o n  of  g a s - f i r e d  power p l a n t s  w i l l  be t o  supply  peak l o a d s  and t o  

s e r v e  as power s o u r c e s  d u r i n g  p e r i o d s  of a i r  p o l l u t i o n  e p i s o d e s  i n  which 

combustion of o t h e r  f u e l s  might s i g n i f i c a n t l y  a g g r a v a t e  t h e  t h r e a t  t o  

p u b l i c  h e a l t h .  However, use  of g a s  i n  power p l a n t s  i s  i n c r e a s i n g l y  

r e s t r i c t e d  t o  u s e  i n  more advanced c y c l e s  d i s c u s s e d  i n  S e c t i o n s  3.1.5 

and 3.1.6.  

The p r i n c i p l e  

c 



c 
Table 3.1-45 

Emissions From a Natural Gas-Fired Power Plant, 1000 MWe (net), 100% Load 

Max. Allowed Emission Factor Uncontrolled Controlled NSPS 
Emission (LB/ 106 ft 3) (T/fiR) (T/HR) (LB/106 Btu) (T/HR) 

Particulate 5-15 0.022 - 0.066 0.023 - 0.068 0.10 0.48 

SO, (as S02) 0.6 a 2.6 10-3 2.7 10-3 - - 
NO, (as N02) 700a 3.08 0.95* 0.20 0.95* 

Hydrocarbons (as CH4) 1" 4.4. 4.5. - - 
co 1 7a 0.075 0.077 - - 

Aldehydes gb 0.013 0.014 - - 
Organ i cs qb 0.018 0.018 - - 

Assumptions: 
Natural gas properties: ash content, nil; sulfur content, nil; heating value, 22,000 Btu/LB (1050 

Fuel consumption (where rl stands for thermal efficiency : 
Btu/ft3); density, 0.048 LB/ft3 

9 uncontrolled, 1030 MWe (gross) @ 38% q:8.81 lo6 ft 5 /HR (total waste heat: 5.7 10 Btu/HR) 
controlled, 1030 MWe (gross) @ 37%' q:9.05 lo6 ft3/HR (total waste heat: 6.0 109 (Btu/HR) 

Auxiliary power consumption: 30 MW (3% of net output) 
NO control efficiency: sufficient to meet NSPS" (no other pollution controls) 

From reference (161) a 

bFrom reference (179) 

'Net plant efficiency: 36% 

X 

w 
I 

I--' 
h, 
0 
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3.1.5 Combined Cycle Power P l a n t s  
_.____--_ 

Ins t ead  of burning gas  o r  o i l  i n  a b o i l e r ,  t h e  hot  gases  from 

combustion may be used t o  d r i v e  a t u r b i n e  d i r e c t l y  ( i n  a Brayton cyc le ,  

r a t h e r  than t h e  Rankine steam cyc le ) .  Such p l a n t s  have many o p e r a t i o n a l  

advantages,  p a r t i c u l a r l y  f o r  peak loading ,  180,18' an appropr i a t e  use 

because of t h e i r  r e l a t i v e l y  h igh  ope ra t ing  c o s t s .  179,181 

However, a p u r e  gas t u r b i n e  s u f f e r s  from low e f f i c i e n c i e s  ( 2 4 - 2 7 % ,  

a5 compared wi th  35% t o  38% f o r  f o s s i l  steam p l a n t s ) ,  p r imar i ly  due t o  

t h e  high t u r b i n e  exhaust  temperatures  (- 1000'F). The e f f i c i e n c y  can b e  

g r e a t l y  increased  by us ing  t h e  hot  exhaust  gases  t o  genera te  steam f o r  a 

steam t u r b i n e ,  opera ted  i n  a d d i t i o n  t o  t h e  gas  t u r b i n e ,  as shown in Figure 

3.1-18. 

about 40%,  s l i g h t l y  b e t t e r  than any o t h e r  t ype  of p r e s e n t l y  ope ra t ing ,  

l a rge  cent ra l  s t a t i o n  power p l a n t .  Improved combined c y c l e  p l a n t s  c o u L  

achieve e f f i c i e n c i e s  as high as 50% and burn low-BTU gas from c o a l  

( s ee  the  next  s e c t i o n  f o r  f u r t h e r  d i s c u s s i o n  of  t h e  l a t t e r  p o s s i b i l i t y ) .  

Tables  3.1-46, 47 show t h e  emissions from a hypo the t i ca l  p re sen t  genera t ion  

P resen t  gene ra t ion  "combined cycle"  p l a n t s  have e f f i c i e n c i e s  of 

181,182 

1000 MWe combined c y c l e  power p l a n t .  

(planned o r  under c o n s t r u c t i o n )  are  only  about  h a l f  t h i s  s i z e .  

and f u e l  consumption from a combined c y c l e  p l a n t  are s l i g h t l y  less than  

t h e  same s i z e d  convent iona l  power p l a n t  f u e l e d  w i t h  t h e  same type  of f u e l  

( r e f e r  t o  Table  3.1-45). 

The newest combined c y c l e  power p l a n t s  

Em i s s i  ons 180 

Combined c y c l e  f a c i l i t i e s  burning d i s t i l l a t e  f u e l  o i l  will also have 

evapora t ive  hydrocarbon l o s s e s  a s s o c i a t e d  wi th  o i l  s t o r a g e  t ank  farms 

( see  Table  3.1-44). 
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Table 3.1-46  

Emissions From a Distillate Fuel Oil-Fired Combined Cycle Power Plant, 1000 M\Ve (net), 100% Load 

Emission 
Emission Factor Uncontrolled Controlled NSPS Max. Allowed 
( ~ ~ 1 1 0 3  galr (T/tlR) (T/HR) ( L B / 1 0 6  Btu) (T/HR) 

Particulate 5.0 0.16 0.16 0.10 0.45 

140 x S 0.87 0.90 0.80 3.6 
67.8 2.1 1.3* 0.30 1.3* 

NoX 

co 15.4 0.48 0.49 - - 
W 

I 

N 
W 

- - Hydrocarbons 5.57 0.17 0.18 P 

Assumptions: 
Distillate fuel properties: ash content, 0.02%; sulfur content, 0.2%; heating value, 20,000 Btu/I,B 

Fuel consumption, no fuel is burned in the heat recovery boiler (where rl stands for thermal efficiency): 
(1.4 lo5  Btu/gal) ; density, 5 3  lb/ft3 (7.05 lb/gal) 

uncontrolled: 1050 MWe (gross) (3 41% 
controlled: 

0:6.24 104 gal/HR (total waste heat: 5.2 lo9 Btu/HR) 
1050 MWe (gross) (3 40%b 0 :  6.40 104 gal/HR (total waste heat: 5.4 lo9 Btu/HR) 

Auxiliary power consumption: 50 W e  (5% of net output) 

NO control efficiency: sufficient to meet NSPS* (no other pollution controls) 
a 

bNet plant efficiency: 39% 

X 

From reference (161) 

S is sulfur content of fuel oil in X. 

17 m 
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Table 3.1-47 

Emissions From a Natural Gas-Fired Combined Cycle Power Plant, 1000 MWe (net), 100% Load 

Emissiog Factor Uncontrolled Controlled NSPS Max. Allowed 
Emission (LB/10 ft3)a (T/HR) (T/ HR 1 (LB/106 Btu) (T/HR) 

Particulate 14 0.057 0.059 0.10 0.44 
940 x S 0.038 0.039 - - 
413 1.7 0.88* 0.20 0.88* 

sox 

NoX 
co 115 0.47 0.48 - - 
Hydrocarbon 42 0.17 0.18 - - 

Assumptions: 
Natural gas pro erties: 

Fuel consumption, no fuel 

ash content, "5'; sulfur content, 0.01%; heating value, 22,000 Btu/LB 
(1050 Btu/ft 5 ); density, 0.048 LB/ft 

is burned in the heat recovery boiler (where TI stands f o r  thermal efficiency): 
uncontrolled: 
controlled: 

1030 MWe (gross) @ 41% r): 8.17 106 ft3/HR (total waste heat: 5.1 lo9  Btu/HR) 
1030 MWe (gross) @ 40%b r): 8.37 lo6 ft3/HR (total waste heat: 5.3 lo9 Btu/HR) 

Auxiliary power consumption: 30 W e  (3% of net output) 
NO control efficiency: sufficient to meet NSPS* (no other pollution controls) 
a 

bNet plant efficiency: 39% 

X 

From reference (161) 

S = sulfur con ten t  of gas in X .  
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3.1.6 Advanced Technologies 
~ - _ _  

Many new advanced technologies  are being developed t o  burn f o s s i l  

f u e l s ,  mainly c o a l ,  t o  gene ra t e  e l e c t r i c i t y  more e f f i c i e n t l y  and/or  w i th  

less  p o l l u t a n t  emissions.  Although none of t h e s e  technologies  are now 

economically compet i t ive  wi th  convent ional  power p l a n t s ,  some of t h e s e  

hold t h e  promise of widesca le  use ,  i f  and when they are developed t o  t h e  

l e v e l  of r e l i a b i l i t y  necessary f o r  commercial a p p l i c a t i o n .  Some of t h e  

most promising are f l u i d i z e d  bed combustion, combined cyc le  power p l a n t s  

u t i l i z i n g  low-Btu power gas synthes ized  from c o a l ,  and MHD power gene ra t ion .  

Most of the technologies  be ing  developed t o  c l ean  up p o l l u t a n t  

emiss ions  are p r i m a r i l y  concerned wi th  s u l f u r  compounds. Cur ren t ly ,  t h e s e  

compounds (mainly SO2) are scrubbed ou t  of t h e  s t a c k  gases  a f t e r  t h e  

combustion process .  The new technologies ,  however, are  aimed a t  removing 

s u l f u r  compounds dur ing  o r  be fo re  combustion of t he  f u e l .  

The major technology b e i n g  developed for the c o n t r o l  of SO during 2 
I combustion i s  f l u i d i z e d  bed combustion. This method involves  burning 

ground c o a l  wi th  p a r t i c l e s  of l imestone i n  a stream of a i r  which flows up 

through t h e  b o i l e r  a t  a rate s u f f i c i e n t  t o  suspend or f l u i d i z e  a bed of 

t h e s e  p a r t i c l e s .  The SO evolved dur ing  combustion i s  absorbed w i t h i n  the  2 
bed by the  l imes tone  p a r t i c l e s .  The abso rp t ion  process  produces calcium 

s u l f a t e  i n  the  form of  a dry s o l i d ,  which is  c o n t i n u a l l y  removed and 
184,191,192 rep laced  wi th  f r e s h  l imestone.  

Unlike s t a c k  gas sc rubbe r s ,  t h e  s u l f u r  removal e f f i c i e n c i e s  of 

f l u i d i z e d  bed b o i l e r s  seems t o  be  l i m i t e d  t o  70 t o  95% of the  s u l f u r  p re sen t  

i n  the  f u e l  t h a t  i s  burned. lg7 This  type of b o i l e r  a l s o  u s e s  about  as much 

C 

l imestone as a scrubber  f o r  a convent iona l  b o i l e r  of s imilar  s i z e ,  bu t  t h e  

dry ,  s o l i d  calcium s u l f a t e  waste  from a f l u i d i z e d  bed w i l l  b e  e a s i e r  t o  

handle  and d ispose  of than  w e t  sc rubber  s ludge.  

r egene ra t ive  absorbants  such as magnesium oxide  i n s t e a d  of l imes tone  t o  

e l i m i n a t e  the  d i s p o s a l  problem posed by s o l i d  wastes .  

It may be  p o s s i b l e  t o  u s e  

184,191,192 

The p a r t i c u l a t e  emiss ions  c h a r a c t e r i s t i c s  o f  uncont ro l led  f l u i d i z e d  
184 bed u n i t s  a r e  s t i l l  u n c e r t a i n ,  e s p e c i a l l y  f o r  small  p a r t i c u l a t e  matter. 

P a r t i c u l a t e  cont ro l -equipment ,  probably s i m i l a r  t o  e x i s t i n g  equipment 

( e l e c t r o s t a t i c  p r e c i p i t a t o r s ,  cyc lones ,  and baghouse f i l t e r s )  might s t i l l  b e  

needed on f l u i d i z e d  bed u n i t s  t o  comply wi th  p a r t i c u l a t e  emission r egu la t ions .  
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This i s  e s p e c i a l l y  important i f  h igher  ash conten t  f u e l s  are  burned which 

cannot be used i n  o t h e r  processes .  

F lu id ized  bed b o i l e r s  have a p o t e n t i a l  f o r  becoming more e f f i c i e n t ,  

more v e r s a t i l e ,  and more economical than convent ional  b o i l e r s  equipped wi th  

f l u e  gas d e s u l f u r i z a t i o n  equipment. 

be r e l a t i v e l y  independent of the type of c o a l  or o t h e r  f u e l  t o  be  burned 

because they ope ra t e  a t  about l l O O ° C  which i s  below the  mel t ing  p o i n t  of 

c o a l  ash.  

b o i l e r s  (1500-1800°C) the  ash fus ion  temperature  of tl- p a r t i c u l a r  c o a l  

t o  be burned must a l s o  be considered as a s p e c i f i c  design c r i t e r i o n . )  F l u i d i z  d 

bed combustion a l s o  o f f e r s  lower NO emissions than convent iona l  b o i l e r s ,  

probably because the  prolonged c o n t a c t  t i m e  i n  t h e  h o t  bed f a c i l i t a t e s  t h e  

spontaneous decomposition of f i x e d  n i t rogen .  

atmospheric n i t rogen  only occurs  a t  temperatures  above 15OO0C, b u t  ope ra t i  -Ig 
a t  lower temperature could a l s o  r e s u l t  i n  g r e a t e r  emissions of CO and car- 

bonaceous p a r t i c u l a t e  matter when compared t o  convent ional  power p l a n t s .  

The des ign  of f l u i d i z e d  bed u n i t s  can 

(Because of t h e  h igh  combustion temperatures of convent ional  

X 

22a,154Y198,199 Oxidation of 

The temperature  i s  c o n t r o l l e d  by a series of tubes  loca t ed  w i t h i n  the  

f l u i d i z e d  bed through which water i s  pumped t o  c a r r y  away h e a t  and genera te  

steam. The tubes are i n  d i r e c t  con tac t  wi th  t h e  h o t  s o l i d  p a r t i c l e s ,  which 

permi tsa  h e a t  t r a n s f e r  rate s e v e r a l  times t h a t  of a convent ional  b o i l e r .  

As a r e s u l t ,  f l u i d i z e d  beds are expected t o  be more compact, of s t anda rd  

des igns ,  and poss ib ly  f a b r i c a t e d  i n  the  shop r a t h e r  than  i n  t h e  f i e l d ,  whi le  

main ta in ing  emission c h a r a c t e r i s t i c s  comparable t o  convent ional  b o i l e r s  

equipped w i t h  t h e  b e s t  p o l l u t i o n  c o n t r o l  equipment. 184 >lg1 

0 

The advantages of f l u i d i z e d  bed combustion have y e t  t o  be demonstrated, 

however. 

i n  R i v e s v i l l e ,  West Virg in ia .  

s i z e  from previous p i l o t  p l a n t s  and i t s  success  or f a i l u r e  could have a 

major impact on t h e  u t i l i t y  i n d u s t r y ' s  coriffdence i n  t h e  technology. 

A r e c e n t l y  completed 30 Mw f l u i d i z e d  bed unit is  now being  t e s t e d  

This  p l a n t  r ep resen t s  a s i g n i f i c a n t  jump i n  

184,192 

Another technology under deve lopment ' i s  c o a l  g a s i f i c a t i o n ,  which 

c l eans  up t h e  f u e l  be fo re  i t  i s  burned, o f f e r i n g  t h e  p o t e n t i a l  f o r  improved 

emissions c h a r a c t e r i s t i c s  as  compared w i t h ' b u m i n g  t h e  c o a l  d i r e c t l y  i n  a 
convent ional  power p l a n t .  There are two c l a s s i f i c a t i o n s  f o r  t he  f u e l  

ob ta ined  by g a s i f i c a t i o n :  s y n t h e t i c  n a t u r a l  gas ,  SNG, which h a s  a h e a t i n g  

value of around 1000 Btu p e r  s tandard  cubic  f o o t  (SCF), and low Btu power gas ,  
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C which h a s  a much lower h e a t i n g  v a l u e  (about  150 Btu/SCF). S y n t h e t i c  na tu ra l .  

gas  is  made t o  be a d i r e c t  s u b s t i t u t c  f o r  n a t u r a l  g a s .  Low R t u  g a s ,  on t h e  

o t h e r  hand, i s  s i m p l e r  t o  s y n t h e s i z e  t h a n  S N G ,  b u t ,  because  of i t s  low h e a t i n g  

v a l u e ,  canno t  b e  economica l ly  t r a n s p o r t e d  v e r y  f a r .  Attempts  t o  make c o a l  i a i  
g a s i f i c a t i o n  a n  economica l ly  v i a b l e  s o u r c e  of f u e l  f o r  e l e c t r i c i t y  g e n e r a t i o n  

f o c u s  on i n t e g r a t i n g  a low-Btu g a s i f i c a t i o n  and r a w  g a s  c l eanup  f a c i l i t y  w i t h  

a modern combined c y c l e  power p l a n t  u s i n g  a gas t u r b i n e  c a p a b l e  of  b u r n i n g  the 
low-Btu power g a s  1a19183'185'193 

r j i  ?I- t h e  a n t i c i p a t e d  advances i n  g a s i f i c a t i o n  t echno logy ,  such  an i n t e g r a t e d  

power p l a n t  would have lower SO and p a r t i c u l a t e  e m i s s i o n s  t h a n  a comparably 

s i z e d  c o n v e n t i o n a l  power p l a n t  i n  which t h e s e  a i r  p o l l u t a n t s  are c l e a n e d  up n 

t h e  exhaus t  g a s e s ,  i n  a d d i t i o n  t o  economic a d v a n t a g e s .  The s u l f u r  removed f om 

t h e  c o a l  g a s  would b e  i n  t h e  form of e l e m e n t a l  s u l f u r ,  which would b e  much 

easier t o  d i s p o s e  t h a n  SO2 s t a c k  g a s  s c r u b b e r  s l u d g e .  

( s e e  t h e  s e c t i o n  on combined c y c l e  power p l a n t s ) .  

2 

A i r  e m i s s i o n s  from a n  i n t e g r a t e d  c o a l  g a s i f i c a t i o n  and combined CYCLE. power 
186,187 p l a n t  would b e  w e l l  w i t h i n  t h e  l i m i t s  imposed by t h e  F e d e r a l  New Source 

Performance S t a n d a r d s  (NSPS) f o r  s o l i d  f o s s i l  f u e l s  ( c o a l ) ,  e x c e p t  f o r  NO . 
P a r t i c u l a t e  e m i s s i o n s  w i l l  b e  v e r y  low b e c a u s e  of the s t r i c t  r e q u i r e m e n t s  f o ,  

c o n t r o l  of p a r t i c u l a t e  l o a d i n g  i n  g a s  t u r b i n e  f u e l ,  t o  p r e v e n t  t u r b i n e  b l a d e  

1869187 U s u a l l y  t h e  SO e m i s s i o n s  from t h e  r a w  
2 

e r o s i o n  by p a r t i c u l a t e  matter. 

g a s  c l e a n u p  u n i t  accoun t  f o r  6 0 - 9 0 %  o f  t h e  t o t a l  SO e m i t t e d  from t h e  i n t e g r a t e d  

p l a n t  ( s e e  T a b l e  3.1-48). 

employing a t a i l  g a s  s c r u b b e r  a t  t h e  raw g a s  c l e a n u p  p l a n t .  

X 

2 
These e m i s s i o n s  c a n  t h e r e f o r e  be f u r t h e r  reduced by 

186,187 

The NO e m i s s i o n  ra te  from a n  i n t e g r a t e d  sys t em depends l a r g e l y  on the 
X 

t y p e  of g a s i f i e r  and r a w  g a s  c l e a n u p  sys t em used .  

of  t h e  n i t r o g e n  i n  t h e  f u e l  i n t o  ammonia (NH ), which, i f  p r e s e n t  d u r i n g  

c o m b u s t i o n , i s  o x i d i z e d  a l o n g  w i t h  t h e  n i t r o g e n  i n  t h e  a i r  t o  NO . High 

t e m p e r a t u r e  c l e a n u p  sys t ems ,  which i n c r e a s e  sys t em t h e r m a l  e f f i c i e n c i e s ,  a l s o  

raise t u r b i n e  f lame t e m p e r a t u r e s  ( p o s s i b l y  i n c r e a s i n g  NO p r o d u c t i o n ) .  T h e i r  

e f f e c t  on t h e  NH l eve l  of  t h e  f u e l  g a s  i s  n o t  known. 

c l e a n u p  s y s t e m s ,  however, can remove much o f  t h e  NH from t h e  f u e l  g a s  b e f o r e  

i t  i s  burned i n  t h e  t u r b i n e ,  p e r m i t t i n g  much lower  NO e m i s s i o n s .  Tab le  3.1-48 

g i v e s  e m i s s i o n  f a c t o r s  and e m i s s i o n  rates f o r  1000 MWe v e r s i o n s  o f  f o u r  t y p e s  

of i n t e g r a t e d  c o a l  g a s i f i c a t i o n ,  combined c y c l e  power p l a n t s .  

Some g a s i f i e r s  c o n v e r t  much 

3 

X 

Low t e m p e r a t u r e  19 3x 
3 

3 

X 



c c 
Table 3.1-51. Emissions from Representative Integrated Coal Gasification, Coal Gas Cleanup Process, and 

Combined Cycle Power Plant, 1000 MWe (net),@100% load. 
4 

Bureau of Mines Fixed Bed Gasif iera Bituminous Coal Research, Inc entrained flow gasifier b 
e Delexol' Iron Oxide De lexo 1 Conoco 

Desulfurization Desulfurization Desulfurization Desulfurization 
d 

~~ ~~ 

f Emission Rate for 1000 MWe Plant in tons per hr /Emission Factor in l b  per lob B t u  Coal Input 
[Maximum Emission Rate Allowed by Fed. New Source Performance Standards, if applicable, in tons 
per hr.f] 

EFFLUENTS: 

Particulatesg 0.084/ 0.016 
[0.53] 

so g 2.1/0.408 
L6.31 

X 

NOxg 3 .O/O. 574 
' [3.7] 

77/14.6 
1612.96 
7.311.38 
1300 / 246 

h Solid wastes 
h Sulfur 

Ammonia 
Waste water 

h 
h 

< 0.16/ 0.032 
[0.49] 

4.4/0.909 

25/5.17 

71/14.6 
12/2.51 

f5.81 

13-41 

130127 

< 0.044/ 0.01 
10.441 

1.7/0.388 

7.2/1.633 
[3.11 

31/7.1 
12/2.74 
4.210.96 
2400/544 

i5.31 

< 0.18/ 0.04 
10.441 

2.4/0.553 

7.5/1.71 

31/7.1 
1212.72 

t5.31 

13.11 

420/97 

WASTE HEATi: Thermal Discharge in 10 6 Btu/hr f /Ratio of Heat Rejected to Heat Input h 
5310.005 180/0.018 140/0.016 18/0.002 

32.4% 35.1X 38.6% 39.0% 
NET PLANT EFFICIENCY:g 

a 
b A second generation combined cycle plant 
c 
d 
e 
f 

g Emission factors & net plant efficiencies from referenre (186' 
h Emission factors & heat ratios from reference (187) 
i 

A first generation combined cycle plant 

A low temperature desulfurization process using polyethylene glycol ether as a physical solvent 
A high temperature desulfurization process using sintered iron oxide and fly as as the absorbent 
A high temperature desulfurization process using half-calcined dolomite as the absorbent 
Calculated for a 1000 MWe power plant from the emission factorr ,nd net plant efficiencies given 
in the table 

Assumes the use of mechanical draft cooling towers 
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Magnetohydrodynamic p l a n t s  o f f e r  one  method t o  i n c r e a s e  o p e r a t i n g  tempera- c __ 

t u r e s  and hence t h e  e f f i c i e n c y  a t  which f o s s i l  f u e l s  a r e  u t i l i z e d  t o  g e n e r a t e  

e l e c t r i c i t y .  Binary-cycle  power p l a n t s  i n c o r p o r a t i n g  a magnetohydrodynamic (MHD) 

t o p p i n g  c y c l e  i n  c o n j u n c t i o n  w i t h  a c o n v e n t i o n a l  Rankine (steam) c y c l e  g e n e r a t o r  

work on t h i s  p r i n c i p l e  and have t h e  p o t e n t i a l  of g e n e r a t i n g  e l e c t r i c i t y  a t  

e f f i c i e n c i e s  of 50 -60%.  181,182,188-190 

An MHD c y c l e  i s  a method of g e n e r a t i n g  e l e c t r i c i t y  from a conduct ing  f l u i d  

moving through a magnet ic  f i e l d .  MHD g e n e r a t o r s  are  e s s e n t i a l l y  expansion 

e n e i n e s  which c o n v e r t  t h e  thermal  energy of t h e  h o t  combustion g a s e s  d i r e c t l y  

i n t o  e l e c t r i c i t y .  

A f t e r  t h e  f u e l  is  burned w i t h  compressed, p r e h e a t e d  (1200" -18OOOC) a i r  

(oxygen e n r i c h e d  a i r  can a l s o  be used ,  b u t  is  u s u a l l y  t o o  e x p e n s i v e ) ,  t h e  h c :  

combustion g a s e s  are s e e d e d  w i t h  an  e a s i l y  i o n i z a b l e  m a t e r i a l  such  as potasscum, 
181,188,189 Th, hot cesium, o r  o t h e r  a l k a l i  m e t a l ,  t o  i n c r e a s e  i t s  c o n d u c t i v i t y .  

c o n d u c t i n g  g a s ,  o r  plasma, i s  a c c e l e r a t e d  through a n o z z l e  and d i r e c t e d  ' I  L. 

channel  through a t r a n s v e r s e  magnet ic  f i e l d ,  inducing  a d i r e c t  c u r r e n t ,  which 

i s  picked up by e l e c t r o d e s  l o c a t e d  a l o n g  t h e  w a l l s  of t h e  channel .  The plasma 

t h e n  p a s s e s  through a n  a i r  p r e h e a t e r  and a steam g e n e r a t o r  t o  e x t r a c t  more o-. 

i t s  energy.  Steam from t h e  steam g e n e r a t o r  powers a Rankine t u r b i n e  t o  g e n e r a t e  

a d d i t i o n a l  e l e c t r i c i t y ,  which amounts t o  about  h a l f  of t h e  o u t p u t  from such  a 

b i n a r y - c y c l e  power p l a n t .  181,188,189 

Although f i r s t - g e n e r a t i o n  MHD-steam power p l a n t s  w i l l  have e f f i c i e n c i e s  

o n l y  s l i g h t l y  b e t t e r  t h a n  advanced combined (Brayton and Rankine) c y c l e  power 

p l a n t s ,  c o a l  can  b e  burned d i r e c t l y  i n  a MHD u n i t ,  as opposed t o  b e i n g  g a s i f i e d  

and c leaned  of s u l f u r  and p a r t i c u l a t e  m a t t e r  b e f o r e  combustion i n  a g a s  t u r b i n e .  

h'owever, t h e r e  a r e  s t i l l  many problems t o  work o u t  b e f o r e  t h e  f i r s t  MHD-s team 

b i n a r y  c y c l e  power p l a n t  comes o n - l i n e  (perhaps  around 1985 . Second- 
181,189,190 g e n e r a t i o n  MHD-steam p l a n t s  could  have e f f i c i e n c i e s  closer t o  60%. 

T h e i r  u s e  could g r e a t l y  ex tend  t h e  l i f e  of  o u r  f o s s i l  f u e l  reserves and 

s i g n i f i c a n t l y  reduce  t h e  thermal  p o l l u t i o n  g e n e r a t e d  by power p l a n t s ,  w h i l e  

g e n e r a t i n g  e l e c t r i c i t y  w i t h  v e r y  l i t t l e  a i r  p o l l u t i o n .  

188 

190) 

c 
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3.2 Geothermal Emissions 

3.2.1 Characteristics of Geothermal Resources 

Convecting magma transports heat from the earth's interior to the solid 

crust. The heat is then conducted through rocks toward the surface at a 

rate on the order of 

crust is thinner, and heat is conducted at a rate of up to 7.9X10 
cals/cm /sec in areas such as California's Imperial Valley.' 

coincident at depth with such higher heat flows, a hydrothermal reservoir 

exists. Such reservoirs within several kilometers of the surface comprise 

the world's geothermal resources. Depending on reservoir geology, geo- 

chemistry, water inflow, and temperature, the subterranean water can be 

either predominantly liquid or vapor. Each of these requires a slightly 

different technology to harness and produce electricity, and has varying 

environmental impacts. The following discussion will highlight the 

differences between the types of geothermal resources, and then describe the 

environmental effluents of current and future geothermal power plants in 

California. 

2 cals/cm /sec. On crustal plate margins the earth's 
-5 

2 When water is 
8 

Liquid dominated geothermal resources contain liquid phase fluid 

composed of water, dissolved gases, and dissolved minerals from the water- 

bearing rock formation. This type of reservoir is usually found in perme- 

able sedimentary or volcanic rokcs with water inflows that are equal to or 
greater than outflows. Reservoir temperatures and enthalpies are in the 200 

to 35OoC and 200 to 300 cal/gm ranges, respectively. Mineral concentrations 
can reach several hundred thousand ppm by weight due to the high 

temperatures and pressures. Geothermal wells typically yield liquid and 

flashed steam which is the result of declining.temperature and pressure 

during ascent up the well. The fluid can be voluminous, hot, and laden with 
so lutes .  Table 3.2-1 shows characteristics of the East Mesa, Long Valley, 

Niland, and Salton Sea liquid dominated California geothermal fluids. 

3 

Vapor dominated geothermal resources contain vapor phase fluid composed 

of water, gases, and a small amount of minerals. This type of reservoir is 
rare and comprises only 5% of the world's geothermal  resource^.^ 
thought to exist in competent rock into which less water flows than 
escapes, and may be underlain by a liquid dominated region. 

It is 

2 Reservoir 

\ 

0 
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c Table 3.2-1. Charac t e r i s t i c s  of Ca l i fo rn ia  Geothermal Fluids* 
.-Ex 

Castle 

Springs Geysers Mesa Valley Niland Sea  
Rock East Long Sal ton  

enthalpy calslgm 670 
r e se rvo i r  p re s s .  
su r f ace  press .  
r e se rvo i r  temp, 
su r face  temp. 
s a l i n i t y  
PH 
TDS. 

( re ferences .  

Minerals 

sodium 
potassium 
l i t h ium 
rubidium 
cesium 
cals i u m  
magnesium 
stront ium 
barium 
i r o n  
manganese 
zinc 
copper 
s i l v e r  
s i l i c a t e s  
f l o r i d e  
ch lo r ide  
lead  
mercury 
a r sen ic  
boron 
( re ferences  

Gases 

carbon d ioxide  
hydrogen s u l f i d e  
methane 
ammonia 
n i t rogen  
hydr ogan 
ethane 
t o t a l  
( re ferences  

PSG 47 5 
Psfg 125 

O C  245 
"C 101 

0.001 PPrmJ 
5.1 7 

P P W  28.38 

29 5,36,44 

ppm by weight 

Na 
K 

L i  
Rb 
cs 
Ca 

Sr  
Ba 
Fe 
Mn 
Zn 
cu 
Ag 

Mg 

F 
c1 
Pb 
Hg 
As 
B 

117.0 0,12 
86.0 0.10 

0.002 

0.10 0.20 
37.0 0.06 

0.1 

0.50 
8 
10 20 

0.054 0.005 
0.019 

24.1 16 
29 14,43 

240 248 

220 300 340 
180 219 101 

260,000 ' 

9.2 
1420 

44 15,44 5 44,37) 

390 53,000 50,400 
45 16,500 17,500 
2.8 210 215 
0.48 70 137 
0.6 20 16 
0.9 27,800 28,000 
0.1 10 54 
0.14 440 609 

250 235 
0.05 2000 2090 
0.02 1370 1560 
0.10 500 790 
0.03 8 
0.04 0.8 

400 
12 15 
280 155,000 155,000 
0.1 80 84 
0 0001 0.006 
2.2 12 

15 390 390 
29 30 2 9) 

c 

ppm by weight (by volume) 

C02 216(142) 3260(2150) 
H2S 96(82) 222(190) 
CH4 4(7) 194(350) i nd ica t e  RO accura te  
"3 140(239) 194(330) da ta ,  not zero values .  

* Blanks i n  t a b l e  

c *2 2 52 (54) 
H2 2(28) 56(809) 

C2H6 1.8 n i l  
460(502) 3980(3785) 
1 14) 
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p r e s s u r e s  a r e  lower t h a n  t h e  h y d r o s t a t i c  p r e s s u r e s  a t  similar d e p t h s  i n  a 

l i q u i d  dominated r e s e r v o i r .  

250°C and 600 t o  700 cal/gm r a n g e s ,  r e ~ p e c t i v e l y . ~  Geothermal w e l l s  

y i e l d  d r y  superhea ted  steam and a s m a l l  amount of g a s ,  m i n e r a l s ,  and 

p a r t i c u l a t e s .  Table  3.2-1 shows c h a r a c t e r i s t i c s  of t h e  Castle Rock 

S p r i n g s  and Geysers  vapor-dominated C a l i f o r n i a  geothermal  f l u i d s .  

Temperatures  and e n t h a l p i e s  are i n  t h e  200 t o  

Few g e n e r a l i z a t i o n s  about  t h e  envi ronmenta l  i m p a c t  o f  geothermal  e l e c t r i c  

power p l a n t s  are  a c c u r a t e .  Impacts  a r e  technology and f l u i d  s p e c i f i c .  The 

more t h e  g e n e r a t i n g  hardware i s o l a t e s  t h e  f l u i d  from t h e  environment ,  t h e  less 

t h e  impact .  F l u i d  e n t h a l p y  t e n d s  t o  be i n v e r s e l y  r e l a t e d  t o  p o t e n t i a l  impact .  

Lower e n t h a l p y  f l u i d s  r e q u i r e  h i g h e r  m a s s  f low p e r  MU-hr, and i n c r e a s e  t h e  

p o t e n t i a l  amount of  e m i s s i o n s  f o r  a g iven  s i z e  power p l a n t .  

I t  is  tempt ing  t o  g e n e r a l i z e  f l u i d  c h a r a c t e r i s t i c s  w i t h i n  a geographic  

r e g i o n ,  and assume t h a t  t h e y  and t h e i r  p o t e n t i a l  impacts  are homeogeneous. 

T h i s  i s  an e r r o r .  The East Mesa, Ni land ,  and S a l t o n  Sea f l u i d s  are a l l  

i n  t h e  I m p e r i a l  V a l l e y  and d i f f e r  w i d e l y ,  as T a b l e  3.2-1 shows. 

w e l l s  i n  t h e  Broadlands,  New Zealand geothermal  f i e l d  have H S c o n c e n t r a t i o n s  

which d i f f e r  by as much as an  o r d e r  of  magnitude.6 For t h i s  r e a s o n  t h e  

e x p e r i e n c e s  of  development and impact a t  Cer ro  P i e t o ,  Mexico, j u s t  over 

t h e  b o r d e r  from t h e  I m p e r i a l  V a l l e y ,  are  n o t  cons idered  r e p r e s e n t a t i v e  

of p o t e n t i a l  geothermal  development impacts  i n  C a l i f o r n i a .  

Adjacent  

2 

@ 

The impacts  d i s c u s s e d  h e r e i n  are d i v i d e d  i n t o  seven c a t e g o r i e s .  Non- 

c o n d e n s i b l e  g a s e s ,  f l u i d  wastes, s o l i d  wastes, w a s t e  h e a t ,  and n o i s e  are 

examined  i n  t h i s  s e c t i o n .  Problems of subs idence  and s e i s m i c i t y ,  n o t  as 

d i r e c t l y  h e a l t h  r e l a t e d ,  are  a l s o  d i s c u s s e d .  

i n f o r m a t i o n  e x i s t s  f o r  t h e  Geysers  development i n  Sonoma County. 

V a l l e y  development i s  a t  t h e  test s t a g e  o n l y ,  and much remains t o  b e  

l e a r n e d .  

small amount of a t t e n t i o n ,  and i s  p e r i o d i c a l l y  mentioned. 

3 .2 .2  Noncondensible Gases 

3 .2 .2 .1  Hydrogen S u l f i d e ,  Ammonia, and S u l f u r  

The preponderance of  impact 

I m p e r i a l  

The Long V a l l e y  i n  c e n t r a l - e a s t e m  C a l i f o r n i a  h a s  a t t r a c t e d  a 

Geothermal f l u i d s  c o n t a i n  a s m a l l  amount o f  gaseous  i m p u r i t i e s  which 

remain vaporous i n  t h e  steam condenser .  These a r e  t h e  s o - c a l l e d  noncon- 

d e n s i b l e  g a s e s  which comprise  about  one p e r c e n t  by weight  of  most f l u i d s .  
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C 
Carbon dioxide is the main component, with lesser concentrations of hydro- 
gen sulfide, methane, ammonia, nitrogen, hydrogen, and ethane. 
shows the concentrations of these gases in several California geothermal 

Table 3.2-1 

fluids. H S and NH exist in high enough concentrations that they are a 2 3 
nuisance result of geothermal electricity production. 
of all noncondensible gases can be divided into natural, drilling, preplant, 
and power plant sources. 

decline with expl~itation.~ 
to the geochemistry of the reservoir. 
the H S emissions remained constant while the total gas mass evolved de- 2 
clined by 50% during the period between 1960 and 1969. 

H2S is best known for its rotten eggs odor. 

The emission points 

Noncondensible gas concentrations in the geothermal fluid tend to 
This decline is, however, intimately tied 

For example, at Wairakie, New Zealand 

8 

This odor is detectable 
by humans in a range around 0.03 ppm, which represents the California State 
Standard established by the Air Resources Board. The American Congress of 

c Government and Industrial Hygienists (ACGIH) has adopted a threshold limit 
of 10 ppm hourly average exposure, based on several occupational toxicology 
studiese9 
mately 0.005 ppm over most of the earth. lo-’’ The gas has an atmospheric 

life of between 2 and 48 hours depending on meteorologic conditions, and 
is naturally oxidized to sulfur oxides and s~lfates.~ 
than air, and tends to sink in still conditions. 
products tend to be highly soluble and their distributions are greatly 
influenced by rain. 
higher during dry periods than wet. 

Typical background concentrations of H S range up to approxi- 
2 

H S is heavier 
The gas and its oxidation 

2 

Measured H S concentrations are two to ten times 

is detectable by humans in a range around 47 p ~ m . ~  Although 

12 

NH 3 
there is no Federal or State ambient air quality standard for NH3, the 
ACGIH has established an occupational threshold concentration of SO ppm 

for an 8 hour average exposure, because of its strong irritant properties. 
This lighter-than-air gas is highly soluble .In water and enhances the 

7 

solubility of H2S. Hence, NH is also readily washed out by rain. Its 
presence as ammonium in steam condensate, in addition to boron, led to the 
curtailment of releasing the condensate into streams at the Geysers in 1968. 
All unevaporated condensate is now reinjected. 

3 

c 
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Natura l  releases of gas  occur  c o n s t a n t l y  from fumaroles common t o  

geothermal r eg ions .  I n  t h e  Geysers area, r e p o r t s  of a s t r o n g  s u l f u r  odor 

appear  as e a r l y  as 1860. 

ebb i n  r e s e r v o i r  p re s su re ;  however, n a t u r a l  sources  s t i l l  account f o r  

54.4 kg/day of  H2S t o  t h e  a i r .  

tween H S and NH 
Some fumaroles exis t  i n  t h e  Imper ia l  and Long Va l l eys .  However, no a c c u r a t e  

d a t a  e x i s t s  on t h e i r  noncondensible gas  emissions.  

D r i l l i n g  gas  releases occur  from t h e  t i m e  t h e  f l u i d  f i r s t  comes t o  

Such n a t u r a l  emission has  decreased  due t o  an  

1 3  Assuming a cons tan t  r e l a t i o n s h i p  be- 

emiss ions ,  approximately 47.5 kg/day of NH3 are re l eased .  2 3 

t h e  s u r f a c e  u n t i l  t h e  w e l l  i s  shu t  in.  Gases escape wi th  t h e  vented steam 

i n  vapor dominated f i e l d s ,  and from t h e  geothermal f l u i d s  dumped i n  ponds 

i n  l i q u i d  dominated f i e l d s .  D r i l l i n g  emissions pe r  w e l l  a t  t h e  Geysers i n  

1974 averaged 8274 metric t o n s  of steam, o r  184 and 160 metric tons  of H S 

and NH 

ou t .  

and 123 metric tons  of H S and NH Blown ou t  o r  uncont ro l led  w e l l s  are 

ve ry  in f r equen t  and v e n t i n g  l a s t s  from 4 days t o  15 yea r s .  

on Imper i a l  Val ley  d r i l l i n g  emissions,  

h ighe r  than  t h e  Geysers. 

2 
r e ~ p e c t i v e 1 y . l ~  D r i l l i n g  i s  concluded by w e l l  t e s t i n g  and c l e a n  3 

Average Geyser emissions f o r  t h i s  3 day t o  2 week process  are 141  

2 3' 
No d a t a  e x i s t s  

Some e s t i m a t e s  p l a c e  them 5 t i m e s  
3 

Pre-p lan t  noncondensible gas  emissions occur  from s h u t  i n  w e l l s ,  geo- 

thermal  f l u i d  l i n e  v e n t s ,  and "stacking".  Wells are shu t  i n  wh i l e  w a i t i n g  

t o  come on l i n e  a f t e r  d r i l l i n g ,  o r  i f  t h e  power p l a n t  w i l l  b e  ou t  of oper- 

a t i o n  more than 3 days. 

f low. Ord ina r i ly  t h i s  steam is c o l l e c t e d  and r e i n j e c t e d .  Wells t y p i c a l l y  

e m i t  about  0.01 tons  pe r  hour of bo th  H S and NH3 a t  t h e  Geysers.  
Elapsed release t i m e s  vary  widely.  Geothermal f l u i d  l i n e s  have s e p a r a t o r s  

i n  them which remove p a r t i c u l a t e  matter. 

vent  emissions are  c o l l e c t e d  i n  another  p i p e  system. I n  t h e  event  of  a 

power p l a n t  shu t  down of  less than  4 days d u r a t i o n ,  f l u i d  may b e  vented 

j u s t  b e f o r e  i t  e n t e r s  t h e  power p l a n t .  Th i s  i s  c a l l e d  s t ack ing .  A l l  pre- 

p l a n t  emissions account f o r  less than  5% of t h e  t o t a l  a t  t h e  Geysers. I m p e r i a l  , 

Val ley  development i s  i n s u f f i c i e n t  t o  have t h e s e  sources ,  o r  d a t a  on them. 

Such w e l l s  are  vented  t o  main ta in  some steam 

2 

A t  t h e  Geysers most o f  t h e s e  

Power p l a n t  emissions of noncondensible gases  depend on t h e  technology 

They a r e  n e g l i g i b l e  i f  a b i n a r y  system i s  used and a l l  geothermal used. 
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f l u i d  remains pressurized and is  re in j ec t ed .  I f  f l u i d  from a l i q u i d  

dominated r e se rvo i r  i s  f lashed ,  o r  vapor dominated r e se rvo i r  steam is used, 

gas w i l l  escape from t h e  off-gas e j e c t o r s  and w e t  cool ing towers. 

e j e c t o r s  are vacuum pumps which remove noncondensible gases  from t h e  con- 

denser .  I f  t h e  condenser i s  t h e  d i r e c t  contac t  type,  a s u b s t a n t i a l  amount 

of gas w i l l  d i s so lve  i n  t h e  condensate and be s t r ipped  out i n  t h e  cool ing 

towers. The amount of each gas dissolved,  of course,  depends on its solu- 

b i l i t y .  Most NH d i s so lves  and i s  exhausted a t  t h e  cool ing tower. 

H2S i s  f a i r l y  so lub le  and 65 t o  80% d i s so lves  i n  a d i r e c t  contac t  condenser 

and goes t o  t h e  cool ing towers.13 A l l  power p l an t  emissions of H2S 

depend on abatement, i f  any. 

Off-gas 

14  
3 

Tota l  Geysers noncondensible gas emissions are 250 metric tons/MW-yr, 
L 

according t o  1975 Northern Sonoma County A i r  Po l lu t ion  Control Dis t r ic t  

data,and mean f l u i d  compositions shown i n  Table l.13 This  emission 

rate implies that 12 to 14 metric tons of NH3 and H S are released per 

MW-yr. 

are f requent ly  exceeded. 

release gas  having H2S concent ra t ions  as high as 16,000 ppm.13 Sub- 

s t a n t i a l  mixing occurs  before  off-gas e j e c t o r  and cooling-tower plumes 

reach t h e  ground; however, ambient concent ra t ions  around some u n i t s  f requent ly  

range between 5 t o  10  ppm.15 During t h e  start  up of Unit  7, concentra- 

t i o n s  of over 20 ppm were de tec ted  i n  working areas.” 

e j e c t o r  s t a c k s  ameliorated t h e  problem before  normal operat ion began. 

Above-standard H2S l e v e l s  are not  r e s t r i c t e d  t o  t h e  power p l a n t  s i t e  and 

work areas, bu t  pervade the region. 

lower e l eva t ion  Big Sul fur  Creek Val ley,  H2S concent ra t ions  over 100 ppm 

have been measured. l6 

2 
No NH3 i n tox ica t ion  problem has been observed; however, H2S standards 

Previously discussed power p l an t  emission sources  

Extension of gas 

During noc turna l  invers ions  i n  t h e  

Residents  of neighboring Lake County also complain 

of H S o r i g i n a t i n g  from t h e  Geysers. 

i r o n  c a t a l y s t  H2S abatement of Unit  11, planned S t r e t f o r d  process abate- 

ment of Unit  13, and r e t r o f i t t i n g  of o lde r  Units .  It should be  noted t h a t  

t h e  cumulative e f f e c t  of i nd iv idua l ly  complying Uni t s  may st i l l  exceed 

t h e  30 ppm standard.  

These condi t ions  have s t imulated the 2 

I 

SO2 has not been found i n  geothermal f l u i d s .  It has been detected i n  
ambient a i r  a t  t h e  Geysers only a f t e r  H2S has been present  f o r  s eve ra l  hours. 
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During atmospheric  i nve r s ion  c o n d i t i o n s ,  SO concen t r a t ions  of  up t o  10% 

of t h e  s imultaneous H S concen t r a t ions  have been measured, bu t  have never  

exceeded 0.01 ppm. l6 

0.50 ppm f o r  one hour ,  and 0.04 ppm f o r  a 24 hour average.  

2 

2 
The C a l i f o r n i a  S t a t e  Standard f o r  ambient air  is  

Imper ia l  Val ley  geothermal development c o n s i s t s  of  s e v e r a l  test 

f a c i l i t i e s  and no on- l ine  power product ion p l a n t s .  

condensible  gas  emiss ions  p e r  MW-yr e s t i m a t i o n s  e x i s t .  

dominated f i e l d ' s  low entha lpy  and h ighe r  H S f l u i d  concen t r a t ions ,  emissions 

could be  5 t i m e s  t h o s e  a t  t h e  Geysers. 

No d e f i n i t i v e  non- 

Due t o  t h e  l i q u i d  

2 3 

3.2.2.2 Radon 

Uranium-238 i s  common i n  s o i l  and rock. It i s  l o c a l i z e d  around geo- 

thermal  r e s e r v o i r s  by t h e  reducing environment a f forded  by hydrogen s u l f i d e  

and t h e  p r e c i p i t a t i o n  of u rany l  ~ a r b 0 n a t e . l ~  

f lu id -bea r ing  format ions  is  ind ica t ed  by t h e  e x i s t e n c e  of one o f  i t s  n a t u r a l  

gaseous decay products ,  Radon-222. The a s s o c i a t i o n  between radon gas  and 

geothermal r e sources  has  s t imu la t ed  i t s  use  as a prospec t ing  t o o l .  Radon 

is a chemical ly  " i n e r t "  noble  gas  wi th  a 3.82 day h a l f - l i f e .  

decay daugh te r s ,  polonium-218, lead-214, and bismuth-214, e v e n t u a l l y  decay 

i n t o  s t a b l e  lead-206. 

escape from t h e  geothermal f l u i d  a t  t h e  s u r f a c e  wi th  t h e  o t h e r  noncondensible  

gases .  

Its presence  i n  geothermal 

Its t h r e e  

Radon's low water s o l u b i l i t y  a l lows  t h e  gas  t o  

Radon is ub iqu i tous  i n  na tu re .  The largest  n a t u r a l  source is  d i f f u s i o n  

through t h e  ground from s o i l  and rock con ta in ing  U-238. The magnitude of 

t h i s  d i f f u s i o n  averages  1 pCi/m2-sec over  t h e  United S t a t e s ,  and accounts  

f o r  110.7 m e t r i c  t o n s  emi t ted  i n t o  t h e  atmosphere pe r  day world-wide. 

Ambient a i r  concen t r a t ions  due t o  t h i s  source  can be  as h igh  as 1400 pCi/m . 
Fumaroles common t o  most geothermal r eg ions  e m i t  radon at  s i g n i f i c a n t l y  

h ighe r  rates. 

18-19 

3 20 

Radon i s  emit ted from geothermal development everywhere t h a t  steam 

and noncondensible gases  are exhausted. Table  3.2-2 shows t h e  Concent ra t ions  

i n  s e v e r a l  geothermal f l u i d s ,  emission p o i n t s ,  and spaces  occupied by humans. 

The f o u r  p r i n c i p l e  sou rces  are well  d r i l l i n g  o p e r a t i o n s ,  steam ven t ing ,  

of f -gas  e j e c t o r ,  and coo l ing  tower exhaus ts .  Well d r i l l i n g ,  t e s t i n g ,  and 

c leanout  radon release concen t r a t ions  are those  of t h e  geothermal f l u i d .  

T o t a l  r e l e a s e s  du r ing  t h i s  phase of development are s m a l l  compared t o  power 

p l a n t  ope ra t ion .  
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Power p l a n t  emissions depend on the  type of generat ing f a c i l i t y .  When 

a binary sys tem is  used, such as t h a t  being t e s t e d  a t  Niland, Ca l i fo rn ia ,  

releases are n e g l i g i b l e  i f  the  f l u i d  remains under pressure  and i s  re- 
in j ec t ed .  When steam o r  f lashed  l i q u i d  systems a r e  used, the f i r s t  source is 

vented steam. Radon is exhausted a t  ven t s  i n  high concentrat ion b u t  l o w  

volume. The main emission source i s  the  off-gas e j e c t o r s  which remove n o w  

condensible gases  from t h e  condenser. Radon exhaust concentrat ion and volume 

is r e l a t i v e l y  high; however e j e c t o r  s t a c k s  are 60 t o  85 f e e t  high and sub- 

s t a n t i a l  mixing occurs before  t h e  plume reaches the ground.2o In  systems - 

using d i r e c t  contac t  s t e a m  condensers,a small  amount of radon gas w i l l  d i s -  

so lve  i n  the  condensate and condenser f l u i d ,  and be t ransported t o  the  

cool ing tower, There i t  is  s t r ipped  from the  f l u i d  and exhausted. 

Sludge composed of s u l f u r  from oxidized H2S and a i r  and steam pa r t i c -  

u l a t e s  accumulates i n  the  bottom of the  cooling towers, and has  been found 

t o  conta in  lead-210. When an  i r o n  c a t a l y s t  E S abatement system is  used, such 2 
as a Geysers Unit  11, the  sludge is  voluminous. Pb-210 occurs  n a t u r a l l y  

and i s  scrubbed from t h e  cool ing tower a i r ,  r a t h e r  than o r ig ina t ing  i n  the 

geothermal f l u i d .  

c 
21 

Radioac t iv i ty  a t  a l l  phys ica l ly  occupiable pos i t i ons  a t  t h e  Geysers is  

below the  3000 pCi/m 

p l a n t s  p re sen t ly  e x i s t  i n  Cal i forn ia .  Geysers ambient a i r  Concentrations 

range from < 0.01 t o  0.2 pCi/R, and are similar i n  the  working environment 

as shown i n  Table 3.2-2 .20 

an employee could i n d e f i n i t e l y  spend a l l  working hours  in the phys ica l ly  

occupiable  atmosphere having the  h ighes t  measured concentrat ion,  and no t  

exceed app l i cab le  standards.” Radon and l e a d  concent ra t ions  i n  s o i l  and 

vege ta t ion  i n  t h e  Geysers reg ion  do no t  appear t o  be  e leva ted ,  and no o the r  

Ca l i fo rn ia  S t a t e  Standard. No o the r  producing geothermal 

Some i n v e s t i g a t o r s  have concluded t h a t  

- 
22,23 i nd ica t ions  of increased exposure rates have been found.. 

I 

To t a l  radon emissions a t  the  Geysers are 1.56 Ci/MW-year. I f  the  gas 

is  re leased  from power p l a n t s  i n  the  Imperial  Valley,  releases w i l l  be  com- 

pa ra t ive ly  q u i t e  high. Referr ing t o  enthalpy i n  Table 3.2-1, and assuming equal 

p l an t  e f f i c i ency ,  2.8 times as much f l u i d  by weight is  needed t o  provide 

the  same energy a t  Niland (Imperial  Valley) as a t  t he  Geysers. Converting 

from kilograms t o  liters, and assuming t h a t  Imperial  Valley f l u i d s  have a 
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s p e c i f i c  g r a v i t y  of 1 .3  because t o t a l  d i s so lved  s o l i d s  are as h igh  as 330,000 

ppm, t h e  r a t i o  becomes 2.15, 

steam having mean radon concen t r a t ion  of 8150 pCi/m , t hen  Imper i a l  Val ley 

p l a n t s  wi th  concen t r a t ions  from 1 . 2 4  t o  10.0 yCi/m3 could e m i t  from 510 t o  

4115 Ci/MW-yr. Th i s  f i g u r e  assumes 16% thermal  e f f i c i e n c y ,  and t h e  a c t u a l  

f i g u r e  i s  l i k e l y  t o  be  c l o s e r  t o  10%. 

3.2.3 L i q u i d  Wastes 

3.2.3.1 Water P o l l u t i o n  

I f  1.56 Ci/MW-yr are produced from Geysers 
3 

Geothermal development can degrade both s u r f a c e  and ground water q u a l i t i e s  

by a d d i t i o n  of geothermal f l u i d  t o  e x i s t i n g  waters, and e x t r a c t i o n  of good 

q u a l i t y  water from l a k e s ,  s t reams,  o r  w e l l s .  

Subterranean a q u i f e r s  may be  damaged i f  e x t r a c t i o n  o r  i n j e c t i o n  w e l l  

c a s ings  are no t  s e a l e d .  Because t h e  f l u i d  p re s su re  i n  t h e  w e l l  i s  g r e a t e r  

than  t h e  a q u i f e r  p re s su re ,  i t  w i l l  seep out  and may f o u l  w e l l  water  q u a l i t y  

o r  damage s p r i n g  fed l a k e s  and r i v e r s ,  

a f f e c t  t h e  d r i n k i n g  water s u p p l i e s  of r e s i d e n t i a l ,  munic ipa l ,  and a g r i c u l t u r a l  

u se r s .  

power product ion phases  of development. 

thermal  f l u i d s  i n  t h e  Imper ia l  Val ley may cause near -sur face  a q u i f e r  l e v e l s  

t o  subside.”  

d e c l i n e  even though geothermal wells a r e  sea l ed  from t h e  a g r i c u l t u r a l  o r  

d r i n k i n g  water r e s e r v o i r .  

The d i s so lved  minera l  and gases  could 

The problem of w e l l  c a s ing  i n t e g r i t y  exists du r ing  both  d r i l l i n g  and 

According t o  Rex, withdrawal  of geo- 

I f  t h i s  happens, w e l l  water  q u a l i t y  and a v a i l a b i l i t y  may 

Surface  waters can be  po l lu t ed  du r ing  d r i l l i n g  and power product ion  i n  

d i f f e r e n t  ways. 

and t h e  p o s s i b i l i t y  of a blow ou t .  The sump is an  ea r then  r e s e r v o i r  con- 

s t r u c t e d  t o  t h e  s t anda rds  of a C a l i f o r n i a  S t a t e  Water Resources Cont ro l  

Board Class 11-1 d i s p o s a l  s i t e  and approved by t h e  Water Qual i ty  Cont ro l  

Board.26 

be  much l a r g e r  f o r  l i q u i d  dominated f i e l d s  because of t h e  voluminous d r i l l i n g  

e f f l u e n t .  

l i n e d  due t o  t h e  h igh ly  porous so i l . ’  The d r i l l i n g  waste c o n t a i n s  s e v e r a l  

t o x i c  sodium compounds and d e t e r g e n t s ,  and is bur ied  once i t  has d r i e d .  

sump f a i l u r e s  have been r epor t ed ,  and no s t u d i e s  have been done t o  check 

t h e i r  i n t e g r i t y  s e v e r a l  yea r s  a f t e r  abandonment. P a c i f i c  Energy CO. has  

a t tempted t o  use  l a r g e  tanks  i n  l i e u  of a sump, and had poor r e s u l t s .  27 With some 

P o l l u t i o n  o p p o r t u n i t i e s  endemic t o  t h e  w e l l  s i t e  are t h e  sump 

It i s  designed t o  hold a l l  d r i l l i n g  muds and c u t t i n g s ,  and must 

No waste may overf low t h e  sump, and a t  East Mesa they  are p l a s t i c  

NO 
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Table 3.2-2. Radon concentrations in California geothermal fluids, at 

emission points, and alternative electric energy source comparisons. 

* 
USBR Mesa Well 5-1, I V 

* 
USBR Mesa Well 6-1, I V 

* 
Sinclair No. 4, I V' 

Geysers steam 

700 mm Hg pressure 

Geysers steam line noncondensible 

gas vents 

Geysers of f-gas ejector 

Geysers ambient air 

Geysers operators desk inside 

turbine building 

Typical geothermal power plant 

Mean USA ground diffusion 

California State Standard 

Radon Emissions 
1.612k0.041 yCi/m 3* 

3* 
1.67320.079 yCi/m tj 

3* 13.00020.055 yCi/m 

3 6.100-9.600 Wi/m 

3 3.660-5.300 yCi/m 
10.-200 pCi/rn 3 

3 0.20+0.10 pCi/m 

1500 ci/GW-yr 

2 1 pCi/m sec. 
3 0.003 yCl/m 

* 3 

Source: 19,20,24 
Assuming specific gravity of 1.3 for conversion t o  yCi/m 
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innovat ion  t h i s  method appears  t o  have promise. 

Well blow o u t s  i n  vapor dominated f i e l d s  have minimal water p o l l u t i o n  

problems, because of t h e  gaseous n a t u r e  of t h e  escaping  f l u i d .  A t  l i q u i d  

dominated f i e l d s  approximately 20% of t h e  f l u i d  f l a s h e s  t o  steam and a h o t  

and voluminous t o x i c  flow remains.  The a d d i t i o n  of t h i s  l i q u i d  t o  s u r f a c e  

waters f o r  even a very  s h o r t  t ime would s e r i o u s l y  f o u l  t h e i r  q u a l i t y .  

There have been t h r e e  blow o u t s  a t  t h e  Geysers and two a t  Cerro P r i e t o .  18 

Power p l a n t  water  p o l l u t i o n  can r e s u l t  from spen t  geothermal f l u i d s  

and t h e  uptake of l o c a l  water s u p p l i e s  f o r  make up water .  Since 1968 no 

f l u i d  has  been r e l e a s e d  i n t o  l o c a l  streams a t  t h e  Geysers,  and 1.3X10 

g a l l o n s  are r e i n j e c t e d  per  day.l '  

p l a n t s  i n  l i q u i d  dominated f i e l d s  is  15 t imes as l a r g e ,  r e i n j e c t i o n  is  

t h e  only  accep tab le  product ion-scale  method of f l u i d  d i s p o ~ a l . ~  Water 

may be  taken  from l o c a l  sources  du r ing  d r i l l i n g  t o  add t o  d r i l l i n g  muds, 

and du r ing  power product ion  as condenser make up water. 

replaces t h a t  which i s  evaporated i n  t h e  coo l ing  tower t h a t  is  needed 

i n  t h e  condenser.  The Geysers need no make up water; however, t h i s  may 

n o t  be  t h e  case i n  t h e  Imper ia l  Val ley.  

sou rces  may cause a d e c l i n e  i n  downstream and l a k e  water q u a l i t i e s  and 

volumes. Geothermal w e l l s  i n  C a l i f o r n i a  a r e  monitored f o r  l eakage ,p res su re  

changes,  and i n f i l t r a t i o n  by t h e  Div i s ion  of O i l  and Gas. 

3.2.3.2 Toxic Minerals  

6 

Even though t h e  waste  f l u i d  from 

Make up water 

Water e x t r a c t i o n  from l o c a l  

High l e v e l s  of mercury a re  a s s o c i a t e d  w i t h  geothermal f l u i d s  i n  Hawaii, 

I ce l and ,  and New Zealand. C a l i f o r n i a  f l u i d s  have lower concen t r a t ions ;  

however, i n  view of t h e  Minimata i n c i d e n t  i t  i s  worthwhile t o  examine t o x i c  

minera l  p o l l u t i o n  c l o s e l y .  The concen t r a t ions  of a r s e n i c ,  boron, and mercury 

i n  v a r i o u s  C a l i f o r n i a  geothermal f l u i d s  are shown i n  Table  3.2.1. 

The minera ls  are r e l e a s e d  a t  a l l  f l u i d  emission p o i n t s  which w e r e  

examined i n  s e c t i o n  3.'2.2 above. Boron i n  f l u i d  r e l e a s e d  i n t o  a l o c a l  

Geysers tream s t imu la t ed  r e i n j e c t i o n  of a l l  unevaporated f l u i d  i n  1968. 

There is no o t h e r  mention t h a t  ambient concen t r a t ions  of t h e s e  t o x i n s  are 

worthy of concern i n  any of t h e  l i t e r a t u r e  surveyed. 

Cooling tower s ludge  mercury concen t r a t ions  a t  t h e  Geysers reach  
18 5 ppm; t h e  s ludge  i s  t rucked t o  i n d u s t r i a l  waste  d i s p o s a l  sites. 
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Imper ias  Valley development is i n s u f f i c i e n t  t o  i n d i c a t e  where t o x i c  min- 

e r a l s  might accumulate and i n  what concentrat ions.  

3.2.4 Sol id  Wastes 
Sol id  wastes of s e v e r a l  types are crea ted  during t h e  d r i l l i n g  and 

power production phases of geothermal development. 

are discussed i n  s e c t i o n  3.2.3. Power p l an t  waste c h a r a c t e r i s t i c s  depend on : 

t he  method of geothermal heat  u t i l i z a t i o n ,  and t h e  method of H2S abatement. 

Liquid d r i l l i n g  wastes 

Vapor and l i q u i d  dominated resources  r e q u i r e  d i f f e r e n t  types of power 

p l a n t s ,  which create d i f f e r e n t  wastes. Vapor dominated p l an t s ,  such as the  

Geysers, produce a small  amount of cool ing tower sludge and s ludge from t h e  

r e i n j e c t i o n  s e t t l i n g  ponds. 

, 

These wastes have c rea ted  no d i sposa l  problems. 

Liquid dominated r e s e r v o i r  f l u i d s  are t y p i c a l l y  high i n  t o t a l  d i sso lved  s o l i d s ,  

which can c r e a t e  voluminous waste i f  t h e  p l an t  is  engaged i n  d e s a l i n i z a t i o n  

, o r  evaporative br ine concentrat ion.  I f  all f l u i d  is reinjected s o l i d  w a s t e  

is neg l ig ib l e .  

production sca l e .  

No Imperial  Valley f a c i l i t i e s  yet  e m i t  s o l i d  waste on a 

H 2 S abatement equipment being put i n t o  use  a t  t h e  Geysers creates a 6 
t o x i c  s ludge i n  t h e  cool ing towers composed of i r o n  oxides ,  s u l f u r ,  and air  

and steam p a r t i c u l a t e s .  This  i r o n  c a t a l y s t  system reduces H-5. emission 
28 L 

92% and produces 33 b a r r e l s  of s ludge per  MW-yr at 110-MW Unit 11. 

The w a s t e  is then t ranspor ted  t o  an i n d u s t r i a l  waste d i sposa l  s i te in Contra 

Costa County, as no s u i t a b l e  p lace  can be found i n  Lake or Sonoma Counties. 

The S t r e t f o r d  process13 is scheduled t o  be used a t  Geysers Unit 13, and w i l l  
26 produce s a l e a b l e  elemental  s u l f u r  and much less s o l i d  waste. 

3.2.5 Waste Heat 

Geothermal f l u i d s  have l o w  enthalpy and t h e  thermal e f f i c i ency  of 

e l e c t r i c i t y  production u t i l i z i n g  such f l u i d s  is t h e r e f o r e  also low. 
e f f i c i e n c y  i s  16% a t  t h e  Geysers, and i n  t h e  Imperial  Valley it is expected 

t o  be as low as 10%. Because of t h e s e  l o w  e f f i c i e n c i e s ,  a l a r g e  amount of 

unusable waste hea t  i s  produced per  MW-year. This hea t  i s  re leased  t o  t h e  

environment i n  w e t  or dry  cool ing towers or cool ing ponds by conduction and 

evaporation. 

Thermal 

These cool ing methods are discussed b r i e f l y  i n  sec t ion  3.1.1.6. 

c 
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I 

The Geysers mechanical-draft  w e t  cool ing  towers r e l e a s e  approximately 

4.2 X 1017 c a l s  / M W - Y ~ . ~ '  A 1000-MW development i s  expected t o  raise t h e  

l o c a l  a tmospheric  mois ture  con ten t  50%. 30 

impact of t h e s e  r e l e a s e s  on t h e  l o c a l  c l i m a t e  have been made. 

No d e f i n i t i v e  e s t i m a t i o n s  of t h e  

Imper i a l  Val ley power p l a n t s  w i l l  release more waste hea t  because of 

t h e  lower geothermal r e source  en tha lpy  and product ion thermal  e f f i c i e n c y .  

Cooling methods a r e  no t  y e t  de f ined ,  but  a r e  p ro jec t ed  t o  r e l e a s e  

7.2 X 1017 cals/MW-yr. '' Water evapora t ion  from w e t  coo l ing  towers  would 

have l i t t l e  c l i m a t i c  e f f e c t ,  because t o t a l  evapora t ion  would s t i l l  be  less 

than  i n  t h e  p a s t  due t o  a d e c l i n e  i n  a g r i c u l t u r a l  water use  and evapora t ion .  

3.2.6 Noise 

31 

Geothermal developments c r e a t e  c h a r a c t e r i s t i c a l l y  low frequency h igh  

energy sounds from s e v e r a l  sources .  

sou rce  and muff l ing .  Mechanical sou rces  produce cons t an t  l e v e l s ,  and f l u i d  

emission sources  produce o s c i l l a t i n g  l e v e l s  p r o p o r t i o n a l  t o  t h e  r a t e  of flow. 

The sources  and a s s o c i a t e d  sound l e v e l s  appear  i n  Table  3.2-3  and are discussed 

below, us ing  t h e  t a b l e  as a r e fe rence .  

The sound l e v e l s  va ry  depending on 

The f i r s t  n o i s e  from development emanates from heavy machinery con- 

s t r u c t i n g  t h e  w e l l  pad. 

t h e  b i t  and mud pumps i n c r e a s e  sound l e v e l s  t o  90 dB day and n i g h t  f o r  t h e  

d u r a t i o n  of d r i l l i n g . 3 1  

steam producing format ions  are  pene t r a t ed ,  because i t  would quench and plug 

the  aquifer .  Air is forded i n t o  the w e l l  t o  cool the  bit and carry the  

c u t t i n g s  t o  t h e  s u r f a c e .  Compressed a i r ,  steam, and c u t t i n g s  e x i t  a "Blooie" 

l i n e  and can i n c r e a s e  sound l e v e l s  by 12 dB. 

s e p a r a t o r  muf f l e r  i s  used, sound l e v e l s  can be  reduced t o  t h a t  of mud d r i l l i n g  

f o r  t h e  2 t o  6 week dura t ion .  

Once d r i l l i n g  begins  t h e  d i e se l  engines  powering 

I n  vapor dominated f i e l d s  mud i s  not  used when 

I f  a water i n j e c t e d  cyc lon ic  

Wells are c leaned  and t e s t e d  once d r i l l i n g  i s  complete. 

dominated f i e l d s  t h i s  is  t h e  n o i s i e s t  a c t i o n  i n  development. 

s t r a i g h t  t o  t h e  atmosphere create peak sound l e v e l s  of 1 2 5  dB i n  t h e  

1100 t o  4000 Hz range.33 

s e p a r a t o r  muf f l e r ;  however, f i s t - s i z e  d e b r i s  o f t e n  is  e j e c t e d  from t h e  w e l l .  

An expansion muf f l e r  i s  less prone t o  damage from such d e b r i s ,  bu t  provides  

I n  vapor 

Wells vented 

40 dB reduc t ion  can be  achieved wi th  a cyc lon ic  
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less a t tenuat ion .  No information e x i s t s  on sound l e v e l s  produced by flowing, 

u n r e s t r i c t e d ,  liquid-dominated w e l l s .  The f l u i d  p a r t i a l l y  f l a sh ing  t o  steam, 

however, i s  known t o  create a 100 dB sound l e v e l ,  as shown i n  Table 3.2-3. 
Wells are shut  i n  while waiting t o  come on l i n e  or whenever t h e  power 

p l an t  i s  closed f o r  more than seve ra l  days. 

through a 1 /4  inch l i n e  t o  maintain w e l l  casing temperature and some flow. 

Sound levels c rea ted  thereby are equal t o  production f i e l d  ambient levels. 

No s i m i l a r  data e x i s t s  f o r  l i q u i d  dominated f i e l d s .  

A t  t h e  Geysers they are bled 

The only production f a c i l i t y  i n  Ca l i fo rn ia  I s  t h e  Geysers, so only 

i t s  no i se  emissions can be discussed o r  shown i n  Table 3.2-3. 

source is  t h e  off gas e j e c t o r s  which produce sound l e v e l s  over 117 dB. 

Insu la t ion  of l e a d  and mineral wool reduces the  emission t o  less than 

88 dB.34 The o the r  p l an t  sources are the  cooling towers and turbine- 

generator machinery. 

The l a r g e s t  
15 

Table '3.2-3 shows t h e  associated sound levels. 
Post-emission sound level a t t enua t ion  i s  caused by barriers and 

meteorological conditions.  Buildings, fences, r i dges ,  and trees l i m i t  sound 

spreading. Wind tends t o  bend sound waves upward i f  they are t r a v e l l i n g  t h e  

opposite d i r e c t i o n ,  and downward toward t h e  ground i f  they are t r a v e l l i n g  in 
t h e  same d i r ec t ion .  Oxygen molecules absorb sound energy. 

absorb l i t t l e  of t h e  low frequency sound c h a r a c t e r i s t i c  of geothermal 

developments. 

3.2.7 Seismic E f f e c t s  

However, they 

Geothermal resources e x i s t  where subterranean f l u i d  and high hea t  

flow are coincident.  

c r u s t  over convecting magma.4 

volcanism and mountain-building which are on t h e  margins of c r u s t a l  p l a t e s .  

Seismic a c t i v i t y  i s  n a t u r a l  and frequent i n  such regions,  and some evidence 

i n d i c a t e s  t h a t  geothermal development may change n a t u r a l  seismicity.  

High hea t  flow i s  caused by thinning of t h e  e a r t h ' s  

Such conditions occur i n  zones of recent 
35 

Extraction and i n j e c t i o n  of f l u i d  i n  f a u l t s  may aggravate t h e i r  a c t i v i t y .  

Extraction could allow f a u l t  stress t o  bui ld  up by increas ing  f r i c t i o n a l  

r e s i s t ance ,  and thus  increase  t h e  magnitude of a quake when it  does occur. 

I n j e c t i o n  could reduce t h e  f r i c t i o n a l  resistance t o  shear ,  and promote 
rupture ,  30 A t  t h e  Rocky Mountain Arsenal near Denver, Colorado, waste in jec ted  

i 

c 
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Table 3.2-3. Sound l e v e l s  a s soc ia t ed  w i t h  geothermal w e l l  cons t ruc t ion  
and power p l a n t  opera t ion .  

- ----------------- 

Ph en omena D i s t .  dB(A) Durat ion -- 
s i t e  p repa ra t ion  15.2m 80-90 8-10 h r s lday ,  2 weeks 

dril l ing-mud 

-air  

15.2m 90 24 hrs /day ,  2-6 w e e k s  

15.2m 102 24 hrs /day ,  2-6 w e e k s  

-a i r  muffled 15.2m 80-90 24 h r s /day ,  2 4  weeks 

t e s t i n g  and c leanout  15,2m 110-125 24 h r s /day ,  3-4 days 

muff l e d  

ven t ing  s h u t  i n  w e l l  

p i p e l i n e  n o i s e  

s t ack ing  steam 

of f  gas  e j ec t o r s  

i n s u l a t e d  

developed product ion f i e l d  

cooling towers 

i n s i d e  tu rb ine  b u i l d  ing 

Unit  13  

f l a s h i n g  geothermal l i q u i d  

Source: 15,18,26,32 

15.2m 

15.2m 

15.2m 

15.2m 

0 

0 

--- 

5 

--- 
--c 

15.2m 

85-95 

65-75 

75 

100 

117 

< 88 

40-50 

80 

88-9 1 

< 85 

100 

24 hrs /day ,  3-4 days 

--- 

i n s t a l l a t i o n  l i f e  

shutdown dura t i o n  

i n s t a l l a  t i o n  l i f e  

i n s t a l l a t i o n  l i f e  

i n s t a l l a t i o n  l i f e  

installation l i f e  

i n s t a l l a t i o n  l i f e  

i n s t a l l a t i o n  l i f e  

--- 
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15 i n t o  t h e  ground was shown t o  increase  the frequency of small earthquakes. 

A similar phenomenon occurred a t  t h e  Rangely o i l  f i e l d  i n  northwestern 

Colorado. 

t o  l a r g e  t e c t o n i c  sheer  stress. 

geothermal resource areas. 

I n  both cases  evidence implies  t h a t  r e s e r v o i r  rocks were sub jec t  

This  s i t u a t i o n  exists i n  Ca l i fo rn ia  

The Geysers  and surrounding known geothermal resource areas are made of 

Franciscan metasedimentary and metavolvanic rock of J u r a s s i c  and Cretaceous age. 

Geothermal f l u i d  i s  born from a Franciscan graywacke sandstone producing 

formation.36 The region has s e v e r a l  f a u l t s  which cha rac t e r i ze  t h e  f a u l t  and 

sheer  zone-riddled Franciscan formation.37 The nea res t  a c t i v e  f a u l t ,  t h e  San 

Andreas, is  30 m i f e s  w e s t  of t h e  Geysers. Condensate r e i n j e c t i o n  began in 
1968 and t h e  U.S. Geologic Survey has  been monitoring the  a r e a  se i smica l ly  

and by methods of t r i angu la t ion .  Current d a t a  show t h a t  t h e r e  has  been no 
noticeable change i n  regional seismic a c t i ~ i t p . ~  

experiences w i l l  no t  be repeated a t  t h e  Geysers. 

Apparently the Coloradoan 

c 

The Imperial  Valley is p a r t  of t h e  East P a c i f i c  R i s e  s t r u c t u r a l  r i f t  

which c r e a t e s  t h e  Sal ton Trough. Although t h e  Valley f l o o r  is below sea 

. it  is  f u l l  of water-saturated sediments up t o  6.15 ki lometers  deep. 

It is  c r i s sc rossed  by t h e  Coyote Creek, Imperial ,  San Andreas, San Jacinto, 
and Supe r s t i t i on  H i l l s  f a u l t s ,  which have a l l  moved s i n c e  1968. 35 Seismic 

monitoring of t h e  E a s t  Mesa area has shown 1 to 2 Richter  magnitude quakes 

t o  be common, and nanoearthquakes t o  occur a t  a frequency g r e a t e r  than 100 per 

day.38 

is wi th in  t h e  range penetrated by w e l l s .  

monitored f o r  s e i smic i ty  and subsidence; however, i n s u f f i c i e n t  development 

of t h e  resource has  taken p lace  t o  a f fo rd  any r e s u l t s .  

The f o c a l  depths  of many of t hese  quakes are less than  2.5 km, which 

P a r t s  of t h e  Imper ia l  Valley are being 

The Mono-Long Valley known geothermal resource  area is  of volcanic  o r ig in ,  

and no d a t a  or development e x i s t s  on which t o  base an estimate of t h e  seismic 

e f f e c t s  of geothermal development. 

The p r i n c i p l e  seismic hazards  t o  geothermal power p l a n t s  are ground shaking 

and lands l ides .  

a l l  su r face  hardware. 

Ground shaking could shear  and crack  w e l l  casings,  and damage 

I n  sedimentary mediums, such as t h e  Imperial  Valley,  

c 
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A 

s h a k e s  are expected t o  have a l a r g e r  v e r t i c l e  range and longer  per iod than i n  

ha rde r  rock mediums. 26 

l a n d s l i d e s ,  which can damage s u r f a c e  hardware. Some Geysers w e l l s  a r e  sunk 

through l a n d s l i d e  material. 

caused by movement of s l i d e  m a t e r i a l  a t  a depth of 4 1  meters. 

3 . 2 . 8  Subsidence 

Mountainous areas, such as t h e  Geysers,  are prone t o  

The blow ou t  of geothermal w e l l  GDC 65-28 w a s  
39 

Geographic s u r f a c e  e l e v a t i o n  and contour  changes can be  in t roduced  by 

f l u i d  e x t r a c t i o n  and i n j e c t i o n ,  h y d r a u l i c  and thermal  g r a d i e n t s ,  l a n d s l i d e s ,  

and tectonism.  Geothermal f l u i d  e x t r a c t i o n  and i n j e c t i o n  cause  sub te r r anean  

r e s e r v o i r  p re s su re  changes t h a t  can cause subsidence o r  rebound. Subsidence 

occur s  under c o n d i t i o n s  where t h e  f l u i d  a c t u a l l y  auppor t s  t h e  ove r ly ing  rock. 

When t h i s  suppor t  i s  reduced o r  removed t h e  rock may s ink .  Because geothermal 

r e sources  e x i s t  where tec tonism i s  a c t i v e  and where thermal  g r a d i e n t s  are l a r g e ,  

s e p a r a t i n g  t h e  e f f e c t s  of geothermal development from o t h e r  f o r c e s  i s  d i f f i c u l t .  

F u r t h e r ,  subsidence i s  endemic t o  only a c e r t a i n  type  of geothermal r e s e r v o i r .  

Vapor dominated geothermal f i e l d s ,  such as t h e  Geysers,  can on ly  e x i s t  

where h o s t  rocks  a re  ~ o m p e t e n t . ~ '  The steam-bearing formation i s  f r a c t u r e d  

se l f - suppor t ing  rock. Reservoi r  p re s su re  changes caused by f l u i d  e x t r a c t i o n  

o r  i n j e c t i o n  hence have no e f f e c t  on geographic  e l e v a t i o n s  and contours .  

40 

There i s  no evidence of any subsidence i n  vapor dominated steam f i e l d s , ,  

i nc lud ing  t h e  Geysers and t h e  L a r d a r e l l o  f i e l d  i n  I t a l y ,  which has  been i n  

ope ra t ion  s i n c e  1904. 

t h e  f lu id -bea r ing  formation i s  bo th  porous and incompetent.  30 

p r e s s u r e  changes modify t h e  suppor t  g iven  by t h e  f l u i d  t o  ove r ly ing  rock,  

and may cause  i t  t o  s i n k .  Geothermal f l u i d  e x t r a c t i o n  from t h e  Wairakie,  

New Zealand l iquid-dominated f i e l d  has  caused subsidence up t o  4 meters a t  

a ra te  of  40 cm/yr s i n c e  1956. 

o i l  f i e l d  a t  Long Beach, C a l i f o r n i a  has  caused subsidence of up t o  8 . 3  meters. 

40 

Liquid dominated geothermal f i e l d s  can exper ience  subs idence  because  

R6servoir  

41 S i m i l a r l y ,  withdrawal  from t h e  Wilmington 
15  

Unlike t h e  Geysers f r a c t u r e d  rock,  t h e  Imper i a l  V a l l e y  is  f i l l e d  wi th  

water -sa tura ted  porous sedimentary s t ra ta .  There i s  a shal low,  c o o l ,  f a i r l y  
31 

s a l i n e  a q u i f e r  u n d e r l a i n  by a deep, very  h o t ,  h y p e r s a l i n e  geothermal pool. 

Some n a t u r a l  subsidence is occur r ing ,  and h a s  been measured a t  Cerro  P r i e t o ,  

Mexico.15 Geothermal f l u i d  i s  e x t r a c t e d  a t  Cerro P r i e t o ,  bu t  i t s  e f f e c t  
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on subsidence r a t e s  is  unknown. 

t h e  Imperial  Valley; however, t oo  l i t t l e  geothermal development has taken 

p lace  t o  produce r e su l t s .42  Geographic deformation i n  t h i s  region w i l l  have 

d i s a s t r o u s  consequences t o  a g r i c u l t u r e ,  because most i r r i g a t i o n  cana l s  have 

s lopes  of less than  f e e t  per  m i l e ,  

Lofgren has been s t u d y h g  subsidence i n  

15 

Geothermal f l u i d  r e i n j e c t i o n  could maintain r e se rvo i r  pressure  and may 

amel iora te  land subsidence problems. For example, one t o  one saltwater 

r e i n j e c t i o n  is  now being done i n  t h e  Wilmington o i l  f i e l d  and seems t o  be  

successfu l .  

i s  t h e  low a v a i l a b i l i t y  of r e i n j e c t i o n  water. 

f l u i d  is  r e i n j e c t e d  may be the  bes t  so lu t ion .  Second, t h e  su r face  e f f e c t  

of t h e  subterranean hydraul ic  grad ien t  between e x t r a c t i o n  and i n j e c t i o n  w e l l s  

i s  unknown. 

The I m p e r i a l  Valley has  two problems i n  t h i s  respec t .  The f i r s t  

A b inary  system i n  which a l l  

f 
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3.3 - Dispe r sa l  and Popula t ion  Exposure 

Once p o l l u t a n t s  have been emit ted from t h e i r  sources  i n t o  t h e  atmosphere, 

s e v e r a l  p rocesses  can occur .  

t o  t h e  source ,  o r  f a r t h e r  a long  t h e  pa th  of t h e  plume. 

gene ra l ly  f o r  l a r g e  ( h  10  Um) p a r t i c l e s  i n  t h e  a i r ,  so  t h a t  only f i n e  p a r t i c l e s  

and gases  remain i n  t h e  plume a t  d i s t a n c e s  g r e a t e r  than a few km downwind from 

t h e  source.  

o f t e n  d e p l e t e s  t h e  air ,  and inc reases  s o i l  concent ra t ions  of a c i d  s u l f a t e s ,  

a c i d  n i t r a t e s ,  e t c .  2’3 I f  t h e  ra indrops  o r  mist p a r t i c l e s  are l a r g e  enough t o  

f a l l  t o  e a r t h ,  they are probably too  l a r g e  t o  be inha led  o r  t o  represert  a 

primary h e a l t h  hazard t o  t h e  populat ion.  

Some p o l l u t a n t s  may f a l l  t o  t h e  ground e i t h e r  c l o s e  

Nearby depos i t i on  occurs  

1 Deposi t ion by r a i n f a l l  o r  condensat ion can occur anywhere, and 

1 

Gaseous and p a r t i c u l a t e  matter may a l s o  remain suspended i n  t h e  a i r  and 

undergo secondary r e a c t i o n s .  The products  of t h e s e  secondary r e a c t i o n s  are 

not  found i n  t h e  primary source  emissions,  b u t  are formed sometime a f t e r  t h e  

63 
p o l l u t a n t s  have been i n  t h e  atmosphere. 

reactive, dangerous,  and t o x i c  than  t h e i r  primary emission p recu r so r s ,  and 

inc lude  ozone, peroxyacetyl  n i t r a t e  (PAN), aldehydes,  o rganic  a c i d s ,  su l -  

Secondary r e a c t i o n s  a re  4-7 fa tes ,  n i t rogen  d iox ide ,  n i t r a t e s ,  and s o  on. 

desc r ibed  i n  g r e a t e r  d e t a i l  i n  p a r t  3.3.3 below. 

Many secondary p o l l u t a n t s  are more 

F i n a l l y ,  as  discussed  i n  s e c t i o n  3.3.2, p o l l u t a n t s  from s t a t i o n a r y  

sources  t h a t  are n o t  depos i ted  on t h e  ground near  t h e  p l a n t  are t r anspor t ed ,  

o f t e n  over  vast d i s t a n c e s  and cover ing  l a r g e  areas. 
poses t h e  t h r e a t  t o  pub l i c  h e a l t h  from any primary o r  secondary p o l l u t a n t s  

i n  ambient a i r ,  and which must be assessed  i n  o r d e r  t o  determine t h e  l i k e l y  

doses  of p o l l u t a n t s  t h a t  people  i n  an urban o r  a r u r a l  area would receive 

from power p l a n t  emissions.  

It is th i s  f a t e  t h a t  

3 .3 .1  Urban and Non-Urban Ambient A i r  Qua l i ty  

I ,  

3.3.1.1 Global Background Processes  

On a worldwide s c a l e ,  emissions .from n a t u r a l  sources  account f o r  a l a r g e  

f r a c t i o n  of t h e  t o t a l  inventory  of some spec ie s .  

emissions inc lude  b i o l o g i c a l  decay sources ,  rock weather ing,  vo lcan ic  a c t i v i t ? ,  

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

Processes  y i e l d i n g  these  

The c o n t r i b u t i o n s  
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of these processes to  t o t a l  world-wide emissions and global a i r  qual i ty  are 

shown i n  Table 3.3-1. 

Table 3.3-1. Contributions of Natural Processes t o  A i r  Pollution. 

Reference Background Total  burden 
concentration* by mass (%) Species - 

0.1 - 3 ppb (SO2) 65-90 (8, 11) 

10 - 30 ppb (NO or NO2) 90 (10 1 
sox 

NoX 

Ox -- (4, 9 )  10 - 70 ppb (03) 
co - 1 ppm (CO) 80 (8, 12) 

Hydrocarbons 1.0-1.5 ppm (CH4) 

mercury 1 ppt (Hd 
selenium 3 P P ~  @e) 

5 (8 ,  13-15) 

38-83 (8, 16) 
? (17) 

* 
Form i n  which concentrations are expressed is shown i n  parenthesea. 

3.3.1.2 Urban A i r  Quality 

The data i n  Table 3.3-1 give some i d e a  of man's impact on global pollution, 

However, ambient a i r  pol lutant  concentrations i n  urban areas  can be much 

higher than the na tu ra l  background levels .  The Environmental Protection 

Agency (EPA) has compiled an extensive catalog-of air qual i ty  and source 

emissions data f o r  SOz, NOxs oxidants, CO, hydrocarbons, and pa r t i cu la t e  

matter for the  various monitoring areas i n  the United States.'8'1?.- In addition, 

the California A i r  Resources Board-(ARB) has independently-maintained continuous 

compilations of a i r  qua l i ty  data f o r  several  Cal i fornia  monitoring s ta t ions- .  

for several  years, which examine GO, oxidants, NO, su l f a t e s ,  pa r t i cu la t e  

matter, and hydrocarbons.2° The reader should consult these sources f o r  

spec i f ic  information on a i r  qua l i ty  and source emissions data; 

emissions data a r e  summarized in Figure 3.1-1 of t h i s  report: 

some of the 

c 

P 

Typical urban concentrations of SO2 have been reported t o  range from 

0.01 ppm i n  San Francisco t o  0.2 ppm i n  Chicago,21 on an annual average basis. 
Levels a s  high a s  1.5 ppm have been observed during "smog episodes" in 
London.'l c Corresponding levele  of s u l f a t e s  (as H SO ) have been observed t o  2 4  



.. .. . 

3-172 

21 I n  C a l i f o r n i a ,  so2 con- be 4.0 pg/m , 20 pg/m , and 220 ug/m , r e s p e c t i v e l y .  

c e n t r a t i o n s  have r a r e l y  exceeded e i t h e r  t h e  EPA o r  ARB a i r  q u a l i t y  s t anda rds  

dur ing  t h e  p a s t  t h r e e  years .  19,20,21 

u l a r l y  i n  t h e  South Coast A i r  Basin,  however, f r e q u e n t l y  exceed t h e  ARB 24-hour 

s tandard  of 25 pg/m . 2o 

wi th  maximum concen t r a t ions  observed i n  summer. 

Nitrogen oxides  concen t r a t ions  i n  U. S. urban a i r  t y p i c a l l y  range  from 

3 3 3 

S u l f a t e  levels i n  C a l i f o r n i a ,  p a r t i c -  

C a l i f o r n i a  s u l f a t e s  show a d e f i n i t e  seasonal  t r end ,  
20 

0.03 ppm NO and 0.02 ppm NO2 i n  S t .  Louis t o  0.073 ppm NO and 0.05 ppm NO2 i n  

Chicago on a n  annual  average b a s i s .  lo 

as high as 0.16 ppm have been observed i n  Anaheim, and one-hour l e v e l s  i n  excess  

of 0.6 ppm have f r equen t ly  been observed i n  South Coast A i r  Basis monitoring 

s t a t i o n s .  2o 

months2’ i n  which photochemical a c t i v i t y  is  a t  a minimum. 

t r a t i o n s  have n o t  been s tud ied  as ex tens ive ly  as NO 

t h e  impact on Los Angeles school  ch i ldren26 sugges ts  t h a t  NO should and w i l l  be 

analyzed more ex tens ive ly  i n  t h e  f u t u r e .  

Twenty four-hour average concen t r a t ions  
8 

NO concen t r a t ions  i n  C a l i f o r n i a  are h ighes t  during t h e  win te r  2 
Ambient NO concen- 

i n  C a l i f o r n i a ;  however, 2 

Photochemical ox idan t s  are a c l a s s  of secondary p o l l u t a n t s  t h a t  are 

formed from primary emissions (NO HC, etc.)  i n  t h e  atmosphere. These ox- 

i d a n t s  are comprised mainly of ozone (0 ) and t o  a lesser e x t e n t  peroxyace ty l  3 
n i t r a t e s  (PAN), and r e l a t e d  compounds. Because of v a r i a t i o n s  i n  meteoro logica l  

cond i t ions  and seasona l  and d i u r n a l  f l u c t u a t i o n s  (see Figure  3.3-1) ins tan taneous  

l e v e l s  u sua l ly  do no t  c o r r e l a t e  w e l l  wi th  long tern va lues .  

total oxidant  levels can be equated w i t h  the  ambient 0 concent ra t ion .  

Because 0 

concen t r a t ions  i s  probably no t  a r e l i a b l e  index of man-made urban a i r  pol lu-  
22923 t o  suggest  t h a t  0 t i o n .  Considerable  evidence now e x i s t s  

emi t ted  i n  urban areas r e s u l t  i n  h igh  oxidant  levels i n  non-urban areas as w e l l .  

O3 concen t r a t ions  i n  excess of 0.1 ppm have been observed over  l a r g e  areas of 

t h e  e a s t e r n  United S t a t e s ,  inc luding  most of t h e  s ta tes  of Ohio, 

vania”, and New York. 24 
a p r i n c i p a l  p o l l u t o i n  problem. Oxidant concent ra t ions  f r equen t ly  exceed the  
ambient a i r  q u a l i t y  s tandards  through most of C a l i f o r n i a .  . I t  is rare f o r  any 

of t h e  major urban c e n t e r s  i n  C a l i f o r n i a  t o  experience a summer season without  

a t  least  one oxidant  smog episode.20 

smog episodes  repor ted  i n  C a l i f o r n i a  dur ing  t h e  yea r s  1973-1975. 

Ca l i fo rn ia ,03  and CO are t h e  only p o l l u t a n t s  which have r o u t i n e l y  l e d  t o  major 

ep isodes ,  a l though s u l f a t e s  may be important  c o n t r i b u t i n g  f a c t o r s .  

X’ 

I n  gene ra l ,  
498 . 

3 
is  a secondary p o l l u t a n t ,  comparison of r u r a l  with urban oxidant  3 

precur so r s  3 

- 19 

I n  C a l i f o r n i a ,  photochemical-produced ox idan t s  are 

- >  

Table 3.3-2 summarizes va r ious  

For 

20 
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TABLE 3.;-2. AIR POLLUTION EPISODES IN CALIFQRNIA' - 1973-1978 

Number of b y e  i n  which Pollutnnt Level Exceeded Epinode Criteria 
Alert Stnee 1) Warning ( 7 ~ ~ ; )  Emergency (Btnge 31 

Pollutant -1- 1973 197 1913 l 9 l l  l9 Is  
A i r  he in :  A i r  Quality 
Control Dietrict  

k n g e  County 

San Bernardino County 

Rivereids County 

Ventura County 

SBnta Barbara County 

: Southeaet Deeerte A i r  Beein 

Sari Fzkdeco  Bey Area i 

* 6an Mego A i r  Beein 

Sacrmento Valley Air Basin 

8an Jbaquin' Valley A i r  h e i n  

Oxidant 1s 6(4) 15(10) Q Q 0 0 0 0  
CQ O 1 3 0 0 0  Q O Q  

Oxidant 35 3s 0 0 0 0  

Oxidant 6(2) lO(5) b(2) 0 0 Q 

Oxidant 5(4) 0 0 Q Q O  

Oxidant 2 I I. O O Q  

Oxidant 2 3@) 1 0 0 0 '  

4(2) 1 0 

1 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

Q O Q  

* mt.8 were obtalned from "Califomin Air Queljty D a h " ,  Vol, 5, Ieewe  1-4 (193) ;  from Ibla,, Vol. 6, IeewO 
1-b '(1974); f~~ Ibid.; Val, 7, IBeWe 1-3 (1Y/5) vliich are n l l  publielied by the Cnllfornta Air Reeoiircce 

December 31, 19?5", Publication EPA-450&76-006 (April 1976), publiehed by the Environmental Protectlon 
Agency, Waehlngtin, D,C. * Number Of dnye in which a t  leREt one monftoring etetian in the Metr ic t  reported pollutant concetratibns 
i n  exceee of the epieode threehold. 

*Number of deye i n  which a t  leset half of a l l  t h e  etstione i n  the Dietrlct  reported pollutnnt concehtrfdibna 
. i n  excees of t h e  epieode threehold. Rumbere are i n  parentheeee. 
Epieode c r i te r ia  are defined in Cnlifornia A i r  Pollution hergency Plan, 111th ncoision,. Cnlifornh Air- 
~eeourcee bard. Sacre~nento, CA 95814 (July 26, 19761, nnd nre Riven i n  Gection 2.6. 

1102 Q Street,  .Sacramento, CA 95814; and from "State Inplementntion Plan ProRrese Report: July 1 t o  

. 
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c topography, and the  community-wide d i s t r i b u t i o n  of p o l l u t a n t  sources. These 

f a c t o r s  determine whether ground-level ambient a i r  concentrat ions of p o l l u t a n t s  

are uniform f o r  only a l i m i t e d  area o r  f o r  an e n t i r e  community, and whether 

emissions from sources  such as power p l a n t s  can account f o r  t h e  p o l l u t i o n  burden 

i n  a given sec to r  of t he  community. 
f l u c t u a t i o n s  ( sec t ion  3.3.2.1), t h e  manner i n  which atmospheric condi t ions  may be 

charac te r ized  i s  discussed (3.3.2.2), t h e  inf luence  of these  condi t ions  on 

Af ter  a b r i e f  look a t  observed seasonal  

plume behavior i s  summarized (3.3.2.3), and a b r i e f  in t roduct ion  t o  meteorolog- 

i c a l m o d e l i n g  i s  provided (3.3.2.4). 

cons idera t ions  is t h e  s u b j e c t  of a sepa ra t e  r epor t .  

A more s p e c i f i c  d i scuss ion  of modeling 
2 6a 

3.3.2.1 Seasonal f l u c t u a t i o n s  

Both ambient a i r  concent ra t ions  and emission rates of p o l l u t a n t s  show 

seasonal  va r i a t ions .  Generally,  however, the seasonal  v a r i a t i o n s  i n  emission 

r a t e s  are small compared t o  those  i n  ambient l e v e l s .  

shows t h a t  emissions of va r ious  p o l l u t a n t s  i n  t h e  San Francisco Bay A r e a  vary 

by only about 2 30% from t h e i r  annual averages. Similar  da t a  f o r  power p l a n t  

emissions i n  Los Angeles County (Figure 3.3-3) show emission va lues  f o r  SO2 and 

NO 

Figure 3.3-2, f o r  example, 

6 
t o  be wi th in  50% of t h e i r  yea r ly  averages.  

X 

Ambient a i r  concent ra t ions ,  however, show very l a r g e  seasonal  f l u c t u a t i o n s  

A s  an example, t h e  oxides  of n i t rogen  average as is seen i n  Figures  3.3-4,5. 

maximum hourly concent ra t ions  climb, i n  t h e  win ter ,  t o  twice t h e  annual average 

va lue  i n  both San Francisco and Los Angeles. These f l u c t u a t i o n s  i n  ambient air 
concent ra t ions  are much l a r g e r  than t h e  v a r i a t i o n s  i n  po l lu t an t  emissions and 

do not  correspond t o  t h e  seasonal  p a t t e r n  of emission rates. They arise from 
seasonal  v a r i a t i o n s  i n  meteorological  condi t ions.  

3.3.2.2 Atmospheric cha rac t e r i za t ion  

Ambient a i r  q u a l i t y  depends, not  only on the  emission inventory,  bu t  a l s o  

on t h e  d i spe r s ion  o r  d i l u t i o n  t h a t  t akes  p lace  a f t e r  t h e  p o l l u t a n t s  are emitted 

i n t o  the  atmosphere. 

p r imar i ly  causing ho r i zon ta l  movement of the  po l lu t an t s ,  and t h e  

atmospheric s t ab i l i t y ,wh ich  a f f e c t s  v e r t i c a l  movement.. 

The two main f a c t o r s  determining these  processes  are winds, 

6 
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Figure 3.3-4A. 
hourly-averaged pol lutant  concentrations; and the  monthly average 
of the  d a i l y  wind v e l o c i t y ;  San Francisco (1974). (Based upon 
ref.  2 0 . )  

The monthly maximum and average of maximum d a i l y  
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hourly-averaged p o l l u t a n t  concen t r a t ions ;  and t h e  monthly average 
of t h e  d a i l y  wind v e l o c i t y ;  Los Angeles county (1974). (Based 
upon r e f .  20.) 
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References 27-31 serve  as a general  in t roduct ion  t o  t hese  t r anspor t  mechanisms. 

A bas i c  quest ion t o  be answered in cha rac t e r i z ing  atmospheric s t a b i l i t y  

and.plume d ispers ion  is  t h e  behavior of a sample o r  pa rce l  of a i r  re leased  a t  a 

spec i f i ed  loca t ion .  Such a pa rce l  may, of course, be moved due t o  t r anspor t  by 

winds - even i n  a v e r t i c a l  d i r e c t i o n  ( p a r t i c u l a r l y  i f  l a r g e  s u r f a c e  i r r e g u l a r i -  

ties are present ) .  

g r e a t l y  by more s u b t l e  c h a r a c t e r i s t i c s  of t h e  atmosphere, i n  p a r t i c u l a r  i t s  

s t a b i l i t y  and, a c lose ly  r e l a t e d  matter, its v e r t i c a l  temperature p r o f i l e .  

However, i t s  v e r t i c a l  movement may a l s o  be inf luenced 

This temperature p r o f i l e  is t y p i c a l l y  parameterized by the  "lapse rate," 

which is t h e  rate of change of temperature with decreasing a l t i t u d e .  

ra te  is  p o s i t i v e  i f  t h e  temperature decreases  with he ight . )  

descr ibed as "adiabat ic"  i f  i t  is equal  t o  t h e  rate a t  which an a i r  pa rce l  would 

change temperature as i t  rises and expands a d i a b a t i c a l l y  (i.e., without hea t  

t r a n s f e r  t o  t h e  pa rce l ) .  

(numerically equal  t o  10°C/km), a pa rce l  of a i r  which is disp laced  

upward o r  downward w i l l  maintain a cons tan t  temperature d i f f e rence  compared 

(The l apse  

The lapse rate is 

As a r e s u l t ,  if t h e  l apse  rate is a d i a b a t i c  

wi th  i t s  surroundings. 

superadiaba t ic  or subadiaba t ic  lapse rates, where t h e  temperature decreases ,  

r e spec t ive ly ,  f a s t e r  and slower than 10°C/km. 

parce l  of a i r  w i l l  cool as i t  rises, but less r ap id ly  than i t s  surroundings,  so 

t h a t  i t  w i l l  tend t o  cont inue t o  rise; conversely,  a f a l l i n g  p a r c e l  w i l l  tend 

t o  cont inue t o  do so. 

p a r c e l  would eventua l ly  become cool  compared wi th  its surroundings and start 

t o  f a l l ;  whereas a f a l l i n g  p a r c e l  would eventual ly  tend t o  rise. (See Figures 

3.3-6,7 f o r  temperature prof i les . )  The f i r s t  condi t ion is uns tab le  and f avor s  

mixing; t h e  second is s t a b l e ,  h inders  vertical  mixing, and hence encourages 

p o l l u t a n t  buildup. 

l apse  rate becomes negat ive,  i.e., t h e  temperature inc reases  wi th  a l t i t u d e .  

Such a temperature invers ion  e s s e n t i a l l y  s t o p s  v e r t i c a l  mixing, e f f e c t i v e l y  

t rapping  po l lu t an t s .  Such Invers ions  may occur i n  two circumstances,  e i t h e r  

where a l a y e r  of a i r  moves i n  such a way as t o  t r a p  a warmer l a y e r  below i t ,  

This  is a r e l a t i v e l y  n e u t r a l  condi t ion as compared with 

I n  the  f i r s t  case, a r i s i n g  

On t h e  o the r  hand, i n  subadiabat ic  condi t ions ,  t h e  r i s i n g  

Subadiabati'c condi t ions  become even more s t a b l e  when the 

o r  when a i r  a t  low a l t i t u d e  is  cooled by contact  

r a d i a t i v e l y  cooled. F i g u r e  3.3-8 shows poss ib l e  

invers ion  condi t ions.  

wi th  ground t h a t  has been 

temperature p r o f i l e s  f o r  
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c 

Figure 3.3-6. Temperature p r o f i l e s .  a) A r i s i n g  pa rce l  of a i r  wil l  
continue t o  be buoyed upward i f  t h e  ambient l apse  r a t e  exceeds the 
dry ad iaba t i c  l apse  r a t e .  
motion i f  a t  some poin t  i t s  temperature is  equal  t o  t h e  ambient temper- 
a t u r e  and t h e  ambient l apse  r a t e  i s  less than t h e  a d i a b a t i c  r a t e .  
(Reproduced from r e f .  30). 

b) The same pa rce l  w i l l  cease i ts  upward 

e 

Figure 3.3-7. 
atmosphere. 

Temperature p r o f i l e s  t o  i l l u s t r a t e  Lapse Rates i n  a dry  
(A) unstable ,  (B) s t a b l e ,  and (C) very s t a b l e  ( invers ion) .  

(Reproduced from r e f .  30.) c 
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Figure 3.3-8. Profiles for the absolute temperature and potential tempera- 
The dashed line at the ture for a situation with an elevated inversion layer. 

left shows how the temperature of the two parcels of air  -would change i f  
the parcel were lowered adiabatically to an altitude where the pressure 
was 1000 mb. ( Reproduced from ref. 30.) 
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3.3.2.3 Plume behavior,  atmospheric mixing, and po l lu t an t  d i spers ion  c - 
Atmospheric s t a b i l i t y  d i r e c t l y  a f f e c t s  t he  behavior of a power p l an t  

plume and of po l lu t an t  mixing i n  general .  

which p o l l u t a n t s  may be dispersed,  t he  one which may have e f f e c t s  on a 

Of t h e  two bas i c  mechanisms through 

l a r g e r  s c a l e  i s  t r anspor t  due t o  winds, bu t  an equal ly  important mechanism i n  

many circumstances is  what i s  c a l l e d  turbulen t  d i f fus ion ,  a mechanism which 

i s  d i r e c t l y  inf luenced by atmospheric d i spers ion .  

t o  var ious  types of gross  plume behavior,  such as  t h e  examples given i n  Figure 

3.3-9, bu t  they a r e  a l s o  t h e  important f a c t o r s  i n  po l lu t an t  d i spe r s ion  wi th in  

r eg iona l  a i r  basins .  

These mechanisms g ive  r ise 

Figure 3.3-9 shows v e r t i c a l  plume p r o f i l e s  assoc ia ted  with va r ious  temper- 

a t u r e  p r o f i l e s .  With superadiaba t ic  l apse  ra te  (a), t he  atmosphere m i x e s ,  and 

looping" occurs.  Under n e u t r a l  condi t ions  (b) ,  t he  plume simply expands due I 1  

t o  small-scale d i f fus ion  processes.  I n  t h e  o ther  cases  (c ,d ,e) ,  invers ions  

e x i s t  and, depending on whether t he  plume is above, below, o r  w i th in  t h e  in- 
vers ion  l aye r ,  t h e  plume's d i spers ion  is i nh ib i t ed  downward, upward, o r  in 

both d i r e c t i o n s ,  r e spec t ive ly .  The poin t  of a very t a l l  s t a c k  i s  t o  e m i t  

t h e  plume above p o t e n t i a l  invers ion  l a y e r s ,  so  t h a t  t h e  emissions are not  

trapped near  t h e  ea r th .  I f  t h e  emissions are t rapped,  removal must depend on 

ho r i zon ta l  a i r  flow (an a i d  t h a t  is  not c h a r a c t e r i s t i c  of invers ions) .  

c 
An important parameter assoc ia ted  wi th  invers ions  i s  the  mixing depth,  

t he  th ickness  of t he  mixing layer t h a t  l i e s  beneath t h e  invers ion  layer. This 

mixing l a y e r  i s  e f f e c t i v e l y  the  volume i n t o  which p o l l u t a n t s  are emitted.  If 

t h e  mixing layer is an e f f e c t i v e  conta iner ,  i t  is a l s o  the  cauldron i n  which 

var ious  atmospheric chemical processes  may occur. 

Emitted p o l l u t a n t s  remain i n  the  atmosphere u n t i l  they are removed o r  

a l t e r e d  by phys ica l  o r  chemical processes.  

occurs  due t o  sedimentation, washout and r a inou t ,  and impaction. 

p a r t i c l e s  may combine by agglomeration, lead ing  t o  increased removal r a t e s  v i a  

t hese  mechanisms. 

SO2 i n t o  water d rop le t s )  o r  by adsorp t ion  onto so l id s .  

Phys ica l  removal of p a r t i c u l a t e s  

Smaller 

Gases may be removed by absorp t ion  i n t o  l i q u i d s  (such as 

The chemical r eac t ions  which occur i n  t h e  atmosphere are important, no t  

only i n  t h a t  they may remove a primary p o l l u t a n t ,  bu t  a l s o  i n  t h a t  harmful 

secondary p o l l u t a n t s  may be formed. 

s ec t ion  3 .1  and are the  s p e c i f i c  sub jec t  of s ec t ion  3.3.3. 

major example i s  the  formation of photochemical smog, an important cons t i t uen t  

Such reactions have been r e fe r r ed  t o  i n  

I n  Cal i forn ia ,  a 
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I 

a ) .  Looping under highly uns tab le  
con d i t  ions  

c ) .  Fanning i n  an invers ion  l a y e r  

b ) .  Coning under n e u t r a l  conditions 

// 
I \-------- 
! I  

d) .  Lof t ing  above an invers ion  l a y e r  

e). 

. - _ _ -  id\ - \  \ [7 
,\ 
\ 

T 

Fumigation below an invers ion  .layer 

Figure 3.3-9. 
below the  Release Height. 
i s  t h e  adiabati.c lapse r a t e .  

Plume behavior as a function of Lapse Rate above and 
(The dashed l i n e  i n  the  temperature p r o f i l e s  

Reproduced from r e f .  30.) 
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of which i s  t h e  oxidant ,  ozone (03), shown i n  Figure 3.3-1. 

Overall, a i r  q u a l i t y  is determined by a number of i n t e r r e l a t e d  f a c t o r s ,  

many of which have been ind ica t ed  i n  t h i s  s ec t ion .  I n  a d d i t i o n  t o  t h e  a c t u a l  

emissions inventory ,  t h e s e  are: meteoro logica l  (and t h e  a s soc ia t ed  topograph- 

i c a l )  cond i t ions ,  removal processes ,  and atmospheric chemistry.  The des ign  

of t h e  s t a c k  i t s e l f  and t h e  c h a r a c t e r  of the  plume as i t  i s  emi t t ed  may a l s o  

be important .  

t o  p r e d i c t  o r  c a l c u l a t e  p o l l u t a n t  concent ra t ions .  

3.3.2.4 Meteorological  Modeling 

Information on t h e s e  f a c t o r s  forms t h e  b a s i s  f o r  any attempt 

Models f o r  c a l c u l a t i n g  p o l l u t a n t  concen t r a t ions  are  u s e f u l  f o r  understand- 

Such models ing  and eva lua t ing  t h e  e f f e c t s  of emissions on ambient a i r  q u a l i t y .  

are t h e  s u b j e c t  of a s e p a r a t e  r e p o r t .  26a I n  gene ra l ,  they  r e q u i r e  some s e l e c t i o n  

of s e v e r a l  p o s s i b l e  types  of information inc luding  emissions d a t a ,  meteoro logica l  

c h a r a c t e r i z a t i o n  (wind and/or  s t a b i l i t y ) ,  and chemical r eac t ions .  S i t e - r e l a t e d  

information,  such as l o c a l  topography, is  c l o s e l y  a s soc ia t ed  w i t h  meteoro logica l  

cond i t ions .  Depending on t h e i r  s o p h i s t i c a t i o n ,  va r ious  models r e q u i r e  d i f f e r i n g  

s e l e c t i o n s  of t h e s e  d a t a ,  and t h e i r  s p e c i f i c a t i o n  i n  d i f f e r e n t  manners, inc luding  

l e v e l  of d e t a i l .  

on Refs. 32-37) is  on d e t e r m i n i s t i c  models, as d i s t ingu i shed  from t h e  s t a t i s t i c a l  
c The main emphasis i n  t h e  fo l lowing  d i scuss ion  (based l a r g e l y  

models mentioned a t  t h e  end of t h i s  s e c t i o n .  

The emissions d a t a  may range from t h e  d e s c r i p t i o n  of a s i n g l e  source  t o  

t h e  s p e c i f i c a t i o n  of l o c a t i o n  and emissions f o r  an  a r r a y  of po in t  and even 

cont inuous sources .  The b a s i c  information requi red  is t h e  p o l l u t a n t  source  

inventory ,  bu t  a d d i t i o n a l  in format ion  may inc lude  s t a c k  he igh t  and d iameter ,  

a long with exhaust gas  temperature  and v e l o c i t y .  

The most fundamental meteoro logica l  d a t a  can be  t h e  wind speed and d i r ec -  

t i o n .  ‘ F o r  simple models, a s i n g l e  v a l u e  of wind speed w i l l  s u f f i c e ,  bu t  f o r  

more e l a b o r a t e  models t h i s  in format ion  might have t o  b e  known f o r  each g r i d  

po in t  o r  computat ional  ce l l .  Some models r e q u i r e  informat ion  desc r ib ing  t h e  

ver t ica l  v a r i a t i o n  i n  wind v e l o c i t y .  Th i s  information can b e  r e l a t e d  t o  t h e  

l o c a l  t e r r a i n ,  so t h a t  topographica l  in format ion  is  a l s o  o f t e n  requi red .  I n  
a d d i t i o n  t o  wind d a t a ,  models t y p i c a l l y  r e q u i r e  informat ion  on t h e  atmospheric 

s t a b i l i t y  c lass  o r  eddy d i f f u s i v i t i e s .  These may be descr ibed  e i t h e r  i n  terms 

of t h e  s tandard  c l a s s i f i c a t i o n  system (see reference  26a) o r  by an  expl ic i t  

v e r t i c a l  temperature  p r o f i l e  o r  may be parameter ized as a func t ion  of wind 

speed, i n v e r s i o n  h e i g h t ,  etc. 
c 
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Fina l ly ,  any d e t a i l e d  modeling of ambient a i r  q u a l i t y  requi'res a d d i t i o n a l  

information on o ther  substances which may be present  ( i n  add i t ion  t o  t h e  spec- 

i f i c  emissions source(s )  being considered) and on t h e  atmospheric chemistry 

which may take  place.  

s i b l e  chemical r e a c t i o n s  and of f a c t o r s  o ther  than concent ra t ions  of r e a c t i n g  

substances,  an important example being t h e  i n t e n s i t y  of s o l a r  r ad ia t ion .  

The latter may r e q u i r e  s p e c i f i c a t i o n  of an a r r ay  of pos- 

One b a s i c  model i s  the  "Gaussian" plurne model, which uses da t a  of 

only t h e  f i r s t  two types,  normally ignoring chemical reac t ions .  In  i t s  simple form, 

t h i s  model assumes a s i n g l e  s teady-s ta te  source and a spec i f i ed  wind v e l o c i t y  

(speed and d i r e c t i o n ) ,  and permits  d i f f u s i o n  perpendicular t o  t h e  spec i f i ed  

d i r ec t ion .  

f i e d  by an expression which g ives  t h e  concent ra t ion  i n  terms of a standard 

mathematical f 01% known as a "normal" o r  "Gaussian" d i s t r i b u t i o n ,  hence t h e  

name. The s tandard dev ia t ions  of t h e  Gaussian d i s t r i b u t i o n  are r e l a t e d  t o  

downwind d i s t ances  by "Pasquill-Gifford" curves,  which are c h a r a c t e r i s t i c  of 

t h e  atmospheric s t a b i l i t y  classes ("Pasquill" c l a s s e s )  mentioned above. 

The r e s u l t i n g  equat ion f o r  t hese  s impl i f ied  assumptions i s  satis- 

This  b a s i c  approach may be modified t o  t ake  account of plume depos i t ion ,  

and r e f l e c t i o n  of f  of ground o r  invers ion  l aye r s ;  i t  may a l s o  be  constructed 

f o r  instantaneous (puf f )  and mul t ip l e  sources  and f o r  v a r i a b l e  winds. 

t hese  modi f ica t ions  al lower wider app l i ca t ion  of t h e  model, they do not  remedy 

i ts  b a s i c  shortcomings, which are non- rea l i s t i c  modeling of wind f i e l d s  and 

l i m i t a t i o n  t o  non-reactive po l lu t an t s .  Other models s imula t e  d i spe r s ion  and 

r e a c t i o n  of p o l l u t a n t s  by numerical so lu t ion  of t h e  b a s i c  conservat ion of mass 

equat ions (of which t h e  Gaussian d i f f u s i o n  equation is  a s impl i f i ca t ion ) .  
t y p i c a l l y  r e q u i r e  s p e c i f i c a t i o n  of a "wind f i e l d "  f o r  t h e  region being consid- 

@ Although 

They 

ered, u sua l ly  on t h e  b a s i s  of d e t a i l e d  meteorological  da t a  modified + (e f f ec t ive ly  

"smoothed" and made se l f -cons is ten t )  f o r  use  of t h e  model. 

e l i n g  i t s e l f  may use  a vari 'ety.of techniques,* following c e l l s  of a i r  or using 

volumes f ixed  i n  pos i t i on  and consider ing t r anspor t  processes  ac ross  t h e  ce l l  

boundaries. 

techniques and more computer time than t h e  r a t h e r  simple Gaussian model. How- 

ever ,  they have t h e  p o t e n t i a l  f o r  more rea l i s t ic  c a l c u l a t i o n  of concent ra t ions  

i n  ambient air .  

The d i spe r s ion  mod- 

These approaches t y p t c a l l y  r equ i r e  more d i f f i c u l t  mathematical 

An extremely d i f f e r e n t  approach than those  mentioned above is t o  u se  

s t a t i s t i c a l  information, i.e., h i s t o r i c a l  a i r  q u a l i f y  da t a ,  t o  p r e d i c t  f u t u r e  

concentrat ions.  Versions of t h i s  technique a r e  o f t en  employed i n  p red ic t ing  
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condi t ions  during a i r  po l lu t ion  episodes.  Bas ica l ly ,  empir ical  formulas are 

used, including c o r r e l a t i o n  c o e f f i c i e n t s  based on previous po l lu t an t  concen- 

t r a t i o n s .  No attempt i s  made t o  connect, on t h e  b a s i s  of any fundamental 

formulation, ambient concentrat ions wi th  emissions,  meteorological  condi t ions ,  

c 
or chemical processes.  

on the  b a s i s  of h i s t o r i c a l  da t a .  They have, however, been found t o  be use fu l  

f o r  making p red ic t ions  during the  course of a i r  po l lu t ion  episodes.  

S t a t i s t i ca l  models b a s i c a l l y  amount t o  an ex t r apo la t ion  

3.3.3 Secondary Chemical Reactions 

Secondary chemical r eac t ions  of p o l l u t a n t s  are those processes  i n  which 

pol lu tan t ;  emitted from sources  such as power p l an t  s t a c k s  undergo or c a t a l y z e  

r e a c t i o n s  i n  t h e  atmosphere t o  g ive  r i s e  t o  new products  no t  present  i n  t h e  

o r i g i n a l  emissions. These r eac t ions  are usua l ly  e i t h e r  ox ida t ions  or reduct ions  

of primary p o l l u t a n t s  and o f t e n  r equ i r e  c a t a l y s t s  such as sunl ight ,  free r a d i c a l  

mediators ,  soo t ,  o r  o the r  s o l i d  p a r t i c u l a t e  mat ter .  I n  some cases, water vapor 

(high humidity) i s  e s s e n t i a l ;  i n  o the r s ,  water may only i n t e r a c t  with t h e  f i n a l  

product of t h e  atmospheric cauldron. 

3.3.3.1 - Formation of Photochemical Oxidants 

Photochemical oxidant formation i s  t h e  secondary p o l l u t a n t  r eac t ion  which 

has  received t h e  g r e a t e s t  a t t e n t i o n  i n  recent  years  because of t h e  magnitude of 

t h e  p o l l u t i o n  problem which t h i s  has  caused i n  t h e  Los Angeles area over t h e  

l a s t  t h ree  decades. 4y20 As a r e s u l t ,  t h e  atmospheric r e a c t i o n s  lead ing  t o  the  

formation of photochemical oxidants  are reasonably w e l l  understood i n  a broad, 

i f  not d e t a i l e d ,  sense. 

a c t  with the  pho to ly t i c  cyc le  of n i t rogen  d ioxide  and, as a r e s u l t ,  t he  hydro- 

carbons are oxidized t o  form var ious  products. The product mixtures  con ta in  

s u b s t a n t i a l  concent ra t ions  of ozone, as w e l l  as such hydrocarbon products as 

aldehydes, ketones,  and peroxyacyl n i t r a t e s .  This s ec t ion  b r i e f l y  expla ins  t h e  

photochemistry of ozone formation. 

It i s  known t h a t  c e r t a i n  hydrocarbon p o l l u t a n t s  i n t e r -  

Oxidation of NO t o  NO2 i n  a i r  i s  normally very however, under 

c e r t a i n  atmospheric condi t ions  ( i n  the  presence of sun l igh t  and r eac t ive  hydro- 

carbons) NO is converted t o  NO2 very rap id ly .  

nm wavelength) o f t h e  s o l a r  spectrum are absorbed by NO2 giv ing  rise t o  t h r e e  

r eac t ions ,  r e f e r r e d  t o  a s  t h e  NO2 pho to ly t i c  cycle:  

U l t r a v i o l e t  reg ions  (300 t o  400 c 



3-188 

cs 
NO2 + hv + NO + 0 
O + 0 2 + M  + 0 3 + M  

O3 + NO + M 0 2  + O2 

(M i s  a t h i r d  body [ c o l l i s i o n a l  molecule] i n  t h e  system 
which removes excess  energy, a l lowing formation of 0 3 ) .  

The NO2 p h o t o l y t i c  c y c l e  exp la ins  t h e  i n i t i a l  formation of ozone, 03, but  

i t  a l o n e  d o e s  n o t  account  f o r  t h e  r a p i d  build-up of 0 and NO2 levels whichoccur 

i n  t h e  atmosphere. 

s ta te  cond i t ions  

3 
If no a d d i t i o n a l  mechanimns were involved,  under s t e a d y  

NO and O3 would be formed and destroyed i n  equal  q u a n t i t i e s .  

Laboratory and f i e l d  s t u d i e s  have shown t h a t  t h e  presence of hydrocarbons 
i n  t h e  atmosphere provides  a mechanism f o r  bu i ldup  of  t h e  0 

S tud ie s  suggest  t h a t  oxygen atoms react wi th  t h e  hydrocarbons,  and t h e  r e s u l t a n t  

ox id ized  compounds and free r a d i c a l s  react wi th  NO t o  form more NO 

Thus t h e  rate of NO2 formation is  upse t  so t h a t  NO2 levels  b u i l d  up w h i l e  NO 

levels become deple ted .  As t h e  NO becomes dep le t ed ,  O3 levels also b u i l d  up. 

A schematic  of t h e  o v e r a l l  photochemical r e a c t i o n s  i s  shown i n  F igu re  3.3-10. 

and NO2 levels. 3 

2 '  

\ I \ -  W 

Figure  3.3-10. The Photochemical Cycle. (Reproduced from r e f .  (4).) 
._ - __ 
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Some of t h e  major r e a c t i o n s  involv ing  hydrocarbons are: 

. .. 

0 + H C +  (hydrocarbon) + HCO 

HCO + O2 + HC03 

HC03 + HC + RCHO (aldehydes) + R1R2C0 (ketones)  

HC03 + NO * HC02 + NO2 

HCO + 02 + HC02 + O3 3 
X 2 

HCO + NO2 -+ RCOOONO (peroxyacyl n i t r a t e s )  

Calvert4O has  proposed a t r u l y  d e t a i l e d  scheme f o r  t h e  formation of photochemical 

ox idan t s  i n  which some 72 in t e rmed ia t e  r e a c t i o n s  are requi red .  

d e s c r i b e  t h i s  scheme, i t  is  a p p r o p r i a t e  t o  no te  t h a t  t h e  most e s s e n t i a l  ingred- 

i e n t s  for 0 

hydrocarbons,  oxygen (02), and u l t r a v i o l e t  i r r a d i a t i o n .  

i nc lud ing  p a r t s  of C a l i f o r n i a ,  the  l i m i t i n g  reagent  appears  t o  be oxides of 

n i t r o g e n ,  s i n c e  hydrocarbons from n a t u r a l  and man-made sources  can usua l ly  be  

considered ubiqui tous .  22-25 
0 levels can e i t h e r  be enr iched  o r  dep le t ed  by t h e  c o n s t i t u e n t s  of power 

p l a n t  plumes. 

p re sen t  i n  excess ,  thereby suppress ing  oxidant  level.  

cent  process  (F igure  3.3-10) . 4  

plumes of f o s s i l - f u e l  f i r e d  power p l a n t s  a t  d i s t a n c e s  less than  20 km from t h e  

s t a c k  22741 and r e s u l t s  i n  a decrease  i n  ozone. However, a t  d i s t a n c e s  f a r t h e r  

from t h e  power p l a n t ,  t h e  plume c o n s t i t u e n t s  appear  t o  g r e a t l y  i n c r e a s e  t h e  0 

concen t r a t ion  i n  t h e  atmosphere. 22-25 Davis e t  a1.22 have observed i n c r e a s e s  

of 20-50 ppb 0 

sumably, a t  t h e  longer  d i s t a n c e s ,  NO w i l l  have t o t a l l y  oxid ized  t o  NOZ, s o  t h a t  

r e a c t i o n s  wi th  0 

r a t h e r  than  0 consumption. 3 

f a sh ion  t o  form organ lc  a c i d s  and aldehydes4” i n  a r e a c t i o n  which i s  a l s o  

Rather than  

formation are NO2 (o r  NO only,  i f  i t  can be  photo-oxidized t o  NO2), 3 
For most of t h e  U. S., 

’iepending on t h e  s p e c i f i c  p o l l u t a n t s  involved,  

3 
I n  some cases, such as i n  t h e  San Franc isco  Bay Area, NOx is 

and l i g h t  i n  a chemilumines- 2 ’  O2’ 
Ozone w i l l  react wi th  NO t o  genera te  NO 

This r e a c t i o n  has  been shown t o  occur  i n  t h e  

3 

a t  d i s t a n c e s  as f a r  as 70 km from a coa l - f i r ed  power p l a n t .  Pre- 3 

and ubiqui tous  hydrocarbons r e s u l t  i n  n e t  0 product ion 3 22 2 

Like  NO, unsa tu ra t ed  hydrocarbons ( o l e f i n s )  a l s o  react wi th  O3 i n  r a p i d  

chemiluminescent. 42 
O3 l e v e l s  i n  t h e  atmosphere should become deple ted .  43 However, r e a c t i o n s  of 

o l e f i n i c  hydrocarbons wi th  NO2 i n  t h e  atmosphere purpor ted ly  gene ra t e  O3 2 
novo. 4 9 ’ 0 9 2 5  

w i t h  t h e  carbonaceous p a r t i c u l a t e  f r a c t i o n  from power p l a n t s ,  t h e  e f f e c t s  on O3 

concen t r a t ions  would be i d e n t i c a l  t o  those  produced by NO. 

Where o l e f i n i c  o rgan ic  compounds are p resen t ,  t he re fo re ,  

Hence, i f  unsa tura ted  o rgan ic  compounds were found t o  b e  emi t ted  

Near t h e  s t a c k ,  O3 
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would be dep le t ed ,  bu t  f a r t h e r  away O3 would increase .  I n  view of t h e  h igh  

NO emissions frompowetplants,however, i t  is bel ieved  that NO and NO2 are t h e  i x  p o l l u t a n t s  r e s p o n s i b l e  f o r  O3 t r ends  i n  down wind areas. 22 

0 has been suggested by several i n v e s t i g a t o r s  as a n  e s s e n t i a l  f a c t o r  i n  3 
o t h e r  atmospheric secondary r e a c t i o n s ,  such as t h e  ox ida t ion  of SO t o  s u l f a t e s  

o r  NO t o  n i t r a t e s .  These are d iscussed  below i n  s e c t i o n s  3.3.3.2 and 3.3.3.3. 
2 

2 

3.3.3.2 Oxidat ion and Reduction of Su l fu r  Compounds 

The primary su l fu rous  p o l l u t a n t s  emi t ted  from s t a t i o n a r y  sources  are SO2, 

2 from f o s s i l  f u e l - f i r e d  power p l a n t s ,  and H S, evolved from geothermal p l a n t s .  

Once i n  t h e  ambient atmosphere, both subs tances  undergo ox ida t ion  spontaneous ly .  

t o  g ive  s u l f i t e s  and s u l f a t e s .  
slow, and may r e q u i r e  s e v e r a l  hours  o r  days f o r  complete r e a c t i o n .  This  

Spontaneous ox ida t ion  i s  usua l ly  very  11 ,21  

s e c t i o n  d e a l s  wi th  r e a c t i o n  mechanisms by which s u l f u r  compounds i n  power p l a n t  

plumes can  be  oxid ized  more r ap id ly .  These are summarized below: 

SO3; 1 = O.,, OH-, NO2-, etc. hv .+ 
1 1  so2 + o2 

- 
+ so2- hv so2 + o2 

*2O 
MeO, 

SO2 + MeO, - MeSOx (Me = metal) 

so2 + o2 C SO3, H2S04, SO4= 
H2° 

3.3.3.2.1 Homogeneous Processes  

Homogeneous oxddat ion of H2S or SO is  de f ined  as those  r e a c t i o n  processes  2 
No s o l i d  or l i q u i d  s b p e n d e d  p a r t i c u l a t e  which occur s t r i c t l y  i n  t h e  gas  phase. 

matter is  involved e i t h e r  i n  t h e  r e a c t i o n  o r  i n  c a t a l y s i s .  While l i t t l e  e f f o r t  

has  been app l i ed  t o  i n v e s t i g a t i n g  t h e  mechanisms of H S ox ida t ion  i n  the  atmos- 

phere,  u l t r a v i o l e t  i r r a d i a t i o n  is  be l ieved  to b e  required'' f o r  photo-oxidation. 
2 
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Theories and controversy abound concerning facilitated oxidation 

mechanisms for SO2. 

chemical oxidation of SO2 to SO 
atmosphere. 7'11921'44945 According to Sidebottom et a1.:6 the light-dependent 

oxidation of SO to SO requires 03, as all other potential photochemical 2 3 
oxidation pathways are spin-forbidden. Calvert 45-47 has detailed likely 

photochemical mechanisms for SO2 oxidation to acid sulfates. 
hydroxyl radical (OH-) is assumed to play a central catalytic role in this 
process, and the detection of parts-per-trillion levels of OH- in ambient air 

Several investigators have suggested that photo- 

or H2S04 is the dominant mechanism in the 3 

Interestingly, 

48 

suggests that photochemical oxidation of SO2 to acid sulfates is indeed possible 
in urban atmospheres. On the other hand, Eickenroht, et al. have recently demon- 

strated that ultraviolet irradiation of aqueous solutions of SO 
ence of oxygen gives rise to the thionite anion radical (SO' ) and hydroxyl 

radicals (OH*). While OH' is an extremely strong oxidant, the formation of SO; 
raises the possibility that atmospheric photochemistry causes reduction and 
not oxidation of the sulfurous species. 

2 

49 

in the pres- 2 

2 

- 

c SO can also be oxidized to sulfates in a homogeneous non-photochemical 
reaction, involving 0,. The kinetics of this non-photochemical oxidation have 

-I 

been studied in solution and laboratory model atmospheres, 50,51 and the results 
suggest that times on the order of weeks may be required for complete reaction. 
Hence, homogeneous gas phase oxidation of SO 
violet irradiation is not a significant pathway in the atmosphere. 

which is not "pumped" by ultra- 
22 2 

3 . 3 . 3 . 2 . 2  Heterogeneous Processes 

Heterogeneous oxidation of SO is defined as those reaction mechanisms 2 
which require gas-particle interactions either for the catalysis or for the 

combination of actual reactants. 

proposed for SO2 to sulfate conversion which involve suspended particulates in 
the atmosphere: a) oxidation facilitated by water and ammonia, b) oxidation 

catalyzed by metal oxides and salts, and c) oxidation catalyzed by carbonaceous 
matter. 

Three types of oxidation mechanisms have been 



7’ 

3-192 

Reaction of SO2 with water d rop le t s  y i e l d s  q u a n t i t a t i v e  conversion t o  

su l furous  ac id  (H2S03) which can, i n  tu rn ,  react spontaneously t o  g ive  H 2 S 0 4 .  

This oxidat ion mechanism has been suggested i n  urban atmospheres 

is though t o  involve ambient ammonia (NH3) .52  The frequent  occurrence of 
ammonium s u l f a t e  ae roso l s  have suggested a d i r e c t  r eac t ion  with aqueous 

NH t o  g ive  ammonium s u l f a t e .  7’ 56’57 Measurements of gaseous ammonia compounds 

i n  West Germany, Sweden, and H a w a i i ,  58-61 intended t o  f i n d  out  whether s u f f i c i e n t  
NH 3 
a s  NH 

pher ic  level of NH3 below 0.01 ppb. 

estimated t o  be  t y p i c a l l y  0.001 ppb on the  East Coast, less than 0.01 ppb every- 

where east of t h e  Miss i s s ipp i  River, and less than 0.1 ppb on t h e  West Coast. 

Free NH 
s t a t e s ,  and approach 3 ppb i n  these  areas. 58 

s u l f a t e s  and NH3 dep le t ion  i s  the re fo re  s t r i k i n g .  

ox ida t ion  i n  water d r o p l e t s ,  f a c i l i t a t e d  by ambient NH3, does have some obser- 

v a t i o n a l  bas i s .  

are not  ru l ed  out  by t h e  coincidence of ammonium s u l f a t e s .  

21,52-55 and 

3 

is  present  f o r  c a t a l y s i s ,  suggest a concentrat ion range between 1 - 2 5  ppb 

Accordingly, the  formation of ac id  s u l f a t e s  should dep le t e  t he  atmos- 

I n  t h e  U.S., gaseous l e v e l s  of NH are 
3 ’  

58 
3 

58 

concent ra t ions  are maximal  i n  t h e  Rocky Mountain and G r e a t  P l a i n s  3 
The c o r r e l a t i o n  between ambient 

2 Hence, heterogeneous SO 

On t h e  o the r  hand, o the r  heterogeneous oxida t ion  mechanisms 

0 Metal oxides  have been known t o  ca t a lyze  the  oxida t ion  of SO2 t o  SO3 f o r  

many years.  

of H 2 S 0 4  is vanadium pentoxide (V205). 

a demonstrated c a p a b i l i t y  of oxidizing SO 

as t h e  metal oxides ,  are abundant i n  ambient urban and r u r a l  ae roso l s  

and i n  power p l an t  plumes, 68-74 so that  t h e r e  should be, in  pr inc iple ,  ample 

I n  f a c t ,  t h e  p r i n c i p a l  c a t a l y s t  used i n  t h e  commercial syn thes i s  

Numerous o ther  metal  oxides have 

t o  s u l f a t e s .  8’ 62s  63 Trace metals, 
2,3,7,6469 2 

opportuni ty  f o r  metal-catalyzed SO2 oxidat ion.  Iron oxides  from coal-f i red 

power p l a n t s  and vanadium oxides  from o i l - f i r e d  power p l a n t s  are e s p e c i a l l y  

prevalent  elements i n  f l y  ash emissions.74 and both  are r a t e d  as e x c e l l e n t  cat- 
_ *  ~ 

have suggested t h a t  metal cat- 74-77 a l y s t s  f o r  SO2 oxidat ion.  Several  workers 

alyzed oxida t ion  i s  t h e  dominant pathway f o r  S02-to-sulfate conversion in pare r  

p l a n t  plumes and i n  ambient air. 78 

t i o n  have been d e t a i l e d  by Freiberg,  and the suggest ion is  made t h a t  metal 

oxide c a t a l y s i s  is most e f f i c i e n t  a t  high relative humidity and r e l a t i v e l y  

cold temperatures.  

power p l m t  plumes observed by Newman e t  al.79 may i n d i c a t e  t h a t  metal oxide 

The mechanism and condi t ions  of t h i s  reac- 
76,77 

The high humidity dependence. of SO2-sulfate conversion i n  

c a t a l y s i s  is  t h e  dominant mode of SO2-sulfate conversion. 

supported by the  observat ion 

This v i e w  may be 
80 t h a t  ammonium s u l f a t e s  account f o r  l e s s  than 10% 
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of 

NH3 catalyzed SO2 oxidat ion i n  water d r o p l e t s  would appear unl ike ly .  

r e a c t i o n  of SO2 with t r a n s i t i o n  metal  oxides is  t h e  formation of t r a n s i t i o n  

metal  s u l f i t e s .  

mistaken f o r  s u l f a t e s 8 1  by o ther  i nves t iga to r s .  

ae roso l s  were a l s o  found t o  be  t o t a l l y  i n e r t  t o  oxidat ion.  ’’ 
6$,81 can r e a c t  with c e r t a i n  metal  oxides  t o  g ive  rise t o  metal s u l f a t e s  d i r e c t l y .  

The consumption of SO,, and metal oxides by these  processes  serves t o  d e p l e t e  t h e  

the  t o t a l  p a r t i c u l a t e  s u l f a t e  i n  the  New York City-Long Is land  area. Hence, 

Along t h e  same l i n e s ,  recent  work’’ i n  Utah has  demonstrated that a major 

c 
Since these  s u l f i t e s  occur i n  p a r t i c u l a t e  form, they are o f t e n  

Metal s u l f i t e s  i n  the Utah 

I n  add i t ion ,  SO 

L 

ae roso l s  of sur f  ace-localized82 metal  oxide c a t a l y s t s  , except f o r  those  spec ie s  

l i k e  MnSO 

f a t e  adduct. 

without ox id iz ing  i t  t o  an ac id  s u l f a t e .  

which remain exce l l en t  SO2 oxida t ion  c a t a l y s t s  as the  s u l f i t e  o r  sul-  

Thus, metal oxides  might serve t o  remove SO2 from t h e  atmosphere 63 

The d i f f i c u l t y  with unambiguously ass igning  heterogeneous SO2 oxida t ion  
t o  e i t h e r  H O/NH 

carbon with combustion. 

t h a t  carbonaceous soot  a l s o  ca t a lyzes  t h e  oxida t ion  of SO2 t o  (acid) s u l f a t e s .  

S u l f a t e  formation from SO2 has been observed i n  t h e  presence of commercial 

89 Su l f a t e s  so  formed ac t iva t ed  carbon, propane smoke, 86 o r  benzene smoke. 

w e r e  found t o  be  not  a c i d i c  (HSO;) but  n e u t r a l  (SO4 ).” Hence, t h e  r e s p i r a t o r y  

i r r i t a n t  p r o p e r t i e s  might be very d i f f e r e n t  from those  observed f o r  H2S04 

m i s t .  

s u l f a t e .  83’86 I n  add i t ion ,  i n  some cases  soot-catalyzed reduct ion  of SO2 t o  

s u l f i d e  (S= o r  H2S) has been observed. 

o r  m e t a l  c a t a l y s i s  on p a r t i c u l a t e s ,  i s  t h e  a s soc ia t ion  of 

coworkers ’ 3-89 have demonstrated 
2 3  

Novakov and h i s  

e 
86 

= 

High r e l a t i v e  humidity enhances the  soot-catalyzed oxida t ion  of SO2 t o  

83,86,88 

Extension of t h i s  work t o  a n a l y s i s  of ambient urban ae roso l s  has  been 

most reveal ing.  

i n  Ca l i fo rn ia  ae roso l s ,  including s u l f a t e s ,  s u l f i t e s ,  elemental  s u l f u r ,  and 

s u l f i d e s .  86s88 
i n  Ca l i fo rn ia  a i r  samples, 83 ’ 86’ 87 ’ 
i c a l  ox idants  91996 and p a r t i c u l a t e  carbon,  83’86y87’91’96 but  not  wi th  pa r t i c -  

u l a t e  lead. 83’86’87’96 Hidy and Burton found equal ly  good c o r r e l a t i o n s  between 

Hence, s u l f a t e  formed and carbonaceous ae roso l s ,  and between s u l f a t e  and 0 

although these  workers a t t r i b u t e d  s u l f a t e  formation t o  t h e  photochemical oxida- 

t i o n  of SO 

catalyzed by carbon. 

u l a t e  s u l f a t e  l e v e l s  i n  Sweden t o  o the r  atmospheric p o l l u t a n t s  on a d a i l y  b a s i s  

Several  d i f f e r e n t  valence states of s u l f u r  have been de tec ted  

The d i u r n a l  v a r i a t i o n s  i n  s u l f a t e  show a mid-afternoon maximum 

which co inc ides  i n  phase wi th  photochem- 

91  
3’ 

c t h e i r  d a t a  support  equal ly  we l l  t he  heterogeneous SO2 oxida t ion  2 ’  
Brosset and h i s  col leagues 92-95 have a l s o  compared p a r t i c -  
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f o r  pe r iods  exceeding a yea r ,  i nc lud ing  s e v e r a l  pe r iods  of "white episodes" 

( p a r t i c u l a t e s  most ly  mine ra l  ash- l ike)  and "black episodes"  ( p a r t i c u l a t e s  

most ly  carbonaceous).  Seasonal  v a r i a t i o n s  i n  ambient s u l f a t e  i n  Sweden show 

a winter  m a x i m & ,  92-95 con t r a ry  t o  t h e  summer maximum observed i n  Southern 

C a l i f o r n i a .  More i n t e r e s t i n g l y ,  however, s u l f a t e  l e v e l s  correspond almost  

q u a n t i t a t i v e l y  t o  t h e  p a r t i c u l a t e  carbon i n  t h e  a i r ,  and much poorer  co r re l a -  

t i o n s  are observed between s u l f a t e s  and metals i n  t h e  a i r .  9 2 * 9 3  

concen t r a t ions  a r e  maximal i n  win te r  i n  Sweden, photochemical ox ida t ion  of SO 

can e f f e c t i v e l y  be r u l e d  ou t  as a s i g n i f i c a n t  r e a c t i o n  mechanism. 

One reason  f o r  d i scuss ing  t h e  r epor t ed  mechanisms of s u l f a t e  f o r n a t i o n  

from SO2 i n  t h e  p re sen t  work i s  t o  develop an  idea  of  t h e  e f f e c t s  of c e r t a i n  

c o n t r o l  measures i n  e l e c t r i c  power p l a n t s  and i n  t h e  c m u n i t y  on t h e  r a t e s  f 

SO t o  s u l f a t e  conversion i n  ambient a i r .  Measured r a t e s  of s u l f a t e  f o r m a t i i n  

from SO2 i n  power p l a n t  plumes have been r epor t ed  t o  be  about  20% (of i n i t i a  

SO ) p e r  hour i n  New Y ~ r k , ~ ~  and 1 .5  - 5.0 percent /hr  i n  S t .  Louis.  However, 

o the r  s t u d i e s  i n  Cal i forn ia"  and England 98-103 show no d e t e c t a b l e  c o n t r i -  

3 
5 

Since  s u l f a t e  

2 

2 

2 

2 bu t ion  of e l e c t r i c  power gene ra t ing  p l a n t s  t o  t h e  ambient s u l f a t e  o r  SO 

burden, sugges t ing  t h a t  no conversion of power p l a n t  SO 

had occurred a t  a l l .  

97-103 SO - to - su l f a t e  conversion hampered t h e  l a t t e r  groups of s t u d i e s .  

i n  ambient urban atmospheres occur s  a t  a t y p i c a l  ra te  of 1-2% pe r  hour over  

most of the U.S. 5'21'78but a t  a rate as h igh  as 7-13% hour i n  t h e  C a l i f o r n i a  

emiss ions  t o  s u l f a t e  2 
S e n s i t i v i t y  problems and h igh  background l e v e l s  may have 

2 

During oxidant  smog episodes ,  t h e  convers ion  rate 5,78 South Coast A i r  Basin. 

is a t  i t s  maximum, as are a l s o  t h e  concen t r a t ions  of 0 and p a r t i c u l a t e  

carbon. 
3 -  5,78,96 

U n t i l  more i s  known about t h e  r e l a t i v e  importance of t h e  mechanisms of 

ox ida t ion  t o  s u l f a t e  i n  t h e  atmosphere, t h e  only  reasonable  approach f o r  SO 

conta in ing  i n  urban s u l f a t e  burden i s  t o  l i m i t  SO emissions from a l l  sources .  

Addi t iona l  measures t o  c o n t r o l  p a r t i c u l a t e  metal and carbonaceous emissions may 

he lp  t o  r e t a r d  SO2-sulfate conversion,  bu t  i n  view of t h e  m u l t i p l i c i t y  of path- 

ways be l ieved  t o  e x i s t  f o r  t h i s  process ,  t h e r e  can be  no guarantee  of success .  

Moreover, r e t a r d i n g  t h e  conversion t o  s u l f a t e ,  whi le  a l lowing a g r e a t e r  mixing 

volume, may only s h i f t  t h e  s u l f a t e  problem down wind. This  e f f e c t  can be seen  

i n  t h e  i n c r e a s i n g  s u l f a t e  concen t r a t ion  i n  t h e  p r e v a i l i n g  westerlies as they 

sweep a c r o s s  t h i s  con t inen t  and poss ib ly  i n  t h e  Swedish a c i d  r a i n  problem. 

Con t ro l l i ng  p a r t i c u l a t e s ,  on the  o t h e r  hand, may b e  important  and u s e f u l  f o r  

2 

2 

o t h e r  purposes.  Metal ox ides ,  carbon,  and photochemistry are a l l  involved i n  

r e a c t i o n s  wi th  o t h e r  k inds  of p o l l u t a n t s  than  s u l f u r  oxides .  
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3.3.3.3 React ions of Nitrogen Compounds 

Combustion of f o s s i l  f u e l s  occurs  a t  
G 

s u f f i c i e n t l y  high temperatures  i n  

steam e l e c t r i c  power p l a n t s  t h a t  t h e  only major n i t rogenous  p o l l u t a n t  produced 

i n  t h e  f i r e  i s  n i t r i c  ox ide  (NO). However, cool ing  and exposure t o  molecular  

oxygen, ozone, metal ox ides ,  carbonaceous p a r t i c u l a t e s ,  hydrocarbons, and u l t r a -  

v i o l e t  i r r a d i a t i o n  g radua l ly  convert  t h e  NO t o  a h o s t  of o t h e r  n i t r o g e n  corn- 

pounds. 

3.3.3.3.1 Formation of NO2 and KNO3 

A t  temperatures  below 4OO0C,  NO r e a c t s  spontaneously wi th  0 

The k i n e t i c s  o f t h i s  r e a c t i o n  are such t h a t  by t h e  t i m e  f l u e  gases  l eave  the  

s t a c k ,  as much as 1 0 - 2 0 %  of t h e  o r i g i n a l  NO may have oxidized.  22 

ambient a i r ,  however, spontaneous ox ida t ion  occurs  too  s lowly t o  account f o r  

t h e  subsequent NO formation.  

from NO by photochemical processes  has  been advanced.” F igures  3.3-1 and 

3.3-9 i n d i c a t e  key f e a t u r e s  of t h e  photochemical r e a c t i o n s  of NOx. 

t o  form NO2. 2 

I n  

Considerable  evidence for t h e  formation of NO2 2 

I n  a d d i t i o n  t o  NO2,  ox ida t ion  r e a c t i o n s  of NO can a l s o  g i v e  rise t o  
X 

n i t r i c  a c i d  (KNO ) and p a r t i c u l a t e  n i t r a t e s .  N i t r i c  a c i d  ex is t s  as a n  e q u i l i -  3 
brium mixture  of HN03 gas  and l i q u i d  d r o p l e t s  i n  t h e  atmosphere, so  t h a t  

bo th  forms are important .  
40 ,45-48 ,66 ,68 ,91 ,96 ,104  Severa l  i n v e s t i g a t o r s  96,104 

have suggested t h a t  n i t r a t e  formation occurs  as a r e s u l t  of photochemical ac- 

t i v i t y .  Most l i k e l y ,  n i t r a t e s  occur  as p recu r so r s  o r  a t  least earlier products  

i n  photochemical smog formation,  and t h e  r eade r  should r e f e r  t o  t h e  o r i g i n a l  

l i t e r a t u r e  40’45-47’66’67’91’96s104  f o r  d e t a i l e d  mechanisms of HN03 formation in 
smog. 

rnaxhum66y67’91’96 i n s t e a d  of t h e  l a t e  af te rnoon peaks observed f o r  03, s u l f a t e s ,  

and p a r t i c u l a t e  carbon, sugges t  t h a t  n i t r a t e s  are n o t  formed by g a s - p a r t i c l e  

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

The f a c t  t h a t  d i u r n a l  f l u c t u a t i o n s  i n  HN03 concen t r a t ions  show a noon 

h‘owever, Chang and Novakwlo5 have r e c e n t l y  s h a m  t h a t  ammonium n i t r a t e  

is  formed from: a )  a c t i v a t e d  carbon + NO i n  humid a i r ,  b) s o o t  from combus- 

t i o n  of propane and benzene i n  a i r ,  c) exhaust  p a r t i c l e s  from an  i n t e r n a l  

combustion engine,  and d )  a i r b o r n e  p a r t i c l e s  c o l l e c t e d  i n  a freeway tunnel .  

Act ivated carbon has  been known t o  c a t a l y z e  t h e  ox ida t ion  of NO t o  NO2 

w e l l ,  so  t h a t  a m u l t i p l i c i t y  of r e a c t i o n s  involving NOx may occur as  a r e s u l t  

of heterogeneous ca ta lys i s .  It i s  not  known t o  what e x t e n t  heterogeneous 

106 
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A 

ca 2 l y s i s  accoun s f o r  n i  r a t e s  i n  urban a i r ,  s i n c e  d - x n a l  p a t t e r n s  f o r  

n i t r a t e s  d i f f e r  from those  observed f o r  o t h e r  p o l l u t a n t s .  

d i r e c t  examination of combustion emissions shows t h a t  some n i t r a t e s  have al- 

r e a d y  been formed. More e f f o r t  should be d i r e c t e d  toward t h e  e l u c i d a t i o n  of 

t hese  processes .  

A t  t h e  same time, 

3.3.3.3.2 Ammonia 

The widespread a t t e n t i o n  being given t o  ammoniuii? s u l f a t e s  and ammonium 
56,57,66,67,80,86,87,88, n i t r a t e s  i n  atmospheric s u l f a t e  and n i t r a t e  a e r o s o l s  

”’ 96~105~~107~108 j u s t i f i e s  d i scuss ion  of t h e  o r i g i n  of atmospheric ammonim 

(NH;). Lau and C h a r l ~ o n ~ ~  have made t h e  sugges t ion  t h a t  s u f f i c i e n t  gaseous 

NH from primary n a t u r a l  and man-made ( i n d u s t r i a l  and geothermal) emissions 

e x i s t s  i n  t h e  atmosphere t o  account f o r  ammonium i n  urban p a r t i c u l a t e s .  I n  

r e l a t i o n  t o  o t h e r  ear l ier  work, 57’61 t h e  gene ra l  d e p l e t i o n  of f r e e  NH3 from 

t h e  a i r  i n  heav i ly  populated r eg ions  of t h e  United States58 means e i t h e r  t h a t  

no NH3 emissions occur  i n  t h e  f i r s t  p l a c e  i n  these  l o c a l i t i e s  o r  t h a t  some- 

th ing  i n  t h e  a i r  a c t s  as an NH s ink .  

which makes NH and NH4+ important as secondary p o l l u t a n t s .  

Novakov 105s108 

primary combustion s o u r c e s ) w i t h  p a r t i c u l a t e  carbon r e s u l t s  i n  s u b s t a n t i a l  

formation of NH on t h e  soot  p a r t i c l e s .  The soot-catalyzed reduct ion  

of NO to NH4+ occurs on e i ther  hot o r  c o l d  par t i c l e s ,  and appears t o  be the 

3 

3 
There is  one a d d i t i o n a l  source of atmospheric NH4+ i n  urban atmospheres,  

Chang and 3 
have demonstrated t h a t  t h e  r e a c t i o n  of NO (emit ted from 

+ 
4 

+ 
Most of t h e  NH4 dominant heterogeneous r e a c t i o n  of NO i n  t h e  atmosphere. 

formed i n  t h i s  manner is v o l a t i l e  and is  n o t  a s s o c i a t e d  wi th  e i t h e r  s u l f a t e  or  

n i t r a t e .  84s85’105s108 Much of t h e  NH4+ observed i n  C a l i f o r n i a  a e r o s o l s  i s  a l s o  

“ v o l a t i l e ”  , 84’85  sugges t ing  t h a t  i t s  o r i g i n  is probably t h e  heterogeneous 

r educ t ion  of NO emit ted from f o s s i l  f u e l  combustion sources  r a t h e r  than primary 

NH emissions.  58y66’67 For reasons  g iven  i n  t h e  fo l lowing  subsec t ion  

(3.3.3.3.3),  t h e  formation and chemical r e a c t i v i t y  of NH3 and NH: should be  

s c r u t i n i z e d  very  c a r e f u l l y .  

3 

, 



3.3.3.3.3 Organic Nitrogen Compounds 

Very l i t t l e  is  now known about organic  n i t rogen  compounds as  a i r  p o l l u t -  

a n t s ,  except t h a t  t h e i r  e x i s t e n c e  i n  t h e  atmosphere may be ve ry  hazardous to 

pub l i c  hea l th .  Among t h e  classes of organic  n i t rogen  spec ie s  which have been 

i d e n t i f i e d  i n  urban a i r  are: h e t e r o c y c l i c  a romat ics  (quinol ines ,  i soqu ino l ines ,  

py r id ines  , a c r i d i n e s ,  e tc. ), amines , and N-nitroso-amines or 
109,110 84,85,86,108 

ni t rosamines .  111'112 Deta i l ed  concen t r a t ions  i n  urban a i r  are g iven  in Table 

4 . 3 - 2  i n  Sec t ion  ( 4 . 3 . 4 ) ,  i n  which t h e  carc inogenic  p r o p e r t i e s  of t hese  

compounds are  examined. 
84,85,86,108 these According t o  t h e  work of Novakov and co l l eagues ,  

o rganic  forms of n i t rogen  appear i n  atmospheric a e r o s o l s  as t h e  r e s u l t  of soot-  

ca t a lyzed  NO reduct ion .  

organic  n i t rogen  on s o o t  p a r t i c l e s  from e i t h e r  NO o r  NH 
this process is unknown. 

of n i t r o u s  a c i d  ("0 ) with  NH 
widely i n  urban atmospheres. 

o n s t r a t e d  carcinogens.  116'117 

samples because of i n s t rumen ta l  shortcomings.  

should concen t r a t e  on t h e  development of a n a l y t i c a l  methods f o r  r e so lv ing  t h e  

o rgan ic  n i t r o g e n  s p e c i e s  on soo t .  

High temperatures  seem t o  enhance t h e  formation of 

The mechanism for 3' 
Nitrosamines are c lass ica l ly  formed by the r e a c t i o n  

o r  a n  organic  amine'" and ev iden t ly  occur 

Severa l  o rganic  aromatic  amines a r e a l s o  dem- 

However, t h e s e  have no t  been i d e n t i f i e d  i n  a i r  

2 111 

Future  e f f o r t s  i n  t h i s  area 

3.3.3.4 Aerosol  Coagulat ion 

One of t h e  p r o p e r t i e s  of a tmospheric  p a r t i c u l a t e s  i s  t h e  propens i ty  f o r  

sma l l e r  p a r t i c l e s  t o  c o l l i d e  and form l a r g e  p a r t i c l e s .  

w i th  t h e  k i n e t i c s  and mechanisms of a e r o s o l  coagula t  ion113-115 suggest  t h a t  

bo th  homogeneous and heterogeneous nuc lea t ion  processes  can occur.  

u l a t e s  c rea t ed  i n  t h e  i n i t i a l  combustion process  are extremely smal l ,  w i th  mean 

p a r t i c l e  d iameters  i n  t h e  0.01-0.02 ym s i z e  range. 

small p a r t i c l e s  i s  l a r g e ,  i n t e r p a r t i c l e  c o l l i s i o n s  should occur  f requent ly .  

Since most of t h e s e  p a r t i c l e s  i n i t i a l l y  possess  a common s i z e  d i s t r i b u t i o n ,  one 

can view coagula t ion  i n  t h e  e a r l y  pa r t .  of p a r t i c l e  growth as homogeneous. 

Later on, however, as c o l l i s i o n s  g i v e  rise t o  l a r g e r  p a r t i c l e s ,  nuc lea t ion  be- 

g i n s  t o  t ake  p l ace  i n  which f i n e  p a r t i c l e s  c o l l i d e  wi th  and s t i c k  t o  t h e  l a r g e r  

p a r t i c l e s .  The r e s u l t i n g  process  is considered heterogeneous because t h e  co l -  

l i d i n g  par t ic les  a re  no longer  of equal  s i z e .  

Severa l  r e p o r t s  d e a l i n g  

Most p a r t i c -  

S ince  t h e  number of t h e s e  

6 
Heterogeneous p a r t i c l e  growth 
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can a l s o  r e s u l t  from t h e  condensat ion of vapors  i n  t h e  atmosphere around a 

small "seed" p a r t i c l e .  118 

Most p a r t i c l e s  which coagula te  by homogeneous mechanisms are ve ry  small, 

s i n c e  t h e  number d e n s i t y  of p a r t i c l e s  l a r g e r  than  0 .1  pm is  s o  low t h a t  i n t e r -  

p a r t i c l e  c o l l i s i o n s  are n e a r l y  non-exis tent .  Hence, one should expect  t h a t  
homogeneous coagu la t ion  occurs  only  i n  very  f r e s h  ae roso l s .  '14 "19 Heterogeneous 

n u c l e a t i o n  and coagu la t ion  should occur  over  much longer  times, and accounts  

p r i n c i p a l l y  f o r  t h e  "aerosol  aging" process  p i c tu red  i n  F igure  3.3-11. 

adeq . . s te ly  account f o r  t h e  k i n e t i c s  of a e r o s o l  coagu la t ion  by s imple  second 

o r d e r  c o l l i s i o n  theory ,  113-115 so  t h a t  t h e  chemical composition of an atmospheric  

a e r o s o l  has  v i r t u a l l y  no bea r ing  whatever on p a r t i c l e  growth. 

modeled t h e  r e c e n t  ACHEX d a t a  65*669113 t o  determine whether t h e  a b s o l u t e  age 

of an urban C a l i f o r n i a  a e r o s o l  can be  measured from p a r t i c l e  s i z e  d i s t r i b u t i o n s .  

Pre l iminary  r e s u l t s  appear very  promising, and i n d i c a t e  t h a t  t h e  average "ag ' I  

of combustion-generated ambient p a r t i c u l a t e  matter i n  t h e  South Coast A i L  ,asin 

is  about one hour. The c l o s e r  one comes t o  t h e  combustion source ,  however, 

smaller t h e  s i z e  d i s t r i b u t i o n  becomes. 

One can 

119 Bekowies hL.s 

119 t h e  "younger" and _ .  

S i z e  
D i s t r i b u t i o n  

Volume 
D i s t r i b u t i o n  

IO' lo-' I O 0  IO' 
p radius- 

Figure 3.3-11. 
c o n t i n e n t a l  a e r o s o l s  due t o  coagula t ion .  
r ep resen t  t h e  t i m e  e lapsed  s i n c e  t h e  o r i g i n a l  a e r o s o l  (Oh) began t o  

Calcula ted  change i n  t h e  s i z e  and volume d i s t r i b u t i o n  of 
The l a b e l s  on t h e  curves  re- 

% 

7\ coagula te .  h = hours ,  d = days.  (Reproduced from r e f .  (113).) 

\ 
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Aerosol coagu la t ion  occur s  almost e x c l u s i v e l y  w i t h  the r e s p i r a b l e  sub- 

micron p a r t i c u l a t e  f r a c t i o n  (F igure  3.3-11, a l s o  Ref. (113)).  It is  n o t  

p r e s e n t l y  known whether t h e  changes i n  s u r f a c e  area of p a r t i c u l a t e s  du r ing  

coagu la t ion  a f f e c t  e i t h e r  t h e i r  r e a c t i v i t y  or t o x i c i t y .  The e f f e c t s  of t h e  

0.01-0.02 um p a r t i c l e s  on atmospheric  chemistry i n  exhaust  and f l u e  gases  is 

n o t  known e i t h e r ,  s i n c e  r e l a t i v e l y  few s t u d i e s  have at tempted t o  d e a l  w i t h  the 

chemical and p h y s i c a l  dynamics of t h e s e  p a r t i c u l a t e s .  

3.3.4 A l t e r n a t e  Sources  of Human Exposure 

I n  o r d e r  t o  make a r e a l i s t i c  assessment  of t h e  h e a l t h  risks a s s o c i a t e d  

w i t h  f o s s i l - f u e l  o r  geothermal  power p l a n t s ,  i t  i s  i n s t r u c t i v e  t o  n o t e  that  

what most people  b r e a t h e  i s  e i t h e r  outdoor  ambient a i r  o r  indoor  ambient air .  

I n  a d d i t i o n  people  a l s o  eat food and d r i n k  water which may o r  may not be 

contaminated by alternative pollution sources. 

3.3.4.1 I n d u s t r i a l  E f f l u e n t s  

I n d u s t r i a l  (non-power p l a n t )  p rocesses  of n e a r l y  every kind e m i t  common 

gaseous and p a r t i c u l a t e  p o l l u t a n t s  i n t o  t h e  ambient a i r  a t  a ra te  which 

c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  t o t a l  p o l l u t i o n  burden i n  t h e  area. In 
C a l i f o r n i a ,  smelters and petroleum r e f i n e r i e s  c o n t r i b u t e  s u b s t a n t i a l l y  t o  the 

t o t a l  emiss ions  of s u l f u r  ox ides ,  n i t r o g e n  oxides ,  carbon monoxide, p a r t i c u l a t e s ,  

etc.  - g e n e r a l l y  much more so  than  e q u i v a l e n t l y  s i z e d  steam electr ic  gene ra t ing  

p l a n t s  ( c f .  F igure  3.1-1, f o r  example). Nor should smelters and r e f i n e r i e s  

n e c e s s a r i l y  b e  s i n g l e d  o u t  as t h e  worst  o f f ende r s  i n  a g iven  urban area. 

However, r e c e n t  emiss ions  d a t a  from t h e  San Franc isco  Bay Area2’ shows t h a t  

steam e l e c t r i c  power gene ra t ion  accounts  f o r  no more than  about  10% of t h e  

s u l f u r  oxide,  n i t r o g e n  oxide ,  o r  p a r t i c u l a t e  emissions.  I n d u s t r i a l  sourcesr  

are  r e s p o n s i b l e  f o r  a t  least  4 - 5  t imes  t h e  emissions of t h e s e  p o l l u t a n t s  by 

steam e l e c t r i c  gene ra t ing  s t a t i o n s .  

3.3.4.2 Vehicular  Emissions 

G 

6 Figure  3.1-1 i n  s e c t i o n  3.1.1.1 shows v e r y  g r a p h i c a l l y  t h e  c o n t r i b u t i o n s  
18,19,20,120 in 

of motor v e h i c l e  emiss ions  t o  t h e  t o t a l  p o l l u t i o n  problem 

C a l i f o r n i a .  Vehicular  emissions of hydrocarbons and carbon monoxide are o r d e r s  
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of magnitude h igher  t han  those  from e l e c t r i c  power p l a n t s  o r  v i r t u a l l y  any 

o t h e r  source.  Vehicular  NO emissions are a l s o  s i z e a b l e  - about 40% of t h e  

Cal i f  o r n i a  t o t  a1 

A s  shown by F r i ed lande r  and coworkers, ’ 66’ 96 t h e  c o n t r i b u t i o n  of v e h i c u l a r  

t r a f f i c  t o  t h e  t o t a l  p a r t i c u l a t e  loading  cannot be  c o r r e l a t e d  t o  v e h i c u l a r  

p a r t i c u l a t e  emiss ions ,  s i n c e  veh ic l e - r e l a t ed  p a r t i c u l a t e s  may ar ise  from 

secondary atmospheric  r e a c t i o n s  as w e l l  as from t h e  primary combustion process .  

These v e h i c l e  emissions are, t h e r e f o r e ,  be l i eved  t o  be t h e  p r i n c i p l e  c o n t r i -  
4,10,20,66,96 b u t o r s  t o  photochemical smog i n  C a l i f o r n i a .  

X 

o r  some f o u r  t imes t h e  NO emissions from power p l a n t s .  18,27 
X 

3.3.4.3 R e s i d e n t i a l  Sources 

Unlike i n d u s t r i a l  p rocess  and motor v e h i c l e  p o l l u t a n t  emissions,  res idc .1-  

t i a l  hea t ing  and app l i ance  ope ra t ions  a re  no t  be l ieved  by most r e spons ib l e  

agenc ie s  t o  be  an important  c o n t r i b u t o r  t o  ambient a i r  q u a l i t y  d e t e r i o r a t i o n .  

I n  f a c t ,  t h e  NEDS r epor t18  a t t r i b u t e s  less than 3% of ambient a i r  p o l l u t a n t  loading  

t o  domestic sources .  On t h e  o t h e r  hand, what is  important  from t h e  poin c r  view 

of impact on human h e a l t h  is  no t  t h e  c o n t r i b u t i o n  which r e s i d e n t i a l  combustion 

makes t o  outdoor ambient a i r  p o l l u t i o n  (see 132,133),  bu t  t o  t h e  q u a l i t y  of 

t h e  a i r  i n s i d e  t h e  home. I n  t h i s  l i g h t ,  r e g u l a t o r y  agencies  should cons ider  

home h e a t i n g  and cooking app l i ances  as important  p o l l u t i o n  sources  which may 

a f f e c t  t h e  q u a l i t y  of  indoor a i r .  

L8,19 

To d a t e ,  on ly  a handfu l  of s t u d i e s  have at tempted t o  document t h e  impact 

of domestic combustion sources  on indoor ,  as opposed t o  outdoor ,  a i r  q u a l i t y .  

Among t h e s e ,  i n v e s t i g a t o r s  have discovered t h e  a i r b o r n e  build-up of CO and 

suspended p a r t i c u l a t e  matter from c i g a r e t t e  smoking,121 NO and NO2 from gas 
127 ranges, 122-125 formaldehyde from c o n s t r u c t i o n  materials,126 v i n y l  c h l o r i d e  

and f luorocarbons  128s129 from t h e  use  of a!xosol spray  cans ,  and mercury from 

i n t e r i o r  w a l l  p a i n t  and u n i d e n t i f i e d  sourc~s.130s131 Hollowell  e t  a l .  134 have 

surveyed indoor  combustion sources  f o r  a J i d e  range  of  gaseous and p a r t i c u l a t e  

p o l l u t a n t s .  NO and NO2 l eve ls  indoors  w e d  found t o  f r e q u e n t l y  exceed co r re s -  

ponding outdoor ambient l e v e l s  by f a c t o r s  bf 5 - 20; indoor  concen t r a t ions  of CO 

were a l s o  found t o  exceed outdoor ambient l e v e l s  by 1 - 5  on many occasions.  

Indoor s u l f a t e  accounted f o r  20% of t h e  toLal  s u l f u r  oxides134 i n  c o n t r a s t  w i th  

1 - 3% ( f o r  SO3) r epor t ed  f o r  SOx emi t ted  i k t o  t h e  atmosphere. 21  NO^ l e v e l s  
I 

indoors  r e g u l a r l y  exceed t h e  EPA annual  average  s t anda rd ,  and occas iona l ly  

v i o l a t e  even t h e  1-hour s t anda rds ,  even when outdoor  l e v e l s  are “safe .  I ,1134 

One must keep i n  mind t h a t  people spend t h e  major p o r t i o n  of t h e i r  t i m e  

i n  indoor environments r a t h e r  than e x p o s e d , t o  outdoor ambient a i r .  If  i t  is  gen- 

e r a l l y  t r u e  t h a t  convent iona l  p o l l u t a n t  (SO N O x , C O ,  e t c . )  l e v e l s  indoors  are much 
X’ 
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123 
h igher  than those  r o u t i n e l y  surveyed outdoors,  

reexamine t h e  e x i s t i n g  body of epidemiology l i t e r a t u r e .  Most epidemiology 

s t u d i e s  have neglec ted  indoor p o l l u t a n t  levels as a matter of convenience,  

s i n c e  r o u t i n e  ambient a i r  measurements have been repor ted  f o r  outdoor levels 

only,  and t h e s e  a t  c e n t r a l  monitor ing s t a t i o n s  most of t h e  t i m e .  Consider- 

a t i o n  of indoor p o l l u t a n t  exposures  may r e s u l t  i n  p o s i t i v e  c o r r e l a t i o n s  wi th  

observable  h e a l t h  e f f e c t s  where none had been previous ly  thought t o  exist. 

Furthermore,  examination of h e a l t h  e f f e c t s  due t o  combined indoor-outdoor 

exposures may a f f e c t  some of t h e  a s s o c i a t i o n s  prev ious ly  made wi th  a i r  p o l l u t -  

a n t s .  Considerable  emphasis should be d i r e c t e d  toward r e so lv ing  t h e  impacts 

of i n d o o r > p o l l u t a n t  exposure on human h e a l t h ,  t o  determine t h e  re la t ive  h e a l t h  

then i t  may be  necessary  t o  

r i s k s  of power gene ra t ion  a t  t h e  e l e c t r i c  gene ra t ing  p l a n t  and combustion 

processes  i n  t h e  home. 134  135 

3.3.4.4 Other Routes of Adminis t ra t ion  of P o l l u t a n t s  

c 

One must a l s o  r e a l i z e  t h a t  no t  a l l  p o l l u t a n t s  need be brea thed  t o  be 

c dangerous. Nitrates and n i t r i t e s  i n  food and d r ink ing  water have e f f e c t s  which 

are comparable t o  and nea r ly  i n d i s t i n g u i s h a b l e  from b rea th ing  NO o r  CO i n  t h e  
a i r .  135s137 

are a l s o  common i n  food and water s u p p l i e s  and are carc inogenic  from e i t h e r  

source.  

111,112 
Furthermore,  n i t rosamines  such as t h o s e  found i n  urban air 

138 

Contamination of water or food wi th  t o x i c  metals can a l s o  occur wi thout  

t h e  a i d  of a i r b o r n e  contamination. I n  some cases, t h e  h e a l t h  e f f e c t s  may be  

s imi la r  r e g a r d l e s s  of t h e  r o u t e  of admin i s t r a t ion ;  however, i n  o t h e r s ,  o r a l  

h g e s t i o n  may t u r n  ou t  t o  have a much less s i g n i f i c a n t  impact on h e a l t h  f o r  a 

g iven  p o l l u t a n t  than  i n h a l a t i o n .  

l a t t e r  poin t .  

inges ted  Consequently, 

epidemiology s t u d i e s  which a t tempt  t o  e s t a b l i s h  h e a l t h  e f f e c t s  of g iven  p o l l u t -  

a n t s  must a l s o  determine t h e  re la t ive importance of how t h e  subs tances  e n t e r  

t h e  body. 

Su l fu r  ox ides  are a c lass ical  example of t h i s  

SO2 (as s u l f i t e s )  and s u l f a t e s  are almost t o t a l l y  harmless  when 

b u t ,  can b e  dangerous when inha led .  5 ,  9 9 21 

f 
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4 .  - THE HEALTH EFFECTS OF FOSSIL FUEL AND GEOTHERMAL EMISSIONS 

Emissions from the  combustion of f o s s i l  f u e l s  o r  t he  d ischarge  of 

geochermal steam f o r  t h e  purpose o f  genera t ing  e l e c t r i c  power are a matter 

of concern because of  t h e  p o t e n t i a l  harm t h e s e  subs tances  can cause t o  t h e  

p u b l i c  h e a l t h  and welfare. For t h i s  reason S t a t e  and Federa l  r e g u l a t i o n s  are 

formulated t o  limit the  ambient a i r  concen t r a t ions  o r  t h e  p o i n t  source  

emissions of s p e c i f i e d  p o l l u t a n t s .  This  s e c t i o n  surveys  the  ep idemiologica l  

2nd a iomedica l  i n v e s t i g a t i o n s  which have e l u c i d a t e d  the  e f f e c t s  of conven- 

t i o n a l  p o l l u t a n t s  on h e a l t h  and which have formed the  t echn ica l  b a s i s  f o r  thc 

e x i s t i n g  s t anda rds  and r egu la t ions .  

TvDes of  s t u d i e s  

In  gene ra l ,  r e sea rch  i n t o  the  h e a l t h  e f f e c t s  of  p o l l u t a n t  exposure 

concen t r a t e s  on one of  t he  fo l lowing:  a) m o r t a l i t y  dur ing  c a t a s t r o p h i c  

ep isodes ;  b) m o r t a l i t y  and morbidi ty  ( t h e  inc idence  of s p e c i f i c  i l l n e s s e s )  

under more r o u t i n e  circumstances;  o r  c )  phys io log ica l ,  s t r u c t u r a l  and 

metabol ic  a l t e r a t i o n s  i n  ce l l s  and t i s s u e s .  The f i r s t  two types of s t u d i e s  

may y i e l d  da ta  d i r e c t l y  a s s o c i a t i n g  exposures  and h e a l t h  e f f e c t s .  S tud ie s  

a t  t he  biomedical  l e v e l  can have an important  bea r ing  on the  i n t e r p r e t a t i o n  

of what symptoms o r  responses  i n d i c a t e  a t h r e a t  t o  p u b l i c  h e a l t h  from a given 

p o l l u t a n t .  E i t h e r  type of s tudy  may use animals as exposure s u b j e c t s .  

Much of t h i s  r e sea rch  w a s  sparked by what have been c a l l e d  the  c l a s s i c  

a i r  p o l l u t i o n s  ep i sodes ,  - i . e . ,  those  which occurred i n  the  Meuse Val ley of  

Belgium i n  1930; Donora, Pennsylvania i n  1948; Poza Rica, Mexico i n  1950; 

London, England i n  1952; and New York C i ty  i n  1963 and 1966. During t h e s e  

ep isodes ,  popula t ions  were exposed t o  extremely h igh  concen t r a t ions  of 

p o l l u t a n t s .  Excess m o r t a l i t y ,  a term derived '  f rom ' the  d i f f e r e n c e  between 

observed and expected dea ths ,  i s  t h e   datum sought  from a n a l y s i s  o f  t hese  

ep isodes .  Based on these  resul ts  (d iscussed  i n  Sec t ion  4.1.1), t h e r e  is  

l i t t l e  room t o  argue t h a t  i n t e n s e  a i r  p o l l u t i o n  does n o t  have s e r i o u s  h e a l t h  

e f f e c t s .  
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I n  epidemiological  s t u d i e s  of morbidi ty  and m o r t a l i t y  (Sec t ion  4.1.2),  

i t  i s  d i f f i c u l t ,  i f  n o t  impossible ,  t o  prove cause and e f f e c t .  Exposure 

atmospheres,  f o r  one th ing ,  con ta in  complex mixtures  of p o l l u t a n t s  which 

cannot be adequately c o n t r o l l e d .  It i s ,  however, p o s s i b l e  t o  e s t a b l i s h  

c o r r e l a t i o n s  or a s s o c i a t i o n s .  As an  example, t h e  a s s o c i a t i o n  John Snow (1755) 

made between a contaminated w e l l  on Broad S t r e e t  i n  London and t h e  p r e v a i l i n g  

cho le ra  epidemics was  s t r o n g  enough t o  e f f e c t  the  removal of t he  pump handle  

t o  prevent  f u r t h e r  consumption of water, even though he could n o t  prove 

causa t ion .  Therefore ,  a ques t ion  of  r e l i a b i l i t y  and v a l i d i t y  i s  asked: do 

e x i s t i n g  morbidi ty  and m o r t a l i t y  d a t a  imp l i ca t e  p o l l u t i o n  from f o s s i l  f u e l  

sou rces  as  causes  of s i ckness  and death? A review o f  t h e  l i t e r a t u r e  i n  t h i s  

area sugges t s  t h a t  whi le  cons ide rab le  room e x i s t s  f o r  a l t e r n a t i v e  i n t e r p r e t a -  

t i o n s ,  the  evidence i s  s u f f i c i e n t  t o  warran t  t h e  conclusion t h a t  combustion- 

generated p o l l u t i o n  may pose a s e r i o u s  h e a l t h  problem. 

In  an a t tempt  t o  t i g h t e n  c o n t r o l  of  t h e  v a r i a b l e s  t h a t  are encountered 

i n  h e a l t h  e f f e c t s  s t u d i e s ,  numerous i n v e s t i g a t i o n s  of  c l i n i c a l l y  observable  

h e a l t h  e f f e c t s  (phys io log ica l  and/or  c e l l u l a r )  are c a r r i e d  o u t  under l abora to ry  

cond i t ions  ( see  Sec t ion  4 . 2 ) .  I n  these  experiments,  e i t h e r  animal subjects o r  c 
human s u b j e c t s  are  exposed and examined f o r  evidence of i l l n e s s .  

n e c e s s i t y ,  much of our  b a s i c  knowledge i n  a i r  p o l l u t i o n  research  stems from 

animal experimentat ion.  Humans cannot be manipulated i n  experiments i n  t h e  

same manner as animals .  Moreover, most s p e c i e s  o f  animals and microorganisms 

have much s h o r t e r  genera t ion  times than man, implying s h o r t e r  wa i t ing  pe r iods  

t o  observe t h e  r e s u l t s  of long-term exposure experiments.  (On t he  o t h e r  hand, 

e x i s t e n c e  of an adverse  h e a l t h  e f f e c t  fol lowing exposure i n  animals does n o t  

n e c e s s a r i l y  imply a corresponding e f f e c t  i n  humans, a l though e f f e c t s  

observed i n  animals are  f r e q u e n t l y  i n d i c a t i v e  of the  p o t e n t i a l  harm t o  

humans.) The most dramatic  r e s u l t s  of t h i s  type of i n v e s t i g a t i o n  show t h e  

e f f e c t s  of gaseous a i r  p o l l u t a n t s  (most no tab ly  SO 

h o s t  animal 's  r e s i s t a n c e  t o  b a c t e r i a l  i n f e c t i o n s  i n  the r e s p i r a t o r y  tract .  

These p o l l u t a n t s  impair  r e s i s t a n c e  t o  i n f e c t i o u s  d i s e a s e  a t  concen t r a t ions  

as low as a few t e n t h s  of a par t -per-mil l ion.  

By 

NO2, and 0 ) on the  2 '  3 

-. - .  

Examination of the  biochemical i n t e r a c t i o n  of p o l l u t a n t s  wi th  the  

s t r u c t u r e  and metabolism of t i s s u e s  and c e l l s  (Sec t ion  4 . 3 )  i n  t h e  body s e r v e s  

as an i n d i c a t o r  t h a t  i s  a s t e p  removed from t h e  c l i n i c a l  eva lua t ion  of t h e  

e f f e c t s  of p o l l u t i o n .  However, i n v e s t i g a t i o n  of h e a l t h  e f f e c t s  a t  t h i s  

s u b c l i n i c a l  l e v e l  i s  p a r t i c u l a r l y  va luab le  because the  d a t a  so  obta ined  

CI 

f 
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a r e  f r equen t ly  q u a n t i t a t i v e  and can a l s o  r e v e a l  t h e  biochemical  and 

phys io log ica l  mechanisms by which c l i n i c a l l y  observable  h e a l t h  e f f e c t s  occur  

( i . e . ,  the  e t i o l o g y  of d i s e a s e ) .  This  in format ion  is h v a l u a b l e  f o r  t h e  

es tab l i shment  of s t anda rds .  It  a l s o  a l lows  us ,  i n  p r i n c i p l e ,  t o  determine 

on a fundamental b a s i s  whether t h e  s u c c e s s f u l  abatement of  one p o l l u t a n t  w i l l  

ame l io ra t e  a p r e v a i l i n g  community h e a l t h  e f f e c t  i n  t h e  face of o t h e r  po l lu-  

t a n t s ,  and t o  determine threshold  l e v e l s  f o r  the d i f f e r e n t  c l i n i c a l  and sub- 

c l i n i c a l  h e a l t h  e f f e c t s .  (On t h e  o t h e r  hand, one must take  c a r e  t o  remember 

t h a t  7 o t  a l l  phys io log ica l  o r  metabol ic  changes which occur  i n  response t o  

p o l l u t a n t  exposure i n d i c a t e  de t r imen ta l  a c t i o n .  Some responses  may occur  as 

p a r t  of t h e  body's  defense mechanisms a g a i n s t  t he  exposure,  o r  may b e  merely 

NO2, and O3 a l l  2 '  adap t ive . )  Typical  r e su l t s  o f  t hese  s t u d i e s  show t h a t  SO 

a l t e r  t h e  mechanical p r o p e r t i e s  of  t h e  lung;  a l l  react with c e l l u l a r  cons t i -  

t u e n t s  such as l i p i d s  and p r o t e i n s ;  a l l  a r e  known t o  b lock  t h e  func t ion  rmf or 

o r  more e s s e n t i a l  enzymatic r e a c t i o n s ;  and a l l  can change the  v a i b i l i t y  ana 

appearance of  t i s s u e .  Because of t he  r e l a t i v e l y  p r e c i s e  n a t u r e  of  such da ta ,  

many of t h e  e x i s t i n g  a i r  q u a l i t y  s t anda rds  are founded on ( s u b c l i n i c a l )  

phys io log ica l  and metabol ic  e f f e c t s  r a t h e r  than on ep idemiologica l  d a t a .  

However, information from a l l  of  t h e s e  l e v e l s  of s tudy  i s  e s s e n t i a l  and 

a p p r o p r i a t e  f o r  t h e i r  j u s t i f i c a t i o n .  

The e f f e c t s  of s p e c i f i c  p o l l u t a n t s  

Combination of  a l l  the  epidemiologicaL phys io log ica l ,  and biochemical  
in format ion  on h e a l t h  e f fec ts  of a i r  and w a t e r  p o l l u t a n t s  i n t o  an  i n t e g r a t e d  

p i c t u r e  i s  obvious ly  t h e  d e s i r e d  end product  of t h i s  review. 

t h e  p i eces  of  in format ion  are s o  fragmentary,  t h e  r e s u l t s  so  nebulous o r  

tenuous,  o r  t h e  experimental  cond i t ions  s o  d i f f e r e n t  from community exposures 

t h a t  i t  is  d i f f i c u l t  t o  e s t a b l i s h  s e l f - c o n s i s t e n t  assessments  of  h e a l t h  

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

themselves,  s t u d i e s  have t y p i c a l l y  u t i l i z e d  only  a few r i s k  f a c t o r s  and 

conclus ions  have only  been t e n t a t i v e .  Furthermore,  exposure cond i t ions  used 

f o r  a given p o l l u t a n t  i n  one kind o f  experiment o f t e n  d i f f e r  from o t h e r  

experiments  o r  from real-world cond i t ions  by such a v a s t  margin t h a t  i t  is 

impossible  t o  formulate  any c o n s i s t e n t  view o f  h e a l t h  e f f e c t s .  

However, many of 

Except where n a t u r a l  experiments presented  
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F i n a l l y  i t  i s  d i f f i c u l t  t o  i s o l a t e  t h e  e f f e c t  of one p o l l u t a n t  from o t h e r  

p o l l u t a n t s  and even o t h e r  types  of f a c t o r s .  Never the less ,  s t anda rds  and 

r e g u l a t i o n s  are based on these  imperfec t ,  o f t e n  inconclus ive ,  and anything 

bu t  d e f i n i t i v e  s t u d i e s .  

It i s  no t  now p o s s i b l e  t o  form a u n i f i e d  view of t h e  h e a l t h  e f f e c t s  of 

s u l f u r  oxides  from e x i s t i n g  epidemiological ,  phys io log ica l ,  and biochemical 

evidence. 

body r a t h e r  e f f i c i e n t l y ,  and t h a t  t h e  r e s u l t i n g  s u l f a t e s  are harmless  

X' 
products  which are excre ted .  

and e s p e c i a l l y  s u l f a t e s ,  are po ten t  r e s p i r a t o r y  i r r i t a n t s  which i n c r e a s e  one 's  

s u s c e p t i b i l i t y  t o  i n f e c t i o n s ,  b u t  only a t  concen t r a t ions  which are f a r  above 

any encountered i n  r o u t i n e  community or  occupat iona l  condi t ions .  Y e t  t h e  

bulk of epidemiological  research  devoted t o  measuring t h e  h e a l t h  r i s k s  of a i r  

p o l l u t i o n  has  a s soc ia t ed  community m o r t a l i t y  and morbidi ty  w i t h  t h e  oxides  of 
su l fur .  This dichotomy may arise from the fact that  epidemological  in- 

v e s t i g a t i o n s  inc lude  a va r i ed  s tudy  popula t ion  ( inc lud ing  t h e  young and t h e  

ill) t h a t  i s  subjec ted  t o  an atmosphere of v a r i e d  composition; l abora to ry  

s t u d i e s  t y p i c a l l y  expose hea l thy  s u b j e c t s  t o  a c o n t r o l l e d  atmosphere, u sua l ly  

wi th  SO added t o  t h e  a i r .  

Biochemical evidence i n d i c a t e s  t h a t  SO2 i s  d e t o x i f i e d  i n  t h e  

Phys io log ica l  experiments have shown t h a t  SO 

2 
The oxidesof n i t r o g e n  a r e  probably t h e  only p o l l u t a n t s  f o r  which the 

combination of  epidemological ,  phys io log ica l ,  and biochemical  d a t a  show 

reasonable  agreement on h e a l t h  e f f e c t s .  Ni t r ic  oxide  has  been shown t o  

r e a c t  w i th  hemoglobin i n  humans and animals ,  and t h e  presence of i t s  me tabo l i t e s ,  

observed i n  urban popula t ions ,  might be  a f a c t o r  i n  card iovascular  stress. 

Nitrogen d ioxide  has  been shown t o  r e a c t  d e s t r u c t i v e l y  wi th  c e l l  membranes, 

i s  a r e s p i r a t o r y  i r r i t a n t ,  and is a suspected causa t ive  agent  i n  emphysema and 

o t h e r  chronic  r e s p i r a t o r y  d i s e a s e s .  

a l s o  sugges t s  t h a t  NO is  a c o n t r i b u t i n g  f a c t o r  i n  r e s p i r a t o r y  i n f e c t i o n s ,  

anemia, and ca rd iovascu la r  d i seases .  The r e l a t i v e l y  meager body of epide- 

miology on t h e  h e a l t h  e f f e c t s  of NO i s  c o n s i s t e n t  wi th ,  bu t  n e i t h e r  

demonstrates  nor d i sp roves ,  t h e  abnormal i t ies  which may b e  p red ic t ed  f o r  

NO exposures.  

Biochemical and phys io log ica l  evidence 

2 

2 

2 
A t  t h e  p re sen t  t i m e ,  assembling a u n i f i e d  p i c t u r e  of t h e  h e a l t h  e f f e c t s  

of ox idant  a i r  p o l l u t a n t s  is impossible  because ep idemiologica l  i n v e s t i g a t i o n s  

have thus  f a r  been unable t o  demonstrate any a s s o c i a t i o n s  wi th  community 

i l l n e s s e s  o r  dea ths .  
e 

Y e t  bo th  t h e  phys io log ica l  and biochemical  s t u d i e s  

e 
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suggest  t h a t  ox idan t s  a r e  extremely dangerous. Oxidants r e a c t  d e s t r u c t i v e l y  

wi th  c e l l  membranes, are r e s p i r a t o r y  i r r i t a n t s ,  and a r e  suspected c a u s a t i v e  

agen t s  i n  emphysema and chronic  lung d i seases .  Furthermore,  ox idan t s  are 

a l s o  suspec ted  of c o n t r i b u t i n g  t o  r e s p i r a t o r y  i n f e c t i o n s ,  anemia, and cardio-  

v a s c u l a r  d i seases .  

Assessment of  the  h e a l t h  e f f e c t s  of  p a r t i c u l a t e s  on t h e  b a s i s  of  

ep idemiologica l ,  phys io log ica l ,  and biochemical evidence i s  confounded by the  

absence of any means f o r  comparing the var ious  k inds  of s t u d i e s .  Epidemio- 

l o g i c a l  i n v e s t i g a t i o n s  a t t empt ing  t o  a s s o c i a t e  community i l l n e s s e s  o r  dea ths  

wi th  p a r t i c u l a t e s  have had mixed resul ts .  Sometimes a c o r r e l a t i o n  could be 

observed,  o t h e r  t i m e s  n o t .  I n v a r i a b l y ,  o t h e r  p o l l u t a n t s  i nc lud ing  s u l f u r  

ox ides  o r  n i t rogen  ox ides  o r  t h e i r  p a r t i c u l a t e  d e r i v a t i v e s  would be  found t o  

co -co r re l a t e .  I n  most c a s e s ,  t o t a l  suspended p a r t i c u l a t e  mass ( ignor ing  s i z c  

o r  composition c h a r a c t e r i s t i c s )  h a s  been the  only i n d i c a t o r  o r  p a r t i c u l a t .  

p o l l u t i o n  used. Phys io log ica l  s t u d i e s ,  on the  o t h e r  hand, have been concerner 

p r i m a r i l y  wi th  the  depos i t i on  and c l ea rance  p r o p e r t i e s  of p a r t i c u l a t e s .  These 

i n v e s t i g a t i o n s  g e n e r a l l y  exp lo re  p a r t i c u l a t e s  as r e s p i r a t o r y  i r r i t a n t s ,  and 

have usua l ly  been c a r e f u l  t o  compare t h e  p r o p e r t i e s  of  p a r t i c l e s  on a s i z e -  

reso lved  b a s i s .  Most of  the  phys io log ica l  responses  t o  p a r t i c u l a t e  exposure 

are independent of t h e i r  chemical composition. Biochemical s t u d i e s ,  t o  t h e  

con t r a ry ,  n e c e s s a r i l y  r e q u i r e  informat ion  on p a r t i c l e  composition, and l a r g e l y  

d i s r ega rd  s i z e  d i s t r i b u t i o n s .  Most of the  e x i s t i n g  work h a s  been concerned 

wi th  how p a r t i c u l a t e  o rgan ic  compounds cause cancer  i n  humans, and has  neglec ted  

any of t h e  o t h e r  p o s s i b l e  chemical i n t e r a c t i o n s  of p a r t i c u l a t e s .  A t  t h e  

p re sen t  t i m e ,  t h e  l i m i t i n g  f a c t o r  i n  un i fy ing  the  informat ion  on t h e  h e a l t h  

e f f e c t s  of p a r t i c u l a t e s  is  t h e  a n a l y t i c a l  c h a r a c t e r i z a t i o n  of p a r t i c u l a t e s  

(by s i z e  and by chemical composition) i n  ep idemiologica l  and l a b o r a t o r y  

exposure i n v e s t i g a t i o n s .  

@ 

The d a t a  j u s t  summarized have served as the  b a s i s  f o r  c u r r e n t  a i r  

q u a l i t y  s t anda rds .  Although these  da ta  have been va luable  f o r  t he  formula t ion  

of  such s t anda rds ,  they are  n o t  comprehensive o r  p r e c i s e  enough f o r  making 

q u a n t i t a t i v e  e s t i m a t e s  of  the h e a l t h  e f f e c t s  caused by power p l a n t  emissions.  

Attempts a t  such e s t i m a t e s  are i n d i c a t e d  i n  s e c t i o n  5. 
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4.1 Epidemiology 

"It should seem p o s s i b l e ,  by a set of  w e l l  adapted experiments,  
a c c u r a t e l y  made, t o  d i scove r  what are u s u a l l y  c a l l e d  t h e  o c c u l t  
q u a l i t i e s  of t h e  a i r ,  and render  them mani fes t  t o  t h e  senses ,  
And i f  by t h i s  means, we come a t  a t o l e r a b l e  knowledge of t h e  
e f f l u v i a ,  s a l t s  and o t h e r  heterogenous matters, wherewith t h e  
a i r  a t  d i f f e r e n t  times, and i n  d i f f e r e n t  c o u n t r i e s  is r e p l e t e ,  
i t  might g ive  u s  almost a complete knowledge of t h e  n a t u r e  of  
a l l  epidemic d i s e a s e s  t h a t  may a r i s e  for t h e  f u t u r e ,  provided 
due a t t e n t i o n  be given a t  t h e  same t i m e  t o  age,  sex, cons t i -  
t u t i o n ,  manner o f ' l i v i n g  and s o  f o r t h  of t h e  p a t i e n t ;  a l l  which 
circumstances being c a r e f u l l y  considered and compared toge the r ,  
might probably d i r e c t  t o  r a t i o n a l ,  f i xed  and e f f e c t u a l  methods 
of cure." 

John Swan, M.D. 
London, 1763 

Although our  s c i e n t i f i c  achievements have allowed us  t o  be r e l a t i v e l y  

f r e e  from g r e a t  i n f e c t i o u s  d i s e a s e s  l i k e  cholera ,  smallpox and plague,  and 

have allowed men t o  l i v e  toge the r  i n  l a r g e  met ropol i tan  areas, some of t h e s e  

' ' ach ievements  have brought new h e a l t h  problems inc luding  air  p o l l u t i o n  and 

exposure t o  t h e  byproducts  of new energy forms, t h e  magnitude of  which could 

I hard ly  be imagined i n  1763. But Swan's sugges t ion ,  made over  200 y e a r s  ago, 

has  provided ep idemiologis t s  (consciously o r  n o t )  w i th  a timeless, b a s i c  

philosophy f o r  t h e  s tudy  of a i r  p o l l u t i o n .  Over t h e  y e a r s ,  epidemiology 

r e sea rch  has  concent ra ted  on m o r t a l i t y  p e r t u r b a t i o n s  du r ing  c a t a s t r o p h i c  

ep isodes ,  or a l t e r n a t i v e l y  on t h e  much more pa ins t ak ing  s e a r c h  f o r  m o r t a l i t y  

and morbidi ty  e f f e c t s  under cont inuous "low-level" exposure cond i t ions .  We 
do n o t  a t tempt  t o  subdiv ide  t h e  fol lowing d i scuss ions  accord ing  t o  p o l l u t a n t  

f o r  t h e  s imple reason t h a t  c l a s s i f i c a t i o n  of h e a l t h  e f f e c t s  i n  a s tudy  popu- 

l a t i o n  i n  t h e  o r i g i n a l  s t u d i e s  w a s  no t  poss ib l e .  Except f o r  a few remarkable 

s i t u a t i o n s ,  e i t h e r  community o r  occupat iona l ,  ep idemiologica l  approaches 

r a r e l y  succeed i n  a s s ign ing  h e a l t h  e f f e c t s  unambiguously t o  any s i n g l e  p o l l u t a n t .  

4.1.1 Classic A i r  P o l l u t i o n  Episodes 

A number of  a c u t e  smog episodes  i n  modern times have been w e l l  documented 

over  t h e  pas t  f i f t y  years .  A l l  of t h e s e  i n c i d e n t s  have been cha rac t e r i zed  by 

a r ap id  i n c r e a s e  i n  t h e  dea th  ra tes ,  a t t r i b u t a b l e  t o  t h e  presence of f o u l  a i r  

i n  t h e  communities. 

c Meuse River  Val ley,  Belgium, 1930. 

The f i r s t  well-documented a i r  p o l l u t i o n  t ragedy i n  t h i s  cen tury  occurred 
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1 i n  t h e  Meuse River  V a l l e y ,  l o c a t e d  i n  Belgium between Liege and Hay . T h i s  

h e a v i l y  i n d u s t r i a l i z e d  area e x t e n d s  f o r  f i f t e e n  m i l e s  and i t s  v a l l e y  topography 

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

i n  t h e  f i r s t  week of December, 1930, and,  t r a p p e d  by a n  i n v e r s i o n ,  p o l l u t a n t s  

ga thered  and s t a g n a t e d .  The e p i s o d e  l a s t e d  f o r  f i ve  c o n s e c u t i v e  d a y s ,  bu t  t h e  

human h e a l t h  r a m i f i c a t i o n s  were much more l o n g - l a s t i n g .  Hundreds o f  people  

s u f f e r e d  a c u t e  r e s p i r a t o r y  a t t a c k s  and complained of  c h e s t  p a i n s ,  coughing,  

and s h o r t n e s s  of b r e a t h .  O t h e r s  exper ienced  h e a r t  and c i r c u l a t c r y  problems. 

S i x t y - t h r e e  people  d i e d  on t h e  f o u r t h  and f i f t h  d a y s  of  t h e  e p i s o d e  and w h i l e  

most of  t h e s e  people  were a l r e a d y  s t r i c k e n  w i t h  l u n g  i :d h e a r t  d i s o r d e r s ,  t h e  

number of d e a t h s  w a s  much g r e a t e r  t h a n  u s u a l  (no te :  no p r e c i s e ,  expec ted  

number of d e a t h s  h a s  been found i n  t h e  l i t e r a t u r e  so  e x c e s s  m o r t a l i t y  w a s  

n o t  c a l c u l a t e d . )  

h i g h  as 8 ppm. He poin ted  o u t  t h a t  o t h e r  areas i n  t h e  v a l l e y ,  which 

exper ienced  t h e  same t e m p e r a t u r e  and fog ,  b u t  d i d  n o t  have  heavy i n d u s t r )  
1 d i d  n o t  w i t n e s s  an  i n c r e a s e d  numbered of d e a t h s .  

p o s t u l a t e d  t h a t  i f  an  a c u t e  e p i s o d e  such as t h i s  one had occurred  i n  a c i t y  

t h e  s i z e  o f  London, a s  many a s  3,200 d e a t h s  would have occurred  (see London 

1 F i r k e t  , sugges ted  t h a t  t h e  SO2 l eve ls  i n  t h e  a i r  were as 

I n  e x t r a p o l a t i o n ,  F i r k e t  

@ i n c i d e n t  below). 

Donora, Pennsylvania ,  1948. 

Donora, Pennsylvania ,  a n o t h e r  s m a l l  i n d u s t r i a l i z e d  town i n  t h e  

Monongahela River  V a l l e y  s o u t h  of  P i t t s b u r g h  w a s  t h e  s c e n e  of t h e  n e x t  g r e a t  

documented a i r  p o l l u t i o n  d i s a s t e r  . I n  October ,  1948, a n  i n v e r s i o n  covered 

a w i d e  area of t h e  n o r t h e a s t e r n  United States .  On Wednesday, October  27, fog 

se t  i n  and t h e  wind ceased .  It was r e p o r t e d  t h a t  "streamers of carbon appeared 

t o  hang m o t i o n l e s s  i n  t h e  a i r  and t h a t  v i s i b i l i t y  w a s  s o  poor t h a t  even n a t i v e s  

of t h e  area became l o s t . "  The e p i s o d e  a t t r a c t e d  n o t h i n g  more t h a n  conversa-  

t i o n a l  comment u n t i l  F r i d a y  when "a marked i n c r e a s e  i n  i l l n e s s  began t o  take 

2 

p l a c e  i n  t h e  a r e a  ..." and " t h e  phys icans '  t e l e p h o n e  exchange w a s  f looded  w i t h  

c a l l s  f o r  medica l  a i d . . . "  

smog, b u t  t h e  damage was a l r e a d y  done. Among t h e  p o p u l a t i o n  of.14,000, almost  

6,000 ( 4 2 % )  f e l l  ill. I n s t e a d  of t h e  normal 2 d e a t h s  expec ted  f o r  t h e  p e r i o d ,  

t h e  e p i s o d e  produced twenty. Ten p e r c e n t  of t h e  p o p u l a t i o n  exper ienced  severe 

r e s p i r a t o r y  d i f f i c u l t i e s ,  "being unable  t o  b r e a t h e  e a s i l y  except  i n  t h e  u p r i g h t  

p o s i t i o n . "  Again, t h e  e l d e r l y  and i n f i r m  were h i t  t h e  h a r d e s t  -- e x i s t i n g  h e a r t  

Rain came on Sunday a f t e r n o o n  t o  clear away t h e  

(&' 
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o r  lung d i s e a s e  w a s  a f requent  concomitant;  one t h i r d  of t h e  popula t ion  had a 
cough dur ing  t h e  ep isode  and 12% of t h e  popula t ion  over  age f i f t y - f i v e  were 

s t i l l  coughing f o u r  months l a te r .  Other symptoms included s o r e  t h r o a t s ,  c h e s t  

c o n s t r i c t i o n ,  headaches,breathlessness, burning and t e a r i n g  eyes ,  running nose,  

vomiting and nausea.  From t h e  r eco rds  of 18 of t h e  people  (age 52-84) who 

d i e d ,  f o u r  had no h i s t o r y  of  ch ron ic  d i s e a s e .  Thus, i t  was  concluded t h a t  

t h i s  smog ep isode  d i d  n o t  merely push c h r o n i c a l l y  ill people  "over t h e  edge." 

F igu re  4.1-1 and Table  4.1-1 show t h e  inc idence  of  smog e f f e c t s  among d i f f e r i n g  

age  groups and t h e  degree  of  e f f e c t  among a d u l t s  by age and occupat ion  i n  t h e  

Donora area. 

c 

London, England, 1952. 

F i r k e t ' s  1936 f o r e c a s t  1 of  t h e  e f f e c t s  of an a i r  p o l l u t i o n  ep isode  i n  a 

l a r g e  c i t y  w a s  amazingly a c c u r a t e ,  f o r  i n  1952 London experienced h i s t o r y ' s  
3 most d i s a s t r o u s  a i r  p o l l u t i o n  i n c i d e n t  . Between December 5 and 9,  a dense  

pea soup fog  hovered over  the c i t y  and winds calmed. Thousands of people  d i e d  

dur ing  t h i s  per iod .  This  was no o r d i n a r y  London fog. Evident ly ,  t h e  combin- 

a t i o n  of  massive i n d u s t r i a l  emiss ions  and t h e  p ropens i ty  o f  Londoners t o  heat 

t h e i r  homes w i t h  s o f t  c o a l  i n  t h e i r  f i r e p l a c e s  w a s  s u f f i c i e n t  t o  k i l l  over  e 
4 4,000 people  du r ing  t h e  five-day i n v e r s i o n  per iod  Th i s  k i l l e r  smog, however, 

w a s  no t  an  i s o l a t e d  i n c i d e n t .  There had been earlier ep i sodes  i n  London; s i x  
had been recorded between 1873 and 1952, and 2,500 d e a t h s  had been a t t r i b u t e d  

t o  t h e s e  earlier k i l l e r  As w i t h  t h e  o t h e r  ep isodes  r epor t ed ,  t h e  

e l d e r l y  and persons w i t h  pre-pulmonary o r  c a r d i a c  d i s e a s e  were most s u s c e p t i b l e ,  

i nc reased  m o r t a l i t y  be ing  e s p e c i a l l y  g r e a t  i n  t h o s e  age 45 and over .  Another 

group, t h e  very  young, a l s o  proved very  sensitive. The m o r t a l i t y  of new born 

i n f a n t s  a lmost  doubled, and t h e  m o r t a l i t y  of i n f a n t s  one t o  1 2  months o l d  more 

than  doubled. Morbidi ty  r e p o r t s  a l so  swel led du r ing  t h i s  per iod .  App l i ca t ions  

f o r  emergency bed s e r v i c e  i n  London h o s p i t a l s  average  about  1000 p e r  week i n  

December. During t h e  1952 ep isode ,  London h o s p i t a l s  rece ived  more than  2500 

a p p l i c a t i o n s  and t h e  number d i d  n o t  subs ide  f o r  more than  three weeks fo l lowing  

t h e  i n c i d e n t  . 5 

During t h e  ep isode  t h e  maximum d a i l y  concen t r a t ion  of SO was about 2 
3 

400 vg/m 

suspended p a r t i c u l a t e  ma t t e r  reached almost  4500 pg/m . Lawther concludes 

t h a t  excess  m o r t a l i t y  i s  a s s o c i a t e d  wi th  l e v e l s  of SO 

(1.6 ppm), recorded on t h e  3rd and 4 t h  days of t h e  fog. 
3 6 

2 

Levels  of 

a t  approximately 
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l 9 . b  

n.1 
41.0 

n.1 

m.2 

41. I 
..... 
U.2 

I 

w * r  >$ 

a ,..v or  .(l,.r,1.n 

-- M l l d  m a l e  L r r c r .  l u t a ?  

17.0 1b.b b.0 55.7 
1 4 . 1  lb .9  6 . b  36.4 

15.4 18.1 1.1 s . 4  

15.5 1T.O b.8 36.0 

11.1 11.2 4 .2  45.3 

20.A 11.1 9.4 5s.) 

-................ ........ ......, 
lb.9 10.4 1.9 b l . 1  

n-$4 

.e. nf I(.? I"" 

m.1 24.5 11.4 

10.1 15.b 

PA 20.8 11.9 
....... ......... ...... 
15.0 

5 - 5 0  c.:4 

. A s *  In Y e a r s  

: 49 5 0 - 5 4  ;5-59 

Pig .  4.1-1. Percent  of persons i n  Donora a r e a  r epor t ing  a f f e c t i o n  from 

smog arranged according t o  age and degree of a f f e c t i o n .  
2 
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3 3 
715 pg/m 

as w e l l  as o t h e r  ep isodes) .  

(0.27 ppm) and l e v e l s  of smoke a t  750 pg/m (based on t h e  London 

Table 4.1-2 shows numbers of dea ths  r e g i s t e r e d  i n  t h e  Greater London 

Area (populat ion about 8.5 m i l l i o n )  from t h e  week ended November 15, 1952 t o  

t h e  week ended January 10, 1953, compared wi th  t h e  annual averages i n  

corresponding weeks of t h e  prev ious  f i v e  years .  

New York C i ty ,  New York, 1963 and 1966 

I n  a l l  of t h e  prev ious ly  documented d i s a s t e r s  -- Meuse Val ley,  Donora and 

London -- fog  appeared t o  p l ay  a key r o l e  i n  producing p o l l u t a n t - f i l l e d  inve r s ions .  

But ep isodes  i n  New York C i ty  i n  1963 and 1966 have demonstrated t h a t  fog  

i s  not  an e s s e n t i a l  i ng red ien t  i n  t h e  r e c i p e  of an a i r  p o l l u t i o n  ca lami ty .  

I n  t h e  per iod from January 29 t o  February 12,  1963, i n t e n s e  a i r  p o l l u t i o n  

w a s  noted i n  t h e  c i t y  of New York and 809 dea ths  were repor ted  i n  excess of 

the o v e r a l l  average number f o r  t h e  same f i f t e e n  day per iods  i n  t h e  y e a r s  

1961, 1962, 1964, and 1965. If fog w a s  no t  a f a c t o r  i n  t h i s  episode,  co ld  

weather  and in f luenza  c e r t a i n l y  w e r e .  

excess  dea ths .  

were p resen t  bu t  a i r  p o l l u t i o n  w a s  n o t ,  i t  w a s  es t imated  t h a t  200-400 excess  

dea ths  occurred.  A t  t h e  very  least  then ,  approximately 400 dea ths  could be  

a t t r i b u t e d  t o  p o l l u t e d  a i r .  Th i s  i n c r e a s e  i n  m o r t a l i t y  was s i g n i f i c a n t  for 

t h e  o l d e r  age groups ( g r e a t e r  than  45 yea r s )  and f o r  t hose  s u f f e r i n g  from 

7 8 

But they  could n o t  exp la in  a l l  of t h e  

During a c o n t r o l  per iod  i n  1958 when co ld  weather and in f luenza  e 

influenza/pneumonia,  vascu la r  l e s i o n s ,  c a r d i a c  and "a l l  others ."  

i n c r e a s e  i n  a c c i d e n t a l  dea ths ,  homicides,  s u i c i d e s ,  and dea ths  of e a r l y  

infancy  were found dur ing  t h e  f i f t e e n  day per iod  i n  1963 when compared wi th  t h e  

same per iod  i n  t h e  c o n t r o l  y e a r s  1961-1965. 

No s i g n i f i c a n t  

Dangerous levels  of p o l l u t a n t s  aga in  accumulated over  New York Ci ty  

dur ing  t h e  Thanksgiving ho l idays ,  November 23-25, 1966. Although t h e  New York 

T i m e s  r epor t ed  s t a t emen t s  by a c i t y  h e a l t h  o f f i c i a l  and l o c a l  a i r  p o l l u t i o n  

r e s e a r c h e r s  t h a t  t h e  i n c i d e n t  w a s  probably no t  a s e r i o u s  h e a l t h  hazard,  

168 excess  dea ths  w e r e  a t t r i b u t e d  t o  t h e  episode.  This  excess  occurred i n  
s p i t e  of t h e  f a c t  t h a t  t h e  inve r s ion  occurred dur ing  a Thanksgiving weekend 

when many pol lut ion-producing a c t i v i t i e s  w'eTe shu t  down and s t r ic t  a i r  pol lu-  

t i o n  r e s t r i c t i o n s  were imposed by t h e  c i t y .  
f 
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Poza Rica,  Mexico, 1950. 

A c i t y  of 22,000 people ,  Poza Rica is  loca ted  approximately 130 miles 

no r theas t  of Mexico C i ty  and is  t h e  c e n t e r  of Mexico's l ead ing  o i l  producing 

region.  A gas  t rea tment  p l a n t  of  P e t r o l e o s  Mexicanos, being cons t ruc t ed  

t o  meet Mexico's growing demand f o r  i n d u s t r i a l - u s e  s u l f u r ,  w a s  p a r t i a l l y  

completed i n  1950 when a t r a g i c  a i r  p o l l u t i o n  i n c i d e n t  occurred.  E f f o r t s  

were be ing  made t o  i n c r e a s e  t h e  r a t e  of f low of gas  a t  t h e  s u l f u r  removal 

G i rbo to l  u n i t  on November 24. A t  approximately 5:OO a . m .  a problem w a s  

encountered and gas  began su rg ing  through t h e  u n i t .  Unburned hydrogen s u l f i d e  

(H2S) escaped i n t o  t h e  atmosphere. In combination w i t h  a low tempera ture  

inve r s ion  and very  s l i g h t  winds,  t h e  H S w a s  r e spons ib l e  f o r  an a c u t e  

exposure of people  i n  immediate geographic proximity t o  t h e  G i r b o t o l  

e f f l u e n t  s t ack .  Although t h e  ope ra t ion  was shu t  down twenty minutes  a f t e r  

t h e  d i f f i c u l t y  w a s  encountered,  22 dea ths  and the  h o s p i t a l i z a t i o n  of  

320 people  were r epor t ed .  Symptoms, s i g n s  and p a t h o l o g i c a l  f i n d i n g s  w e r l  
9 a l l  c o n s i s t e n t  w i t h  H S poisoning . 

2 

2 

Conclusions 

Seve ra l  f a c t o r s  are common t o  the  Meuse, Donora, London, a n d  New York episodes :  

1. E f f e c t s  of  t h e  i n c i d e n t s  were ana tomica l ly  l o c a l i z e d  and g e n e r a l l y  

l i m i t e d  t o  t h e  ca rd io - re sp i r a to ry  sys tem.  

2. The most vu lne rab le  people  were t h e  very  young, t h e  ve ry  o l d ,  and 

those  w i t h  p re -ex i s t ing  d i s e a s e s  of t h e  lung and h e a r t .  

3. Weather and meteoro logica l  cond i t ions  played an important  r o l e  i n  

some manner i n  a l l  t h e  e p i s o d e s .  

4 .  Not one, bu t  two o r  more i n t e r a c t i n g  p o l l u t a n t s  were r e s p o n s i b l e  -- 
ox ides  of s u l f u r  and s u l f u r i c  acid m i s t ,  o t h e r  p a r t i c u l a t e  s o l i d s  and u s u a l l y  

fog  as a c a r r i e r .  

Long term e f f e c t s  were n o t  i n v e s t i g a t e d .  
4.1.2 Morbidity and Mor ta l i t y  

The l a s t  s e c t i o n  t r e a t e d  e p i s o d a l  exposures t o  h igh  concen t r a t ions  of 

p o l l u t a n t s .  

c o r r e l a t i o n s  and a s s o c i a t i o n s  between cont inuous exposure t o  a i r  p o l l u t i o n  

and c e r t a i n  d i s e a s e s ,  both a c u t e  and chronic .  

t o  s o l u t i o n s ,  however. P o l l u t a n t s ,  as they have been i n v e s t i g a t e d  i n  

ep idemiologica l  s t u d i e s ,  can only  be impl ica ted  as i n d i c e s  of 

More broadly based ep idemiologica l  s t u d i e s  have e l u c i d a t e d  

They have y e t  t o  d i r e c t  u s  
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gene ra l  a i r  p o l l u t i o n  a n d , i n  many cases, cannot be sepa ra t ed  from each o the r .  

A s  a r e s u l t ,  w e  cannot o r d i n a r i l y  argue t h a t  a s p e c i f i c  p o l l u t a n t  from a 

s p e c i f i c  source  i s  harmful t o  the  h e a l t h  of humans. Nei ther  can any 

p o l l u t a n t  be ru l ed  ou t  as a harmful substance''. I n  the  fol lowing sub- 

s e c t i o n s  w e  review epidemiological  s t u d i e s  of t h e  h e a l t h  e f f e c t s  of a i r  
p o l l u t i o n .  

4.1.2.1 Morbidity S tud ie s  of Cardio-Respiratory Diseases 

Unlike m o r t a l i t y  s t u d i e s ,  i n v e s t i g a t i o n s  of po l lu t ion - re l a t ed  morbidi ty  

concen t r a t e  on t h e  a b i l i t y  of p o l l u t a n t s  t o  cause i l l n e s s e s  without  s p e c i f i c  
a t t e n t i o n  t o  death rates. 

4.1.2.1.1 CHESS 

The Environmental P r o t e c t i o n  Agency (EPA) Community Heal th  and Environ- 

mental  Su rve i l l ance  System (CHESS) s t u d i e s  

and t h e  S a l t  Lake Basin 12'16y20 i n  1970-71 as w e l l  as i n  Idaho-Montana 

Chicago 18'23 and Cinc inna t i25  are repor ted .  

are perhaps t h e  b e s t  known. 
13,15,19,22,24 

17,21 
., The resu l t s  of s t u d i e s  conducted i n  CHESS communities i n  New York 

9 

While t h e  r e p o r t s  emphasize 

t h e  h e a l t h  e f f e c t s  a s soc ia t ed  w i t h  s u l f u r  ox ides ,  v a r i o u s  o t h e r  a i r  p o l l u t a n t s  

are considered.  For long-term p o l l u t i o n  e f f e c t s ,  h e a l t h  i n d i c a t o r s  employed 

i n  t h e s e  s t u d i e s  included prevalence of chronic  b r o n c h i t i s  i n  a d u l t s ,  

increased  a c u t e  lower r e s p i r a t o r y  i n f e c t i o n s  i n  ch i ld ren ,  increased  a c u t e  

r e s p i r a t o r y  i l l n e s s  i n  f a m i l i e s ,  and s u b t l e  dec reases  i n  v e n t i l a t o r y  func t ion  

of ch i ld ren .  

symptoms and of asthma were t h e  indicators".  

po l ' u t an t /d i sease  a s s o c i a t i o n s ,  but  t h e  au tho r s  acknowledge many unanswered 

ques t ions .  These inc lude :  t h e  re la t ive c o n t r i b u t i o n s  of each p o l l u t a n t  

(SO2, t o t a l  suspended p a r t i c u l a t e s  = TSP, suspended s u l f a t e s ) ;  t h e  importance 

of  c o v a r i a t e s  such as socioeconomic s t a t u s  and c i g a r e t t e  smoking; t h e  r o l e  

of p r i o r  exposures i n  chronic  d i s e a s e  prevalence;  and t h e  p r e c i s e  th re sho ld  

va lue  f o r  excess  morbidi ty .  

t h e s e  ques t ions  and t h e r e f o r e ,  t h e  conclus ions  reached i n  t h e  CHESS s t u d i e s  

a r e  no t  " d e f i n i t i v e  ...[ b u t ]  ...p rovide  one form of d a t a  v e r i f i c a t i o n  requi red  

f o r  s c i e n t i f i c a l l y  d e f e n s i b l e  a i r  q u a l i t y  s tandards"  (from r e f .  11, conclus ions  

and summary). 
e f f e c t s  has  been s t r o n g l y  quest ioned.  

For short- term p o l l u t i o n  e f f e c t s ,  aggrava t ion  of cardiopulmonary 

The r e p o r t s  o f t e n  sugges t  

Epidemiological  s t u d i e s  a lone  cannot answer 

However the  use fu lness  of t h e  CHESS d a t a  f o r  p r e d i c t i n g  h e a l t h  c 
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Asthma 
In  the  CHESS asthma s t u d i e s  conducted i n  the  S a l t  Lake Basin 1 2  and 

New York13, i t  w a s  observed t h a t  asthma a t t a c k s  c o n s i s t e n t l y  c o r r e l a t e d  w i t h  

c o l d  outdoor  temperatures  r a t h e r  than measured p o l l u t a n t  levels .  Therefore ,  
two temperature  ranges ,  30 t o  50°F and g r e a t e r  than 5O0F,were used i n  an 

a n a l y s i s  of asthma a t t a c k  rates vs. d a i l y  p o l l u t a n t  l e v e l s  ( s ee  F igures  4.1-2 

and 4.1-3). 

and a t t a c k  r a t e s ,  bu t  f i g u r e s  r e v e a l  t h a t  when t h e  e f f e c t s  of t o t a l  suspended 

p a r t i c u l a t e s  (TSP) and suspended s u l f a t e s  (SS) were p a r t i t i o n e d ,  a t t a c k  rates 
depended s t r o n g l y  on s u l f a t e  l e v e l s  a t  t h e  h ighe r  ten,Cr,tures (see Figures  

4.1-3 and 4.1-4) .  

b e t t e r  i n d i c a t o r  of a t t a c k  rates than e i t h e r  SO o r  TSP. Attack rates 

were h ighe r  on days wi th  moderate temperatures ,  i .e . ,  g r e a t e r  t han  50°F 

(Figure 4.1-5). 

i n  co lde r  tempera tures ,  c o n s i s t e n t  w i th  t h e  S a l t  Lake f ind ings .  

t h e  temperature  e f f e c t  i n  t h e  two s t u d i e s  is  d i f f i c u l t ,  however, because t h e  

two i n v e s t i g a t i o n s  were c a r r i e d  o u t  dur ing  d i f f e r e n t  seasons  of t h e  year .  

I n  e i t h e r  case ,  e l eva ted  d a i l y  s u l f a t e  l e v e l s  were c o n s i s t e n t l y  a s s o c i a t e d  

wi th  increased  asthma a t t a c k  rates, and t h e  s u l f a t e  t h re sho ld  w a s  h igher  

on co lde r  days.  

2 I n  t h e  S a l t  Lake Basin,  no r e l a t i o n s h i p  w a s  found between SO 

In  New York, d a i l y  s u l f a t e  l e v e l s  were a l s o  a 

2 

The p o l l u t a n t  t h re sho ld  f o r  t h e  asthma response w a s  h ighe r  

Compari q 

1 4  Cohen and co l l eagues  a l s o  s tud ied  asthma and a i r  p o l l u t i o n  from a 

c o a l  fue led  power p l a n t  i n  New Cumberland, West Vi rg in i a .  A group of 

twenty a s thma t i c s  r epor t ed  d a i l y  symptoms f o r  over  7 months whi le  l o c a l  

a i r  p o l l u t i o n  and weather parameters  were monitored. 

homes were wi th in  a 1/2 m i l e  of a power p l a n t  which, a t  t h e  t ime of t h e  

s tudy ,  had low s t a c k s  wi th  no abatement dev ices  and used h igh  akh, h igh  s u l f u r  

c o a l  as f u e l ,  t h e r e f o r e  emi t t i ng  r e l a t i v e l y  l a r g e  amounts o f  p a r t i c u l a t e s ,  

SO2, and oxides  of n i t rogen .  The purpose o f  t h e  s tudy  w a s  t o  q u a n t i f y  t h e  

r e l a t i o n s h i p  between s h o r t  term, r e l a t i v e l y  h igh  dose p o l l u t i o n  exposure and 

frequency of  asthma a t t a c k s .  S i g n i f i c a n t  c o r r e l a t i o n s  (> H.3, see Table  4.1-3) 

were found between r epor t ed  a t t a c k  ra te  and temperature  and between a t t a c k  

ra te  and p o l l u t i o n  l e v e l s  a f t e r  t h e  e f f e c t s  of temperature  had been removnd 

from t h e  a n a l y s i s .  

c i t i e s  and appeared g r e a t e r  a t  moderate than a t  low temperatures .  

c o r r e l a t i o n  c o e € € i c i e n t s  f o r  p o l l u t i o n  and weather parameters  and a t t a c k  ra te  

a r e  g iven  below i n  the  t a b l e .  

A l l  of t h e  s u b j e c t s  

The l e v e l s  of p o l l u t i o n  were those  commonly found i n  l a r g e  

The 
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F i g u r e  4 .1-2 .  Relative risk of asthma attack 
versus sulfur dioxide, total suspended parti- 
culate, and suspended sulfate concentrations: 
Salt Lake area, two minimum temperature 
ranges. 

F i g u r e  4.1-4. Effect of minimum daily 
temperature and suspended sulfates on 
daily asthma attack rates: Salt Lake area. 

092 

OL T 

so2 

TSP 

F i g u r e  4.1-3. Relative risk of asthma attack 
versus sulfur dioxide, total suspended partic- 
ulate, and suspended sulfa!e concentrations: 
New York area, two minimum temperature 
ranges. 
8 

I I 1 I I I 

F i g u r e  4.1-5. Effect of minimum daily 
temperature and suspended sulfates on 
,daily asthma attack rate: New York area. 

c 
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Resu l t s  of t h e  CHESS cardiopulmonary panel15 w e r e  s imilar  t o  those  

of t h e  CHESS asthma s tudy  1 2 y 1 4  with  r e spec t  t o  temperature  and p o l l u t a n t s .  

Cold temperatures  were d i r e c t l y  r e l a t e d  t o  increased  inc idence  of symptoms 

i n  people  wi th  e x i s t i n g  h e a r t  and lung d i so rde r s .  SO2 and TSP l e v e l s  w e r e  

no t  a s soc ia t ed  wi th  aggravated symptoms i n  t h e  "hear t  and lung panel" bu t  

e l eva ted  suspended s u l f a t e s  were aga in  impl ica ted  (Figure 4.1-6). 

Chronic Respi ra tory  Diseases 

Chronic r e s p i r a t o r y  d i s e a s e s  were s tud ied  i n  four  CHESS loca le s :  

The %It Lake Basin , t h e  Rocky Mountain Area , Chicago" and New York . 
Prevalence ra tes  f o r  chronic  b r o n c h i t i s ,  def ined  by t h e  presence of cough 

and phlegm on most days f o r  a t  least  t h r e e  months of t h e  yea r ,  are given 

i n  Table 4.1-4. 

w a s  found f o r  r e s i d e n t s  of more po l lu t ed  areas i n  a l l  of t h e  s tudy  sites. 

I n  t h e  S a l t  Lake Basin,  t h e  Rocky Mountain Area and New York, where pa ren t s  of 

school  c h i l d r e n  were s tud ied  chronic  b r o n c h i t i s  rates w e r e  much h ighe r  among 

male and female smokers, 2s would be  expected, bu t  smoking d i d  no t  account 

f o r  a l l  of t h e  excess .  The CHESS authors  16-17 conclude t h a t  " the  relative 

c o n t r i b u t i o n  of a i r  p o l l u t i o n  ranged 

as t h a t  of c i g a r e t t e  smoking as a determinant  of chronic  b r o n c h i t i s  prevalence 

i n  [ t h e  S a l t  Lake and Rocky Mountain] communities." A i r  p o l l u t i o n  i n  New 

York appeared t o  make a s l i g h t l y  l a r g e r  c o n t r i b u t i o n  than  smoking, "a f i n d i n g  

which is d i f f i c u l t  t o  accept  i n  l i g h t  of o t h e r  evidence." 

d i f f e r e n c e s  which smoking and a i r  p o l l u t i o n  c o n t r i b u t e  i n  each community 

can  be  explained by t h e  c o n t r a s t i n g  p o l l u t i o n  p r o f i l e s  and t h e  d i f f e r e n t  

smoking p a t t e r n s  i n  each of t h e  areas. 

m i l i t a r y  r e c r u i t s  were studied18, a smaller excess  o f  chronic  b r o n c h i t i s  

could be a s soc ia t ed  wi th  a i r  p o l l u t i o n ,  and i t s  c o n t r i b u t i o n  w a s  much less 

than  t h a t  of c i g a r e t t e  smoking. 

symptoms were more preva len t  among people  from more po l lu t ed  communities. 

16 17 1 9  

A s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  chronic  b r o n c h i t i s  

from one-third t o  one-seventh as s t r o n g  
@ 

The l a r g e  

In  t h e  Chicago community, where 

1 
?ere was s t i l l  evidence,  however, t h a t  

i -  
With t h e  except ion of t h e  S a l t  Lake Basin, where excess  chronic  

b r o n c h i t i s  could reasonably be a t t , r i b u t e d  t o  SO2 l e v e l s . o f  92-95 pg/m 

and/or  s u l f a t e  l e v e l s  of 15 pg/m3,! t h e  CHESS i n v e s t i g a t o r s  judged t h a t  t h e  

"lowest p o l l u t a n t  concent ra t ions  ?hat  could reasonably be  a s soc ia t ed  wi th  

excess  chronic  b r o n c h i t i s  were p a s t  exposures t o  100 t o  177 pg/m , SO2 
(40-70 ppb),  80 t o  118 pg/m 

i 3 
(35 ppb) 

I 

3 
3 3 

t o t a l  suspended p a r t i c u l a t e s  and 9 t o  1 4  pg/m 
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Table 4 . 1 - 3 .  Cor re l a t ion  c o e f f i c i e n t s  €or the  asthma attack r a t e s  14 
as a func t ion  of metero logica l  and environmental  f a c t o r s .  
A s t r o n g l y  p o s i t i v e  c o e f f i c i e n t  i n d i c a t e s  d i r e c t  p ropor t ion-  
a l i t y ,  whereas a s t r o n g l y  nega t ive  c o e f f i c i e n t  i n d i c a t e s  an 
i nve r se  r e l a t i o n s h i p .  

Attack Suirur Soiling Total Suspended Suspended Suspended 
rate dioxlde index Tempcrsturc particulates nitrates sulfates 

Attack rate 
Sulfur dioxlde - 3 2 0 t  
Soiling index -.387t -.525t 
Temperature -.427t -.205t -.466' 
Total suspended 

Suspended 
particulates +.24lt  +.!i37t +.419t -.021 

nitrates - 169' - .316t +.488t -.ow - 5 4 3 t  
Suspended 

sulfales +.199t - 3 4 9 t  + .480t -.197' -.567t + 361 t 

+.156' t.165' + .lo7 Barometric .. 
pressure 

Windspeed + . O M  * .072 - .290t -.124 ,033 - .023 .267t 
+ .om -.OS5 e.122 -.043 

Humidity -.112 -.112 + .223 -.162* ,.168' , . l a c  + .089 

Fig. 4 .1 -6 .  Relative risk of symptom aggra- 
vation versus sulfur dioxide, total suspended 
paiticulate; and suspended sulfate concentra- 
lions: New York area, two minimum tempcra- 
ture ranges, "tieart and dung" panel. 

c 
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Table 4.1-4. Smoking and Sex-specific Chronic Bronchitis Prevalence Rates 
by Community in Four Chess Areas 

CHESS area and 
commu nity 

Salt Lake Basin 
Low 
Intermdiate I 
Intermediate II 
High 

Rocky Mountain 
Pooled Low 
Pooled High 

Chicago 
Black 
Outstate (Low) 
Suburban (High 
Urban (High I )  

White 
Outstate (Low) 
Suburban (High 
Urban (High I) 

New York 
Low 
I n t e r m d i a t e  I 
Intermediate II 

Nonsmoker 

Male 

3.0 
3.6 
2.3 
6.8 

1.2! 
3.4' 

8.8 
7.8 
9.5 

4.2 
5.4 
5.4 

4.6 
18.0 
14.2 

Female 

2.3 
2.0 
4.7 
5.2 

1.08 
2.54 

2.0 
7.5 
4.9 

~- 
Percent chronic bronchitis 

Exsmoker 

Male --- 

2.6 
3.4 
5.4 
6.0 

1.4! 
4.8: 

13.9 
18.0 
18.7 

Female ~- 

5.3 
4.0 
7.0 
7.1 

3.12 
2.80 

3.8 
9.0 
4.5 

Smoker 

Male 

19.9 
18.6 
20.1 
26.8 

17.05 
18.63 

8.8 
12.7 
13.0 

17.6 
18.8 
17.8 

13.9 
21.3 
22.1 

Female 

17.8 
14.7 
15.3 
22.2 

11.78 
12.88 

13.9 
19.8 
16.6 
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suspended s u l f a t e s .  

be i d e n t i f i e d  . 
The i n d i v i d u a l  con t r ibu t ion  of each p o l l u t a n t  could no t  

20 

Lower Respi ra tory  Disease 

Lower r e s p i r a t o r y  d i s e a s e  s t u d i e s  of c h i l d r e n  were conducted i n  t h e  

S a l t  Lake Basin2’ and t h e  Rocky Mountain” CHESS areas. 

repor ted :  

1) 
f o r  less than  t h r e e  y e a r s ,  no s i g n i f i c a n t  a s s o c i a t i o n  between t o t a l  r e s p i r a t o r y  

d i s e a s e  and p o l l u t i o n  w a s  found, f o r  a l l  combinations of d i s e a s e  and numbers 

of ‘ i l l n e s s  episodes.  

2) 

t h r e e  o r  more yea r s ,  c h i l d r e n  of ages  0 t o  1 2  y e a r s  were repor ted  t o  have 

more s i n g l e  and repea ted  episodes of croup and more repea ted  ep isodes  of any 

lower r e s p i r a t o r y  d i s e a s e ,  i f  they  l i v e d  i n  h igh  exposure communities t han  

i f  they  l i v e d  i n  t h e  less p o l l u t e d  communities. 

3)  No a s s o c i a t i o n  w a s  found between p o l l u t i o n  exposure and pneumonia o r  

number of h o s p i t a l i z a t i o n s  f o r  lower r e s p i r a t o r y  d i s e a s e s  f o r  s i n g l e  and 

repea ted  i l l n e s s  ep isodes ,  r e g a r d l e s s  of d u r a t i o n  of res idence .  

Three f ind ings  were 

Among c h i l d r e n  whose p a r e n t s  had been r e s i d e n t s  of t h e i r  communities 

Among c h i l d r e n  whose p a r e n t s  had been r e s i d e n t s  of t h e i r  communities f o r  

Larger i n c r e a s e s  i n  lower r e s p i r a t o r y  d i s e a s e s  were observed i n  t h e  

h igh  p o l l u t i o n  community of t h e  S a l t  Lake Basin than  i n  t h e  similar community 

i n  t h e  Rocky Mountain area. The mean annual  suspended s u l f a t e  concen t r a t ion  

w a s  g r e a t e r  i n  t h e  h igh  p o l l u t i o n  community i n  t h e  S a l t  Lake Basin community 

than  i n  t h e  Rocky Mountain a r e a ,  though t h e  oppos i t e  w a s  t r u e  f o r  SO 

This  sugges ts  t h a t  suspended s u l f a t e s  r a t h e r  than  SO 

wi th  i n c r e a s e s  i n  lower r e s p i r a t o r y  d i s e a s e  frequency. 

2’ 
are probably a s soc ia t ed  2 

Many c r i t i c i s m s  have been l eve led  at t h e  lower r e s p i r a t o r y  d i s e a s e  

s tudy.  

t o  t h e  fo l lowing  causes:  

1) 
v a l i d i t y  can be quest ioned.  

of  t h e  communities, pe rmi t t i ng  v a l i d  comparisons among them. 

2) Di f fe rences  i n  d i a g n o s t i c  c r i te r ia  could e x i s t  between phys ic ians  of t h e  

Def i c i enc ie s  i n  t h e  d a t a  and t h e  tes t  methods have been a t t r i b u t e d  

Recall a b i l i t y  of p a r e n t s  was used i n  c o l l e c t i n g  d a t a ,  and t h e r e f o r e  

However, e r r o r s  should be f a i r l y  random i n  a l l  

var ious  communities. 

phys ic ians  was asked t o  diagnose s i x  r e s p i r a t o r y  syndromes. 

3) 
can no t  be  app l i ed  t o  o t h e r  groups in the populat ion.  

On t h e  o t h e r  hand, none w a s  found when a sample of 

Since t h e  communities s tud ied  were whi te  and middle c lass ,  t h e  r e s u l t s  
f 
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4 )  P o l l u t i o n  exposure w a s  es t imated  from emissions d a t a ,  and t h e r e f o r e  

i n d i v i d u a l  exposures are known with  very  poor p r e c i s i o n .  Desp i t e  t h e s e  

c r i t i c i s m s ,  t h e  i n v e s t i g a t o r s  have maintained t h e i r  s t a n c e  t h a t  a p o s i t i v e  

a s s o c i a t i o n  e x i s t s  between lower r e s p i r a t o r y  d i s e a s e  frequency i n  c h i l d r e n  
3 3 and p o l l u t i o n  exposure a t  approximately 95 vg/m (37 ppb) SO and 1 5  pg/m 2 

suspended s u l f a t e s .  T o t a l  p a r t i c u l a t e s  (TSP) were n o t  found t o  produce 

adverse  h e a l t h  e f f e c t s  i n  t h i s  s tudy.  

-4cute Resp i r a to ry  ._ Phenomena 

Family members were s tud ied  i n  t h e  New YorkZ2 and Chicago23 CHESS 

communities f o r  a c u t e  r e s p i r a t o r y  d i s e a s e s .  With t h e  except ion  of f a t h e r s  

bho o f t e n  exper ience  occupat iona l  exposures and d a i l y  changes of exposure 

i n  t h e  workplace d i f f e r e n t  from t h e  rest of t h e  fami ly)  a c o n s i s t e n t  excess  

a c u t e  r e s p i r a t o r y  d i s e a s e  r a t e  (from 3 t o  40%) w a s  r epor t ed  among those  

l i v i n g  i n  more po l lu t ed  neighborhoods. 

exposures  t o  210 pg/m (80 ppb) SO wi th  104 vg/m t o t a l  suspended p a r t i c u l a t e s  

and approximately 16  pg/m 

excess  of a c u t e  r e s p i r a t o r y  i l l n e s s  i n  family members. A ques t ion  of  t h e  

c r e d i b i l i t y  of  t h e s e  r e s u l t s  arises because a confounding v a r i a b l e  might 

exp la in  t h e  h ighe r  inc idence  of a c u t e  r e s p i r a t o r y  d i s e a s e  i n  t h e s e  areas. 

Crowding, f o r  example, i s  known t o  be  a f a c t o r  i n  t h e  e t i o l o g y  of a c u t e  

d i s e a s e .  High p o l l u t i o n  l e v e l s ,  however, are o f t e n  a s s o c i a t e d  wi th  crowded 

areas; inne r  c i t y  g h e t t o s  are a good example. The CHESS Study does n o t  d e a l  

w i th  t h e  p o s s i b l e  i n t e r f e r e n c e s  from popula t ion  dens i ty .  I n  t h i s  case, only  

a r ep roduc ib le  a s s o c i a t i o n  ( i n  t h e  absence of  c o r r e l a t i n g  i n t e r f e r e n t s )  between 

increased  i l l n e s s  and h ighe r  p o l l u t i o n  exposures could v a l i d a t e  t h e  r e s u l t s .  

By c o n s i s t e n t l y  demonstrat ing an a s s o c i a t i o n  between i l l n e s s  and p o l l u t i o n  i n  
d i f f e r e n t  p a r t s  of t h e  country and i n  va r ious  segments of t h e  popula t ion ,  t h e  

CHESS i n v e s t i g a t o r s  a t tempted t o  compensate f o r  t h e  absence of v igorous  

c o n t r o l s  , 

A conserva t ive  estimate w a s  made t h a t  
3 3 

2 3 
suspended s u l f a t e s  were a s s o c i a t e d  w i t h  a 5-20% 

Pulmonary Funct ion 

The New Y ~ r k * ~  CHESS s tudy  of pulmonary f u n c t i o n  w a s  n o t  a b l e  t o  

de te rmine  t h e  r e l a t i v e  importance of  s p e c i f i c  p o l l u t a n t s  i n  reducing 

v e n t i l a t o r y  func t ion .  

en l igh ten ing  i n  t h i s  regard ,  however. 

The C inc inna t iZ5  CHESS community proved much more 'I There,  t h e  r e l a t i v e  absence of  s u l f u r  
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d iox ide  ( a l l  SO 
3 

57 pg/m 

moderately h igh  l e v e l s  of suspended s u l f a t e s .  

they  concluded t h a t  one y e a r ' s  exposure t o  9 vg/m3 of suspended s u l f a t e s ,  

i n  t h e  presence of moderate l e v e l s  of SO and t o t a l  suspended p a r t i c u l a t e s ,  

could account  f o r  reduced v e n t i l a t o r y  func t ion .  But t h e  evidence i s  h a r d l y  

conclus ive  because exposure t o  suspended n i t r a t e s  happened t o  c o r r e l a t e  

w i t h  suspended s u l f a t e s .  

were much lower than suspended s u l f a t e s ,  p o s s i b l e  e f f e c t s  of t h e  suspended 

n i t r a t e s  cannot be ru led  out .  

concent ra t ions  were a t  o r  below t h e  moderate l e v e l  of 2 
o r  2 2  ppb) permit ted t h e  assessment of h e a l t h  e f f e c t s  due t o  

On t h e  b a s i s  of t h i s  s tudy ,  

2 

While t h e  abso lu te  levels of suspended n i t r a t e s  

E f f e c t s  A t t r ibu ted  t o  Nitropen Dioxide 

Epidemiological d a t a  on t h e  s p e c i f i c  e f f e c t s  of NO2 are q u i t e  meager 

and exposure t o  o t h e r  p o l l u t a n t s ,  such as ozone, s u l f a t e s ,  metal fumes and 

, aerosols confounds the interpretation of the information c o l l e c t e d .  But 

2 Shy et al. 26927 have r epor t ed  on t h e  e f f e c t s  of community exposure t o  NO 

i n  f o u r  r e s i d e n t i a l  areas i n  Chattanooga. One area, c l o s e  t o  a l a r g e  TNT 

plant ,had  h igh  NO2 l e v e l s  and low p a r t i c u l a t e  exposure. 

t h i s  s i t u a t i o n  was reversed  (low NO2 and h igh  p a r t i c u l a t e ) .  

areas served as "clean controls" .  Two h e a l t h  e f f e c t s ,  impaired v e n t i l a t o r y  

func t ion  i n  elementary school  c h i l d r e n  and increased  frequency of a c u t e  

r e s p i r a t o r y  i l l n e s s  i n  family groups,  were s tud ied  over  a two year  per iod .  

Socioeconomic f a c t o r s  such as house va lue  o r  r e n t ,  educa t ion  of t h e  head of 

t h e  household,  and t h e  number of people i n  t h e  household were considered a l s o .  

For c h i l d r e n  six t o  e i g h t  y e a r s  o l d ,  t h e  r e s p i r a t o r y  func t ion  parameter 

( forced  e x p i r a t o r y  volume i n  0.75 seconds) w a s  s i g n i f i c a n t l y  degraded i n  t h e  

h igh  NO2 area. 

r e s p i r a t o r y  t r ac t  i n f e c t i o n s  i n  t h e  c h i l d r e n  exposed t w o  o r  more y e a r s  wh i l e  

c h i l d r e n  exposed one year  o r  less showed no increase. 

levels i n  t h e  high area were 0.10 ppm. 

i n  t h e  high NO2 area werealso c o n s i s t e n t l y  and s i g n i f i c a n t l y  h ighe r  t han  

r a t e s  i n  t h e  c o n t r o l  a r e a s  throughout t h e  s tudy  per iod .  I n  t h e  h igh  NO2 
area and i n  t h e  h igh  p a r t i c u l a t e  area, excess  i l l n e s s  rates occurred i n  
a l l  family segments: c h i l d r e n ,  f a t h e r s ,  and mothers. The r e l a t i v e  excess  

w a s  18.3% i n  t h e  h igh  NO2 area and 10.4% i n  t h e  h igh  p a r t i c u l a t e  area. 

These d i f f e r e n c e s  could not  be  explained by family composition, 

I n  ano the r  area, 

The o t h e r  two 

Th i s  area a l s o  showed an  increased  frequency of lower 

2 The average NO 
I l l n e s s  inc idence  rates f o r  f a m i l i e s  

c 
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socio-economic l e v e l ,  demographic c h a r a c t e r i s t i c s ,  o r  preva lence  of  ch ron ic  

cond i t ions .  P a r e n t a l  smoking h a b i t s  d i d  no t  appear t o  i n f l u e n c e  r e s p i r a t o r y  

d i s e a s e  r a t e s  i n  c h i l d r e n .  

Pearlman e t  a1?8 conducted a r e t r o s p e c t i v e  s tudy  i n  t h e  same Chattanooga 

a r e a s  and found t h a t  exposure t o  in t e rmed ia t e  and h igh  l e v e l s  of NO i n  

ambient a i r  w a s  a s soc ia t ed  wi th  a s i g n i f i c a n t  i n c r e a s e  i n  t h e  frequency of 

a c u t e  b r o n c h i t i s .  Th i s  occurred among i n f a n t s  exposed f o r  t h r e e  y e a r s  and 

school  c h i l d r e n  exposed f o r  two t o  t h r e e  years .  

The i m p l i c a t i o n s  of t h e  Chattanooga s t u d i e s  can be c a u t i o u s l y  extended 

2 

t o  o t h e r  c i t i e s .  D i rec t  comparisons among t h e  Nat ional  A i r  S u r v e i l l a n c e  

Network (NASN) y e a r l y  averages f o r  d i f f e r e n t  c i t i es  may be v a l i d  i f  

s easona l  f l u c t u a t i o n s  are small. Comparisons w i t h  t h e  lower l i m i t  v a l u e s  a t  

which h e a l t h  e f f e c t s  were observed i n  t h e  Chattanooga s t u d i e s  might then 

be made. Concent ra t ions  above 113 pg/m (0.06 ppm) exceed the  3 

Chattanooga s tudy  v a l u e  f o r  t h e  th re sho ld  level f o r  h e a l t h  e f f e c t s .  Sc ru t iny  

of t h e  NASN r e v e a l s  t h a t  t e n  percent  of c i t i e s  i n  t h e  United S t a t e s  w i th  

popu la t ions  of  less than  50,000 have a yea r ly  average equal  t o  o r  exceeding 
3 113 pg/m (0.06 ppm). F i f ty - fou r  percent  of c i t i e s  i n  t h e  50,000 t o  500,000 

popula t ion  range,  and e igh ty - f ive  percent  i n  t h e  over  500,000 popula t ion  

c l a s s ,  equa l  o r  exceed t h e  y e a r l y  average va lue  of 113 ug/m (0.06 ppm) . 
@ 

3 29 

r ep resen t  poss ib ly  t h e  s i n g l e  most massive a i r  

p o l l u t i o n  epidemiology program eve r  conceived. However, they  have been t h e  

s u b j e c t  of cons ide rab le  c r i t i c i s m  f o r  reasons  ranging from non-random s tudy  

popu la t ions  t o  poor ly  c o n t r o l l e d  co -co r re l a t ing  v a r i a b l e s  t o  p r i m i t i v e  
methodologies and t o  i n c o n s i s t e n c i e s  i n  t h e  data. '07-'08 

c a u t i o n  should be  exerc ised  i n  t h e  i n t e r p r e t a t i o n  of d a t a  f o r  r e g u l a t o r y  

purposes .  

11-2 8 TheCHESS* s t u d i e s  

Consequently, extreme 

11-25 and Thus f a r ,  on ly  t h e  s t u d i e s  covet ing  SOz, TSP, s u l f a t e s  

26-28have been publ ished.  However, t h e r e  are numerous. o t h e r  independent N02 
epidemiologica l  i n v e s t i g a t i o n s  i n  t h e  l i t e r a t u r e  d e a l i n g  wi th  t h e  h e a l t h  

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

p a r t i c u l a t e s ,  and t o  a lesser e x t e n t ,  NO2. 

Again, t h e  bu lk  of t h e s e  cover  SO2, s u l f a t e s ,  

4 .1 .2 .1 .2  Independent S t u d i e s  

Doha2' has  found a very  h igh  c o r r e l a t i o n  between the mean concen- 

t r a t i o n  of  "suspended p a r t i c u l a t e  s u l f a t e s "  i n  t h e  a i r  of f i v e  c i t i e s  and 

t h e  inc idence  r a t e s  of r e s p i r a t o r y  d i s e a s e s  l a s t i n g  more than  seven days i n  

*This should be  i n t e r p r e t e d  t o  inc lude  t h e  Chattanooga s t u d i e s .  
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i women employees of the Radio Corporation of America. 

that exposure to air pollutants as measured by sulfate levels increases the 

susceptibility to, or prolongs the duration of, common respiratory infections. 
Other variables, such as the age distribution of the populations at risk, 
work conditions, and social and climatic conditions could not account for the 

variation in incidence of respiratory disease. 

The suggestion was made 

Douglas and Waller31 obtained information on the health of children 
from their birth in 1946 until they left school in 1961. Of the 3866 children 

in the study, each was classified into one of four pollution categories, 

based on residence and domestic coal consumption in 1952. Illness information 
was based on interviews between the children's mothers and health "visitors" 
and later, when the children were older, during examinations performed by 

school doctors. Consistent results were reported: upper respiratory tract 

infections were not related to the amount of air pollution, but the frequency 
and severity of lower respiratory tract infections were so related. No 

difference was found between children in middle class and working class 

families; and boys and girls were similarly affected. 
the association persisted and chest examinations by school doctors 

the association exists when the children leave school at the age of fifteen. 

For every age group, 

e indicated 

Lunn et a13* gathered data on 919 infant school children living in 
areas of Sheffield, England with widely varying air pollution levels. The 
authors found an association between upper and lower respiratory infection 

rates and high pollution areas,but forced expiratory volume and forced vital 

capacity, measures used to evaluate pulmonary function, were not significantly 

affected by pollution levels. 
with area, social class, or number of children in the house or sharing 

bedrooms. 

The respiratory findings showed no association 

In 1962 and 1963, Comstock et al?3 administered cardiorespiratory 

examinations to men aged 40-64 in various occupations in telephone companies 

in New York, Washington, D.C., and Baltimore. These examinations were 
repeated five to six years later on the same groups of employees, and similar 
examinations were performed on the same types of employees in Tokyo in 1967. 
These authors found no consistent relationship between present or past resi- 

dence, birthplace or workplace and respiratory symptoms, although respiratory 
abnormalities were more frequent with increasing age and increasing numbers . 

of cigarettes smoked per day. Commenting on this finding, they considered 
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whether a s s o c i a t i o n s  between a i r  pol l r i t ion  and r e s p i r a t o r y  d i s e a s e  e f f e c t s  

might b e  c o i n c i d e n t a l  r a t h e r  than  causa l .  According t o  such a v i e w ,  p o s i t i v e  

c o r r e l a t i o n s  observed between a i r  p o l l u t i o n  and h e a l t h  e f f e c t s  might w e l l  have 

been due t o  o t h e r  f a c t o r s  no t  def ined ,  g iv ing  r i se  t o  spur ious  conclusions.  

A l t e r n a t i v e l y ,  nega t ive  d a t a  such a s  those  repor ted  by Comstock e t  al?3 might 

be observed i n  s p i t e  o f  p o s i t i v e  (and causa l )  c o r r e l a t i o n  i f ,  f o r  example, 

people  wi th  a c u t e  o r  ch ron ic  r e s p i r a t o r y  symptoms tended t o  migra te  t o  low 

p o l l u t i o n  areas. 

be  found i n  low and high p o l l u t i o n  a r e a s ,  thus  masking a t r u e  

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

migra t ion  does occur .  

bably d id  no t  occur ,  because t h e  work l o c a t i o n  of t h e  s u b j e c t s  changed very  

l i t t l e  and no p o s i t i v e  c o r r e l a t i o n  w a s  found between r e s p i r a t o r y  symptoms and 

p a s t  r e s idence  and b i r t h p l a c e .  The au thor s  concluded t h a t  t h e i r  s tudy  

merely i n d i c a t e s  t h a t  urban l i v i n g  i s  not  n e c e s s a r i l y  a s s o c i a t e d  wi th  an  

inc reased  frequency of r e s p i r a t o r y  d i s e a s e .  I f  t h e . t y p e s  o r  concen t r a t ions  

of  p o l l u t a n t s  changed adverse ly ,  p o s i t i v e  a s s o c i a t i o n s  similar t o  those  

mentioned above could s t i l l  occur.  

Then similar inc idence  rates of r e s p i r a t o r y  d i s e a s e  might 

I n  f a c t ,  Kelsy e t  al.34 presented  evidcr lce  t h a t  such 

But i n  t h e  Comstock s tudy,33 s e l e c t i v e  migra t ion  pro- 

F e r r i s  e t  al .  35’36 surveyed a random sample of  t h e  a d u l t  popula t ion  of 

B e r l i n ,  New Hampshire i n  1961 by means of  a s tandard  ques t ionna i r e  and tests 

of  pulmonary func t ion .  I n  1967, t hose  s t i l l  l i v i n g  i n  Ber l in  were r e su r -  

veyed us ing  t h e  same techniques.  A i r  p o l l u t i o n  l e v e l s  dropped i n  t h e  i n t e r -  

vening s i x  years .  

t aken  i n t o  account ,  t h e  preva lence  of  chronic ,  nonspec i f i c  r e s p i r a t o r y  d i s e a s e  

w a s  less i n  1967 than i n  1961. While t h e  dec rease  i n  a i r  p o l l u t i o n  might 

have accounted f o r  t h e  decrease  i n  i l l n e s s ,  t h e  au tho r s  do n o t  s ay  what the 

non-response ra te  w a s  i n  t h e  i n i t i a l  sample, and they  do n o t  s ta te  what per- 

cen tage  of t h e  o r i g i n a l  sample w a s  resurveyed. 

l i k e l y  t o  p a r t i c i p a t e ,  t hus  exp la in ing  t h e  a l l e g e d  a s s o c i a t i o n .  

Af t e r  t h e  e f f e c t s  of ag ing  and c i g a r e t t e  smoking were 

S ick  people might have been 

37 Emerson c o r r e l a t e d  t h e  changes i n  chronic  r e v e r s i b l e  a i rways obstruc-  

t i o n  among 18 p a t i e n t s  wi th  t h e  r e l e v a n t  changes in-measurements o f  atmos- 

p h e r i c  cond i t ions  and a i r  p o l l u t i o n  i n  Westminster,  a borough of London. 

S e r i a l  s p i r o m e t r i c  measurements were made i n  t h e  s tudy  s u b j e c t s  a t  weekly 

i n t e r v a l s  over  pe r iods  between 1 2  and 82 weeks. The forced-expiratory-volume- 

in-one-second test proved t o  b e  t h e  most u s e f u l ,  bu t  i n  only  one p a t i e n t  w a s  

any s i g n i f i c a n t  c o r r e l a t i o n  found wi th  SO2 l e v e l s .  In  no p a t i e n t  was t h e r e  
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c any s i g n i f i c a n t  c o r r e l a t i o n  wi th  smoke lev€-s .  ilmonary va lues  w e r e  cor re-  

l a t e d  wi th  temperature  i n  s i x  p a t i e n t s ,  wi th  wind speed i n  fou r ,  wi th  humidity 

i n  f o u r  and wi th  p re s su re  i n  th ree .  

resul ts  t o  c u r r e n t  low levels of SO2 i n  t h e  London area. 

The au thor  a t t r i b u t e d  t h e  nega t ive  

4.1.2.2 Cancer Morbidity and M o r t a l i t y  

Numerous r e sea rche r s  have examined t h e  r e l a t i o n s h i p  between r e s p i r a t o r y  

system cancer  and a i r  p o l l u t i o n .  

i n  f o u r  genera l  types  of s t u d i e s :  

popula t ions  wi th  r u r a l  popula t ions  and an examination of t h e  o v e r a l l  d i f f e r e n c e s  

i n  cancer  morbidi ty  and m o r t a l i t y  ( these  s t u d i e s  usua l ly  do no t  examine spec i -  

f i c  e t i o l o g i c  f a c t o r s ) ;  

t hose  i n  t h e i r  coun t r i e s  of o r i g i n  and those  i n  t h e  coun t r i e s  t o  which they  

migrate  ( t h e  ques t ion  of i n t e r e s t  he re  is  how a change of environment changes 

ra tes  of cancer  i l l n e s s  and dea th ) ;  3)  a comparison of demographic u n i t s ,  

c o u n t r i e s ,  s t a t e s  and c i t ies ,  and t h e  r e l a t i o n s h i p  of va r ious  indexes of air 
p o l l u t i o n  t o  cancer  r a t e s  ( t h e  use  of m u l t i p l e  r eg res s ion  techniques a l lows  

Epidemiological approaches have r e s u l t e d  

1) t h e  comparison of urban met ropol i tan  

2) a comparison of cancer  rates i n  migrants  w i th  

t h e  s e p a r a t i o n  of environmental  and o t h e r  f a c t o r s  i n  t h i s  type  of s tudy) ;  and c 
4 )  comparison of t h e  c h a r a c t e r i s t i c s  of cancer  cases wi th  corresponding cha- 

r a c t e r i s t i c s  i n  those  who do not  have cancer  (obviously,  t h e  manner i n  which 

t h e  s tudy  popula t ion  i s  sampled is of  c r i t i c a l  importance).  

a l though not  conclus ive ,  i n d i c a t e  t h e  fol lowing:  

Such s t u d i e s ,  

Urban dwe l l e r s  gene ra l ly  s u f f e r  a h ighe r  r a t e  of lung cancer  than  

people  l i v i n g  i n  r u r a l  areas and t h i s  r e s u l t  ho lds  t r u e  even when normalized 

f o r  c i g a r e t t e  smoking. 

g r e a t e r  where more i n d u s t r i a l  p o l l u t i o n  i s  present .  

p o l l u t i o n  h a s  not  been proven t o  be  t h e  urban f a c t o r  r e spons ib l e  f o r  t h i s  

i n c r e a s e ,  bu t  high c o r r e l a t i o n s  e x i s t  between cancer  inc idence  and such urban 

Within urban communities t h e  inc idence  of cancer  is  

To d a t e ,  community a i r  

f a c t o r s  as c o a l  consumption, smoke, and benzo(a)pyrene concent ra t ions .  38-44 

S tud ie s  i n  Buffalo4’ and Nashvi l le46 r e v e a l  t h a t  dea ths  due t o  stomach 

cancer  are a l s o  more f r equen t  i n  urban areas wi th  h ighe r  l e v e l s  of suspended 

p a r t i c u l a t e  matter. 

ra tes  t o  be twice as high i n  t h e  most p o l l u t e d  p a r t  of t h e  c i t y  as i n  t h e  

c l e a n e s t  areas. 

socioeconomic class,  they  d i d  not  c o n t r o l  f o r  e i t h e r  occupat iona l  exposure or  

c i g a r e t t e  smoking. However, o t h e r  i n v e s t i g a t o r s  have shown t h a t  stomach 

Analysis  of t h e  Buffalo d a t a  showed stomach cancer  dea th  

Although t h e  Buffalo and Nashvi l le  s t u d i e s  c o n t r o l l e d  f o r  
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c o n t r o l l i n g  f o r  

f o r ,  as w e l l .  
0 cancer  i s  n o t  s t r o n g l y  a s soc ia t ed  wi th  smoking4’ and by 
> \  

economic class, occupat ion i s  a l s o  p a r t i a l l y  c o n t r o l l e d  

The r e s u l t s  of migrant  ~ t u d i e s ~ ~ - ~ ~  are very  similar t o  t h e  r e s u l t s  

of  t h e  urban-rural  s t u d i e s ,  i n  t h a t  pulmonary cancer  r a t e s  p a r a l l e l  t h e  

gene ra l  p o l l u t i o n  l e v e l s  of t he  areas i n  ques t ion .  Immigrants tend t o  have 

h igher  ra tes  than people i n  t h e  country of o r i g i n ,  and lower rates than  

people i n  t h e  h o s t  c o u n t r i e s  t o  which they migra te .  Most of  t hese  s t u d i e s ,  

however, l ack  da t a  regard ing  t h e  e f f e c t  of  t h e  smoking f a c t o r .  

Attempts have been made66 t o  estimate t h e  e f f e c t  cjf p o l l u t i o n  on pulmonary 

cancer  dea th  r a t e s  from o t h e r  types  of ep idemiologica l  s tud ies .  54-65 

e x i s t i n g > d a t a  sugges t  t h a t  reducing urban a i r  p o l l u t i o n  would decrease  dea th  

from pulmonary cancer ,  q u a n t i t a t i v e  estimates cannot r e l i a b l y  b e  made. 

While 

While t h e s e  f ind ings  imply involvement of a i r  p o l l u t i o n  

i n  the  e t i o l o g y  of  pulmonary cancer ,  i t  i s  important  t o  cons ider  evidence 

which does n o t  f i t  t h e  p a t t e r n :  1 )  Women tend t o  have much lower rates 

of  lung cancer  than men. An explana t ion  f o r  t h i s  f a c t  might be t h a t  

t h e  e f f e c t s  noted i n  men are due t o  occupat iona l  f a c t o r s  and no t  urban 

f a c t o r s ,  s i n c e  t h e  urban environment seems t o  have r e l a t i v e l y  l i t t l e  

e f f e c t  on t h e  cancer  dea th  rates for women. 2) High pulmonary cancer  

rates are found i n  some r eg ions ,  such as Helsinki, F in land ,  where p o l l u t a n t  

l e v e l s  are f a i r l y  low. 

inc idence  (woodsmoke i n  F inn i sh  saunas) ,  b u t  s p e c i a l  f a c t o r s  could 

probably b e  found almost  anywhere. 3) F i n a l l y ,  i t  i s  p o s s i b l e  t h a t  a i r  
p o l l u t i o n  is  merely h igh ly  c o r r e l a t e d  wi th  some f a c t o r  (economic s t a t u s ,  

f o r  i n s t a n c e )  t h a t  is  t h e  real  cause of pulmonary cancer .  I f  t h i s  

i s  t h e  case ,  a spur ious  a s s o c i a t i o n  e x i s t s .  

Perhaps some s p e c i a l  f a c t o r ( s )  account f o r  t h i s  

Synergism wi th  smoking 

h i s t o r y  should a l s o  b e  explored.  
I 

4.1.2.3. Mor ta l i t y  S t u d i e s  

A number of ep isodes  of extreme a i r  p o l l u t i o n  wi th .cor responding  

i n c r e a s e s  i n  t h e  numbers of dea ths  have been d iscussed  above. Because of t h e  

temporal a s s o c i a t i o n  between the  h igh  levels of p o l l u t i o n  and excess  dea ths ,  

i t  i s  reasonable  t o  presume t h a t  t h e  p o l l u t a n t s  have caused t h e  dea ths .  

h a s  been w r i t t e n  about t h e  g r e a t  a i r  p o l l u t i o n  d i s a s t e r s  b u t  many o t h e r  

Much 
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c epidemiological investigators have attempted to link mortality patterns to 

more routine air pollution situations. 

to demonstrate geographical or demographic differences or  the trends related 

to exposure to trends in mortality. 

In general, these studies have attempted 

Buechley and coworkers6' analyzed daily mortality for 422 places in the 

United States from 1962 to 1966 and provided a consistent set of mortality 
predictors. In the New York metropolitan area, for example, pollution mea- 
surements showed that mortality was 1.5% less than expected on 232 days with 
SO levels below 30 pg/m (12 ppb) and 2% greater than expected on 260 days 

3 with SO2 levels above 500 pg/m 
Coefficient of haze correlated with deaths as well as did SO2. 
made no conjecture about etiological or causal relationships. 

3 
2 

(192 ppb) after correcting for other factors. 

The authors 

Using multiple regression techniques, Sprague et a168analyzed infant 

and fetal deaths in Nashville, Tennessee, from 1955 to 1960. Significant 
positive correlations were found between sulfation and SO 
mortality. No relationship was found between SO and mortality. An unsuccess- 

ful attempt was made in this study to separate the effects of socioeconomic 

status from the effects of air pollution. 

and white infant 3 

2 

McCarroll and Bradley6' showed that periodic peaks in mortality in 

New York City are associated with periods of high air pollution. 

are usually associated with periods of low wind speed and temperature inver- 
sions. In these studies, an immediate rise in mortality occurred on the same 

day as the peaks of pollution. This finding contradicts Greenberg et al. 

who assumed a three day time lag between pollution peaks and observed 
increased mortality. 
interpretations by various authors had not accounted for possible influences 

of environmental factors other than pollutants. 
New York data he reached three main conclusions: 

mortality made it "exceedingly difficult to assigxl a specific cause and 
effect role to any one variable." 2) Mortality patterns were "remarkably 

stable" over time, even though fluctuations could be interpreted differently. 
3) The uniformity of the mortality patterns was dependent only on very strong 

environmental influences. 

These peaks 

70 

Cassel171 noted this contradiction and added that 

In a reanalysis of the 
1) the complex etiology of 
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In a study in 1963, Burn and Pembertonir2 divided the British city of 
Salford into low, medium, and high pollution areas on the basis of average 

smoke and SO2 levels. They found a significant correlation between pollutant 

level and mortality from bronchitis and lung cancer. But potentially serious 

methodological considerations were overlooked. The authors neither controlled 

for socioeconomic status in the study population nor did they identify any 

other pollutants which may have been present in the environment, and possibly 
responsible for the results they reported. 

A number of studies have been conducted in which respiratory disease 

mortality was investigated in relation to socioeconomic factors as well as to 

degree of exposure to air pollutants. 
 colleague^^^, a positive association between air pollution level (suspended 
particulates) and total mortality among white men aged 50-69 is shown when 

economic factors have been controlled. 

in white men over the age of 70. The same pattern is also evident in white 

women. 

of the bronchus, trachea, and lung. In a second study, also by Winkelstein 

and others,74 total mortality for white men aged 50-69 and for those at least 

70 years old showed essentially no association with sulfation (oxides of sul- 
fur) when the relationships were examined within each economic stratum. 

was there an association between sulfation and cancer of the bronchus, 

trachea and lung. But a small positive association is revealed between mor- 
tality from chronic respiratory disease and sulfation in the lowest economic 

levels. 
lung and bronchial cancer, mortality from respiratory disease varied inversely 

with socioeconomic class when the degree of exposure to air  pollution was kept 
constant. For the middle socioeconomic population, respiratory disease mor- 

In one study by Winkelstein and 

The relationship is greatly attenuated 

From these data, no association was found between pollution and cancer 

Nor 0 

Finally, Zeidberg et d5 demonstrated that with the exception of 

tality was higher for men than for women, and especially for lung and bron- 

chial cancer mortality. A general criticism has ken leveled at all three of 
these s t ~ d i e s ~ ~ - ~ ~  by ComstockS3, who speculated that the "association of 

poverty with pollution could create an apparent association of respiratory 

symptoms with pollution even if, in fact, no association existed." 
The preceeding treatment of mortality studies indicates the 

current controversy among workers in this subject. While many of the 

publications cited give the impression that mortality data provide clear evi- 

dence of association with air pollution, almost all of the authors concede 



t h a t  o t h e r  f a c t o r s  were ope ra t ing  i n  the  s t u d i e s  they descr ibed .  When discus-  

s i n g  poss ib l e  h e a l t h  e f f e c t s  of a i r  p o l l u t i o n ,  cause and e f f e c t  r e l a t i o n s h i p s  

s h o u l d  be advanced very cau t ious ly .  S i r  Aust in  Bradford H i l l ,  i n  d i s t i ngu i sh -  

i n g  between a s s o c i a t i o n  and causa t ion  of d i sease  by environmental  f a c t o r s ,  

s t a t e d 7 6  t h a t  a s t r o n g  a s s o c i a t i o n  may be evidence of causa t ion  b u t  t h a t  mult i -  

causa t ion  of d i seases  i s  gene ra l ly  more l i k e l y  than s i n g l e  causa t ive  f a c t o r s .  

H i l l  warned t h a t  epidemiological  evidence should be judged on i t s  merits 

independent ly  of t he  imp l i ca t ions  f o r  po l i cy  dec i s ions .  H e  a l s o  s a i d  t h a t  

" a l l  s c i e n t i f i c  work i s  incomplete-whether i t  be obse rva t iona l  o r  experimental ." 

4.1.2.4 Occupational Exposures 

The workplace provides  a unique s e t t i n g  f o r  t he  s tudy  of  t he  h e a l t h  

e f f e c t s  of i s o l a t e d  a i r  p o l l u t a n t s .  Air contaminants tend t o  i n t e r a c t  wi th  

one another  i n  the  atmosphere wi th  r e s u l t i n g  end products  which may d i f f e r  

i n  composition and e f f e c t  from t h e i r  i n d i v i d u a l  components. B u t  i n d u s t r i a l  

s i t u a t i o n s  e x i s t  i n  which popula t ions  are exposed t o  h igh  l e v e l s  of s p e c i f i c  

p o l l u t a n t s  e i t h e r  over  a long t i m e  per iod  o r  as the  r e s u l t  of a c a t a s t r o p h i c  

f u g i t i v e  emission.  There i s ,  however, one obvious disadvantage i n  s tudying  

occupat iona l  exposures.  Workers i n  i n d u s t r i a l  s e t t i n g s  are gene ra l ly  young 

and hea l thy  and c e r t a i n l y  no t  r e p r e s e n t a t i v e  of the  e n t i r e  populat ion.  So 

t h e  absence of a c l i n i c a l l y  d i s c e r n i b l e  d i sease  i n  them may n o t  i n d i c a t e  t h e  

s a f e t y  of exposures t o  a popula t ion  which inc ludes  the  e l d e r l y ,  t h e  i n f i r m  

and o t h e r  s e n s i t i v e  people  who are n o t  s o  employed. 

Because of the  wide v a r i e t y  of i n d u s t r i a l  p rocesses ,  t he  number of 
chemical agen t s  which have been examined as environmental  hazards  i n  the  work- 

p lace  is n e c e s s a r i l y  v a s t .  NIOSH 7 7 '  78 has  catalogued many of t hese  subs tances  

according t o  t h e i r  t o x i c  o r  carc inogenic  p r o p e r t i e s ,  based on combinations of  

occupat iona l  epidemiology o r  toxicology s t u d i e s .  However, only a very l i m i t e d  

s e l e c t i o n  of these  agents  are a t  a l l  l i k e l y  t o  be a s s o c i a t e d  wi th  an e lectr ic  

power gene ra t ing  p l a n t .  Occupational epidemiology s t u d i e s  have been reviewed 

f o r  many of these ;  of  p a r t i c u l a r  i n t e r e s t  are the  c r i t e r i a  background documents 

29*  81 p a r t i c u l a t e  organic  which have been publ ished f o r  SO2, H2S, NO2, 
83 ' 84 se len ium,  85 and arsenic .  86 matter, mercury, 

i n v e s t i g a t i o n s  involved s tudy  popula t ions  i n  i n d u s t r i a l  p rocess  p l a n t s  r a t h e r  

than power p l a n t s .  However, some of those which are d i r e c t l y  t r a n s l a t a b l e  t o  

power p l a n t  ope ra t ion  are given below. 

7 9  80 

Most of t he  epidemiological  82 

c 
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Occupational Exposures t o  Su l fu r  Compounds 
8 7  

I n  a s tudy  of o i l  r e f i n e r y  workers i n  South Pers ia ,  Anderson compared 

workers exposed t o  s u l f u r  d ioxide  wi th  similar unexposed workers.  

t r a t i o n s  ranged from 0 pg/m 

as h igh  as 286,000 pg/m 

n ine teen  years .  

i n  s e v e r a l  measures of h e a l t h  inc lud ing  pulmonary func t ion ,  ches t  x-rays and 

c l i n i c a l  examination. 

Dai ly  concen- 
3 3 t o  71,500 pg/m (25 ppm) wi th  occas iona l  f i g u r e s  

3 (100 ppm), and exposure pe r iods  were from one t o  

No s i g n i f i c a n t  d i f f e r e n c e s  were found between t h e  two groups 

I n  New Hampshire, F e r r i s  e t  a1.B8 compared a sample of workers i n  a pulp 
3 m i l l  where concen t r a t ions  of SO 

t o  workers i n  an ad jacen t  paper m i l l  where occupat iona l  exposure t o  SO w a s  

v i r t u a l l y  nonex i s t en t .  I t  should be noted t h a t  some of  the  workers i n  t h e  

pulp m i l l  were exposed t o  c h l o r i n e  as w e l l  as SO2, and o t h e r s  were exposed t o  

SO2 a lone .  C i g a r e t t e  smoking w a s  c o n t r o l l e d  for i n  t h e  a n a l y s i s  of  t he  da t a .  

No s i g n i f i c a n t  d i f f e r e n c e s  i n  e i t h e r  r e s p i r a t o r y  d i s e a s e s  o r  i n  tests of  pul-  

monary func t ion  were found between the  workers i n  t h e  two mills, al though men 

exposed t o  c h l o r i n e  had s l i g h t l y  lower r e s p i r a t o r y  func t ion  than  workers 

exposed t o  SO a lone .  It should b e  po in ted  o u t  that  t h e  workers i n  these  two 

mills had a lower preva lence  o f  r e s p i r a t o r y  d i s e a s e  than the  male popula t ion  

of B e r l i n ,  New Hampshire, where the  mills are loca ted .  This  f i n d i n g  sugges t s  

t h a t  occupat iona l  groups may n o t  be r e p r e s e n t a t i v e  of  t he  gene ra l  popula t ion .  

ranged from 5,720 t o  37,180 pg/m ( 2 - 1 3  ppm) 2 

2 

2 

@ 

When Skalpe8’ compared exposed pulp  m i l l  workers ( l e v e l s  of SO2 averaged 
3 between 5,720 and 102,960 pg/m o r  2-36 ppm) and unexposed paper  m i l l  workers 

i n  Norway, he  found s i g n i f i c a n t l y  h ighe r  f requencies  of cough, expec to ra t ion  

and shor tnes s  of  b r e a t h  on e x e r t i o n  among t h e  pulp m i l l  workers,  e s p e c i a l l y  

those under 50 yea r s  of age. It is p o s s i b l e  t h a t  t h e  o l d e r ,  s u s c e p t i b l e  workers 

had a l r eady  been weeded o u t  of t he  working popula t ion ,  b u t  even t h e  younger 

workers had a l l  been employed over  one year .  

F i n a l l y ,  Kehoe e t  a lso s t u d i e d  r e f r i g e r a t i o n  workers who f o r  4-12 y e a r s  
5 

had been exposed t o  concen t r a t ions  of SO exceeding 28,600 pg/m 

H e  compared these  workers t o  those  who worked i n  the  same p l a n t  b u t  who were 

unexposed. The d a t a  revea led  an inc reased  s h o r t n e s s  of b r e a t h ,  h ighe r  i n c i -  

dence of  f a t i g u e ,  abnormal r e f l e x e s ,  and longer  d u r a t i o n  of  l lcoldsl’  ( inc idence  

of  co lds  was n o t  d i f f e r e n t ,  however) among t h e  exposed workers.  

(10 ppm). 2 
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Few very c lear  p a t t e r n s  emerge from the  occupat iona l  exposure s t u d i e s  

of SO2. Workers were f r equen t ly  found t o  become accl imated t o  S0279, so t h a t  

l a r g e  segments of t he  s tudy  popula t ions  would show no s i g n s  of SO t o x i c a t i o n  

whi le ,  a t  the  same t i m e ,  na ive  workers might be  q u i t e  s e n s i t i v e .  S i g n i f i c a n t  
2 

changes i n  the  r e s i s t a n c e  of t hese  workers t o  i n f e c t i o u s  d i seases  w e r e  sporadi -  

c a l l y  observed; hence,  i n t e r p r e t a t i o n  of  t he  e f f e c t s  i s  somewhat complicated . 79 

Hydrogen s u l f i d e  (H2S) exposures i n  the  workplace have gene ra l ly  occurred  

as catas t roph ic  occupat iona l  accidents8’ p r i n c i p a l l y  because the  noxious odors  

can be de t ec t ed  a t  p a r t i c u l a r l y  low concent ra t ions .  

exposures t o  20 ppm H2S have r e s u l t e d  i n  eye i r r i t a t i o n  i n  gas workers 

Repeated exposures were found t o  e l i c i t  photophobia, b l u r r e d  v i s i o n ,  eye pa in ,  

d i g e s t i v e  d is turbances ,  and weight l o s s ,  a t  the  same concent ra t ions  

Prolonged exposure t o  H S a t  l e v e l s  h igher  than  20 ppm r e s u l t e d  i n  pulmonary 

edema; i n c i d e n t s  of t h i s  s o r t  have been extremely rare”. 

Inc iden t s  of i s o l a t e d  
80,91 

80,91 

2 
Fug i t ive  emissions 

of H2S w i t h i n  geothermal power p l a n t s  may become a p o t e n t i a l  source  of chronic  

H S exposure i n  the  workplace. 2 

Exposures t o  oxides  of n i t r o g e n  

Occupational exposures t o  NOx have been documented i n  connection wi th  

the  use of rocke t  f u e l  (n i t rogen  t e t r o x i d e )  and dynamite. 

i nc lude  one by McCordg2 who examined product ion welders  a t  a t i m e  when the  NO2 
l e v e l  i n  t h e  workplace averaged 1 3  ppm. 

e s t a b l i s h e d  i n  t h e s e  workers and i n  t h e  absence of o t h e r  sources  of methemo- 

g lobin ,  suggested t h a t  exposure t o  n i t r o u s  gases  may be  respons ib le .  

s tudy by Vigdortschik e t  al .  

shops and men working i n  s u l f u r i c  a c i d  p l a n t s  who were exposed t o  n i t r o g e n  

Other s t u d i e s  

He showed t h a t  methemoglobinemia w a s  

Another 
93 examined chronic  poisoning among e t c h e r s  i n  p r i n t i n g  

oxides  (2.6 ppm). 

ambient l e v e l s  of SOx t o  which the  s u l f u r i c  a c i d  p l a n t  workers were exposed 

and which poss ib ly  could confound the  r e s u l t s .  Nonetheless,  t he  exposed 

workers were compared wi th  unexposed c o n t r o l s .  

( t h e  paper does n o t  s t a t e  whether or no t  they were s t a t i s t i c a l l y  s i g n i f i c a n t  

d i f f e r e n c e s )  between t h e  two groups which included more f requent  inc idence  

of emphysema, t u b e r c u l o s i s ,  d e n t a l  c a r i e s ,  card iovascular  symptoms (hypotonia  

and bradycard ia)  and morphological,  physic’al and chemical changes i n  the blood 

A conspicuous omission i n  t h i s  paper is a s ta tement  of  t h e  

The au tho r s  found d i f f e rences  
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i n  t he  exposed group of workers.  This  s tudy ,  a l though sugges t ive ,  p o i n t s  o u t  

the  need f o r  more c a r e f u l l y  conceived and executed research  be fo re  any of t h e  

f ind ings  can be confirmed. 

Exposures t o  p a r t i c u l a t e  o rgan ic  matter 

The a s s o c i a t i o n  between development of  cancer  and excess ive  con tac t  w i t h  

environmental  o rganic  mat te r  w a s  f i r s t  made i n  1776 when the  B r i t i s h  phys ic ian  

f e r c i v a l  P o t t  noted the  h igh  inc idence  of cancer  of the  scrotum i n  t h e  chimney 

sweeps of London". 

con tac t  with sootg4 .  

f i r s t  warnings were sounded, chimney sweeps were shown t o  exper ience  excess  

s c r o t a l  cancer  as r e c e n t l y  as 196495. Furthermore,  wax p r e s s e r s  w i th  prolonged 

exposure t o  crude wax have been shown t o  have increased  s c r o t a l  cancer  rates . 
Other subs tances  a s s o c i a t e d  wi th  excess  s k i n  cancer  i nc lude  tars, s h a l e  o i l ,  

and c u t t i n g  o i l  

H e  c o r r e c t l y  a t t r i b u t e d  the  d i s e a s e  t o  t h e i r  c o n t i n u a l  

Gespi te  t h i s  knowledge almost two hundred yea r s  a f t e r  t h e  

96 

9 7-99 

The i l l n e s s e s  usua l ly  r e l a t e d  t o  exposure t o  p a r t i c u l a t e  o rgan ic  matter 

are cancer  of t he  s k i n  and lung. Nearly a l l  t h e  f ind ings  have been made i n  

s t u d i e s  of  occupat iona l  exposure t o  the  combustion products  of  carboni ferous  

m a t e r i a l .  In  a l l  t hese  s t u d i e s ,  concen t r a t ions  have been very high and expo- 

sures prolonged. I n  most cases, the  a c t u a l  concent ra t ions  t o  which the  sub- 

j e c t s  were exposed were n o t  known, nor could the  chemical compounds of t h e  

occupat iona l  exposure environment b e  cha rac t e r i zed  wi th  a h igh  degree of 

c e r t a i n t y .  Of course ,  i n  occupat iona l  exposure,  t h e  dose of p a r t i c u l a t e  

o rgan ic s  is  f a r  g r e a t e r  than i n  ambient a i r .  I n  gas workers,  t h e  concentra-  

tion of  benzo(a)pyrene ( B a P )  has  been estimated at 3 p g / m  ; above coke ovens, 

i t  may reach l e v e l s  of 216 ug/m . In even the  most p o l l u t e d  ambient a i r ,  the 

annual  average BaP concen t r a t ion  r a r e l y  exceeds 0.01 p g / m .  

3 
3 

3 82 

P a r t i c u l a t e  o rgan ic  matter i s  produced mainly by t h e  combustion o r  v o l a t i -  

l i z a t i o n  of f o s s i l  f u e l s .  Most of t h e  indus t ry - r e l a t ed  cancer  exper iences  have 

been cases invo lv ing  combustion o r  d i s t i l l a t i o n  of c o a l  products .  In gas-works 

r e t o r t  houses i n  England, BaP concen t r a t ions  of 3 t o  216 ug/m were measured. 

These concen t r a t ions  were 100 t o  10,000 -times h ighe r  than the  normal BaP l e v e l  

i n  London1". I n  one s tudy ,  B r i t i s h  gas workers employed f o r  a t  least  5 years 

were d iv ided  i n t o  a high-exposure and a low-exposure group. The lung cancer 

inc idence  i n  t h e  high-exposure group was 69% g r e a t e r  than i n  the  c o n t r o l  group. 

Coke oven workers a l s o  have experienced an i n c r e a s e  i n  the  inc idence  of lung 

3 
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, 

cancer  101-103. 

and chronic  b r o n c h i t i s  have a l s o  been encountered'". 

o t h e r  cutaneous d i so rde r s  have been l i nked  t o  p a r t i c u l a t e  organic  matter. 

Among these  are nona l l e rg i c  and a l l e r g i c  d e r m a t i t i s ,  photo toxic  inflammatory 

r e a c t i o n s ,  pi losebaceous responses ,  and pigmentation d i so rde r s  

A t  the  p re sen t  time, p a r t i c u l a t e  o rgan ic  emissions from f o s s i l  f u e l - f i r e d  

Other lung d i so rde r s  such as pneumoconiosis (black lung d i sease )  

I n  a d d i t i o n  t o  cancer ,  

10 4- 10 6 

power p l a n t s  are low relat ive t o  o t h e r  i n d u s t r i a l  p rocesses .  However, i n  an 

occupat iona l  s i t u a t i o n ,  even these  may be s i g n i f i c a n t .  Ce r t a in ly ,  t h e  i n t r o -  

duc t ion  of f u e l  conversion technologies  such as c o a l  g a s i f i c a t i o n  o r  c o a l  

l i q u e f a c t i o n  f o r  power p l a n t  ope ra t ion  w i l l  b r i n g  these  problems t o  the  

f o r e f r o n t .  

c 

f 
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4.2 Laboratory S tudies ;  Phys io log ica l  and C e l l u l a r  E f f e c t s  

I n  t h e  assessment of t h e  h e a l t h  r i s k s  of a i r  p o l l u t a n t  exposure, one alter- 
n a t i v e  t o  t h e  epidemiological  approach, which is  b a s i c a l l y  a f i e l d  i n v e s t i g a t i o n  
under cond i t ions  which cannot be c o n t r o l l e d ,  is t h e  examination of d i s c e r n i b l e  

h e a l t h  e f f e c t s  under labora tory-cont ro l led  condi t ions .  

of l abora to ry  s t u d i e s  is  f l e x i b i l i t y .  

a t  w i l l ,  i n  order  t o  opt imize both p o s i t i v e  and nega t ive  c o n t r o l s .  I d e a l l y ,  

t h e  exposure cond i t ions  should mimic "real-world" p o l l u t i o n  l e v e l s .  

however, p o l l u t a n t  exposures are usua l ly  a t  concen t r a t ions  high enough t o  e l i c i t  

The p r i n c i p l e  advantage 

Exposure cond i t ions  can be manipulated 

I n  p r a c t i c e ,  

t h e  h e a l t h  e f f e c t  of i n t e r e s t  t o  t h e  i n v e s t i g a t o r .  

gene ra l ly  s i m p l e  and may c o n s i s t  of a known q u a n t i t y  of a s i n g l e  p o l l u t a n t .  

I n  l abora to ry  experiments,  t h e  s u b j e c t s  are u s u a l l y  animals r a t h e r  than  human 

vo lun tee r s ,  s i n c e  t i m e  scale requirements  and moral r e s t r i c t i o n s  are less 

s t r i n g e n t .  This  s e c t i o n  examines the  l i t e r a t u r e  on the  phys io logica land  c e l l u l a r  

l eve l  h e a l t h  e f f e c t s  of combustion-type p o l l u t a n t  on humans and animals, on a 

pol lu tan t -by-pol lu tan t  b a s i s .  Metabolic e f f e c t s  a t  t h e  biochemical l e v e l  are 
examined i n  Sec t ion  4 . 3 .  

Exposure atmospheres are 

c Most p o l l u t a n t s  e n t e r  t h e  body by one of two r o u t e s ,  e i t h e r  i n h a l a t i o n  

i n t o  t h e  lungs and r e s p i r a t o r y  t r a c t  o r  i n g e s t i o n  through the  g a s t r o - i n t e s t i n a l  

t r a c t .  For emissions i n t o  a i r ,  t h e  f i r s t  r o u t e  i s  normally the  more important .  

Understanding t h e  processes  of r e s p i r a t i o n  and abso rp t ion  i s  e s s e n t i a l  t o  under- 

s tanding  t h e  phys io log ica l  mechanisms by which f o s s i l  f u e l  emissions exert t h e i r  

t o x i c i t y  . 
During b rea th ing ,  a i r  e n t e r s  t h e  n a s a l  passages and passes  through t h e  

n a s a l  passages,  l a rnyx ,  t rachea ,  b ronchi  and bonchio les ,  through t h e  t e rmina l  

bronchio les ,  t h e  r e s p i r a t o r y  bronchio les ,  and a l v e o l a r  duc t s  i n t o  t h e a i r  sacsor  

a l v e o l i .  (See F igure  4.2-1). One of t h e  normal f u n c t i o n s  of t h e  r e s p i r a t o r y  

system i s  t o  exchange CO 

oxygen/CO 

a i r  from t h e  pulmonary blood stream. Ord ina r i ly ,  t h e  s u r f a c e  system is  kep t  i n  

ba lance  wi th  pulmonary s u r f a c t a n t  f l u i d ,  a mixture  of l i p i d s  which maintains  

t h e  proper  s u r f a c e  f o r c e s  i n  t h e  a l v e o l i  dur ing  i n h a l a t i o n  and exha la t ion  t o  

keep t h e  airways open. One should keep i n  mind t h a t  lung t i s s u e  con ta ins  some 

42 morphological ly  d i s t i n c t  

of t o x i n s , s y n t h e s i s  of s u r f a c t a n t ,  c l ea rance  of p a r t i c l e s ,  gas  exchange, c o n t r o l  

of blood f low,  c o n t r o l  of a i r  f low,  etc. 

i n  t h e  blood f o r  oxygen i n  the  air .  

exchange t a k e s  p l a c e  through a t h i n  c e l l  l a y e r  which s e p a r a t e s  the 

A t  t h e  a l v e o l i ,  2 
2 

1 c e l l  types ,  whose func t ions  inc lude  metabolism 
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This  system i s  p ro tec t ed  a g a i n s t  t h e  invas ion  of p a r t i c l e s ,  t o x i c  gases  

and a e r o s o l s ,  b a c t e r i a ,  v i r u s e s  and o t h e r  f o r e i g n  bodies  by a h o s t  of defense  

mechanisms which c l eanse  t h e  a i r  as i t  travels i t s  course.  These mechanisms 

inc lude  coa r se  h a i r s  i n  t h e  nose which remove l a r g e  p a r t i c l e s ,  mucous membranes 

i n  t h e  n a s a l  passages,  and a s p e c i a l i z e d  c e l l  l a y e r  c a l l e d  t h e  c i l i a t e d  ep i the l ium 

which l i n e s  the  inne r  s u r f a c e  of t h e  t rachea  and smaller tubes  t o  t r a p  

. p a r t i c l e s  ( 2 - 1 0 ~ m i n  s i z e )  v ia  a combination of bea t ing  c i l i a  and a s u r f a c e  

b l a n k e t  of mucus. I n  t h e  bronchio les  and a l v e o l a r  reg ions ,  a l v e o l a r  macrophages 

engu l f ,  metabol ize  and t r a n s p o r t  i n t o  t h e  lymphatic system a i r b o r n e  p o l l u t a n t s .  

P o l l u t a n t s  which escape t h e  macrophages w i l l  p e n e t r a t e  "type XI" a l v e o l a r  cells 

( t h i s  ce l l  type  carries o u t  most of t h e  energy metabolism, drug and t o x i n  

metabolism, and hormone and s u r f a c t a n t  syn thes i s )  where they can e i t h e r  be  de- 

t o x i f i e d  o r  i n t e r f e r e  d i r e c t l y  wi th  gas  exchange i n  t h e  blood. A l t e r n a t i v e l y ,  

they may d i r e c t l y  e n t e r  t h e  blood o r  lymph systems and i n t e r a c t  w i t h  t i s s u e s  

i n  o t h e r  p a r t s  of the body (systemically). 

I n g e s t i o n  v i a  t h e  g a s t r o - i n t e s t i n a l  t ract  r e p r e s e n t s  a second major r o u t e  

f o r  t h e  i n t r o d u c t i o n  of p o l l u t a n t s  i n t o  t h e  body. Most water-borne p o l l u t a n t s  

e n t e r  exc lus ive ly  by t h i s  rou te .  A i r  p o l l u t a n t s  which have been c l ea red  from 

t h e  r e s p i r a t o r y  t rac t  b u t  swallowed may a l s o  e n t e r  t h e  body via t h i s  rou te .  

Most abso rp t ion  i n  t h e  g a s t r o - i n t e s t i n a l  t rac t  is  accomplished by t h e  e p i t h e l i a l  

mucosal ce l l s  which l i n e  t h e  luminal  s u r f a c e  of t h e  small  i n t e s t i n e . 2  

pe rmeab i l i t y  of t h e  i n t e s t t n a l  ep i the l ium t o  p a r t i c l e s  varies over a f a c t o r  of 

a t r i l l i o n  (10 ); t h e  major determinant  is  p a r t i c l e  s i z e .  I n  t h e  absence of a 

v e h i c l e  such as l i p i d s  o r  o t h e r  f a t t y  materials t o  d i s s o l v e  t h e  p a r t i c l e s ,  any 
subs tance  wi th  p a r t i c l e  diameter  g r e a t e r  than  0.003 
i n t o  t h e  blood stream.2 While l i p i d  s o l u b i l i t y  of mine ra l  p a r t i c l e s  may n o t  b e  

s u f f i c i e n t  t o  a l low abso rp t ion ,  i t  is  very  l i k e l y  t h a t  abso rp t ion  through t h e  

g a s t r o i n t e s t i n a l  t r ac t  may be a n  important  r o u t e  of e n t r y  f o r  organic  p o l l u t a n t s .  

The 

12 

lIm w i l l  no t  be t r anspor t ed  
' 

For c e r t a i n  p o l l u t a n t s ,  p a r t i c u l a r  adverse  h e a l t h  e f f e c t s  may only begin t o  

occur a t  a concen t r a t ion  th re sho ld  governed by t h e  ra te  a t  which body 

defense  mechanisms can remove t h e  p o l l u t a n t  e i t h e r  by metabol ic  a c t i v i t y  o r  

phys i ca l  c learance .  When p o l l u t a n t  l e v e l s  exceed t h e  threshold ,  biochemical,  

phys io log ica l ,  c y t o l o g i c a l ,  and immunological changes can t a k e  p l a c e  which p l a c e  

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

h e a l t h  e f f e c t s ,  t h e r e  may be no th re sho ld .  Adverse e f f e c t s  may be induced, w i th  

some p r o b a b i l i t y ,  a t  a r b i t r a r i l y  low concent ra t ions .  
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4.2.1 S u l f u r  Oxides 

The phys io log ica l  e f f e c t s  of SO and H SO 2 2 4  have been s t u d i e d  very  ex- 
3 t e n s i v e l y  by a number of workers,  i n  both humans and animals .  I n  1965, Cooper 

compiled a b ib l iography of 994 s t u d i e s  on t h e  e f f e c t s  of s u l f u r  ox ides ,  and 

many more s i n c e  t h a t  t i m e  have been publ ished.  R e v i e w  of t h i s  d a t a  uncovers many 

apparent  i n c o n s i s t e n c i e s ,  due presumably t o  d i s s i m i l a r i t i e s  i n  exposure condi- 

t i o n s ,  animal  s p e c i e s ,  o r  measurement techniques.  Most of t h e  workhas  approache 

t h e  problem of SOx toxicology a t  t h e  level of e f f e c t s  on respiratory-pulmonary 

mechanics and on c e l l  popula t ions  and a c t i v i t i e s .  

r e l a t i v e l y  s e l f - c o n s i s t e n t ,  we can gene ra l ly  conclude t h a t :  

t o x i c  a e r o s o l  than  i s  SO 

animal  employed, bu t  concen t r a t ions  of H SO m i s t  which t h i s  animal can wi ths tand  

would o f t e n  be i n t o l e r a b l e  t o  man, and 3 )  compared t o  ambient a i r  p o l l u t i o n  l e v e l s ,  

r e l a t i v e l y  h ighe r  l e v e l s  of SO 

o r  m o r t a l i t y  i n  animals .  However, t h e  l i t e r a t u r e  on s u l f u r  ox ide  e f f e c t s  is 

f r augh t  w i t h  disagreements  among d i f f e r e n t  s t u d i e s .  

Of t h e  f ind ings  which are 

1 )  H2S04 is  a more 

2 )  guinea p i g s  are t h e  most s u s c e p t i b l e  l abora to ry  2;  

2 4  

and H SO 2 2 4  are requ i r ed  t o  produce lung pathology 

S u l f u r  d iox ide  produces a b ronchocons t r i c t ion  w i t h  subsequent  pulmonary 

flow r e s i s t a n c e  common t o  v a r i o u s  o t h e r  r e s p i r a t o r y  i r r i t a n t s .  This response  

has  been shown i n  t h e  guinea p i g ,  t h e  dog, and t h e  ca t  and can b e  e l i c i t e d  by 

exposing only t h e  upper a i rways t o  SO S u l f u r i c  a c i d  and some, b u t  n o t  a l l ,  2' 
p a r t i c u l a t e  s u l f a t e s  a l s o  produce bronchocons t r ic t ion .  This  response  has  been 

shown repea ted ly  i n  t h e  guinea  p ig ,  and i s  h igh ly  dependent on p a r t i c l e  s i z e ,  

w i t h  t h e  smallest p a r t i c l e s  ( < 1 pm) showing t h e  g r e a t e s t  i r r i t a n t  potency 

because of their  a b i l i t y  t o  penetrate more deeply i n t o  the respiratory system 

and i r r i t a t e  t i s s u e s  i n  t h e  a l v e o l a r  r eg ion  of t h e  lung t o  a much g r e a t e r  ex- 
t e n t  than l a r g e r  p a r t i c l e s .  These e f f e c t s  have been reviewed by EPRI,4 the 

EPA,65'69 t h e  ARB, 66 NIOSH,  67 Snodderly,68 and o t h e r s .  
70-72 

Human exper imenta t ion  has  shown t h a t  SO and H SO a e r o s o l s  bo th  have a 2 2 4  
bronchocons t r i c to r  e f f e c t  i n  manL most l i k e l y  mediated by a parasympathet ic  

r e f l e x .  I n  t h e s e  s t u d i e s ,  techniques which measure t h e  r e s i s t a n c e  t o  t h e  f l o w  

of t h e  r e s p i r a t o r y  gases  by t h e  pulmonary airways have been used on "heal thy 

a d u l t s , "  t h a t  is ,  those  leas t  s u s c e p t i b l e  t o  adve r se  e f f e c t s .  F igures  4.2-2 

and 4.2-3 i l l u s t r a t e  t h e  airway r e s i s t a n c e  e f f e c t s  of SO2 and H SO 

and animal.  

i n  humans 2 4  

B ~ s h t u e v a ~ ~  repor t ed  t h a t  t h e  minimum concen t r a t ion  of H SO m i s t  de tec-  

w i t h  a range  of 600-850 
2 4  3 

t a b l e  by 10 h e a l t h y  human s u b j e c t s  averaged 750 ug/m 
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3 
CONCENTRATION - mg/m 

Figwe 4.2-2: A i r m y  resistance e f f e c t s  of SO2 (32, 52, 33) 

Figure 4.2-3: Dose-response curves for 
a one-hour exposure t o  
suZfuric acid mist 
(Admur 15, 16, 27) .  
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3 pg/m , b u t  t h i s  s tudy  used phys io log ica l  responses  of t h e  c e n t r a l  nervous system 

r a t h e r  than changes i n  r e s p i r a t o r y  func t ion  as measured of t he  e f f e c t s  of t h e  

ae roso l .  

Sim and P a t t l e 5 5  exposed h e a l t h y  males 18-45 y e a r s  o ld  t o  s u l f u r i c  a c i d  

m i s t ,  s u l f u r  d iox ide  and v a r i o u s  aldehydes f o r  pe r iods  up t o  s i x t y  minutes.  

The main e f f e c t s  of SO and s u l f u r i c  a c i d  m i s t  w e r e  a n  inc rease  i n  airway 

r e s i s t a n c e  and t h e  appearance of rales. Two s u b j e c t s  exposed t o  H SO m i s t  

developed long- l a s t ing  b r o n c h i t i c  symptoms. When steam w a s  added t o  t h e  H SO 

m i s t ,  caus ing  t h e  p a r t i c l e s  t o  en la rge  and thus  s imula te  pe r iods  of h igh  

humidity,  t h e  i r r i t a n t  e f f e c t s  were i n t e n s i f i e d .  

2 

2 4  

2 4  

Amdur and col leagues56 subjec ted  normal human s u b j e c t s  t o  concen t r a t ions  
3 of s u l f u r i c  a c i d  m i s t  from 0.35 t o  5 mg/m . By means of a pneumotachograph, 

a l l  changes i n  r e s p i r a t i o n  were observed and measured. Reten t ion  of inha led  

a c i d  m i s t  averaged 77%. Marked e f f e c t s  upon r e s p i r a t i o n  were a l w a y s  noted i n  

normal men who had no r egu la r  exposure o r  adap ta t ion  t o  s u l f u r i c  a c i d ;  changes 

of a pure ly  r e f l e x  n a t u r e  (not  under t h e  c o n t r o l  of t h e  s u b j e c t  s i n c e  h e  w a s  

unable  t o  d e t e c t  t h e  presence  of a c i d  m i s t )  occurred a t  concen t r a t ions  as low 

as 0.35 mg/m . These changes were i n d i c a t e d  by sha l lower ,  more r a p i d  b rea th ing .  

A t  a h igh  concen t r a t ion  of ac id  m i s t ,  5 mg/m , e a s i l y  de t ec t ed  by a l l  s u b j e c t s ,  

very  marked r e a c t i o n s  were demonstrated by some of t h e  s u b j e c t s .  The g r e a t e s t  

e f f e c t  a t  t h i s  concen t r a t ion  w a s  a decrease i n  minute volume i n  two s u b j e c t s :  

11.7 t o  9.3 l i t e r s / m i n u t e  i n  one and 9.2 t o  7 l i t e r s / m i n u t e  i n  t h e  o the r .  

3 

3 

Frank e t  al .52 exposed e leven  hea l thy  male a d u l t s  on separate occas ions  

to  levels  of SO of 1 ,  5 ,  and 13 ppm. The exposures  l a s t e d  10 to  30 minutes  

and were spaced one month a p a r t  f o r  each sub jec t .  A t  t h e  lowest  concen t r a t ion  

of gas ,  on ly  one s u b j e c t  showed a s i g n i f i c a n t  i n c r e a s e  i n  a i r  f low r e s i s t a n c e .  

A t  bo th  5 and 13  ppm SOz, however, f low r e s i s t a n c e  w a s  e l eva ted  i n  a l l  sub- 

j ec t s ,  t h e  change being g r e a t e s t  a t  13 ppm. Increased  r e s i s t a n c e  u s u a l l y  

occurred  w i t h i n  1 minute of exposure,  increased  a f t e r ' 5  minutes ,  b u t ,  on the 

average,  showed no f u r t h e r  change a f t e r ' 1 0  minutes.  No c o n s i s t e n t  changes were 

found i n  pulmonary compliance, t i d a l  volume, b r e a t h i n g  frequency o r  pu l se  ra te ,  

b u t  f u n c t i o n a l  r e s i d u a l  capac i ty  increased  s l i g h t l y  dur ing  exposure t o  13 ppm. 

Findings q u a l i t a t i v e l y  similar t o  Frank e t  al.52 were presented i n  a 

s tudy  by S n e l l  and L ~ c h s i n g e r . ~ ~  Since  urban concen t r a t ions  of SO 

g e n e r a l l y  w e l l  below 5.0 ppm, t h i s  s tudy  observed t h e  a c u t e  e f f e c t s  of SO2 

exposure i n  t h e  0.5 t o  5.0 ppm range. 

2 

are 2 

"3 
Following 15  minute i n h a l a t i o n  by mouth 
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of 1 ppm SO i n  a i r ,  a small b u t  s i g n i f i c a n t  decrease  i n  flow rates was 

observed; a t  5 ppm a f u r t h e r  decrease  occurred,  b u t  t h e  a d d i t i o n  of a s a l i n e  

a e r o s o l  t o  t h e  gas  d i d  not  accen tua te  t h e  e f f e c t .  This  r e s u l t  c o n f l i c t s  wi th  

2 c 
t h e  work of Amdur i n  guinea p i g s  (see below) i n  which combinations of SO gas 

and N a C l  a e r o s o l  exert a s y n e r g i s t i c  e f f e c t  and do accentua te  the  response.  I n  

o rde r  f o r  t h i s  t o  happen, two p o s s i b l e  t h e o r i e s  are advanced: 1) t h e  s a l t  must 

c a t a l y z e  t h e  conversion of SO (or SO ) t o  a t o x i c  s u l f a t e  compound, or 

2) p a r t i c l e s  must d e p o s i t  i n  t h e  lower ai rways.  S n e l l  and LuchsingerS7 be l ieved  

t h e  d a t a  suppor t  t h e  second theory ,  and argue t h a t  because r e l a t i v e l y  l a r g e  

diameter  p a r t i c l e s  are produced by u l t r a s o n i c  gene ra t ion  of t h e  sa l ine  m i s t ,  
d e p o s i t i o n  i n  t h e  lower ai rways is  s l i g h t  ( p r o t e c t i v e  mechanisms would keep 

l a r g e  p a r t i c l e s  o u t )  and r e t e n t i o n  i n  t h e  upper r e s p i r a t o r y  t rac t  g r e a t .  S ince  

both t h e  Amdur studys6 and t h e  Snell-Luchsinger i n ~ e s t i g a t i o n ~ ~  p r e s e n t  

presumably v a l i d  experimental  d a t a ,  t h e  discrepancy between t h e  two sets of 

r e s u l t s  p o i n t s  ou t  t h e  n e c e s s i t y  t o  d i s t i n g u i s h  between and avoid g e n e r a l i z a t i o n s  

i n  animal  and human exper imenta t ion  which might l ead  t o  erroneous ex t r apo la t ions .  

Burton and  colleague^,^^ i n  a s tudy of response of hea l thy  men t o  gas- 

a e r o s o l  mixtures ,  r e p o r t  f i n d i n g s  which suppor t  t h e  above work. 52’57 I n  t h i s  

s tudy ,  gas-aerosol  synergism f o r  SO (less than  3 ppm) and i n e r t  a e r o s o l s  a t  

concen t r a t ions  approximating those  i n  urban atmospheres could n o t  be demon- 

s t r a t e d .  The a u t h o r s  conceded t h a t  gas-aerosol  synergism may y e t  prove t o  be 

a n  important  toxologic  mechanism i n  man, however, and t h a t  t e s t i n g  pulmonary 

mechanics s t u d i e s  may n o t  b e  t h e  b e s t  approach t o  problems of acu te -e f f ec t  a i r  

p o l l u t i o n  toxicology i n  man. 

2 

2 3 

e 
2 

S u l f u r  ox ides  have a l s o  been shown t o  cause  a l t e r a t i o n s  i n  c e l l  popula t ions  

and a c t i v i t i e s  i n  t h e  lung and r e s p i r a t o r y  tract .  59-63 Short-term exposure t o  

SO concen t r a t ions  i n  excess  of 10 ppm has  been r epor t ed  t o  damage t h e  c i l i a t e d  

e p i t h e l i a l  cells  i n  t h e  t r achea  ( r e spons ib l e  f o r  mechanical ly  removing b a c t e r i a ,  

d u s t s ,  and o t h e r  l a r g e  p a r t i c u l a t e  masses). This  e f f e c t  could a l t e r  t h e  size- 
dependence of p a r t i c l e  d e p o s i t i o n  i n  t h e  lung, a l lowing t h e  l a r g e r  p a r t i c l e s  

t o  d e p o s i t  i n  a l v e o l a r  spaces  fo l lowing  SO2 e x p ~ s u r e . ~ ’  Exposure t o  very  h igh  

concen t r a t ions  (50 ppm and above) f o r  vary ing  pe r iods  of t i m e  can a l t e r  t h e  

local popula t ions  of cel ls  i n  t h e  lung and r e s p i r a t o r y  t ract .  As Figure  4.2-4 

r e v e a l s ,  high SO2 exposure causes  t h e  mucus-secreting gob le t  c e l l s  normally 

found i n  t h e  t rachea  t o  migra te  i n t o  the  bronchiol i .61 Presumably, t h e  c e l l s  
61  

i n  t h e  t r a c h e a  are i n i t i a l l y  overs t imula ted ,  then  k i l l e d .  , 

2 
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Fur the r  exposure r e s u l t s  i n  t h e  eventua l  migra t ion  of mucus-secreting c e l l s  

i n t o  These changes can be extremely harmful ,  even f a t a l ,  

Ord ina r i ly ,  mucus s e c r e t e d  by o t h e r  ce l l s ,  as w e l l  as p a r t i c u l a t e  matter, 

are removed from t h e  a l v e o l a r  spaces  by a l v e o l a r  macrophages, Thei r  a c t i v i t y  

i s  q u i t e  s e n s i t i v e  t o  s u l f u r  oxides  exposure.  61-63 The a b i l i t y  of macrophages 

t o  keep t h e  a l v e o l a r  a i rways open may determine t h e  e x t e n t  and dose dependence 

of t h e  b r o n c h i a l  responses  c h a r a c t e r i s t i c s  of SO . The v i a b i l i t y  of a l v e o l a r  

macrophages may determine a l s o  t h e  hos t  organism's r e s i s t a n c e  t o  i n f e c t i o n s  

d i s e a s e s .  

X 

n 

5 0  100 200 300 

so2 PPX 

F 
0 
- 1  

5 0  100 203 3C 

SO) PPM 

Fig- 4 . 2 - 4  The e f f e c t s  of various leve ls  of 
s u l f u r  diozich on the rzt 

( r i g h t ) .  (61) 
traccea ( l e f t )  and bronchiolus I .  

Continued exposure t o  very  h igh  l e v e l s  of SO even tua l ly  l eads  t o  a com- 

p l e t e  changeover i n  t h e  r e l a t i v e  popula t ions  of t h e  v a r i o u s  c e l l  types  i n  t h e  

lung  and r e s p i r a t o r y  t r a c t .  The sequence of airway e p i t h e l i a l  changes a f t e r  ex- 

posure t o  non- fa t a l  doses  of s u l f u r  d iox ide  is  f i r s t  d i l a t i o n  and d e s t r u c t i o n  

of c i l i a t e d  c e l l s ,  followed by replacement of c i l i a t e d  c e l l s  by g o b l e t  c e l l s ,  

2 
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t cel ls  d isappear  and are rep laced  by squamous cel ls  i n  t h e  ep i the l -  

a c u t e  exposure t o  SO 

magnitude h ighe r  than t y p i c a l  ambient a i r  levels. I n  add i t ion ,  none of t h e s e  

e f f e c t s  has  y e t  been t r aced  t o  any p a r t i c u l a r  r e a c t i o n  of SO 

and c e l l u l a r  c o n s t i t u e n t s  (Sec t ion  4.3.1). 

occur  a t  concent ra r ions  which are a t  leas t  3-4 o rde r s  of 2 

with  biochemical 2 

S i m i l a r  s t u d i e s  w i t h  SO and H SO m i s t s  sugges t  t h a t  p a r t i c u l a t e  s u l f a t e s  3 2 4  
may be much more i r r i t a t i n g  than  SO 

4’69974 sugges ts  t h a t  e i t h e r  SO o r  H SO exposure re- Morphological evidence 

s u l t s  i n  t h e  formation of n e c r o t i c  zones (areas of dead t i s s u e s )  i n  the  t r achea  

and poss ib ly  i n  t h e  bronchi .  Hence, H SO 2 4  
c e l l  popula t ions ,  even though t h e  chemistry of i t s  r e a c t i o n s  wi th  c e l l u l a r  

c o n s t i t u e n t s  i s  ve ry  d i f f e r e n t  from SO e f f e c t s  ( see  Sec t ion  4 .3 .1 ) .  

Figure 4.2-3 shows t h i s  e f f e c t  c l e a r l y .  

2 2 4  
2’ 

may have many of t h e  same e f f e c t s  on 

2 

t o x i c  e f f e c t s  on tissues i n  t h e  r e s p i r a t o r y  t r a c t  whose normal f u n c t i o n  is  to  

combat i n f e c t i o n s .  Other d i s e a s e  states of a more primary or secondary n a t u r e  

The a b i l i t y  of atmospheric s u l f u r  ox ides  t o  cause i l l n e s s  may stem from 

have been a t t r i b u t e d  t o  SOx as w e l l .  However, i t  is no t  so clear t h a t  s u l f u r  

ox ides  are a c t u a l l y  r e spons ib l e  f o r  a l l  of t h e  cond i t ions ,  The e f f e c t s  of 
15,75,76,79 chronic  exposure t o  low levels t o  s u l f u r  ox ides  have been s t u d i e d  

i n  animals ,  w i t h  t h e  p r i n c i p a l  man i fe s t a t ion  of harm being a r educ t ion  i n  t h e  

rate a t  which f o r e i g n  bodies  are c l ea red  from t h e  r e s p i r a t o r y  t ract .  Seve ra l  

i n v e s t i g a t o r s  36’ 77-79 have suggested t h a t  chronic  exposure t o  s u l f u r  oxides  

a l ters  t h e  ant ibody defense  mechanism of t h e  lung a g a i n s t a i r b o r n e b a c t e r i a  i n  
t h e  lung and throughout t h e  body, and may t h e r e f o r e  impair r e s i s t a n c e  t o  

i n f e c t i o u s  d i s e a s e s .  

One can  summarize threshold  concen t r a t ions  f o r  t h e  a c u t e  i n t e r a c t i o n s  of 

SO i n  humans as fo l lows:  
X 

s o 2  S u l f a t e s  

(Standards : 0.03 ppm (1 y r )  o r  0.5 ppm (1 h r )  

Taste/Odor: 0.3 ppm 700 ug/m3 

I r r i t a t i o n :  ’ 3 PPm 350-2,000 ug/m3 

Causes i l l n e s s :  > 1 - 1 0  ppm 10-3,000 grg/m3 

25 ug/m3) 

Le tha l  dose: > 400 ppm ? 

rls 

c 
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4.2.2 Nitrogen Oxides 

N i t r i c  Oxide 

Of t h e  oxides  of n i t rogen  commonly encountered i n  occupat iona l  and 

2 community a i r ,  only n i t rogen  d ioxide  (NO ) has  received any s i g n i f i c a n t  a t t e n t i o n  

from biomedical s c i e n t i s t s  i n v e s t i g a t i n g  t h e  h e a l t h  e f f e c t s  of combustion-gener- 

a t e d  p o l l u t a n t s .  There are two major reasons  f o r  t h e  emphasis on NO F i r s t ,  

a t  h igh  concen t r a t ions ,  n i t r i c  oxide (NO) r e a c t s  r e a d i l y  wi th  oxygen t o  form 

NO ( see  Sec t ion  3 . 3 . 3 . 3 ) ,  s o  t h a t  i t  becomes d i f f i c u l t  t o  main ta in  NO i n  a 

l abora to ry  exposure experiment.  Second, no cases  of human poisoning a t t r i b u t e d  

s t r i c t l y  t o  NO have ever  been r epor t ed  i n  t h e  l i t e r a t u r e .  I n  an imals ,  ex- 

tremely high concen t r a t ions  of NO produced c e n t r a l  nervous s y s t e m  p a r a l y s i s  and 

convuls ions.  Mice exposed t o  3,075 mg/m3 (2,500 ppm) were na rco t i zed  ( i n  6 

t o  7 minutes)  and d i ed  w i t h i n  1 2  minutes ,  b u t  when t h e  na rco t i zed  animals were 

re turned  t o  f r e s h  a i r  a f t e r  4 t o  6 minutes of exposure,  they r a p i d l y  re- 

covered. 

monary f u n c t i o n  from 4 hour exposures t o  concen t r a t ions  of 19.7 t o  94.0 mg/m 

(16-50 ppm) . 81 

i n  t h e  lung. However, r e c e n t  biochemical evidence ( see  Sec t ion  4.3.3) sugges ts  

t h a t  NO may behave l i k e  carbon monoxide i n  i t s  e f f e c t s  on ca rd iovascu la r  phys- 

i o logy  ( see  Sec t ion  4.2.5). 

2 '  

2 

80 I n  experiments on guinea p i g s ,  t h e  d a t a  ind ica t ed  no e f f e c t  on pul- 
3 

NO, t h e r e f o r e ,  does n o t  e l i c i t  any obvious phys io log ica l  changes 

Nitrogen Dioxide 

NO exposure e l i c i t s  a range of e f f e c t s  i n  t h e  lung which inc lude  changes 2 
i n  pulmonary f u n c t i o n  mechanics, changes i n  c e l l  popula t ions  and growth p a t t e r n s ,  

changes i n  t i s s u e  morphology, and depress ion  of r e s i s t a n c e  t o d i s e a s e .  Addi t iona l  

metabol ic  changes are d i scussed  i n  Sec t ion  (4.3.3) ,  a l though some of t h e  physi-  

o l o g i c a l  e f f e c t s  of NO can b e  t r aced  d i r e c t l y  t o  s p e c i f i c  biochemical l e s i o n s .  

Typica l  h e a l t h  e f f e c t s  of n i t rogen  oxides  exposure,  e i t h e r  chronic  o r  a c u t e ,  

i nc lude  symptoms which appear immediately ( e a r l y  responses) ,  t hose  which 

appear throughout t h e  exposure pe r iod  b u t  remi t  dur ing  a subsequent recovery 

pe r iod ,  and those  which are  appa ren t ly  i r r e v e r s i b l e  ( p e r s i s t e n t  responses)  o r  

from which t h e  animal  recovers  very  slowly. 

2 

82-88 

Ear ly  responses  may inc lude :  

b ronch io la r  inflammation; 
l o s s  of c i l i a  i n  t e rmina l  bronchio les ;  
Type I a l v e o l a r  e p i t h e l i a l  ce l l  replacement by Type I1 o r  Type I1 

tachypnea, t i d a l  volume decrease ,  i n c r e a s e  flow r e s i s t a n c e ;  
hematologic i n d i c a t o r  changes; 
eye and n a s a l  i r r i t a t i o n ;  
delayed s e p t a t i o n  of a i r  spaces  ( a l v e o l a r  matura t ion) ;  
mucoci l ia ry  t r a n s p o r t  r a t e s  de lay ;  
m o r t a l i t y  . 

m i t o s i s  s t i m u l a t i o n ;  
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Exposure d u r a t i o n  responses  inc lude :  

tachypnea (some spec ie s ) ;  
reduced r e s i s t a n c e  t o  r e s p i r a t o r y  i n f e c t i o n ;  
macrophage dysfunct ion;  
peroxida t ion  of lung l i p i d s ;  
reduced weight ga in ;  
e l eva ted  u r i n a r y  p r o t e i n  levels. 

P e r s i s t e n t  responses  inc lude :  

a l v e o l a r  d i s t e n s i o n  ; 
s e p t  a1 wa 11 t h i n n i n g  ; 
emphysema ; 
s u r f a c t a n t  s u r f a c e  t e n s i o n  degrada t ion ;  
p e r i p h e r a l  organ involvement; 
m o r t a l i t y  (due t o  pulmonary edema). , 

Responses t o  a c u t e  exposures  of NO do no t  d i f f e r  q u a l i t a t i v e l y  from 2 
those  of chronic  exposures .  

e p i s o d i c  c o n d i t i o n s  and t o  develop a r e f i n e d  understanding of mechanisms. 

e x e r t s  i t s  primary t o x i c  e f fec t  on t h e  lungs. Concentrat ions greater than 

188 m g / m  (100 ppm) are l e t h a l  t o  most animal  s p e c i e s ,  and 90% of the d e a t h s  

are a t t r i b u t e d  t o  pulmonary edema. 

va ry ing  t h e  d u r a t i o n  o r  dose  of t h e  exposure t o  NO 

presence  of  o t h e r  i r r i t a n t s  (88). 

Acu te  exposures  are most o f t e n  used t o  s imula t e  

N02 

3 

The m o r t a l i t y  ra te  may be  modified by 

t h e  temperature ,  and the 2' 

Short-term exposures  t o  NO i n c r e a s e  pulmonary flow r e s i s t a n c e  (89,90) 2 
and can reduce t h e  rate of d i f f u s i o n  of  gases  i n t o  t h e  bloodstream (91).  These 

e f f e c t s  seem t o  combine a d d i t i v e l y  w i t h  those  induced by s u l f u r  ox ides  (84,88), 

so  t h a t  t h e  s imultaneous presence  of NO and SO r e s u l t s  i n  n e i t h e r  synergism 

nor  ove r l ap  of e f f e c t s  on pulmonary func t ion .  

a t o r y  e f f e c t s  of t h e  two gases  from one ano the r  may stem i n  p a r t  from t h e  f a c t  

t h a t  SO 

a deep-lung i r r i t a n t  (4,15,65,82-88). 

X X 
This  independence of  t h e  r e s p i r -  

i s  p r i m a r i l y  an  upper r e s p i r a t o r y  t r ac t  i r r i t a n t ,  wh i l e  NO2 is l a r g e  2 

I n  s t u d i e s  of pulmonary func t ion ,  one experiment by Rokaw e t  a lg2 u t i l i -  

zed s i x  normal s u b j e c t s  and f o u r  wi th  "moderate t o  marked" pulmonary d i sease .  

On exposure t o  concen t r a t ions  of 940 t o  5,640 ug/m3 (0.47 t o  2.8 ppm) NO2 for 

two t o  t h r e e  hours  a t  a t i m e ,  no c o n s i s t e n t  changes i n  airway r e s i s t a n c e ,  

p u l s e  r a t e ,  r e s p i r a t o r y  r a t e  o r  s u b j e c t i v e  complaints  were observed. These 

parameters  were measured be fo re ,  du r ing ,  and a f t e r  exposure when t h e  s u b j e c t s  

were e i t h e r  r e s t i n g  o r  e x e r c i s i n g ;  smokers were included i n  t h e  s tudy  b u t  

were r equ i r ed  t o  a b s t a i n  from smoking f o r  e i g h t  hours  p r i o r  t o  exposure.  
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2 
by Abe,93 f i v e  h e a l t h y  males (ages 21-40), judged t o  be  f r e e  from r e s p i r a t o r y  

d i s e a s e ,  were exposed on s e p a r a t e  o c c a s i ~ n s t o 7 . 5  t o  9 . 4  mg/m (4-5 ppm) NO2 

and 10.5 t o  13.1 mg/m 

week i n t e r v a l s  between exposures.  I n s p i r a t o r y  and e x p i r a t o r y  flow r e s i s t a n c e  

and pulmonary compliance were measured be fo re ,  dur ing ,  and a f t e r  exposure. One 

second forced  e x p i r a t o r y  volume, m a x i m a l  mid-expiratory flow rate,  and peak 

flow r a t e  were measured p r i o r  t o  and 30 minutes  a f t e r  exposure.  

NO a l o n e  d id  n o t  s i g n i f i c a n t l y  change lung volumes and peak flow rates, bu t  

d i d  cause  an i n c r e a s e  i n  both e x p i r a t o r y  and i n s p i r a t o r y  flow r e s i s t a n c e ;  mean 

pulmonary compliance decreased s l i g h t l y  30 minutes a f t e r  exposure ( s i g n i f i c a n t  

I n  a s tudy  of t h e  a d d i t i v e  e f f e c t s  on pulmonary func t ion  of NO and SO 2 

3 

3 (4-5 ppm) SO2. Each exposure w a s  f o r  10 minutes wi th  two 

I n h a l a t i o n  of 

2 

a t  p < 0.10 bu t  no t  a t  p < 0.05) SO i n h a l a t i o n  a l s o  caused an i n c r e a s e  i n  

i n s p i r a t o r y  and e x p i r a t o r y  flow r e s i s t a n c e  which w a s  maximal immediately a f t e r  

exposure. Exposure t o  a mixture  of 4.7 mg/m (2.5 ppm) NO and 6 . 6  mg/m (2.5 

ppm) SO produced a bimodal i n c r e a s e  i n  both i n s p i r a t o r y  and e x p i r a t o r y  f low 

r e s i s t a n c e  which corresponded t o  an  immediate r e f l e x  i n c r e a s e  due t o  SO and 

a delayed i n c r e a s e  due t o  NO As mentioned be fo re ,  SO i s  known t o  cause  an  

immediate r e f l e x  a long  parasympathet ic  pathways. The mechanism by which NO 

induces r e s i s t a n c e  i s  unknown, b u t  probably d i f f e r e n t  from t h a t  of SO 

2 

3 3 
2 

2 

2 

2’ 2 

2 

2’ 
Smidt and von Niedingg4 exposed p a t i e n t s  w i t h  ch ron ic ,  non-specif ic  lung 

2 d i s e a s e  t o  a range  of concen t r a t ions  of NO from 1-10 ppm. Above 2 ppm, t h e r e  

w a s  a s i g n i f i c a n t  i n c r e a s e  i n  airway r e s i s t a n c e  r epor t ed  i n  63 p a t i e n t s .  An- 

o t h e r  s tudy  by von Nieding e t  al.” among normal males 18-35 yea r s  o l d  a l s o  
demonstrated increased  airway resistance and the  effect  w a s  p r o p o r t i o n a l  to 

NO 

d i f f u s i o n  c a p a c i t y  was a l s o  noted. 

concen t r a t ion  (range of 1.5 t o  5 ppm; no e f f e c t  below 1.5 ppm). Decreased 
2 

I n  experiments i n  which h e a l t h y  d-iale v o l u n t e e r s ,  20-35 y e a r s  o l d ,  were 

exposed t o  vary ing  concen t r a t ions  of NO 2’ 
p e r c e p t i o n .  A t  225 pg/m 

415 g/m3 (0.22 ppm) over  h a l f  perce ived  odor and a t  h ighe r  concen t r a t ions ,  

beginning wi th  835 vg/m (0 .42  ppm), a l l  s u b j e c t s  immediately recognized t h e  

odor. Another s tudy  by Shalamberidzea1 demonstrated t h a t  t h e  o l f a c t o r y  per- 

c e p t i o n  of NO2 and SO 

simii l taneously,  lower concen t r a t ions  of each gas l e d  t o  odor percept ion .  

Henschler et a1.80 measured p l f a c t o r y  
3 (0.12 ppm) only  a few s u b j e c t s  perceived t h e  odor. A t  

3 

was a d d i t i v e ,  t h a t  is ,’ .when bo th  gases  were presented  2 

Exposure t o  NO under e i t h e r  a c u t e  o r  ch ron ic  s i t u a t i o n s  can e l i c i t  2 
morphological changes i n  lung t i s sue  s t r u c t u r e s ,  D i rec t  microscopic  examination 
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of exposed t issues  usua l ly  r evea l s  s i g n i f i c a n t  damage wi th in  a s h o r t  per iod 

following onset .  I11 e f f e c t s  of NO 
4 hours,  a f t e r  which genera l  recovery takes  p lace  even during continued ex- 

97-99 One of t hese  which p e r s i s t s  long a f t e r  NO posure. 

i n  t h e  appearance of connective t i s s u e  i n  the  lung. 95 These morphological 

changes, however a e s t h e t i c a l l y  d isp leas ing ,  cannot always be co r re l a t ed  with 

impairment of lung funct ion.  On the  o ther  hand, these  changes have obviously 

occurred i n  s i t u a t i o n s  i n  which NO exposure causes a lveolar  wa l l  d i s rup t ion  

and the  l o s s  of c i l i a r  a c t i v i t y  I n  the  a i r  p a s ~ a g e s , ~ ~ o r  i n  which lung func t ion  

has been i r n ~ a i r e d . ’ ~  One can argue t h a t  morphological changes are due t o  the  

seem t o  reach t h e i r  worst  e x t e n t a f t e r  about 2 

exposure is the  change 2 

2 

increased l e v e l  of p r o t e o l y t i c  a c t i v i t y  i n  the  lung during the  i n i t i a l  s t a g e s  

of exposure, and t h a t  t he  apparent recovery of lung s t r u c t u r e  i s  due t o  sub- 

sequent f a l l o f f  i n  p r o t e o l y t i c  a c t i v i t y .  97-99 

I n  add i t ion  t o  these  e f f e c t s ,  inhaled NO a l t e r s  c e l l u l a r  populat ions 2 
and growth c h a r a c t e r i s t i c s  of s e v e r a l  lung c e l l  types.  Most notable  is the 

a b i l i t y  of NO2 t o  i nduce  t h e  p r o l i f e r a t i o n  of Type I1 a l v e o l a r w a l l c e l l s .  

Whether o the r  types of c e l l s  i n  the  a l v e o l a r  blood-gas b a r r i e r  are a f f ec t ed  by 
the  sudden expansion of the  Type I1 cells i s  not  c l e a r ,  lo2’ lo3 mainly because 

l O O $ l O l  

the  r o l e s  of t hese  o the r  c e l l  types i n  the  a lveo la r  have not  been w e l l  estab- 

l i shed .  

Exposure t o  NO resu l t s  i n  the  l o s s  of c i l i a r  a ~ t i v i t y , ’ ~  and i n  a 2 
decrease i n  t h e  a b i l i t y  t o  remove fore ign  o b j e c t s  from t h e  r e sp i r a to ry  t r a c t .  

Hence, t h e  r e s u l t  f o r  a population a t  r i s k  is  an increased s u s c e p t i b i l i t y  t o  

r e sp i r a to ry  in fec t ions .  Indeed, t h e  incidence of r e s p i r a t o r y  i n f e c t i o n s  i n  

animals under con t ro l l ed  labora tory  condi t ions  increases  during exposure t o  

96’103-108 Attempts t o  c o r r e l a t e  NO exposure with emphysema and r e l a t e d  NO2. 2 
chronic  lung d i seases  have r e su l t ed  i n  cons iderable  controversy.  

t y  of d i r e c t  a i r  po l lu t an t  p a r t i c i p a t i o n  i n  the  e t io logy  of emphysema became 

apparent ‘ i n  1964 when Gross e t  a d o 9  demonstrated t h a t  treatment of lung with 

(d iges t ive )  p r o t e o l y t i c  enzymes could produce symptoms of emphysema i n  animals 

a r t i f i c a l l y .  

i s  a causa t ive  agent i n  emphysema. The work of Freeman e t  a l .  

suggests  t h a t  emphysema-like symptoms a r e  the  resu l t  of NO -induced s t r u c t u r a l  

degradia t ion  i n  lung due t o  p ro teo lys i s .  The f a c t  t h a t  leakage of p ro te ins  in- 
t o  the lung lavage f l u i d s  959 97 yloo ,  lo* ’115’  ‘16 occurs would confirm t h i s  view. 

Al t e rna t ive ly ,  Balchum and co-workers 113s114 have observed the  formation of 

The poss ib i l i -  

2 Since then, s eve ra l  workers 110-116 have presented evidence t h a t  NO 
95,98 ,99 ,110 ,111 

2 

QE 
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ant i - lung  a n t i b o d i e s  i n  serum in response t o  NO 
bodies  a g a i n s t  lung t i s s u e  has  f r equen t ly  been considered d i a g n o s t i c  of 

emphy s ma. ‘13 On t h e  o t h e r  hand, Kleinerman 97’102 has  observed no v i s i b l e  

symptoms of emphysema i n  guinea p i g s  fo l lowing  exposure t o  NO 

p r o t e i n  leakage  may have occurred.  Apparently,  p r o t e o l y t i c  a c t i v i t y  i n  t h e  

lung induced by NO2 can be  a t  least p a r t i a l l y  countered by p r o t e a s e  in -  

h i b i t o r s  i n  t h e  blood. 

a t t a c k .  The presence  of a n t i -  2 3 
even though 2’ 

97 

These s t u d i e s  sugges t  t h a t  NO exposure may s u b j e c t  an  occupa t iona l  o r  2 
community popu la t ion  t o  an  inc reased  r i s k  of i n f e c t i o u s  r e s p i r a t o r y  d i s e a s e s ,  

emphysema, and increased  d i f f i c u l t y  wi th  b rea th ing .  

e f f e c t s  of NO on t h e  ca rd iovascu la r  system have no t  g e n e r a l l y  been deduced 2 
from pulmonary f u n c t i o n  o r  r e s p i r a t o r y  d i s e a s e  s t u d i e s ,  bu t  i n s t e a d ,  from more 

d i r e c t  biochemical  obse rva t ions  (see Sec t ion  4.3.2). While t h e  inc idence  of 

r e s p i r a t o r y  d i s e a s e s  i n  a community can b e  determined f a i r l y  e a s i l y  by ep i -  

demiologica l  approaches,  i t  would be  d i f f i c u l t  t o  s e p a r a t e  t h e  i n f l u e n c e s  of 

o t h e r  p o l l u t a n t s  known t o  e l i c i t  s imilar  symptoms (see Sec t ion  4.1.2.1). 
Emphysema, which i s  appa ren t ly  s p e c i f i c  t o  p o l l u t a n t s  such as NO and ozone 

( see  4.2.3), is a r e l a t i v e l y  d i f f i c u l t  d i s e a s e  t o  diagnose.  It is clear that 

s t u d i e s  of t h e  types  descr ibed  above could prove immensely h e l p f u l  i n  d i r e c t i n g  

epidemiology s t u d i e s  of t h e  h e a l t h  e f f e c t s  of NO 

The primary and secondary 

2 

Q 
exposure.  2 

From t h e  s t u d i e s  d iscussed  above, w e  can conclude t h a t  levels between 
3 1 and 3 ppm (2,000-6,000 pg/m ) of NO2 are l i k e l y  t o  produce i n j u r i o u s  e f f e c t s  

i n  man. Even though some of  t h e s e  e f f e c t s  a r e  r e v e r s i b l e , w e s h o u l d  no t  assume 

t h a t  t hey  c o n s t i t u t e  an  accep tab le  risk, e s p e c i a l l y  for s u s c e p t i b l e  ind iv id -  

u a l s .  I n  a d d i t i o n ,  i t  is  d i f f i c u h t  t o  t r a n s l a t e  from e f f e c t i v e  dose i n  a 

l abora to ry  animal  s p e c i e s  to’Homo sap iens .  For example, a d u l t  humans are some 

50 times more s e n s i t i v e  t o  t h e  e k f e c t s  of NO on hemoglobin than most labora-  

’17 Simi la r  v a r i a t i b n s  f o r  t h e  e f f e c t  of NO on humans and animals  t o r y  animals .  

are apparent  from Figures  4.2-5 hnd 4.2-6.88 One is - not  j u s t i f i e d  i n  assuming 

t h a t  t h e  comparable harm l e v e l s  i n  humans are the same as i n  Figure 4.2-6 f o r  

animals.  Typ ica l ly ,  evidence of morphological  changes I n  t h e  lung are v i s i b l e  

a t  0 .5  ppm NO2; however, o t h e r  s h p t o m s  of chronic  d i s o r d e r s  f o r  which t h e s e  

changes a re  supposed t o  be  i n d i c a t i v e  do n o t  appear  u n t i l  NO l e v e l s  exceed 

s e v e r a l  ppm. Depressed r e s i s t a n c e  t o  r e s p i r a t o r y  i n f e c t i o n s  may become de- 

t e c t a b l e  a t  NO concen t r a t ions  as low a s  0.2 ppm (Figures  4.2-5, 4.2-6); 

however, most s t u d i e s  of d i s e a s e  r e s i s t a n c e  have u t i l i z e d  l e v e l  > 1 ppm 

(2000 u g h  1. 

I 

- 

2 

1 

2 

2 

3 
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Fig. 4.2-5. Observed ef fects  of NO, on humans. 
L 

* I -  0 1  

,M "., 
I I O  

Fig. 4.2-6.  Observed effects  of NO2 on animals. c 
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One gene ra l  cr i t ic ism of the  s t u d i e s  c i t e d  above i s  t h a t  they may not  

be r e l e v a n t  t o  us because l e v e l s  of compounds used were h igher  than normally 

found i n  ambient a i r .  The r e c e n t  (1975)  average d a i l y  concent ra t ions  of NOx 
and oxidants  i n  U . S .  c i t i e s  ranged from 0.01 and 0.17 ppm. 87 

The e x i s t i n g  a i r  q u a l i t y  s t anda rds  f o r  NO are based q u i t e  c o r r e c t l y  2 
on known symptoms of acu te  i n h a l a t i o n  t o x i c i t y .  No r e l i a b l e  estimate of t he  

margin of s a f e t y  b u i l t  i n t o  t h e s e  s t anda rds ,  however, can be made because of 

t he  l a r g e  d i f f e r e n c e s  i n  NO2 s e n s i t i v i t y  between humans and animals.  Accordingly, 

t h e  EPA e s t a b l i s h e d  an annual  average s tandard  of 0.05 ppm presumably based 

on t h e  premise t h a t  chronic  e f f e c t s  u sua l ly  r e q u i r e  lower concen t r a t ions  of 
82 p o l l u t a n t  than  more a c u t e  e f f e c t s ,  aga in  wi th  an  undefined s a f e t y  margin. 

The ARB s tandard  of 0.25 ppm f o r  a 1 hour exposure i s  based on lung func t ion  

d a t a  from normal and b r o n c h i t i c  a d u l t s ,  and con ta ins  a f a c t o r  of 2 s a f e t y  

nargin.  83-84 Nei ther  s tandard  t akes  i n t o  account t h e  p o s s i b i l i t y  of a " d e t o x i f i c a t i o n  

mechanism'' i n  t h e  lung f o r  NO 

t e n t i a l  of a th re sho ld  leve l  a t  which NO 

e f f e c t s .  

and no information p r e s e n t l y  e x i s t s  on the  PO- 
X '  

can begin t o  e l i c i t  adverse  h e a l t h  
2 

Onecansummarizethe known and suspected e f f e c t s  of NO 

(Standards:  0.05 ppm (annual average) ,  0.25 ppm (1-hr, C a l i f o r n i a )  
i n  humans as fol lows:  - 2  

5 ppm (8-hr, occupat iona l ) )  

TastelOdor Threshold: 1-3 ppm 

I r r i t a t i o n :  1-4 ppm 

Causes I l l n e s s :  0.2-0.5 ppm ( inc reased  r i s k  of r e s p i r a t o r y  i n f e c t i o n )  

L e t h a l  Dose: 50-300 ppm 

4.2.3 Ozone 

As i nd ica t ed  e a r l i e r  (Sec t ion  3.3.3.1) , the p r i n c i p a l  component of photo- 

chemical ox idants  is  ozone. Other c o n s t i t u e n t s  are s u f f i c i e n t l y  u n s t a b l e  t o  

preclude t h e i r  r o u t i n e  u s e  i n  l abora to ry  exposures.  Ozone and i t s  d e r i v a t i v e s  

a r e  gene ra l ly  h ighly  r e a c t i v e  w i t h  c e l l u l a r  and t i s s u e  components, and t h e  

h e a l t h  consequences of exposures t o  even*low l e v e l s  of the  oxidant  can be 

damaging. As a r e s u l t  of i t s  chemical r e a c t i o n s  wi th  b i o l o g i c a l  materials 

(Sec t ion  4 . 3 . 3 ) ,  t h e  h e a l t h  e f f e c t s  of ozone inc lude  lung t i s s u e  d e s t r u c t i o n ,  

emphysema, increased  s u s c e p t i b i l i t y  t o  r e s p i r a t o r y  i n f e c t i o n s ,  increased  

d i f f i c u l t y  with b rea th ing ,  e t c .  These a r e  summarized i n  a semi-quant i ta t ive  

manner f o r  animals (Table 4.2-1) and f o r  humans (Table 4.2-2;  Ref. 68) .  
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TABU 4.2-1.  

Concentration - 
1 

Ozone mse-.Responoe Cbn' i n  Animals ( 6 8 )  
* 

kf. 

ppm 6 hourr/day 136 prq, hmster, 
aouse 

- Duration Lffect  p c i e s  

Ten-inal airvays distorted, Rat. quinea . 
thickened, and f ibrous ;  alld 5 dJyL/WCek 

fo r  62 week8 Lo r 5 e r a t e  degree of emphyr a 

133 p p  3 hour8 Increased rusceptlbility tO Hamster, muse 
bacterial pnewmnla 1 

1 ppn l k w r  Tonnation o f  carbonyl groups m b b i t  130  
in lung coLlagcn. modification 
of lunq carbohydrates 

Disruption of  ntrr~ranes of cells 
linin9 lun9 capillaries; 
occssionslly blood-air barrhr 
completely broken 

House 
0.6-1.3 ppen 7 hours 

Nouse 0.4-0.7 p p  4 hours Peroxidition of lung f a t s  

House 6 hours Suppression of DNI. synthesi8 in 
alveolar cells 

0 .5  pps 

Rat 0.5 P P  6 weeks Chanper in composition of imp 
f a t s ;  edema of l ~ n p s ;  especially 
severe an Vitamin E-depleted 
mrrnalr 

6 hourr/day bhlls of small arteries thickened -bit 
5 days/week and inner Ciameter reduced; 
for 10 months moderate degree of emphysema: in- 

crease an blood factor related to 
breakdown of proteins 

0 . 4  ppa 

0.3 F P  J-5 hours 30t decrease in rate of diffusion Blouse 
of 9.1 iron air r n t o  blood m the 
lung 

0.2 ppn 1 hour Release of chemicals (serotonin) -bit, frop 
from blood cell8 (platelets) 

0.08 Pps 3 hours Xncrcssed susceptibility t o  b 8 e  
infcction with streptococcus 
(a baccerium) 

129 

128 

132  

68 

-134.  135 

68 

137 

131 

f 
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A 

TABLE 4.2-2.  Ozone mse-Respnse C h a r t  in Humans (68) - 
Ref. 

Man 124 

Effect Species - -- Concc.r.t rd tien Duration - .  

1 ppm 30 minutes Headaches in most individuals 
or 10npcr .. 

1 ppm 10 minutes Rate at which oxygen i s  transferred Man 
from blood to tissuc is drastically 
reduced 

125 

0.6-0.B ppn 2 hours Impaired rate Of diffusion Of Man . 123 
pas from air into blood in lunq: 
dccrcascd vltal capacity and 
forced expiratory volUWw; large 
.individual diffcrcnccs bctrcrn 
persons 

0.5 ppl" 3 hourr/day Forced expiratory volume decreased lllM 
6 ddys/week during last 6 weeks; mean decrease 
for 12 uceks of 25\ An 6 Bub]rcts: interpreted 

as indicating obstructxon of 
terminal bronchioles and bronchi 

122 

0.3-0.8 ppm Working day Subjective complaints of chcrt h n  126 
constriction and throat irritation 

0 . 3 5 - 0 . 5  ppm %o 3-hour Subjective canplaints of eye irri- I(.n 127 
exposur cs tation, tightness of facial skin as 
rcparatcd by after prolongcd sunba.thing. trrcd- 
1 hour of rcst ness and difficulty concentrating; 

feeling of l e thargy often persisted 
for a day or t w o  after exposure 

0.1 Ppm -- Dryness of nasal mucous membranes h n  

0.1 P P  1 hour Airvay resistance increasrd in nul 
2 of 4 cuhjects 

124 

121 

0.1 Ppn 8 hours RECOI4"ENDED LIMIT FOR ZNWSTRIAL ?Ian 
EXPOSURE 1970 

)(.n 124 

124 

0.05 ppm - Irritation of nose and throat 
in sensitlvc individuals 

. .  
Odor threshold n u l .  

O.QZ-b.05 pp. -- 
'Las Anqcles air contalnr approximately the range of ozone concentrations covered by this chart (74).  
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c Ozone i s  known t o  i n c r e a s e  t h e  s p e c i f i c  airway r e s i s t a n c e  i n  t h e  lung and 

r e s p i r a t o r y  t r ac t ,  and o t h e r  changes i n  r e s p i r a t o r y  mechanics t y p i c a l  of noxious 

p o l l u t a n t  i r r i t a t i o n  68'118-121 have been repor ted  f o r  ozone a t  levels below 1 ppm 

(2000 pg/m3). 

o t h e r  p o l l u t a n t s ,  s i n c e  t h e  s imultaneous presence of o the r  agen t s  (SO o r  NO ) 

cont inue  t o  e l i c i t  superimposable b ronch ia l  responses  dur ing  admin i s t r a t ion  

of 03. However, t h e  o p e r a t i o n a l  c r i t e r i a  i n  these  tests show t h a t  exposure 

t o  ozone, l i k e  SO2 o r  NO2, decreases  t h e  e f f i c i e n c y  of r e s p i r a t i o n .  

These e f f e c t s ,  however, are no t  i d e n t i c a l  t o  those  e l i c i t e d  by 

2 2 

66 

Morphological evidence of ozone-induced damage t o  c e l l u l a r  and s u b c e l l u l a r  

s t r u c t u r e s  i n  t h e  lung and r e s p i r a t o r y  t r a c t  are q u i t e  s t r i k i n g ,  even i n  t h e  

absence of-measured metabol ic  changes. The work of Coff in  and co l leagues  

i n d i c a t e s  t h a t  ozone a t  very  low concen t r a t ions  ( -0.1 ppm) des t roys  a l v e o l a r  

138,139 

macrophages. Other i n v e s t i g a t o r s  have noted s i g n i f i c a n t  u l t r a s t r u c t u r a l  altera- 

t i o n s  i n  t h e  lung t i s s u e s  of mice exposed t o  oxidants,14' changes i n  c i l i a t e d  
e p i t h e l i a l  cells ,  138 s l i g h t  d e s t r u c t i o n  of Type I a l v e o l a r  w a l l  c e l l s ,  14' b u t  

no more than temporary harm t o  Type I1 a l v e o l a r  w a l l  c e l l s .  14' These r e s u l t s  

sugges t  t h a t  ozone (0 ) i n c r e a s e s  t h e  t o x i c i t y  of o t h e r  p o l l u t a n t s  by de- 

s t r o y i n g  t h e  b i o l o g i c a l  mechanisms f o r  removing o t h e r  f o r e i g n  o b j e c t s ,  hence,  

increased  s u s c e p t i b i l i t y  t o  i n f e c t i o n .  Evident ly ,  0 does no t  permanently dam- 

age  t h e  metabol ic  machinery i n  lung. 

v i s u a l l y  t o  be heav i ly  p i t t e d  dur ing  t h e  f i r s t  48 hours  of exposure,  b u t  sub- 

sequent ly  begin t o  recover  a more o r  less normal appearance (G. D .  Case, e t  al.,  

unpublished obse rva t ions ) .  

3 

3 
Lungs from animals  b rea th ing  ozone appear  

Oxidants a l s o  h inde r  t h e  exchange of 0 and CO a c r o s s  t h e  air -blood bar- 2 2 
rier i n  t h e  lung. Whether t h i s  occurs  because of th ickening  of t h e  gas  exchange 

b a r r i e r  

exposures t o  0 levels no more than  1 ppm. l 2 O Y  123 Knowing t h a t  ozone a t t a c k s  

t h e  lung and r e t a r d s  t h e  t r a n s f e r  of oxygen t o  t h e  body t i s sues ,68  i t  i s  n o t  
119 s u r p r i s i n g  t o  f i n d  t h a t  t h e  t o x i c i t y  of ozone is aggravated by 

Sedentary r a t s  exposed t o  1 ppm ozone show no a c u t e  symptoms, bu t  t h e  animals 

d i e  i f  forced  t o  e x e r c i s e  f o r  a few minutes each hour.'18 It is thus  d i s t u r b i n g  

t o  r e a l i z e  t h a t  a t h l e t e s  complain of ches t  discomfort  a f t e r  exe rc i s ing  i n  t h e  

Los Angeles area on days wi th  h igh  oxidant  levels. 143 Ind iv idua l s  w i th  sub- 

c l i n i c a l  o r  p r e c l i n i c a l  card iovascular  cond i t ions  might be  expected t o  s u f f e r  a 

r e l a t i v e l y  g r e a t e r  h e a l t h  r i s k  i n  t h e  presence of oxidants  a t  concent ra t ions  

lower than  ambient l e v e l s .  Acute exposure t o  s u f f i c i e n t  ozone r e s u l t s  i n  dea th  by 

pulmonary edema.68 The concen t r a t ion  a t  which ( f a t a l )  edema occurs  can vary  -- 

42 o r  i t s  r u p t u r e , l Z 9  i t  i s  measurable a f t e r  s h o r t  du ra t ion  ( <  2 hours)  

3 

exe rc i se .  

c 
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depending on d i e t ,  p r i o r  exposure and a c c l i m a t i z a t i o n ,  level of e x e r c i s e ,  etc. -- 
from 0.5 ppm t o  50 ppm.68 Since ambient ox idant  levels i n  t h e  South Coast Air 

Basin have been known t o  exceed 0.5 ppm, t h e  a c u t e  poisoning a s p e c t s  of ozone 

p o l l u t i o n  cannot b e  neg lec t ed  f o r  community exposure. 

The p r i n c i p a l  long-term problem w i t h  ozone stems from i ts  a b i l i t y  t o  

cause d i s e a s e s  i n  humans. Evidence t h a t  0 a t t a c k s  ce l l  s t r u c t u r e s  i n  t h e  

lung 

emphysema. Unlike NO2, however, 0 3 
are f r e q u e n t l y  h igh  enough t o  t r i g g e r  such responses .  The a b i l i t y o f 0 3  t o  

d e s t r o y  a l v e o l a r  macrophages marks t h i s  p o l l u t a n t  as an increased  r i s k  f a c t o r  

i n  I n f e c t i o u s  d i s e a s e s .  

3 
sugges t s  i t s  r o l e  as a c a u s a t i v e  agen t  i n  113,115,114,116,14~,146 

concen t r a t ions  i n  ambient C a l i f o r n i a  a i r  

0, has  been shown t o  dep res s  t h e  a n t i - b a c t e r i a l  
133,139,144,146,147 2 

defense  mechanism i n  t h e  lung and r e s p i r a t o r y  tract ,  

dec reas ing  t h e  r a t e  a t  which f o r e i g n  bodies  are  removed from t h e  lung  and 

i n c r e a s i n g  t h e  inc idence  of pneumonia. Thus f a r ,  however, t h e s e  exposure 

symptoms have n o t  y e t  been r epor t ed  i n  t h e  morbidi ty  and m o r t a l i t y  (epidemiology) 

s t a t i s t i c s  of "high oxidant"  areas. Epidemiological s t u d i e s  have not  e s t a b l i s h -  

ed t h e  d e t a i l e d  r e l a t i o n s h i p  between photochemical ox idant  exposure and h e a l t h  

e f f e c t s .  Some a s s o c i a t i o n s  between oxidant  exposure and h e a l t h  e f f e c t s  such 

as asthma, pulmonary func t ion ,  and a t h l e t i c  performance have been suggested.  
@ 

Oxidants are  one c lass  of p o l l u t a n t ,  t h e r e f o r e ,  f o r  which e x i s t i n g  

ambient a i r  q u a l i t y  s t anda rds  are based l a r g e l y o n  biochemical and h i s t o l o g i c a l  

c r i t e r i a .  

concen t r a t ion  a t  which adverse  biochemical and h i s t o l o g i c a l  changes can be  

observed. 

The c u r r e n t  EPA and ARB s t anda rds  of 0.08 ppm O3 r ep resen t  a th re sho ld  

144 There is no margin of safety  factor employed i n  the case of 0 -- 3 
as t h e r e  is w i t h  o t h e r  p o l l u t a n t s  such as SO2, NO and s u l f a t e s  -- because any 

2 
s a f e t y  margin f a c t o r  g r e a t e r  than 1.5 - 2.0 would push t h e  0 

t h e  g l o b a l  n a t u r a l  background ambient 0 concen t r a t ion  (0.05 ppm). Consequently, 

t h e r e  is  no real  hope of making t h e  a i r  t o t a l l y  s a f e  t o  b r e a t h e  from 

s t anda rd  below 3 
3 

t h e  p o i n t  of view of oxidant  e f f e c t s  on h e a l t h .  However, i n  view of t h e  a c u t e  

t o x i c i t y  e f f e c t s  which emerge from exposures  t o  0 

oxidant  c o n t r o l  is q u i t e  r i g h t l y  a n  area of primary concern.  

i n  t h e  0.1 - 0.5 ppm range,  3 

I n  summary, one can express  t h e  e f f e c t s  of 0 on humans i n  t h e  fo l lowing  3 
terms : 

(Standards:  0.08 ppm (1-hour exposure))  
Taste/Odor Threshold: 0.02 - 0.05 ppm 
I r r i t a t i o n :  0.4 - 1.0 ppm 
Causes I l l n e s s :  0.1 - 0.5 ppm ( increased  r i s k  of  r e s p i r a t o r y  i n f e c t i o n )  
Le tha l  Dose: 1 .0  - 40 ppm. 
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The r a t h e r  wide ranges f o r  i r r i t a t i o n ,  i l l n e s s ,  and m o r t a l i t y  r e f l e c t  v a r i e t y  

i n  s e n s i t i v i t y  due t o  e x e r c i s e ,  pre-exposure h i s t o r y ,  etc. The absence of a 
reasonable  margin of s a f e t y  f a c t o r  can be i n t e r p r e t e d  t o  be adequate for any 

p o l l u t a n t  and t h e  frequency of ambient concent ra t ions  of 0 
range--especial ly  i n  Cal i fornia--point  ou t  t h e  e x t e n t  of t h e  danger of ox idan t s  

t o  community h e a l t h .  

4.2.4 P a r t i c u l a t e s  

i n  t h e  0.2-0.6 ppm 3 

Airborne p a r t i c u l a t e  matter can e n t e r  t h e  body e i t h e r  d i r e c t l y ,  by depo- 

s i t i o n  i n  lung and r e s p i r a t o r y  t ract ,  or i n d i r e c t l y  by abso rp t ion  i n  food and 

water s u p p l i e s .  Because of t h e  phys ica l  and chemical complexity of p a r t i c u l a t e s ,  

i t  would be  d i f f i c u l t  t o  assess i n  any gene ra l  way t h e  e f f e c t s  on human h e a l t h  

by e i t h e r  mode of i nges t ion .  Since t h e  e f f e c t s  of waterborne p a r t i c u l a t e s  would 

be  expected t o  ar ise  s t r i c t l y  from t h e  t o x i c  behavior  of s p e c i f i c  subs tances  

which have t o  be i n d i v i d u a l l y  examined, w e  s h a l l  be  concerned w i t h  e f f e c t s  of 

inhalation of airborne par t i c l e s  on human h e a l t h .  

Atmospheric a e r o s o l s  can s t i m u l a t e  responses  i n  t h e  body which are due 

e i t h e r  t o  t h e  phys ica l  depos i t i on  of p a r t i c l e s  i n  t h e  r e s p i r a t o r y  t ract ,  or 

t o  t h e  chemical i n t e r a c t i o n s  of subs tances  contained i n  o r  on t h e  p a r t i c l e s  

wi th  c e l l  s t r u c t u r e s .  

pendent of t h e  chemical composition of t h e  depos i t ed  p a r t i c l e s ,  as opposed t o  

h e a l t h  e f f e c t s  due t o  tox ic  subs tances  contained t h e r e i n .  The la t ter  are d i s -  

cussed more f u l l y  i n  Sec t ion  (4.3.4). The composition-independent h e a l t h  ef- 

f e c t s  a r e  g e n e r a l l y  observed as changes i n  f o r e i g n  body c l ea rance  rates or i n  

pulmonary mechanics. 

There are, i n  essence ,  h e a l t h  e f f e c t s  which a r e  inde- 

148 

I n  o rde r  f o r  any kind of p a r t i c u l a t e  matter t o  a f f e c t  t h e  h e a l t h  of an 

i n d i v i d u a l ,  p a r t i c l e s  must be  depos i ted .  F igu re  4.2-7 shows t y p i c a l  s ize-d is -  

t r i b u t i o n  curves f o r  par t ic les  depos i t ed  i n  t h e  upper r e s p i r a t o r y  tract  and 

those  which c o l l e c t  i n  t h e  lung. 148 T o t a l  p a r t i c l e  depos i t i on  for p a r t i c l e s  

l a r g e r  than  5 pm MMD (mass median d iameter ,  see Sec t ion  3.1.1.3.1) is nea r ly  

100 per  c e n t ,  n e a r l y  a l l  of which i s  trapped i n  t h e  upper tract. As t h e  p a r t i c l e  

s i z e  drops below lpm MMD ( r e s p i r a b l e  s i z e  range) ,  ve ry  f e w  of t he  p a r t i c l e s  

are t rapped i n  the  nose and t h r o a t ,  and cons iderably  more reach  t h e  lung spaces.  

However, d e p o s i t i o n  i n  t h e  lung is  f a r  from complete, s i n c e  t h e  f r a c t i o n  of 

p a r t i c u l a t e  matter r e t a i n e d  i n  t h e  pulmonary r eg ions  range from about  l5iX 
(1 pm MMD) t o  70-80% a t  0.01pm MMD. 148 

p a r t i c u l a t e  ma t t e r  can be exhaled 14*’ 14’ without  impaction. 

Evidently,  a l a r g e  f r a c t i o n  of t h e  f i n e  

Desaedeleer and 
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Winchester149 have shown t h a t  t h e  s i z e  a t  which maximum e x h a l a t i o n  occurs  lies 

between 0 . 2 5  urn and 0 . 5  pm MMD. a 

c 
10-21 1 I 1 1 1 1 1 1 1  1 I I 

1 10 30 50 70 90 99 99.9 
DEPOSITION, % DEPOSITION, % 

Fig .  4 . 2 - 7  Par t i c l e  d e p o s i t i o n  i n  t h e  Naso-PharyngealCompartment 

Data are p l o t t e d  as a 
(Le f t )  and i n  t h e  Pulmonary Compartment (Right) as a 
func t ion  of a p a r t i c l e  volume. 

Log-Probabi t i ty  Funct ion (Ref. 148) .  

One should keep i n  mind t h a t  p a r t i c l e  d e p o s i t i o n  i n  t h e  airways depends 

h e a v i l y  on t h e  degree  of o b s t r u c t i o n ,  If  a p o r t i o n  of t h e  r e s p i r a t o r y -  

pulmonary t r a c t  i s  blocked, as i n  chronic  lung o r  r e s p i r a t o r y  d i s e a s e  o r  i n  

c a s e s  of s eve re  i r r i t a t i o n  due t o  o t h e r  p o l l u t a n t s ,  subsequent p a r t i c l e  

d e p o s i t i o n  w i l l  occur  p r e f e r e n t i a l l y  i n  r eg ions  t h a t  are s t i l l  f r e e  of 

o b s t r u c t  ion.  I5O 

w i l l  r e s u l t  i n  a uniform b lanke t  of p a r t i c l e s  i n  hea l thy  lungs,  bu t  i n  a d ispro-  

p o r t i o n a t e l y  aggravated depos i t i on  burden i n  lungs  wi th  p a r t i a l l y  obs t ruc t ed  

a i r  passages.  150’152 

p a r t i c l e s ,  r e g a r d l e s s  of s i z e ,  reach  t h e  a l v e o l a r  spaces. 

e f f e c t s  of p a r t i c u l a t e  a i r  p o l l u t i o n  on d iseased  i n d i v i d u a l s  should be  much 

This  means t h a t  cont inuing  exposure t o  a tmospheric  a e r o s o l s  

Fur the r ,  i n  cases of e x i s t i n g  c o n s t r i c t i o n ,  more of t h e  
152 Consequently,  t h e  
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more dramatic than e f f e c t s  on hea l thy  specimens, i r r e s p e c t i v e  of the  chemical 

c composition of the  ae roso l ,  

The primary phys ica l  e f f e c t  of any a i rborne  p a r t i c l e  landing i n  the  lung 

o r  r e s p i r a t o r y  t r a c t  is t o  s t imu la t e  coughing t o  c l e a r  ou t  fore ign  matter. I n  
many respects, t h i s  is an i r r i t a n t  response,151 and i s  very much l i k e  t h a t  

assoc ia ted  with o t h e r  i r r i t a t i n g  a i r  po l lu t an t s .  There is evidence t h a t  patho- 

l o g i c  a l t e r a t i o n s  i n  t h e  airway "sens i t ize"  the  nerve receptors  respons ib le  

f o r  bronchoconstr ic t ion responses,  so  t h a t  discharge occurs a t  a lower 
t h r e s h 0 1 d . l ~ ~  I n  addi t ion ,  p a r t i c u l a t e s  o f t e n  e l i c i t  an inflammatory response 

which resu l t s  i n  the  entrapment of a p a r t i c l e  wi th in  a f i b r a t i c  network. This 
occurs  with most of the  b i o l o g i c a l l y  a c t i v e  p a r t i c u l a t e s .  

Several  c leans ing  mechanisms opera te  t o  c l e a r  ou t  t h e  

deposi ted p a r t i c l e s .  These inc lude  a )  absorp t ion  i n t o  t h e  lymphatic system, 

b )  e j e c t i o n  i n t o  t h e  t h r o a t  by c i l i a r y   propulsion,^) engulfment by a l v e o l a r  

macrophages and 

Morrow, 153 Green, 154 and the  EPA. 14'The prevailing mode of clearance depends 

on t h e  s o l u b i l i t i e s  of t he  substances en t ra ined  i n  the lung and the  respira- 
148,153,154 Sulfates,  to ry  t r a c t ,  the  d i s p o s i t i o n  s i t e ,  and p a r t i c l e  s i z e .  

n i t r a t e s ,  and ammonium spec ies  are genera l ly  s u f f i c i e n t l y  so lub le  t o  be taken 

up i n t o  cells  f o r  metabolism, o r  i n t o  the  bloodstream.66 Lead and carbon, on 
t h e  o the r  hand, t y p i c a l l y  accumulate i n  the  lymph system. 36 * lS5 P a r t i c l e s  

smaller than 0.01vm diameter can pass  d i r e c t l y  through t h e  air-blood b a r r i e r  
1 i n  t h e  lung and i n t o  the  bloodstream. 

d)  s o l u b i l i z a t i o n ;  and are reviewed more ex tens ive ly  by 

c 

The s i t e  of depos i t ion  and the  mechanism f o r  c l ea r ing  t r a p p e d  ae roso l  

p a r t i c l e s  govern the  rate a t  which p a r t i c u l a t e s  can be removed from t h e  lung 

and r e s p i r a t o r y  tract.148 As a r u l e ,  c learance  of p a r t i c l e s  is  rap id  from 

155-157 Clearance the  pharyngeal region,  r equ i r ing  only minutes t o  a few hours. 
from smaller  airways is  d e f i n i t e l y  slower. 15' *158s 15' Material i n  bronchioles  

only c l e a r s  a f t e r  s e v e r a l  days o r  weeks, bu t  material deposi ted i n  a l v e o l i  may 

show no evidence of c learance  even a f t e r  18 months. 151,153,154,156,157 Smoking, 

157 and o the r  p o l l u t a n t  exposure, can d r a s t i c a l l y  r e t a r d  p a r t i c l e  removal. 

For substances of approximately s i m i l a r  s i z e  and s o l u b i l i t y ,  c learance  

r a t e s  from t h e  var ious  po r t ions  of the  airways are su rp r i s ing ly  independent of 

p a r t i c l e  composition. 14' This is  r e l f e c t e d  i n  t h e  good agreement obtained by 

numerous workers on t h e  p a r t i c l e  depos i t ion  curves f o r  d i f f e r e n t  types of test 

c aerosols .  27 s36s 148s149s 1513 153s l S 4 ,  156-161 Small d i f f e rences  i n  c learance rates 

f o r  s imi la r -s ized  p a r t i c l e s  containing carbon versus  those containing lead have 

been reported;15' however, t he  present  da t a  base is  i n s u f f i c i e n t  t o  d i s t ingu i sh  
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t h e  d i f f e r e n t  removal k i n e t i c s  f o r  more than  a few l abora to ry  test a e r o s o l s .  

V i r t u a l l y  no s t u d i e s  involv ing  r e a l - l i f e  urban p a r t i c u l a t e s  of known compo- 

s i t i o n  have as y e t  been at tempted.  161 

Ex i s t ing  a i r  q u a l i t y  s t anda rds  f o r  p a r t i c u l a t e s  are based r a t h e r  t en ta -  

t i v e l y  on mass d e p o s i t i o n  loading  i n  t h e  r e s p i r a t o r y  t r ac t  and t h e  poor ly  k n m  

rates of p a r t i c u l a r  c learance .  148 The s o l e  c r i t e r i a  f o r  p a r t i c u l a t e s  o u t l i n e d  

i n  bo th  t h e  EPA and C a l i f o r n i a  standards148 i s  t o t a l  suspended mass. No pro- 

v i s i o n  i s  made i n  any of t h e  r e g u l a t i o n s  f o r  p a r t i c l e  s i z e  o r  chemical compos- 

i t i o n  (except  f o r  l ead  and s u l f a t e s )  o r  p a r t i c l e  origin.148 While depos i t i on  

and c l ea rance  of a e r o s o l s  may be  independent of p a r t i c l e  compositon, they are 

s t r o n g l y  a f f e c t e d  by p a r t i c l e  s i z e .  Furthermore,  t h e  t o x i c  p r o p e r t i e s  of air-  
borne p a r t i c u l a t e s  -- e s p e c i a l l y  t h e i r  c a r c i n o g e n i c i t y  -- are obviously h igh ly  

dependent on chemical composition as w e l l  as p a r t i c l e  s i z e  and s u r f a c e  d i s -  

t r i b u t i o n  of t h e  c o n s t i t u e n t s .  With the  informat ion  p r e s e n t l y  a v a i l a b l e  on s i z e  

d i s t r i b u t i o n s  and chemical composition of a tmospheric  a e r o s o l s ,  s c a n t  as i t  is, 

r e g u l a t o r y  agenc ie s  concerned w i t h  a i r  q u a l i t y  are becoming a b l e  t o  promulgate 

p a r t i c u l a t e  s t anda rds  more d i r e c t l y  r e l a t e d  t o  h e a l t h  e f f e c t s  of t h e  v a r i o u s  

k inds  of a e r o s o l s .  

t h i s  d i r e c t i o n ,  i n  s p i t e  of d a t a  a v a i l a b l e  from t h e  C a l i f o r n i a  ACHEX program 

(see S e c t i o n  3.1.1.3). 

'@ However, n e i t h e r  t h e  EPA nor t h e  ARB has  advanced i n  

4.2.5 Carbon Monoxide 

Biochemical evidence (Sec t ion  4.3.5) i n d i c a t e s  t h a t  both CO and NO should 

have virtual ly  identical  health e f f e c t s .  While fossi l - fuel-f ired power plants 

e m i t  r a t h e r  i n s i g n i f i c a n t  amounts of CO, they produce s u b s t a n t i a l  NO emissions 
(Sec t ion  3.1.1).  However v i r t u a l l y  no p h y s i o l o g i c a l  d a t a  e x i s t  f o r  NO i n  ei ther 

humans o r  animals ,  s o  t h a t  t h e  e x i s t i n g  body of  knowledge of  h e a l t h  e f f e c t s  f o r  
CO s e r v e s  as  a b a s i s  f o r  unde r s t and ing . the  e f f e c t s  of NO. 

The "hea l th  e f f e c t "  of CO (and presumably NO) arises from i ts  a b i l i t y  

t o  d i s p l a c e  oxygen from hemoglobin i n  t h e  blood. I n  o r d e r  t o  prevent  .. a c u t e  

t i s s u e  hypoxia from- occurr ing  du r ing  exposure,  t h e  ca rd iovascu la r  system must 

compensate by inc reas ing  t h e  rate of blood c i r c u l a t i o n .  This  p l a c e s  an  added 

s t r e s s  o r  burden on t h e  ca rd iovascu la r  sys t em.  The more s e r i o u s  h e a l t h  e f f e c t s  

begin  when t h e  c i r c u l a t o r y  s y s t e m  s t a r t s  t o  f a i l  (see Ref. 68,162-167 f o r  re- 

view). Table  4.2-3 summariies t h e  va r ious  accessory  symptoms which can b e  traced 

t o  t h e  a c t i o n  of CO on t h e  ca rd iovascu la r  system. The s t u d i e s  c i t ed68  show t h a t  
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when t h e  carboxyhemoglobin l e v e l s  exceed 2% of t h e  t o t a l  hemoglobin, t h e r e  are c already  s i g n s  of i n s u f f i c i e n t  oxygen d e l i v e r y  t o  t h e  t i s s u e s .  

EPA162 on t h e  b a s i s  t h a t  a body burden of 2% carboxyhemoglobin i s  unacceptable .  

The occupat iona l  standard16' is  based on a threshold  l i m i t  of 5% f o r  t h e  maximum 

accep tab le  threshold .  The concept ofbody burden a n a l y s i s  i s  descr ibed  i n  

Sec t ion  4.3.5. 

Ex i s t ing  ambient air q u a l i t y  s t anda rds  f o r  CO have been promulgated by t h e  

4.2.6 Hydrogen S u l f i d e  

Hydrogen s u l f i d e  (H S) is an  important emission from geothermal steam areas, 2 
bu t  i s  n o t  a s i g n i f i c a n t  by-product of l a rge - sca l e  f o s s i l  f u e l  combustion. 

S tud ie s  of i t s  t o x i c i t y  t o  humans and animals  are l i m i t e d  p r imar i ly  t o  occupa- 

t i o n a l  exposures t o  o r  unusual community episodes.  175 H ~ S  i s  a foul-smell ing 

gas  which can be de t ec t ed  i n  t h e  a i r  by humans a t  concen t r a t ions  on t h e  o r d e r  of 

a few p a r t s  pe r  b i l l i o n  (ppb) , and i s  t o x i c  a t  much h ighe r  levels. 
Its c h a r a c t e r i s t i c s  can be summarized as fol lows:  

175 
175,176 

0.03 ppm (1-hour C a l i f o r n i a )  
10  ppm (8-hour occupat iona l ) )  (Standards:  

Taste/Odor th re sho ld :  0.03 

S e n s i t i v i t y  t o  l i g h t :  0.003-0.004 ppm 

I r r i t a t i o n :  1 0 - 4 0  ppm 

Causes i l l n e s s :  see below 

Le tha l  dose: 100 - 800 ppm 

Ambient a i r  seldom con ta ins  more than 0.1 ppmH Sand  even dur ing  seve re  

The summary of h e a l t h  e f f e c t s  g iven  above 
2 

ep isodes ,  0.3 ppm is  a h igh  l e v e l .  175 
cons ide r s  on ly  t h e  a c u t e  i n t e r a c t i o n s  of t h e  p o l l u t a n t .  The only  well-documented 

s tudy  of t h e  h e a l t h  e f f e c t s  of H2S 177 is  t h e  r e s u l t  of an episode which occurred 

i n  Terre Haute, Indiana i n  May and June 1964. 

i n d u s t r i a l  waste t rea tment  lagoon generated ambient a i r  concen t r a t ions  of t h e  

p o l l u t a n t  between 22 and 300 ppb H2S. 
complaining of nausea,  sho r tnes s  of b r e a t h ,  headaches and insomnia. 177 No dea ths  

durin'g t h i s  per iod were a t t r i b u t e d  t o  t h e  H2S exposure and no e t i o l o g y  of t h e s e  

symptoms could be  e luc ida ted .  

There,  H2S evolving from an 

Pred ic t ab ly ,  c i t i z e n s  i n  t h e  area began 

2 '  H S can be  d e t o x i f i e d  i n  t h e  body by t h e  same metabol ic  pathway as SO 

by means of t h e  lung or l i v e r  s u l f i t e  oxidase-rhodanese systems as shown i n  

2 F igure  4.3-1 of Sec t ion  (4.3.1) .  

2 

178 No r e l i a b l e  assessment of t h e  t o t a l  H S 
c 
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Tdble 4 . 2 - 3 .  Carbon Monoxide Dose-Response Chart (681 

C o n c c n t r a t r o n  DUr .ti on E f f e c t  S p e c i e s  a COtfb 

>00-400 ppn S e v e r a l  h o u r s  or .ore 30-40' S e v e r e  headache ,  weakness ,  cuh 68 
dclN.lldinp OII bCtiViCy drm v i s r o n .  nausea .  c o l l a p s e  

100-300 ppm S e v e r a l  h o u r s  or Bore , 20-30. Headache. t h r o b b r n g  I n  temple nul 68 

10-200 ppm S e v e r a l  hours or more IO-2Oa P o s s i b l e  &light headache ,  d l l a t l o n  I(m 68 

-- - 

depcndrng  o n  b c t i v l t y  

d r p w d r n q  On a c t r v r t y  of S k i n  b l o o d  v e s s e l s  

110 ppa 1-2 h o u r s  4-7 Rcduced v i g i l a n c e  for vlsual ta8k nul 172 

100 ppm Short exposure 5-10 f m p i r e d  p e r r o m a n c e  on p r y c h o l o -  Usn 68 
9 r c a 1  tests s u c h  as a r i t h n s t r c  

E f f e c t s  may o c c u r  a t  s t i l l  lower HM 168,162 
l e v c l s  of COllb. but t h e r e  is some 
u n c e r t a i n t y  about thc e x a c t  COHb 
levels 

100 p p  11 m i n u t e s  or l o n g e r  Unknown I n p i n n e n t  i n  j u d F e n t  of ti- k t  170 
i n  t erva 1s 

SO ppn 6 h o u r s  

Brief doses 
of hip' ,  
c o n c c n c r a r r m  

50 pin 49  m r r l u t e l  

7- 1 RECOP.'ZNDED L I M T  F O R  INDUSTMU Ilu, 

( c s l c u l a t e d l  I).POsuRE A970 

4 and Pare i n  v i s u a l  i n c r e m e n t  t h r e s h o l d .  Usn 173,171 
h i g h e r  t h e  s b i l l t y  to d c t c c t  a d i n  l i q h t  

s u p @ r i n , p s c d  o n  a u n i f o r m  frcld 

3 klre i n  v i s u a l  i n c r e m e n t  
t h  e s h o l d  

cun 169 

W.n 169 

168 

ht 174 

77 m i n u t e s  3 Reduced vrsual a c u l t y  50 ypm 

so PP- 75 n i n u t e s  or 1.5-2 .3  I n p a r r e d  j u d g n e n t  of t i m e  i n t e r v a l s  h n  
l o n g c r  ( C a l c u l a t e d )  i n  nonsmokurs 

50 PP 1 hour  or l o n p c r  Unknown A l t c r s t i o n r  in electrical 
rcrpo7ses of v i s u a l  nervous 
s y s  t *I, 

0 P P  Lcvel of COItS n o r m a l l y  m a i n t a r n e e  nan 168 
I n  blood by mfab011sm of 
hemoglobin 

I n  d i s o r d e r s  of h e h o p l o b i n  and  m 166 
red  b l o o d  cell  metabolrsm this 
b a s c l r n e  value Can br much h i g h e r  

0.4 
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burden which can be s a f e l y  ham l e d  by t h e  body is  p resen t ly  ava 

Unmetabolized H,S can c l eave  the  d i s u l f i d e  b r idges  of p r o t e i n s ,  

l a b l e .  

thus  a l t e r i n a  - 
L178 In  a d d i t i o n ,  H S can react wi th  hemoglobin179 r e s u l t i n g  i n  2 t h e i r  s t r u c t u r e .  

a decrease  i n  t h e  oxygen-carrying capac i ty  of blood. 

been shown t o  combine wi th  cytochrome oxidase  (an e s s e n t i a l  enzyme i n  r e s p i r a t o r y  

energy conserva t ion) ,  i n  a manner which is n e a r l y  i d e n t i c a l  t o  t h a t  f o r  hydrogen 

cyanide.  180s181 Hence i ts  t o x i c  r e a c t i o n  is  t h e  same as f o r  HCN. H2S i s  a l s o  

known t o  combine wi th  s e v e r a l  enzyme-bound metals such as z i n c  and copper,  as 

H2S has a l s o  r e c e n t l y  

w e l l  as t h e  more t o x i c  meta ls  Cd, Hg, Ag, and Pb. The e x t e n t  t o  which r e a c t i o n  

of H S wi th  metal p r o t e i n s  i n  t h e  body c o n t r i b u t e s  t o  t h e  symptoms of t h e  H2S 
t o x i c i t y  has  no t  been thoroughly cha rac t e r i zed .  

2 

The Terre Haute H2S episode  of 1964 i n d i c a t e s  a p o t e n t i a l  danger i n  

t h e  d i s p o s a l  of s ludge  from f o s s i l  f u e l  and geothermal power p l a n t  f l u e  gas  

t rea tment  systems. 

i n t r o d u c t i o n  of any organic  ma t t e r  would create an i d e a l  medium f o r  t h e  evo lu t ion  

of H2S e i t h e r  by d i r e c t  chemical o r  b a c t e r i a l  a c t i o n .  Methods f o r  prevent ing t h e  

emission of H S from s ludge  ponds, e i t h e r  by chemical o r  b io logica l18*  r e g u l a t i o n ,  

are a v a i l a b l e  and inexpensive.  

Both types  of s ludge  are r i c h  i n  s u l f u r  compounds, and t h e  

2 

Current ly  e x i s t i n g  a i r  q u a l i t y  s t anda rds  f o r  H S inc lude  an  8-hour occupa- 2 
t i o n a l  s tandard  (10 pprn), which i s  based on t h e  threshold  concen t r a t ions  f o r  

acu te  eye and lung i r r i t a t i o n .  175'176 

Board has  promulgated an ambient a i r  q u a l i t y  s tandard  of 30 ppb (0.03 ppm) f o r  

H S, based p r imar i ly  on t h e  odor and p u b l i c  nuisance threshold  f o r  humans. 2 
I n  view of t h e  p u b l i c  complaints  and chronic  poisoning cases repor t ed  dur ing  

t h e  Terre Haute episode,177 one could a l s o  reasonably j u s t i f y  t h e  C a l i f o r n i a  

s tandard  on t h e  b a s i s  of documented long-term h e a l t h  e f f e c t s  observed a t  0.3 pprn 

and inco rpora t ing  a margin-of-safety f a c t o r  of 2 - 1 0  f o l d .  

a b i l i t y  of t h e  human body t o  d e t o x i f y  H2S (at l eas t  i n  t h e  l i v e r ) ,  a f a c t o r  

of 10  margin-of-safety may not  be necessary.  However, i t  would probably be  

unwise t o  r e l a x  t h e  e x i s t i n g  s tandard  t o  a l e v e l  beyond 0.06 ppm H S, s i n c e  

t h e  threshold  f o r  adverse  chronic  h e a l t h  e f f e c t s  due t o  H2S has  not  been well 

def ined .  

I n  a d d i t i o n ,  t h e  C a l i f o r n i a  A i r  Resources 

In view of t h e  

2 

It should be noted t h a t  wh i l e  t h e  p re sen t  s tandards  r e f l e c t  t he  t r a d i t i o n a l  ' 

v a l u e s  f o r  t h e  th re sho ld  f o r  H2S e f f e c t s ,  t h e  d a t a  underlying these  s tandards  

has  become c o n t r o v e r s i a l .  I f  one as sumes  t h a t  t h e  s tandard  should be s e t  a t  

t h e  threshold  f o r  odor pe rcep t ion  (which was t h e  p a s t  c r i t e r i o n )  then  t h e  s tandard 

should be  lowered by a f a c t o r  of 3 t o  5 t o  t h e  more r e c e n t l y  accepted va lue  f o r  

t h e  odor pe rcep t ion  threshold .  

being reconsidered ( see  Ref. 183 f o r  a more complete d i scuss ion ) .  

These ambient air q u a l i t y  s t anda rds  are p resen t ly  

f 
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4.3 Biochemical and Genetic I n t e r a c t i o n s  c It is a c e n t r a l  t e n e t  of toxicology t h a t  a subs tance  is  poisonous i f  and 

only i f  i t  i n t e r f e r e s  wi th  an  e s s e n t i a l  biochemical  func t ion  i n  l i v i n g  organisms. 

Understanding how metabol ic  processes  may be  a l t e r e d  by p o l l u t a n t s  is b a s i c  t o  

understanding t h e i r  h e a l t h  e f f e c t s  and, poss ib ly ,  t o  determining s tandards  and 

c o n t r o l s .  While a l l  of the  i n t e r a c t i o n s  descr ibed  i n  t h i s  s e c t i o n  are neces- 

s a r i l y  biochemical  i n  o r i g i n ,  we emphasize g e n e t i c  e f f e c t s  such as carcino-  

genes i s ,  t e r a togenes i s  ( induct ion  of malformations such as b i r t h  d e f e c t s ) ,  and 

mutagenesis because of the  fundamental manner i n  which environmental  agents  may 

be involved. 

r e a c t i o n  i n  the  body e l i c i t  c h a r a c t e r i s t i c  observable  h e a l t h  e f f e c t s  (such as 

d iscussed  i n  s e c t i o n  4.2) s h o r t l y  a f t e r  t he  o n s e t  of exposure.  A l t e r n a t i v e l y  

o r  a d d i t i o n a l l y  the  p o l l u t a n t  may r e a c t  wi th  t h e  ce l l ' s  g e n e t i c  material i n  

such a way t h a t  no d e t e c t a b l e  malfunct ion t akes  p l ace  u n t i l  t he  nex t  cel l  

d i v i s i o n  (which may be days,  weeks, o r  yea r s  la ter) .  A t h i r d  p o s s i b l e  f a t e  

f o r  a p o l l u t a n t  i s  d e t o x i f i c a t i o n  i n t o  harmless products  ; keeping metabol ic  

processes  i n t a c t  i n  the  f ace  of p o l l u t a n t  exposures may be a f r u i t f u l  and 

important  area f o r  f u t u r e  medical research .  

Ord ina r i ly  most p o l l u t a n t s  which a f f e c t  a s p e c i f i c  metabol ic  

According t o  biochemical cr i ter ia ,  the  concent ra t ion  of a p o l l u t a n t  a t  

which adverse  h e a l t h  e f f e c t s  begin t o  occur ,  t h e  threshold  l i m i t  va lue ,  is  

determined by t h e  ra te  a t  which body defense mechanisms can remove the  pol lu-  

t a n t  e i t h e r  by metabol ic  d e t o x i f i c a t i o n  o r  p h y s i c a l  c learance .  

l e v e l s  exceed the  th re sho ld ,  biochemical ,  phys io log ica l ,  c y t o l o g i c a l  ( c e l l u l a r ) ,  

-' When p o l l u t a n t  

and immunological changes can occur  which p l a c e  s u s c e p t i b l e  i n d i v i d u a l s  i n  

jeopardy.  Hence, biochemical  in format ion  can be  used r e l i a b l y ,  i n  conjunct ion  

wi th  suppor t ing  phys io log ica l  o r  ep idemiologica l  evidence,  i n  the  formulat ion 

of s t anda rds .  

4.3.1 Sul fu r  Oxides 

The e f f e c t s  of  s u l f u r  ox ides  (SOx, composed of  SO2, SOg, H2S04, and t h e i r  

s a l t s )  on pub l i c  h e a l t h  and the  phys io log ica l  func t ion  of r e s p i r a t i o n  have 

been reviewed q u i t e  ex tens ive ly  (esp.  r e f s ,  1-7; see s e c t i o n  4.2.1)-. However, 

somewhat l e s s  a t t e n t i o n  has been devoted t o  the  s tudy  of t h e i r  e f f e c t s  a t  t h e  

biochemical  l e v e l .  Tho rou te s  of e n t r y  i n t o  the  body e x i s t  f o r  t he  oxides  

of s u l f u r :  

and i n h a l a t i o n  of SO2 gas and SOg, s u l f u r i c  a c i d  (H2S04) m i s t ,  and s u l f a t e  c absorp t ion  of  s u l f i t e s  and s u l f a t e s  by the g a s t r o - i n t e s t i n a l  t rac t ;  
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a e r o s o l s  i n t o  the  r e s p i r a t o r y  t r a c t  and lungs.  Vas t ly  d i f f e r e n t  e f f e c t s  are 

dr, observed f o r  t h e  two modes of  entry8-''. 

t i s s u e s ,  s u l f a t e  (SO=) is  gene ra l ly  harmless ,  and is  r e a d i l y  exc re t ed  4 

Once i n  t h e  bloodstream a n d  body 
11 . I n  

f a c t ,  t he  EPA water q u a l i t y  s t anda rd  f o r  s u l f a t e  w a s  dropped because the evi- 

dence f o r  any h e a l t h  e f f e c t s  f o r  i nges t ed  s u l f a t e s  was i n s u f f i c i e n t  t o  warran t  

r e g u l a t i o n .  Adverse e f f e c t s  r e s u l t i n g  from i n h a l a t i o n  of s u l f a t e s  might 

be  a t t r i b u t a b l e  t o  l o c a l l y  h igh  a c i d i t y  o r  s a l i n i t y  r a t h e r  than from any meta- 

b o l i c  a c t i o n  of s u l f a t e ,  s i n c e  chemical r e a c t i o n  of  t h e  s u l f a t e  i t s e l f  has  
never been observed. 

SO2 and s u l f i t e s ,  on t h e  o t h e r  hand, r e a c t  q u i t e  r e a d i l y  wi th  many c e l l u -  

, epineph- 12,13 l a r  c o n s t i t u e n t s .  These inc lude  d e r i v a t i v e s  con ta in ing  thiamine 

r i n e  ( ad rena l in ,  r e f .  1 4 ) ,  v i tamin K15,  r i b o f l a v i n  16'17, f o l i c  acid18, and 

thiamine i s  important" i n  the  mechanism of SO 

Evidence of  thiamine d e s t r u c t i o n  i n  c e l l s  of  t h e  r e s p i r a t o r y  t ract  and the  

lung should  appear  as acu te  a l t e r a t i o n  i n  carhohydrate  metabolism, a s  

Of t h e s e  r e a c t i o n s  wi th  SO only t h e  breakdown of  t h e  vi tamin 

aggravated c e l l  d e s t r u c t i o n .  
2 '  

2- 

~~ 

observed by Lamb and None of  t hese  r e a c t i o n s  is l i k e l y  t o  b e  

important  i n  any o t h e r  bod i ly  system. 

Once SO2 o r  s u l f i t e  e n t e r s  t he  bloodstream, i t  is immediately incorpo- 
11 r a t e d  i n t o  the  ant ibody p r o t e i n  a-globul in  as i t s  t h i o s u l f a t e  (R-SSO;) ester. 

(Reaction 1, Fig.  4 .3 .1) .  

o t h e r  blood p r o t e i n s  i s  detected". The t h i o s u l f a t e  ester (R-SSO;) i s  even- 

t u a l l y  metabol ized accord ing  t o  the  enzymatic r e a c t i o n  scheme shown i n  Figure 

4.3-11°. 
is  oxid ized  t o  i n e r t  s u l f a t e  by t h i s  process  10911s23923. 

i n  t h i s  cha in  is. s u l f i t e  ox idase  (React ion 7 of Fig.  4.3-1) which serves t o  

d i r e c t l y  ox id i ze  s u l f i t e  t o  s u l f a t e  i n  ce l l s  and t i s s u e s 2 4 .  

I n t e r e s t i n g l y ,  no inco rpora t ion  i n t o  r ed  blood c e l l s  o r  

A t  least 85% of  the  t o t a l  inha led  SO2 which e n t e r s  t h e  bloodstream 
The key enzyme 

25 Mudd e t  al. 
have r epor t ed  t h a t  a g e n e t i c  de f i c i ency  i n  s u l f i t e  ox idase  l e a d s  t o  neuro- 

l o g i c a l  d i s o r d e r s  and death i n  humans. There is  s u f f i c i e n t  s u l f i t e  ox idase  

a c t i v i t y  i n  t h e  l i v e r  and o t h e r  body organs t o  d e t o x i f y  up t o  about  40 grams 
25,26 (1.4 ounces) of s u l f i t e  p e r  100 kilo-grams (220 pounds) of body w e i g h t  9 

which is  f a r  more than t h e  amount of s u l f i t e  absorbed dur ing  i n h a l a t i o n  of 

600 ppm SO2. Consequently,  t h e  t o x i c  e f f e c t s  of  i nha led  s u l f u r  oxides  should 

__-- be c o n f i n e d  -____ t o  t he  lung and the  r e s p i r a t o r y  t r a c t  of hurnank and animals. 
17 

/ \  S u l f i t e  ox idase  a c t i v i t y  has  been de tec t ed  i n  the lungL'  and i n  var ious  c e l l s  - w of the  r e s p i r a t o r y  t r ac t  21*28, s o  t h a t  t h e  t o x i c i t y  of SO2 is  governed by the  
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e x i s t i n g  l e v e l s  and ra te  of s y n t h e s i s  of s u l f i t e  oxidase i n  the  va r ious  ce l l  

c types which are p resen t .  

remain t o  k i l l  c e l l s .  Therefore ,  because a d e t o x i f i c a t i o n  system exists f o r  

SO2 and s u l f i t e s ,  chronic  exposures t o  low-level SO2 i n  t h e  a i r  should n o t  

e l i c i t  h e a l t h  e f f e c t s  comparable t o  a b r i e f  acu te  exposure t o  h igh  SO2 

concen t r a t ions ,  and one i s  n o t  j u s t i f i e d  i n  e x t r a p o l a t i n g  from one case t o  t h e  

o ther .  

Any SO2 ( a s  s u l f i t e )  which i s  no t  metabolized can 

- 

r 

'W.l . 

Rsso; 

R H +  
' Fig. 4.3-1 SO and s u l f i t e  metabolism in the 

bo&. Rzaction ( 2 )  requires  reduced 
nicotinamide aaknine &:nucleotide 
phosphate, and Reactions 15)  azd 
(7) require ordizing equivalentti.  
Reactions 1 2 )  - (71  are enzyme- 
ca ta lgzed .  From Petering and Shih 
(Ref. 101. 

A n  a d d i t i o n a l  biochemical r e a c t i o n  of SO 

e f f e c t s  i s  i t s  a b i l i t y  t o  deaminate cy tos ine .  

w i t h  imp l i ca t ions  f o r  h e a l t h  
8, 29-31 have Severa l  workers 29 

suggested on t h i s  b a s i s  t h a t  SO 

t o  t h i s  subs tance  may be carc inogenic  i n  humans. 

of s u l f i t e s  under phys io log ica l  cond i t ions  i s  q u i t e  low,'* and t h e  a b i l i t y  of SO2 

i s  a mutagen, and t h a t  community exposure 2 
However, t h e  mutagenic potency 

t o  cause cancer  i n  humans has  never  been e s t a b l i s h e d .  (See b ib l iography of 

r e f s .  32-33.) 

SO exposures used i n  "chronic" phys io log ica l  s t u d i e s  ( s e c t i o n  4.2.1) are 
X 

higher  than  those  o r d i n a r i l y  exper ience  by most urban popula t ions  over  t h e  

course  of a y e a r ,  and t o t a l  i n t e g r a t e d  doses h ighe r  than  exposures dur ing  

smog episodes".3 Chronic e f f e c t s  of even lower SOx l e v e l s  on humans and 

animals would be  s t i l l  more d i f f i c u l t  t o  d e t e c t ,  e s p e c i a l l y  i f  t h e  s u l f i t e  

d e t o x i f i c a t i o n  m e ~ h a n i s m ' ~ ' ' ~ '  23-28 f i x e s  a threshold  concen t r a t ion  below 

11 

which t h e r e  cannot poss ib ly  be  any adverse h e a l t h  e f f e c t s .  
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Ex i s t ing  ambient a i r  s tandards  f o r  SO and su l f a t e s2p6  are based on t h e  2 c.$ r e s u l t s  of epidemiological  surveys and a l s o  on t h e  phys io log ica l  e f f e c t s  of both 

p o l l u t a n t s  on r e s p i r a t o r y  mechanics. C lea r ly ,  no biochemical b a s i s  p r e s e n t l y  

e x i s t s  f o r  any of t h e s e  s tandards .  

EPA as i t s  j u s t i f i c a t i o n  f o r  SO 

have impl ica ted  s u l f a t e s  ( a s  H SO ) as t h e  causa t ive  agent i n  m o r t a l i t y  

and morbidi ty  2’5’697’8’9. is 

based on t h e  premise t h a t  ambient s u l f a t e  l e v e s l  a f a c t o r  of 10 below t h e  

threshold  concen t r a t ion  f o r  measurable changes i n  r e s p i r a t o r y  func t ion  are 

a s a f e  l i m i t  f o r  t h e  gane ra l  populat ion.  

t o  e s t a b l i s h  t h i s  H SO 

and t o  j u s t i f y  t h e  f a c t o r  of 10 s a f e t y  margin as reasonable .2  The SO2 

s tandard  w a s  o r i g i n a l l y  a l s o  p red ica t ed  on a f a c t o r  of 10 o r  so margin of 

s a f e t y .  However, i n  view of d i f f i c u l t i e s  i n  r e so lv ing  h e a l t h  e f f e c t s  due t o  

Most of t h e  epidemiological  d a t a  c i t e d  by t h e  

s tandards14 has r e c e n t l y  been thought t o  2 

2 4  3 The C a l i f o r n i a  s u l f a t e  s tandard  of 25 ug/m 

The d a t a  base  has  been used 
3 h e a l t h  e f f e c t s  th reshold  i n  t h e  v i c i n i t y  of 300 pg/m , 2 4  

1 

SO from those  due t o  o t h e r  accompanying p o l l u t a n t s  t h i s  s t anda rd  probably 

should be reexamined. 
2 

4 . 3 . 2  -_ Nitrogenous P o l l u t a n t s  

The oxides  of n i t rogen  are r e l a t i v e l y  s t r o n g  ox idan t s ,  and t h e i r  reac- 

t i o n s  i n  the  body l a r g e l y  r e f l e c t  t h i s  f a c t .  Two rou te s  of  e n t r y  i n t o  t h e  

body e x i s t  f o r  the  oxides  of  n i t rogen :  

n i t r a t e s  (NO;) by the  g a s t r o - i n t e s t i n a l  t r a c t ;  and i n h a l a t i o n  of NO, NO2, and 

n i t r a t e  (“0 ) a e r o s o l s .  Because a l a r g e  number of i n t e rconve r s ions  among 

the  t y p e s  of n i t r o g e n  oxides  can occur  i n  the  body, t h e  f a c t  t h a t  a s i n g l e  

c l a s s  of biochemical  r e a c t i o n s  occurs  wi th  a l l  o f  t he  NOx spec ie s  does n o t  

mean t h a t  t h e i r  h e a l t h  e f f e c t s  are similar.  several o t h e r  processes  may a l s o  

occur  (Table  4.3-1). 

absorp t ion  of n i t r i t e s  (NO;) and 

3 

The most obvious and e a s i l y  d e t e c t a b l e  biochemical  r e a c t i o n  of  NOx is  t h e  

ox ida t ion  of hemoglobin o r  oxyhemoglobin from t h e  f e r r o u s  form t o  the  f e r r i c  

(methemoglobin). The c l i n i c a l  consequences of hemoglobin oxdida t ion  inc lude  

card iovascular  stress and poss ib ly  o t h e r  symptoms of t i s s u e  hypoxia,  similar 

t o  those descr ibed  f o r  carbon monoxide ( s e c t i o n  4.2.5).  This r e a c t i o n  occurs  

i n  the  presence of a i r .  Oxida- dur ing  exposure t o  e i t h e r  NO 34-42 o r   NO^ 
t i o n  of hemoglobin by NO and NO2 i n  the  a i r  has  been s t u d i e d  i n  humans under 

38-42 

occupat iona l  hazard cond i t ions ,  and has  r e s u l t e d  i n  the  c u r r e n t  OSHA s t anda rds  

f o r  both NO (25 ppm) and NO2 (5 p ~ r n ) ~ ’  i n  t h e  workplace 41-43. Oxidat ion Grs 
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Table 4.3-1. Reactions of Nitrogen Oxldes  i n  the  Body. 

Reaction S i t e  Health Burden Reference 

0 
a) NO- + Hemoglobin JHethemglobfn 

b) NOZ-  + Hemoglobin - Hethemglobin 

c) NO2 + Hemoglobin+ Hethemoglobfn 

d) NO2 + H + Amines4  Nitrosamines 

- 
- +  

820 - - 
e) 2N02 -+ NO2 + NOj 

E O  

E 
f )  NO- + NO2- &+2 NO: 

2 g) NO; 4 N 0  

h)  NO2' + Olef ins  (RHC-CHR) 

t" - 

i) - R H i - C E R  
1 

N02 

2 1  
i i )  4 RH C - h R  

i o 2  

0-N '. b 

R\ 7 
t i  
\ 0 

.N 

Blood 

Blood 

Blood 

Tissues 

Universal  

Universal  

I n t e s t i n e s  

Lung, l i p i d s  

Lung, l i p i d s  

Lung, l i p i d s  

Hypoxia-induced-cancer 

Cardiovascular burden 

Cardiovascular burden 

Cancer 

See above 

See above 

B a c t e r i a l  a c t i o n  

Respiratory d i s e a s e  

Respiratory d i s e a s e  

Respiratory d i s e a s e  

Lung, l i p i d s  Respiratory d ieease  (5 3,154) 

c 
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of hemoglobin a l s o  occurs  fol lowing the  i n g e s t i o n  of and n i t r a t e s ,  

which are reduced t o  n i t r i t e s  by i n t e s t i n a l  b a c t e r i a  4 3 ’ 4 4 .  

accounts f o r  the  acu te  t o x i c i t y  of n i t r i t e s ,  and i s  a major c r i t e r i o n  f o r  

e x i s t i n g  food and d r ink ing  water q u a l i t y  s t anda rds  f o r  n i t r i t e s  and n i t r a t e s  . 
I n  a d d i t i o n ,  n i t r i t e s  can  react w i t h  endogenous amines i n  foods t o  form n i t r o s -  

This phenomenon 

44 

@ 

amines -- which are  carcinogens.  This f a c t o r  is r e spons ib l e  for r e g u l a t i o n  of 

t h e s e  agen t s  i n  cured m e a t s .  However, i t  i s  p o s s i b l e  t o  gene ra t e  n i t rosamines  

i n  t h e  body from NOx d e r i v a t i v e s ,  and n i t rosamines  have been de tec t ed  i n  community 

a i r  i n  many urban areas of t he  U . S .  46 ,47  

Only r e c e n t l y  has  the  r o l e  of community exposure t o  NO and NO2 i n  urban 

ambient a i r  received any s i g n i f i c a n t  a t t e n t i o n  wi th  regard t o  the  d i r e c t  

r e a c t i o n s  wi th  h e ~ w g l o b i n ~ ~ .  Methemoglobin burdens i n  school  c h i l d r e n  have 

been found t o  range between 2.0 and 5.2 p e r  cen t  of  t he  t o t a l  hemoglobin i n  

s e v e r a l  urban communities 4 8 ’ 4 9 ,  as opposed t o  the  0.2-0.7 p e r  c e n t  range f o r  

a background l e v e l  i n  humans 3 9 y 4 3 .  

work of Case e t  a1 39’40 i n d i c a t e s  t h a t  NO may e l e v a t e  the  methemoglobin 

b u r d e n , r e g a r d l e s s  of t h e  presence of NO 

r e spons ib l e  for t he  r e s u l t s  of  t h e  ep idemiologica l  s t u d i e s  4 8 9 4 9 .  

NO i n  the  atmosphere w a s  impl ica ted  as a 
X 

major causa t ive  f a c t o r  f o r  methemoglobin burdens i n  these  s t u d i e s  48949 .  The 

so t h a t  e i t h e r  gas  may have been 2’  
One should 

note  t h a t  must r o u t i n e  monitor ing of NO i n  urban areas equates NO with NO2 
X x 

and n e g l e c t s  NO. 

a t  3 ppm ( 3 . 7 5  mg/m ) for NO, and a monitoring program f o r  NO,  based on the 

known e f f e c t s  of CO on hemoglobin and human health5’, may be  j u s t i f i a b l e  

NO i s  n o t  known t o  e l i c i t  any o t h e r  d i r e c t  h e a l t h  e f f e c t s ,  a l though i ts  
metabolites m a y  be involved in carcinogenesis. 

Consequently, t h e  promulgation of an a i r  q u a l i t y  s t anda rd  
3 

39 ,40  

Nitrogen oxides ,  however, are gene ra l ly  considered dangerous p o l l u t a n t s  

i n  the  ambient a i r  not  because of t h e i r  r e a c t i v i t y  wi th  hemoglobin per se, 

b u t  r a t h e r  because of s p e c i f i c  e f f e c t s  on t h e  lungs and r e s p i r a t o r y  t rac t  51,52 

These are due s t r i c t l y  t o  NO whose r e a c t i o n s  wi th  lung l i p i d s  are given i n  

Table 4.3-1. 5 3 ’ 5 4  and whose e f f e c t s  are gene ra l ly  confined t o  the  r e s p i r a t o r y  
2 ’  

s y s t e m .  These are “pseudo-oxida t ion’ l reac t ions ,  and c h a r a c t e r i s t i c a l l y  

r e su l t  i n  the  d e s t r u c t i o n  of c e l l  membranes ‘30’33, . f requent ly  c a l l e d  l i p i d  

peroxida t ion  i n  s p i t e  of the  f a c t  t h a t  peroxides  are not  involved. 

s e n s i t i v e  t o  NO exposure are the  a l v e o l a r  macrophages and type I1 a l v e o l a r  

ce l l s ,  which are respons ib le  f o r  fo re ign  body removal and drug/hormone 

metabolism i n  the  lung55. Not s u r p r i s i n g l y ,  a number of h i s t o l o g i c a l ,  

Most 

2 
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phys io log ica l ,  and pa tho log ica l  changes occur  i n  the  lung as a r e s u l t  of acu te  

o r  chronic  exposures t o  NO2. 

reviewed i n  s e c t i o n  (4.2.2).  c These have been ex tens ive ly  documented and are 

NO exposures between 0.1 ppm and 10  ppm (180- 18,000 ug/rn3) are a l s o  2 
be l ieved  t o  be  r e spons ib l e  f o r  a number of enzymatic a l t e r a t i o n s .  NO stimu- 

l a t e s  t h e  a c t i v i t y  of g lu t a th ione  peroxidase and glucose-6-phosphate dehydro- 

genase (both e s s e n t i a l  f o r  preserv ing  membrane i n t e g r i t y ,  and f o r  c a r r y i n g  out  

d e t o x i f i c a t i o n ) .  

serum p r o t e i n )  i n t o  lung f l u i d s  56’57 and o x i d i z e s  s u b s t r a t e s  i n  lung and blood 

c e l l s  
glandin- type hormones 55 ’”, w i t h  t h e  r e s u l t  t h a t  t h e  p ros t ag land in  p recu r so r s  

accumulate i n  t h e  a l v e o l a r  f l u i d s  and a l ter  t h e  s u r f a c e  t e n s i o n  of t h e  sur fac-  
t a n t  55a59’60. 

i n  s p e c i f i c  enzyme levels i n  lung due t o  NO 

t h e  appearance of p r o t e i n s  and l i p i d s  i n  t h e  lung lavage f l u i d  means t h a t  

c e l l s  are being k i l l e d .  There i s  evidence t h a t  hemolyt ic  anemia may be one 
56,59,63,64 man i fe s t a t ion  of  t h e s e  enzyme func t ion  a l t e r a t i o n s  

One can view t h e  accumulation of unsa tura ted  f a t t y  a c i d s  e i t h e r  as a n  

2 

On t h e  o t h e r  hand, NO2 increases t h e  leakage of lysozyme (a  

58 . Most impor tan t ly ,  NO2 attacks t h e  lung cel ls  which produce p ros t a -  

While i t  i s  no t  y e t  c l e a r  what immediate imp l i ca t ions  a change 

exposure have f o r  human h e a l t h ,  
X 

i n d i c a t o r  of a poisoned metabol ic  process  o r  as a phys io log ica l  defense  

mechanism a g a i n s t  f u r t h e r  NO -induced ce l l  d e s t r u c t i o n ,  s i n c e  unsa tura ted  

l i p i d s  serve as an  NO2 t r a p  . I n  any case, t h e  product ion of enough 5 5 5 4  

l i p i d  matter i n  t h e  lavage  f l u i d  r e s u l t s  i n  t h e  th ickening  of t h e  air -blood 

exchange b a r r i e r  , and even tua l ly  i n  pulmonary edema 
6 1  4,45,51,52,62,63,64 

which is f r equen t ly  f a t a l .  

edema caused by chronic  exposure t o  ambient levels of NO2 on t h e  cardiovascu- 

l a r  burden has  not  been i n v e s t i g a t e d .  

of NO2 on t h e  air-blood b a r r i e r  i n  t h e  lung would, of course ,  compound t h e  

stresses due t o  t h e  reactions of NO and NO2 w i th  hemoglobin. 

p o s s i b l e  involvement of NOx i n  t h e  e t i o l o g y  of ca rd iovascu la r  d i s e a s e  ought 

t o  be examined more c lose ly .  

A f a c t  t h a t  m i t i g a t e s  t h e  a s s o c i a t i o n  of biochemical r e a c t i o n s  of NO2 

The e f f e c t  of a s u b c l i n i c a l  form of pulmonary 

Any adverse  e f f e c t s  due t o  t h e  a c t i o n  

Hence, t h e  

wi th  s p e c i f i c  h e a l t h  e f f e c t s  i s  t h a t  few of t h e  measurable changes are perma- 

nent .  

hours  exposure. Subsequently,  recovery processes  t a k e  over ,  even dur ing  

cont inued exposure . 
I11 e f f e c t s  of  NO2 seems t o  reach t h e i r  worst  ex ten t  a f t e r  about 24 

71-73 
f 
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While 

derivatives 
gens. Nitr 

neither NO nor NO2 is thought to cause cancer per se, metabolic 

of these two pollutants can be very potent mutagens and carcino- 
te ion (NO-) may be formed during the metabolism of NO in the 

blood4', and its formation during the dismutation of NO2 in water is well 
2 

known (Table 4.3-1). And, of course, there exist ample supplies of nitrites 
in food and water for exposure. 

the first chemical mutagens ever used in experimental genetics g5,66 , and 
alters genetic information by substitution in the genetic code (HN02 deaminates 

cytosine and adenine in DNA). 

The acid form of nitrite ("0 ) was one of 

While HNO is weakly mutagenic in micro- 2 
it is reported to be only a "moderate" carcinogen in humans 

and animals 32,33967. (W?) 

In addition, many organic amines, which may be formed by soot-catalzed 
Further reaction 

with organic amines, either in the air or in the body, gives rise t o  

reactions of NO 69'70, are known to be 

of HNO 2 

known 32' 33'67. 

specific, and may be distributed among every cell type in the body . Hence, 

one might expect mortality rates from nitrosamine-induced cancers t'o be higher 

than for other kinds. The detection of nitrosamines in many urban atmospheres 
has rejuvenated interest in the question of why cancer morbidity and mortality 

rates are higher in urbanized areas of the U.S.68. Clearly, since most work 

with nitrites and nitrosamines as mutagens and carcinogens has been qualita- 
tive, dose-response data are scant. 

whi'ch are mueagens and among most potent carcinogens 
Tumors triggered by nitrosamine exposure are relatively non- 

46 

46 

Biochemical and genetic evidence, although somewhat fragmentary, are 
sufficient to point out a clear warning on the dangers of nitrogen oxides in 
the environment. However, there has been insufficient examination, at the 
biochemical level, of the threshold concentrations of NO and NO2 for changes 
in metabolic function. Consequently, existing standards are predicated 
largely on the basis of physiological and histopathological studies. 
support for a biochemical detoxification mechanism has appeared for either NO 

or NO2, as opposed to the case of SO2. 

affect the detoxification of other air pollutants. 

explained on this basis. 

changes begin to occur has never been defined. 

NO 

NO and NO2 may, in turn, adversely 

Some synergisms may be 
The threshold concentrations at which these adverse 
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4 . 3 . 3  Oxidants 

Oxidants are o p e r a t i o n a l l y  def ined  as a class of compounds, excluding 

the  n i t rogen  oxides ,  whose common f e a t u r e  i s  t h e  a b i l i t y  t o  ox id i ze  potassium 

iod ide  . By f a r ,  t h e  most p reva len t  c o n s t i t u e n t  of "oxidants" i n  t h e  atmos- 

phere is  ozone (0 ); however, o t h e r  substances such as peroxyacetyl  n i t r a t e s  

(PAN), hydrogen peroxide (H 0 ), hydroxyl r a d i c a l  (OH) are a l s o  present .  Most 

of t h e s e  compounds are e i t h e r  f r e e  r a d i c a l s  themselves o r  are f r e e  r a d i c a l  

p recu r so r s ,  and are t h e r e f o r e  extremely r e a c t i v e  and r e l a t i v e l y  uns t ab le .  

A s  a r e s u l t ,  ox idants  may e n t e r  t h e  body through i n h a l a t i o n ,  b u t  are u n l i k e l y  

t o  be f ixed  i n  inges t ed  l i q u i d s  o r  s o l i d s .  Most of t h i s  d i scuss ion  concerns 

i t s e l f  w i t h  ozone, s i n c e  t h e  r e l a t i v e l y  few i n v e s t i g a t i o n s  of o t h e r  ox idan t s  

sugges t  t h a t  t h e i r  h e a l t h  e f f e c t s  are similar. 

Ozone i s  most r e a c t i v e  wi th  o l e f i n s  (unsa tura ted  organic  hydrocarbons 

7 4  

3 

2 2  

75 

and f a t t y  a c i d s ,  des igna ted  RCH=CHR), and gene ra t e s  t h e  corresponding ozonides 
i n  non-aqueous s o l v e n t s  76-77. 

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

Mechanisms s u c h  as Figure  4 . 3 - 2  have been pro- 

G 

c 

Fig. 4 . 3 - 2 .  React ion of O3 wi th  o l e f i n s .  

The ozonides  can decompose t o  f r e e  r a d i c a l  s p e c i e s  (ROx) and hydroperoxides 

(R-0-OH), bu t  t h e  u l t imate  products  of t h e  r e a c t i o n  are aldehydes (R-CHO), 

organic  peroxyacids  and hydrogen peroxide.  

of organic  compounds76, and c ross - l inks  p r o t e i n s .  3 
pose i n t o  hydroxyl radical  (OH),  which r e a c t s  v igorous ly  w i t h  any organic  

compound, and i n t o  t h e  somewhat mi lder  ox idant  superoxide (0;). 

r e a c t i o n s  of 0 

Ozone a l s o  a t t a c k s  o t h e r  classes 

I n  water ,  0 can a l s o  decom- 

- 
All of t h e s e  

c render  i t  u s e f u l  as a b a c t e r i o c i d a l  agent  i n  water p u r i f i c a t i o n ,  
3 
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such as in situations where organic contamination precludes the use of - 
78 I \  chlorine . 

w The biochemical significance of these reactions is obvious. Lung sur- 
factant fluid is rich in olefins (unsaturated fatty acids) as are the lipids 

of all cell membrances. That O3 attacks these systems is now well esta- 
blished 74'76'79. Hydrolysis of O3 gives rise to the following scheme of 
react ions 76-84. 

O3 + H20 OH t OH. + 0; 

O2 + H2°2 0' + superoxide dismutase - 2 

H 0 + 0; - OH- + O2 2 2  

OH* + R - R-OH 
While no one has as yet demonstrated the simultaneous occurrence of all four 
reactions, individual reagents have been mapped in the body . Some of 76-85 

these are important for essential metabolic processes such as bacteriocidal 
activity . 

3 

elicits measureable alterations in selected enzyme functions in humans86 and 
animals . These studies agree that O3 depresses glutathione, glutathione 
reductase, and enhances glucose-6-phosphate dehydrogenase activities. 
these activities are involved with cell repair mechanisms, the significance 
of the changes observed (+ - 10-50%) is difficult to ascertain in the absence 
of information on the cell groups in which these changes occur . 

85 

Inhalation of O3 at levels between 0.2 ppm and 0.5 ppm (380-950 pg/m ) 

56 

While 

55 

The direct reactions of ozone with lung lipids and surfactant represent 
98 the primary point of attack in 0 toxicity . Investigators have named this 

process "lipid peroxidation" 80s83, although the principal products are fatty 
76-85 acid ozonides, and not peroxides 76 ' 88' 89 ' A s  one would expect ' O3 

attack results in the accumulation of harmful aldehydes in the lung lavage 
fluid . In addition, the content of unreacted unsaturated lipids increases 
during O3 exposure 59'86'91-94. On the other hand, the accumulation of lipids 

in the surfactant also mirrors the destruction of prostaglandin (hormone) 
synthesis in the lung5'. The fact that vitamin E, an antioxidant reputed to 

74,87,89,91,93,97 fails bolster the body's defenses against oxidant attack 
to retard the secretion of unsaturated lipids into the surfactant 

86 

94 suggests 
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I 

that the 0 induced secretions may actually serve as a defense or detoxifica- 
tion mechanism . 95 

Several related studies 86 '89 '90  have suggested that the toxic effects of 
0 are not confined to the lung. 0 has been shown to sensitize red blood 

cells to rupture in humans86 and in drawn blood 89 '90 .  
partially prevented by the presence of sufficient vitamin E8' in vitro. 

formation of "Heinz bodies" in blood during 0 exposure has been attributed to 

the 0 induced oxidation, peroxidation, and cross-linking of hemoglobin 
However, the O3 concentrations used in some of the exposures 89'90 were on the 

order of several thousand ppm, which is 3-5 orders of magnitude greater than 
0 levels ordinarily encountered during community air pollution episodes (see 

section 3 . 3 . 1 ) .  

vivo or in vitro exposure of blood tolppm levels of 0 3 
oxides of nitrogen, O3 does not oxidize hemoglobin to methemoglobin, nor does 
it generate any detectable free radicals or peroxides (Figure 4 . 3 - 3 ,  also 

refs. 3 9 , 4 0 ) .  As Figure 4 . 3 - 3  shows 
iron-transferrin in blood, such that transport of iron to the blood cells is 
inhibited. 

3 3 
This condition is 

The 

3 
89 ,90 ,96  

3- 

3 
Case et alfio have observed no such effects upon either in 

in mice. Unlike the 

4 0  , O3 exposure depresses the level of 

c 
Predicted clinical manifestations of O3 reactions with blood suggest 

3 that 0 may be a causative factor in one or more kinds of anemia. If, as 
Menzel et al. 89'90 suggest, ozone exposure sensitizes blood cells to rupture, 

hemolytic anemia should result. Furthermore, existing hemolytic anemia in 
individuals with a genetic deficiency in the enzyme glucose-6-phosphate dehy- 
drogenase (a syndrome whose incidence is much higher among black races than 
among whites) should be aggravated by exposure to oxidants. 

hand, hemolysis rates in the presence of 2 ppm O3 were found to be no different 
from those obtained in pure air . Prolonged depression of transferrin 

should give rise to iron-deficiency anemia. 

able on the incidence of either kind of anemia in urban populations, in response 

to exposure to photochemical oxidants. 

on blood cannot be assessed at the present time. 

leakage of plasma proteins into alveolar spacesg9, the formation of unusual 

antibodies1", and the release of neuro-transmitter  substance^^^. 
reports have demonstrated the abnormal appearance of both lung and plasma 

On the other 

40 4 0  

No information is presently avail- 

Hence, health risks due to 0 effects 3 

Other effects of O3 which are attributed to cell damage include the 

Several 
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p ro te ins  56*74s99'101, i n  t h e  a l v e o l i  occurr ing i n  response t o  O3 levels as 

l o w  as 0.25 ppm. 

su re ,  except t h a t  t h e  dose of O3 required is  1-2 o rde r s  of magnitude lower 

than f o r  NO2 ( see  sec t ions  4.2.2 and 4.3.3). 
(11.2 mg/m ) O3 s t imu la t e s  t h e  r e l e a s e  of se ro tonin ,  a bronchial  c o n s t r i c t i o n  

r egu la t ing  substance and a l s o  a very potent  c e n t r a l  nervous system agent 

Predic tab ly ,  ozone has  a very not iceable  e f f e c t  on the  metabolism of neuro- 

t r a n s m i t t e r s  i n  t h e  bra in lo2 ,  which i s  manifested c l i n i c a l l y  i n  t h e  onset  of 

c These e f f e c t s  are analogous t o  those  which follow NO2 expo- 

Acute exposure t o  6 ppm 
3 

55,102 

headaches and le thargy  during exposure. 

oxidants  can i n t e r f e r e  with normal b r a i n  func t ion  a t  c e r t a i n  l e v e l s ,  and may 

Therefore,  one can conclude t h a t  

even a f f e c t  behavior. 

The, a b i l i t y  of 0 t o  r e t a r d  O2 exchange ac ross  t h e  air-blood b a r r i e r  in 

t he  lung (due t o  a "subcl inical"  form of pulmonary edema, f o r  example) and O2 

d i s t r i b u t i o n  t o  t h e  body t i s s u e s  a l s o  raises t h e  p o s s i b i l i t y  t h a t  ozone may, 

l i k e  CO and NO, i nc rease  cardiovascular  stresslo3. 

aggravate the risks from 
tions exposed (see  s e c t i o n s  4.2.5 and 4.3.5). 

3 

I n  t h i s  event,  O3 could 

cardiovascular  d i seases  among t h e  popula- 
These e f f e c t s  may occur at 

' sub-ppm O3 concentrat ions,  which a r e  pe r iod ica l ly  reached i n  Ca l i fo rn ia  urban 

areas. 

f u r t h e r  aggrevate t h e  symptoms of p a r t i a l  cardiovascular  f a i l u r e  i n  t h e  

Any forms of anemia which are predic ted  t o  follow O3 exposure should 

These e f f e c t s  of O3 have not  Y e t  beeninves t iga ted .  

Several  s t u d i e s  74 ,104,105y lo6 have suggested t h a t  O3 may p a r t i c i p a t e  i n  

carcinogenesis  i n  humans. 

at a l l  conclusive i n  this  regard.  

reported t h a t  O3 can cause mutations i n  human o r  animal lymphocytes:. . 

The evidence, however, is very i n d i r e c t  and not  

Merz e t  al?04 and Zelac et al?05 have 

The mutations apparent ly  occur as unrepaired breaks i n  chromosomes r a t h e r  

than as s u b s t i t u t i o n  65966 o r  f rameshi f t  mutations. Other workers, however, 

have f a i l e d  t o  reproduce the  work of Zelac? Whether t h i s  form of mutagenesis 

i s  similar t o  t h a t  observed f o r  hypoxia:0b o r  is  a r e a l  t h r e a t  t o  human h e a l t h  

should be s tudied  fu r the r .  A t  t h e  present  t i m e ,  t h e r e  is no concrete  evidence 

i n  humans o r  i n  animals t h a t  ozone can cause malignant tumors. 

107 

74 

Therefore,  on the  b a s i s  of fragmentary biochemical and physiological  

evidence, four  types of h e a l t h  problems--emphysema and chronic  lung d isease ,  

r e s p i r a t o r y  i n f e c t i o n s ,  anemia, and cardiovascular  disease--may increase  i n  

a reas  with high oxidant concent ra t ions ,  such as Southern Cal i forn ia .  

increases ,  acu te  r e sp i r a to ry  symptoms are b e s t  documented. 

Of these ,  c 
I .  
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4.3.4. P a r t i c u l a t e s  and Carbonaceous Matter 

Apart from t h e i r  phys ica l  e f f e c t s  on respiratory-pulmonary mechanics and 

on t h e  b i o l o g i c a l  mechanisms f o r  fore ign  body c learance  ( see  sec t ion  4.2.4), 

a i rborne  p a r t i c u l a t e s  may e l i c i t  hea l th  e f f e c t s  by v i r t u e  of t h e i r  de t a i l ed  

chemical composition. S imi la r  e f f e c t s  a r e  expected f o r  ingested (food-borne 

o r  waterborne p a r t i c u l a t e s )  with t h e  exception t h a t  t h e  primary target organ 

i s  more l i k e l y  t o  be t h e  l i v e r  than t h e  lung. Chemical cons t i t uen t s  of p a r t i -  

c u l a t e s  which have received a t t e n t i o n  include s u l f a t e s  (discussed i n  sec t ions  
109-111, and organic  compounds 112-115 4 .2 .1  and 4.3.1),  t r a c e  metals 

The p r i n c i p a l  heavy elements found i n  urban ae roso l s ,  and associated 

with f o s s i l - f u e l  combustion, are i r o n ,  n i cke l ,  vanadium, manganese, and 
lead '09-'11. Lead i n  the  atmosphere i s  assoc ia ted  almost s o l e l y  wi th  motor 

veh ic l e  emissions and is  not a p a r t i c u l a r l y  important product of steam 

. e l e c t r i c  generat ion,  log although power p lan t  emissions do con t r ibu te  t o  

the  atmospheric loading of p a r t i c u l a t e  l e v e l .  

have been reviewed previously117 and include i n h i b i t  ion  of hemoglobin synthes is ,  

l i v e r  and kidney c e l l  des t ruc t ion ,  mental r e t a rda t ion  symptoms, abnormali t ies  

i n  f e r t i l i t y ,  and h igher  r i s k s  of cardiovascular  d i seases .  Inha la t ion  appears 

t o  be  the  dominent rou te  of entry117, except f o r  cases of acu te  poisoning. 

The e x i s t i n g  Ca l i fo rn ia  s tandard f o r  ambient a i r  lead (1.5 pg/m 

i s  predicated on a body burden a n a l y s i s  of not more than 5% depression i n  

The hea l th  e f f e c t s  of lead 

3 over 30 days) 

hemoglobin syn thes i s ,  and u t i l i z e s  purely biochemical cri teria f o r  exposure. 

The h e a l t h  e f f e c t s  of o the r  important metals found i n  p a r t i c u l a t e  

emissions from f o s s i l - f u e l  power p l a n t s  have genera l ly  been ex t rapola ted  from 

i n v e s t i g a t i o n s  of ca t a s t roph ic  occupat ional  episodes.  
t o  be  "the least tox ic  of a l l  metals t o  humans and animals 

v i r t u a l l y  no da ta  e x i s t  on t h e  e f f e c t s  of chronic  low-level exposures . 
Vanadium i s  repor ted ly  a s t rong  r e s p i r a t o r y  i r r i t a n t ,  bu t  is  toxic only i n  
very high doses -- no d a t a  on chronic  vanadium poisoning on h e a l t h  e f f e c t s  

e x i s t  41. 

with r e l a t i v e l y  i n s i g n i f i c a n t  proport ions of manganese, vanadium, and n i cke l  

Most of t h e  i r o n  e x i s t s  as complexes of f e r r i c  oxide130. 

information e x i s t s  on the  toxicology of f e r r i c  i r o n ,  l a r g e l y  because ingested 

f e r r i c  i r o n  i s  not  absorbed by the  g a s t r o - i n t e s t i n a l  tract131. Inha la t ion  of 

f e r r i c  i r o n  i n  f l y  ash and dus t s  would the re fo re  appear  t o  be t h e  only way i n  

which i r o n  could e n t e r  t h e  body. 

Manganese i s  considered 

"18 ; however, 
119 

P a r t i c u l a t e  emissions from coal-f i red power p l a n t s  are r i c h  i n  i r o n ,  
130 . 

Rela t ive ly  l i t t l e  

Inhaled " f e r r i c  i r o n  is  thought t o  be 
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r e l a t i v e l y  n o n - t o x i ~ ~ ' ~ ~ ~ .  

gens1*'; however, levels requi red  t o  induce tumors i n  animals are as much as 

6 o r d e r s  of magnitude h ighe r  than  t y p i c a l  urban ambient a i r  concent ra t ions  

Nickel  i s  a l s o  a poten t  r e s p i r a t o r y  i r r i t a n t 1 2 1  a t  h igh  concent ra t ions .  I n  
s t u d i e s  of acc iden t  v i c t ims  i n  New York, t h e  only metals accumulated In  t h e  

t i s sues -o f  urban r e s i d e n t s  i n  concen t r a t ions  s i g n i f i c a n t l y  h igher  than  those  

from t h e i r  non-urban coun te rpa r t s  were l ead  and nickel10g. 

n i c k e l  found i n  lungs ,  lymph and kidney of t h e  c i t y  dwellers109 is  enough 

t o  c o n t r i b u t e  t o  t h e  increased  inc idence  of cancer  i n  urban areas68 may n o t  

be known f o r  many yea r s  t o  come. 

known and suspected organic  carcinogens i n  urban ambient a i r ,  which may a l s o  

be r e spons ib l e .  

Nickel  compounds have been demonstrated as carcino-  

c 1 2 1  . 

Whether t h e  excess  

As discussed  below, t h e r e  are many o t h e r  

R e l a t i v e l y  l i t t l e  i s  known about t h e  h e a l t h  consequences of carbonaceous 

matter i n  p a r t i c u l a t e s ,  except  f o r  t h e i r  a b i l i t y  t o  cause  cancer  (see Table  

4.3-2). The demonstrated a b i l i t y  of carbon p a r t i c l e s  t o  c a t a l y z e  some very 

noxious atmospheric reactions (see s e c t i o n s  3.1.1.3.2.3, and 3.3.3) has  not  

y e t  l e d  biomedical i n v e s t i g a t o r s  t o  probe t h e  p o s s i b i l i t y  of d i r e c t  d e s t r u c t i v e  

c e l l u l a r  r e a c t i o n s  f a c i l i t a t e d  by carbonaceous matter i n  t h e  lung and r e s p i r a t o r y  

t r ac t .  

h o s t  of organic  compounds 67'122. 
of ca rc inogen ic i ty  679 122 and mutagenic i ty  32'33 i n d i c e s  f o r  organic  compounds 

t y p i c a l l y  found i n  urban a i r  

Carc inogenic i ty ,  on t h e  o t h e r  hand, has  been thoroughly s tud ied  f o r  a 

Table  4.3-2 p r e s e n t s  an up-to-date compilat ion 

46,47,112-115,115a 

c 
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Tablr 4.3 2.  Carcinogentc Act iv i ty GI Organic Particulr!cr in tllc Atmcrpliere. 

Mutation Mutation 1 

Dbrervtd Frequency Observed Frequency 

5OO.(iCOa 
40C.0[IOa 

320' 

480' 
E 2  7b 

786b 
< 160a 

350b 

32p 
407b 

3,200' 
10.500b 

2.4OOa 

6,2SOa 
27,960b 

6.51 gb 
13.300a 
21 ,EGOb 

420a 
2.840b 
1,29'Jb 

1,704b 

3.050b 

8.160a 

16 lb 

1 1.2EOb 

coo' 

480' 

48P 

9.99Eb 
eoo; 

10:b 

4aoa 

2.54Cb 

98Ob 

1.444 

2.720' 
4.335b 

65 gb 
1 >20a 

890b 

480' 

320' 
907b 

833b 
22.8b 

399b 
16p 

l C $  
38Bb 

.,N.L. 
-,N.L. 
N.L. 

N.L. 

+O 
io 

N.L. 
N.L. 

- 
io 

t 
t 

20 

t 
t 

H.L. 

t 

N.L. 

N.L. 

N.L. 
t 
t 

N.L. 

N.L. 
N.L. 

'N.L. 
N.L. 
jn 
N:L. 

' t -  

t 

I .  

t 

t 

N:L. 
N.L. 
+ 

N.L. 

klcthyl lluorriier 7 4 9  

Mtlhyl-pyrencr 1 ,ES3b 

Llrl hyl-lrrplitny!cne 2Mb 

Llcthyl.floor~ii!ticne 320a 
Metliyl-liuoranllifne 1.450b 
Mctliyl.pyirner 320' 

Mcthyl .bPi i~o(~ l~r i t l i rzrene 480' 
Ll~thyl.b~:!zo(r)i'nlliracene 953b 
McIl:ylJ. ,~~.Bina:~h:liyl  61 I b  

hlr thyldiryrne 4 8 d  
L'r:hyl-cllr yrsnz 4,125b 
hlct l ;y l .b~nro( l~) l ! i iut~: i Ihene  480b 
fdcthy!-bPnzo(~)(luoranlhcnr 1 I , l G S b  
h'icthyl.brnzo(E)yyrcnc 4808 
Met~iy1-benzolr)liyreno 5E4b 
3~h~erhyl.clio!en:I~i enr 544b 

polynucleir aromrtir 1 497' 
hyd: ncxbonr 

Ethyl antlitarcne 16d 

696b Ethyl anth:accne 
Diniclhvl anlliraccnei 
Elhyl-phenantlirene 1 6@ 
Etliy!-p!,Er,anilircnc 
Diinrit!yl.plienaii! hreri,: 
Trimethyl-(lunr;ntiiei!r 
Trimrlhylpyrcne 1 
Dimcthyl.beniofa)anlhrJcenD 64.zb 

Oim~thyl-t;:nro(b)Ilouranthcne 
Dimetli~l-bcnzo(k)llucranthcne 1 
Dimethyl-benzo(c)pyrene 
Oihydro-acrhraccne 20.3b 
0ihydrc.phrnanllirene 37.0b 

Dili ydro-pyrer.c . 78.0b 
Oihydi o~benzo(allluorcne 
Oihvdro-bcn:o(hllluorene 1 

Highei .order methyl ubriluted 

I 579b 

Dimrthylshryrcne 75.7b 

2 4  

Oimethyl-benzu!a)pyrene 444b 

D;hydro.Iliioranthcne 1 Z.Zb 

430b 

1,57$ 

387b 
3 4 9  

,603b 

70!ib 

,083b ' 

c 1 o'b 

I . L  
i 

N.L. 

t 

N.L. 
N.L. 
+ 

N.L. 
N.L. 
t 

t 

t 

N.L. 

N.L. 

N.L. 

N.L. 

N.L 

i 

t 

M.L.  
W.L. 
t 

t 

N L  
N.L. 
N.L. 
N.L 
N.L. 
N.L 
N.L. 
N.L. 
N.L. 
N.L. 
N.L. 

N.L. 

t .  

N.L: 

N.L.* 
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Table 4.3-2. Carcinogenic Ac t i v i t y  0 1  Organic Pdr!iculatcr i n  :he A~niospl tere.  (Continued) 

Tcirahflro methyl.benzo. 

H P I ~ ! ' )  d.c ciir,%ene 
0:ti'yd.o I:l;oran!ltene 
Octat*jilro arittiracene I 
Oc:ztii.dro.(~hcnanrhrene 
0ctahydro.pyrenu 
Hydro*) na;!lilhalene 
Hydrox y-anrliracPhe 
H, d i c k y  p':er,anthrcne 1 
Tetracli' r~roiihe~iol 
P~ntart~lorcli l icnol 
An: hrquinone 
B~nil~.~;e:;!hra:ene-7ane 
Diettiy! p!;:rialate 
01 ".!rilcy! ii!it!ialate 
Ber.ryl t iuiyl  phf!,r:ate 

Benzoic acid 
Salicylic acid 

' - m.p-Hyd,oxy-benzoic 
Nap!ith?vp: carbonyli: acids 
A r th iaw ie  carbakylrc acids 
Phznant!irer,c carbctylic ecids 
Pyreiir ca:boxylic acids 
Phthalic acid 
Isophthsl*c acid 
Tereblitl.alir acid 
Methyl ph:halic arid 

~antl1racpnc I 

. ., Bis-I? c:hy!hcry:) phlhalatc 

6 S b  

19.fib 

10.9b 

5 4 . P  
< lob  

320a 

3,200a 

2.400a 
SODa 

12,000a 

50.000' 
51.200a 
12.800' 

11 5.200' 
1,4<Oa 
9Gd 

12,F0Oa 

6.720' 

480a 
4,000a 

24,OGO' 

2.P.:.f 

2,0802 

4 ,000a 

4aoa 

--- N.L 
--- N.L. 
--- N.L. 

--- N.L. 

-- N.L. 

--- N.L. 
--- N.L. 
--- -,N.L. 

<o " 2  -,N.L. 

N.L. 
_-- .,N.L. 
--- -,N.L.+ 
__ N.L. 
_-- N.L. 

<0.009 -,N.L. 
co.02 .,N. L. 
_-- N.L. 
--- N.L. 
I- N.L. -- N.L. 
-- N.L. 
- L.L. 
-- N.L. 
-- N.L. 
--- N.L. 

co.01 -,N.L. 

--- + 

t 

Fluorenr carbonitrih 
Bcnzidiiie 
Quinoline 
Iroquinoline 
Acridine 
Acridinc 
Al:.yl-subslitulcd quinolines 
6cnzo.quinolrnc 
Bcnzcvquinoline 
Ali:yl.subrlituted benzo- 

quinoliiies 
Aza4uoranthencs 
Aza-pyrencr t 
Bcnz acridine 
~z3-chryscnes 
Oibrizio quinolines 
Oibenzo isoquinolines 
[libenz(a.lilacridirie 
Oibcnz(a, ik id iw 
Dibcnz(a.i)arridine 

t 

I 

I 

Oiniettiyl ni t roumine  3,900.0OOc 

, .  600.000d 
, ~ i t , o l i i ~ ? p y ~  nitroIzmine G'JC.OUS' 

90b 

?0.000d 

i a.5b 

70' 

450b 
68Ea 
480a 
460b 

9GO' 

1.12oa 

2.56Oa 

2.560' 

f& 

li:ethyl beniacridinet 
t h thy l  bcn:cphenanlhridiiii.; 
lrlctlivl d;benzo quinolincs 
blettiyl d;berizo isoquinoliner 
Aza-bcnzo pyreiin 
Ambenzo fluorantliencs 

1 1.440' 

0.02 + 

0.08 t 
--- N.L. 
1.4 + 
0.76 t 
--- N.L. 
0.02 i0.N.L 

--- N.L. 
--- N.L. 

V i  Cautre!is 2nd K. Vaii CawEnberg'ie (1976) ktruor. EnviiQ, C17-457. Total suspended parliculaie mzss was 160 &n3 l o r  these mnp:es. Air oinpler 
to!;ccted in Antwerp. Eclgium air basin. 
R. C. Lao, H. S. Thomas, t i .  Oja, and L. DuBoir (1973) Anal. Chem. 45. 909.915. Totr l  wspendcd particulate mass WJS not stated. Air remplfs collected 
in the Otlavn. Cmada air tariii. 

0 .  H .  Fine. C .  P. Rounbrliler. N. M. Eclclier, and S. S. Eprteki (1975! in&shM.<_ConGi!)'\ron. Sellring ?5efr.. Vol. 2. pancr 30 7, Lss Vegas. tJV. 
Scptenber 14-19 (avail I E E L ,  Eew York).  Gaseous and paiticulate nim.raniwr w e  nor discriminrted i n  thtsc nwarurcmenlr. Samp:es collected i r i  Beliimwe, 
Waryldnd. 

0. S'ajiley (1976)Sciencr 191. 268-269. Nitrosamines in U. S. air. 

J. IAcCann. E .  Choi. E. Yamasaki. and B. N. kmc% (13751 Proc. Nat. AcadL ScLU,l& 5135-5139. Some data a:? also taken lrom unpublished obscrvations of 
J. h C a n n  and e N. Amrr as well as l rom J. McCann, Iieisoiial commu'licatic?s. I.*ulageniciIy numbcrr cxlircsrad 2s "icvcrtantr per nmolc cl surp?:lcd inutqen." 
bar?d on the blnonpl:a-mlcrnrome _- t er l .  The pierice strain used as well as Ihc  conre:itratitn and lylrrr 01 niicrosnnic preparations a e  indicated in tlic rrl. Substi. 
tu1ion 01 either testo: strait) or microsooial preparation can change the mulag.i~ieity indrx by 2.3 orden of magnitude. The number giwi1 i s  Ihc highest valce 
cbrewcd lor  any of the testor strains 

Carcinogenicity data arr taken from: 
h'alionel Inr(i!utc 01 Occupaliona! Safety and t iea l t l  "(19751" Suspected Carcinngcn:: A Sublile of the NIOSH Toxic  Substances List." Center lur Disease 
Coitrol.  Public Hcaltli Scrvicc, U. S. Oepartmrnt 01 Ilealth. Education. and \'!cllare, Rocliuil~e. Maryland 20652; 

P. Shiibik and J. L. Hartwell (19731 "Survcy of Cor.ipoundr Which Ham Been Tested lor Carcinogenic Aclivity.".Pulrlicatio~ 1094, Public Health Service, 
U. S. Orpannent 01 Hcaltli. Education, and V;rllm. \':ashington. OC. 

+ indicatrs a proven c a r t i n o p  ( r c l .  e or I ) .  "-" irilicates a dcmonrtratrd nonialtinogen bels egl. "5 indicates a vcry w a k  or qucstionable carrinogcn. 
which may or may not b? susi>rctr.d 01 causing cancer in humans. "N.L." indkatcr that substance is  not listcd in tlir h'lOSH rrgisfcr Ircf. I). 

U k y l - s u b s t i t u t e d  d e r i v a t i v e s  a r e  s u s p e c t e d  c a r c i n o g e n s .  

A c u t e l y  t o x i c .  

.. .. 

c 
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Most of the compounds in urban air which have been examined as either 
carcinogens 67,122 or mutagens 32’33 are polynuclear aromatic hydrocarbons 

(PAH compounds). Very few PAH compounds are directly mutagenic, themselves. 

Biochemical activation is apparently required before these substances can 
interact with the genetic material DNA lo7 ’ 1239 124. Grover and S i m ~ ~ * ~  first 
demonstrated that PAH compounds become covalently bound to DNA only if micro- 
somal aryl hydrocarbon hydroxylase enzymes and cofactors are present, indicating 
a need for metabolic activation. Furthermore, unless aryl hydrocarbon hydroxy- 

lase enzyme activity i s  present (by addition of microsomes), the bacterial 
mutagenesis test 32933s137 fails to detect mutations due to PAH compounds. 
This supports the view that covalent binding of a PAH derivative to DNA is 
required for mutagenesis or carcinogenesis, and that the parent compounds 
themselves do not bind125. 
are the PAH epoxides1079 125 126. 
mutations and single- or double-strand breaks in the genes 

The suspected metabolites which do bind to DNA 
These epoxides presumably cause frameshift 

107,125,126. The 

ability of PAH compounds to cause mutations depends not only on their conver- 
sion to epoxides, but also on the rate at which these epoxides can be inacti- 

n 

vated. Pathways for inactivation include rearrangement to phenols, coupling 

with glutathione, or hydrolysis to the corresponding diols 

Figure 4.3-4 summarizes the biochemical conversions of PAH compounds 

127.128,129,125,126 

123-129 

The ability of a PAH compound to cause cancer, therefore, is connected 
with the balance among the metabolic reactions in Figure 4.3-4. 

any of the pathways, such as might result from PAH-stimulated induction of 
Changes in 

enzyme synthesis or enzyme inhibition by an accompanying pollutant may drama- 
t i c a l l y  alter the carcinogenic potential of a PAIi substance. Organs in which 
PAH metabolism has been detected, and which are therefore targets for PAH- 

induced cancer, include liver, lung, intestine, kidney, skin, placenta, 

adrenal glands, and testis 125,132-136 

Three very important implications are evident from the information given 
above. 

pounds. 
First, only a limited variety of cancers can be caused by PAH com- 

This is so because most cell-and tissue types do not metabolize PAH 
compounds. 
cell group type I1 alveolar epithelia1:cells 559123. 

In lung, nearly all of the PAH metabolic activity is found in one 

Other types of carcino- 
gens are probably not so selective about their target cells. 
shou ld  be theoretically possible to pinpoint the chemical carcinogens 

Therefore, it 
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/ I \  
Y 

%DNA 
(h-lutated DNA) 

hydrase Reorrung emenl + 

DNA I I( Su bsequentl 
epoxide 

Figure  4.3-4. Metabolism 05 Bensopyrene. 
XBL 772-322 

r e spons ib l e  f o r  t r i g g e r i n g  lung cancer  cases i n  t h e  popula t ions .  

f a c t o r  may a l s o  e x p l a i n  why s o o t  causes cancer  of t h e  scrotum i n  chimney 

This  same 

sweeps (see s e c t i o n  4.1.2.2).  C i g a r e t t e  smoking, f o r  example, may b e  a f a c t o r  

i n  cancers  i n  l i v e r  and i n t e s t i n e  as w e l l  as lung ,  f o r  t h e  same reason . 138 

Second, t h e  requirement  f o r  metabol ic  a c t i v a t i o n  undoubtedly p l ays  a r o l e  

i n  t h e  high degree of v a r i a b i l i t y  i n  t h e  mutagenic and ca rc inogen ic  p o t e n t i d  

of PAH compounds (see Table  4.3-2). Aryl hydrocarbon hydroxylase and epoxide 

hydrase enzymes, f o r  example, s u r e l y  e x h i b i t  some degree of  s p e c i f i c i t y  f o r  

s u b s t r a t e s .  This  f a c t  h a s  t o  be  t h e  reason t h a t  benzo(a)pyrene is such a 

s t r o n g  mutagen and carcinogen,  wh i l e  the  chemical ly  similar compound pyrene 

is  n e i t h e r  . Furthermore,  s u b s t r a t e  s p e c i f i c i t i e s  a r e  c e r t a i n  t o  d i f f e r  32,33 

55 from organ t o  organ and from animal s p e c i e s  t o  animal s p e c i e s  . 

e 

c 
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are 32,33,137 The microsomes rou t ine ly  used i n  the  b a c t e r i a l  mutagensis test 

derived from rodent l i v e r  and not from human lung. For t h i s ,  and many o ther  

reasons,  t he  mutagenicity da t a  of Table 4.3-2 cannot be considered quan t i t a t ive .  

F ina l ly ,  o t h e r  p o l l u t a n t s  may a f f e c t  t he  a c t i v i t y  l e v e l  of PAH metabo- 

l i s m  i n  lung. N i t r i c  oxide,  ozone, and carbon monoxide, f o r  example, both 

r e a c t  wi th  a r y l  hydrocarbon hydroxylase 127'132'142 i n  a manner which suggests 

i n h i b i t i o n .  NO2, on t h e  o ther  hand, t r i g g e r s  t h e  uncontrol led p r o l i f e r a t i o n  

of type I1 a lveo la r  e p i t h e l i a l  cel ls  55s140, and might t he re fo re  increase  PAH 

metabolic a c t i v i t y .  These competing i n t e r a c t i o n s  should be explored more c o w  

p l  e t e  l y  . 
A t  t he  present  time, the re  are no a i r  q u a l i t y  s tandards o r  emission 

s tandards f o r  e i t h e r  p a r t i c u l a t e  metals i n  f l y  ash o r  p a r t i c u l a t e  organic  mat- 

ter ,  except f o r  t h e  all-encompassing ARB and EPA s tandards f o r  t o t a l  par t icu-  

l a t e  mass. 

urban a i r  concentrat ions,  and h e a l t h  e f f e c t s  of polycycl ic  aromatic hydrocar- 

bons"', and a recommendation of s tandards f o r  PAH compounds is  l i k e l y  t o  be 

made publ ic  i n  t h e  near fu tu re .  A t  the  present  t i m e ,  l i t t l e  q u a n t i t a t i v e  in-  

formation on dose requirements of PAH f o r  cancer i n  humans e x i s t s ,  so t h a t  any 

s tandards which are promulgated w i l l  be predicated on an ex t r apo la t ion  from 

tumorigenesis data i n  animals, perhaps supported by mutagenesis da ta .  

The EPA has  r ecen t ly  re leased  a c r i t e r i a  document on emissions, 

4.3.5 Carbon Monoxide 

As ind ica ted  i n  s e c t i o n  (4.2.5),  while CO emissions from power p l a n t s  

a r e  no t  an important cont r ibu t ion  t o  ambient CO i n  urban air ,  a d iscuss ion  of 
i t s  h e a l t h  e f f e c t s  is warranted f o r  ex t r apo la t ion  t o  t h e  e f f e c t s  of NO, which 

i s  a major power p l a n t  emission. 

CO a r e  d u e  t o  i t s  binding t o  hemoglobin during exposure (see Figure 4.3-5,  

a l s o  r e f .  143) ,  j u s t  a s  the  e f f e c t s  of ,NO exposure a r e  a t t r i b u t a b l e  t o  accumu- 

l a t i o n  of nitroxyhemoglobin and methemoglobin 

A l l  of t h e  charac te r ized  h e a l t h  e f f e c t s  of 

# I  

35-42,144 

143,145 are The e x i s t i n g  ambient a i r  and occupat ional  s tandards f o r  CO 

predicated on a body burden ana lys i s .  That is, t h e  maximum allowable concen- 

t r a t i o n  i n  t h e  a i r  is  determined by t h e  amount of po l lu t an t  required t o  gener- 

a t e  a given threshold concentrat ion of a biochemical metabol i te  ( i n  t h i s  case, 

carboxyhemoglobin) which more accura te ly  r e f l e c t s  observed physiological  and 

hea l th  e f f e c t s  ( see  sec t ion  4.2.5). The advantage of a body burden ana lys i s  

i s  t h a t  t he  dose-response c h a r a c t e r i s t i c s  of given pa thologica l  responses are 
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E X P O S U R E ,  hours 

Fig .  4 . 3 - 5 .  Concentration and duration of continuous CO exposure required to produce 
COHb concentrations of 1.25, 2.0, 2.5, 5.0, 7.5, and 10 percent in healthy male subjects 
gaging i n  sedentary activity. (143) 
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accura te ly  known. No ext rapola t ion  from ambient air concentrat ions is 

necessary,  so t h a t  e r r o r s  due t o  uncer ta in ty  i n  measuring the  a c t u a l  exposure 

l e v e l  t o  t h e  body are el iminated.  A t  t he  present  time, methods f o r  body burden 

A 

143’145 39’40’48, lead’l’l, and cadmium 146 . 9 No ana lys i s  a r e  a v a i l a b l e  f o r  CO 

4.3.6 Hazardous Metal Vapors 

Mercury and selenium are two minor bu t  very hazardous po l lu t an t  e m i s -  

s i o n s  from f o s s i l  fue l - f i r ed  power p l a n t s  about which r e l a t i v e l y  l i t t l e  is 

known a t  the  l e v e l  of community h e a l t h  e f f e c t s .  Hg is a very potent  sulphydryl 

che la t ing  agent ,  and therefore  r e a c t s  with near ly  every kind of  p ro te in  i n  the  

body147. 

sumably by incorpora t ing  i n t o  and being metabolized with s u l f u r  compounds i n  
148 t h e  body -- with  d i sa s t rous  r e s u l t s  

between 50 and 350 pg/m . 15‘ 

viduals  can have nea r ly  complete absorp t ion  a t  concent ra t ions  between 60 and 

250 pg/m . 150 

elemental  vapor are scarce ,  bu t  inorganic  and organic  compounds are known to  

be absorbed Elemental and e spec ia l ly  organic  mercury is  a l s o  absorbed 

through t h e  sk in .  

are converted i n  the  blood t o  so lub le  inorganic  mercury salts  14’ * 
by t h e  blood plasma, t he  mercury is widely d i s t r i b u t e d  i n  a l l  t i s s u e s ,  bu t  

149,150 accumulates primarily i n  t he  kidneys and l i v e r  p r i o r  t o  excre t ion  
Some accumulation of the  mercury salts  a l s o  occurs  i n  the  b ra in ,  sp leen ,  and 

al imentary tract15’. Nonalkyl mercury might, t o  a l imi t ed  e x t e n t ,  be  t rans-  

formed i n t o  methylmercury wi th in  t h e  l i v e r  

which a r e ,  o r  r e a d i l y  form, water-soluble inorganic  sa l t s  are among t h e  least  

tox ic  of t he  mercury compounds. 

Se, on t h e  o the r  hand, would appear t o  mimic s u l f u r  i n  the  body, pre-  

. 
Man genera l ly  absorbs 75 t o  85% inhaled mercury vapor a t  concent ra t ions  

Experiments, however, have shown t h a t  some indi -  

Reports regarding t h e  r e s p i r a t o r y  in t ake  of mercury o the r  than 

Inorganic  mercury compounds, phenyl-mercury, and methoxyethylmercury 

Carr ied 

* lS2. I n  general ,  those compounds 

Elemental mercury has  t r anspor t  and r e t e n t i o n  p rope r t i e s  resembling both 

inorganic  and a l k y l  mercury compounds. Converted t o  mercury salts, i t  is  par- 

t i a l l y  t ransported i n  the  blood plasma. While a b l e  to  penet ra te  a l l  body tis- 

sues ,  i t  accumulates i n  the  b r a i n ,  o t h e r  nervous t i s s u e ,  i n t e s t i n a l  t r a c t ,  and 

s a l i v a r y  glands14’. Having c h a r a c t e r i s t i c s  intermediate  between inorganic  and 

a l k y l  mercury, elemental  mercury is  somewhat more tox ic  than t h e  former bu t  

f a r  less toxic  than the  la t ter .  
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The t o x i c i t y  of mercury i s  a t t r i b u t e d  t o  i t s  high a f f i n i t y  f o r  s u l f u r -  
150 con ta in ing  compounds and i t s  lesser a f f i n i t y  f o r  organic  l i gands  

f e rence  by mercury i n  t h e  s y n t h e s i s  and func t ion  of enzymes and o t h e r  p r o t e i n s  

can r e s u l t  i n  a v a r i e t y  of adverse  e f f e c t s  . 
. I n t e r -  

150 

3 The p resen t  th reshold  l i m i t  s tandard  f o r  Hg i n  ambient a i r  of 1 pg/m 

i s  p red ica t ed  on a maximum s a f e  l e v e l  of uptake of 20 pg/day f o r  an average 

i n d i v i d u a l ,  and assumes t h a t  no a d d i t i o n a l  Hg from food o r  water sources  is 

i nges t ed  a t  t h e  same time150. The es t imated  c o n t r i b u t i o n  of  a 870 MW power 

p l a n t  t o  t h e  concen t r a t ion  of  mercury i n  t h e  atmosphere is on t h e  o r d e r  o f  

0.05 pg/m 154, which is w e l l  w i th in  c u r r e n t  s t anda rds .  

Chronic mercury poisoning can r e s u l t  from i n h a l a t i o n  of i no rgan ic  
3 mercury a t  concent ra t ions  as low as 100 pg/m . S l i g h t  anemia, hypothyroidism, 

and increased  e x c i t a b i l i t y  may r e s u l t  from occupat iona l  exposures as  low as 10 

to 30 pg/m e lementa l  mercury14’. 

dustry,  low-level exposures averaging from < 50 t o  270 ug/m 

cury have been s t r o n g l y  c o r r e l a t e d  wi th  loss of a p p e t i t e  and weight 

Chronic poisoning by inorganic  mercury a f f e c t s  p r imar i ly  t h e  nervous system. 

There may arise anx ie ty ,  insomnia, muscular tremor,  and o t h e r  psychological  

d i s tu rbances .  Other  p o s s i b l e  symptoms are ere th ism,  inflammation of t h e  gums, 

g a s t r o i n t e s t i n a l  d i s tu rbances ,  weakness, and o t h e r  symptoms similar to  those 

i n  acu te  poisoning 

3 Among 642 workers i n  t h e  c h l o r - a l k a l i  in-  
3 e lemental  m e r -  

149 . 

e 
149,150,153 

Acute mercury poisoning can r e s u l t  from i n h a l a t i o n  of i no rgan ic  mercury 

a t  concen t r a t ions  from 1,200 t o  8,500 pg/m 

t rac t  are p r imar i ly  involved. Symptoms are metallic taste, nausea,  abdominal 

150. The kidneys and i n t e s t i n a l  

150,153, The pa in ,  vomiting, d i a r r h e a ,  headache, s a l i v a t i o n ,  and a n u r i a  

stomach, gums, and s a l i v a r y  glands may become inflamed. Acute exposure t o  

e lementa l  mercury can a l s o  cause pulmonary i r r i t a t i o n  and neura l  damage. 

Chronic symptoms such as muscular tremor may p e r s i s t  i n  some cases. 

cases may l e a d  t o  hemolysis,  insomnia, de l i r ium,  and u l t i m a t e  dea th  from 
149,150 exhaust i o n  

Extreme 

Considerably less i s  known about  t h e  e f f e c t s  of a i rbo rne  selenium on 

human h e a l t h ,  e s p e c i a l l y  a t  ambient a i r  levels. 

information on t y p i c a l  community exposures t o  Se, o r  on t h e  r e l a t i v e  contr ibu-  

t i o n s  of a i rbo rne ,  waterborne,  and foodborne Se t o  t h e  t o t a l  body i n s u l t  

among t h e  population148. 

There is amazingly l i t t l e  

Under i n d u s t r i a l  exposure cond i t ions ,  selenium as c 155 SeO w a s  found t o  be  a h igh ly  i r r i t a t i n g  and t o x i c  vapor t o  workers , 2 
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resulting in respiratory tract irritation, eye irritation, and pulmonary edema 
at high concentrations. Trace amounts of selenium are apparently required as 

4 dietary nutrients in humans and animals , but is extremely toxic biochemically 
at higher concentrations 156s157'158. 

carcinogen and an anticarcinogen14*; the dual nature is probably due to complex 
synergistic effects in addition to basic dose level differences. The implica- 
tions of the biochemical reactions of Se on physiological function in humans 
and animals are also not clear148. 

tory scale are virtually nonexistent. According to the National Academy of 
Sciences15', "little quantitative information is available regarding the ab- 

sorption of Se through the lungs or skin." Accordingly, the present maximum 
allowable concentration of Se in air has been tentatively set at 100 pg/m , 
corresponding to a daily intake of 2000 pg per individual160. 
present time, best estimates of the total inhaled dose above normal dietary 
levels are on the order of 50-150 pg/dayl6O. 

be devoted to determining whether Se emissions from power plants (presumably a 

major source of Se emissions in the future) represent a real or potential 
threat to human health. As of now, almost nothing is known about this problem. 

Selenium has been described as both a 

Selenium inhalation studies on the labora- 

3 

As of the 

Considerably more study should 
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5. DIFFICULTIES WITH EXISTING DATA -- THE NEED FOR FURTHER INFORMATION 

The e x i s t i n g  body of information on the  emissions,  d i spe r s ion ,  and 

hea l th  e f f e c t s  of a i r  p o l l u t a n t s  from f o s s i l  f u e l  and geothermal power p l a n t s  

is -- as demonstrated i n  t h i s  review -- incomplete and tenuous. A good dea l  

of regula tory  planning can be and has been c a r r i e d  out  on the  b a s i s  of e x i s t i n g  

data .  However, t h e  e f f i c i e n c y  and economy of r egu la t ion  and power p l an t  

opera t ion  is i m p a i r e d  where t h e  l a c k  of c o r r e c t  o r  p r e c i s e  information r e su l t s  

i n  s a f e t y  margins t h a t  are la te r  proven t o  be unnecessary o r  too s t r i n g e n t  

o r  where i n s u f f i c i e n t  con t ro l s  are imposed on harmful p o l l u t a n t s .  

Many i n v e s t i g a t i o n s  have employed methods which were too c r u d e  f o r  t he  

p rec i s ion  and accuracy demanded i n  the  s t u d i e s .  I n  add i t ion ,  many c r u c i a l  

ques t ions  regarding var ious  a spec t s  of p o l l u t a n t  emissions d i spe r s ion ,  and 

hea l th  e f f e c t s  have gone unanswered e i t h e r  because the  i n v e s t i g a t i v e  t o o l s  

necessary f o r  experiments were unavai lab le  o r  because workers dea l ing  with 

these  ques t ions  f a i l e d  t o  execute  t h e i r  i n v e s t i g a t i o n s  c o r r e c t l y .  Some of 

the  more important of these  problems are discussed below, i n  Sect ions 5.1, 

5.2, and 5.3. The ex ten t  of our a b i l i t y  t o  a c t u a l l y  a s ses s  t h e  human h e a l t h  

impacts of convent ional  emissions from f o s s i l - f u e l  and geothermal power p l a n t s  

i s  summarized i n  Sec t ion  5.4. 
r? 

5 .1  Defic ienc ies  i n  Ex i s t ing  Data 

Ass imi la t ion  of the  e x i s t i n g  body of information on p o l l u t a n t  emissions 

and t h e i r  e f f e c t s  on h e a l t h  has been hampered by some r a t h e r  b a s i c  problems. 

Most s t u d i e s  have examined e f f e c t s  which could be measured by means r e a d i l y  

a v a i l a b l e  t o  t h e  i n v e s t i g a t o r ,  regard less  of t h e  a c t u a l  p o l l u t a n t  concentra- 

t i o n s  t y p i c a l l y  observed i n  environmental media; as a r e s u l t ,  h e a l t h  e f f e c t s  

s t u d i e s  on var ious  l e v e l s  (epidemiological,  phys io logica l ,  and biochemical) 

are o f t e n  not  comparable among themselves. Moreover, many epidemiological 

s t u d i e s  have r e l i e d  u n c r i t i c a l l y  on crude a n a l y t i c a l  d a t a ,  without regard 

t o  i t s  relevance t o  the  s t u d y  populat ion;  t h e s e  d a t a  have o f t e n  been gathered 

on the  b a s i s  of expediency, r a t h e r  than on per t inence  as judged by funda- 

mental  biochemical understanding. F ina l ly ,  because of t he  small  overlap i n  
t r a i n i n g  and e x p e r t i s e  of i n v e s t i g a t o r s  engaged i n  the  primary analyses  of 

a i r  q u a l i t y  and those  involved i n  a s ses s ing  the  h e a l t h  and biomedical e f f e c t s  

of po l lu t ion ,  the  work performed by one of these  groups is  o f t e n  not  as 

h e l p f u l  t o  the  o t h e r  as i t  might be. With these  d i f f i c u l t i e s  i n  mind, 
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Sect ion  5.1.1 summarizes t h e  problems i n  car ry ing  out  v a l i d ,  r e l i ab4e ,  and 

unambiguous epidemiological  s t u d i e s ,  a t tempting t o  relate changes i n  the  

s ta te  of pub l i c  hea l th  t o  a i r  p o l l u t i o n ;  Sect ion 5.1.2 t r e a t s  problems i n  

a i r  p o l l u t a n t  monitoring; Sect ion 5.1.3 surveys t h e  problems assoc ia ted  with 
phys io logica l  and biomedical measurements of the  e f f e c t s  of a i r  po l lu t an t s .  

5.1.1. Problems with Control Var iab les  

In Sect ion  4 of t h i s  r e p o r t ,  we discussed the  hypothe t ica l  causa l  in -  

dependent v a r i a b l e ,  a i r  po l lu t ion  ( s p e c i f i c a l l y  from f o s s i l  f u e l  sources)  and 

its a s s o c i a t i o n  w i t h  t h e  dependent va r i ab le ,  hea l th .  In good experimental  

design,  t he  a i m  is  t o  i s o l a t e  t h e  e f f e c t  of t h e  independent v a r i a b l e  ( i n  t h i s  

case  a i r  p o l l u t i o n )  from a l l  t he  o ther  poss ib l e  independent va r i ab le s .  The 
l a t t e r  are c a l l e d  c o n t r o l  v a r i a b l e s  i f  they meet two condi t ions:  1) they have 

a p o t e n t i a l  e f f e c t  on t h e  dependent v a r i a b l e  and 2) they a r e  sub jec t  t o  con- 
7trol  by ana lys i s .  Uncontrolled variables, on the other  hand, have not  been 

-brought under c o n t r o l  by t h e  a n a l y s i s  and should not b e  r e l a t e d  t o  t h e  

hypo the t i ca l  causa l  v a r i a b l e .  However, i n  many epidemiological  s t u d i e s ,  and 

. e s p e c i a l l y  i n  a i r  p o l l u t i o n  research ,  we f i n d  independent v a r i a b l e s  which are 
‘ r e l a t ed  t o  t h e  hypo the t i ca l  causa l  v a r i a b l e  and which are uncontrol led.  These 

‘ a r e  appropr i a t e ly  named confounding v a r i a b l e s  and present  p a r t i c u l a r  problems 

‘ , i n  analysing da ta .  Confounding v a r i a b l e s  t y p i c a l l y  inc lude  such f a c t o r s  as  

social-economic s t a t u s ,  crowding, age d i s t r i b u t i o n s ,  mobi l i ty ,  education, etc. 

It  i s  se l f -ev ident  t h a t  i n  an urban populat ion,  uniform or  random mixtures  

o r  samples of t hese  v a r i a b l e s  are d i f f i c u l t ,  i f  no t  impossible,  t o  achieve.  

S u s s e r  1 presen t s  a very l u c i d  example of confounding v a r i a b l e s  and the  

manner i n  which epidemiologis ts  are o f t e n  m i s l e d  when these  v a r i a b l e s  are 

uncontrol led:  
In  the  example of the  a s soc ia t ion  of a i r  po l lu t ion  

wi th  b r o n c h i t i s ,  a i r  p o l l u t i o n  w i l l  be  found t o  vary 
sys t ema t i ca l ly  and d i r e c t l y  with the dens i ty  of  urban 
settlement (so much s o  t h a t  researchers  have used th i s  
dens i ty  as an index of p o l l u t i o n ) .  
vary wi th  the  overcrowding of homes and consequent 
r e s p i r a t o r y  i n f e c t i o n  and wi th  t h e  s o c i a l  and economic 
l e v e l s  of r e s i d e n t i a l  areas. The causa l  model f o r  the  
a s soc ia t ion  of a i r  p o l l u t i o n  wi th  b r o n c h i t i s ,  then,  
would be  as follows: 

Pol lu t ion  w i l l  a l s o  

A i r  po l lu t ion  c- Bronchi t i s  

(independent va r i ab le )  (dependent va r i ab le )  
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But  t he  t r u t h  could as w e l l  be t h a t  the  overcrowding 
and high populat ion dens i ty  so r egu la r ly  found wi th  the  
urban poverty complex confound the  a s soc ia t ion .  
f a c t o r s  could cause b r o n c h i t i s  by f a c i l i t a t i n g  the  spread 
of i n f e c t i o n ,  on the  one hand; on the  o the r  hand, q u i t e  
independently of b r o n c h i t i s ,  they could cause a i r  
p o l l u t i o n  by a concentrat ion of the  use  of domestic and 
i n d u s t r i a l  f u e l s  and motor t r anspor t .  In  t h a t  case 
crowding would be a confounding va r i ab le :  a i r  p o l l u t i o n  
and b r o n c h i t i s  would be i n  a symmetrical r e l a t i o n s h i p  
with each o t h e r  as p a r t  of a complex of f a c t o r s ,  and 
the  causa l  in ference  would be spurious.  

These 

The v a r i a b l e  wrongly designated as cause t h a t  leads  
t o  the  spurious inference  i n  such an a s soc ia t ion  might 
f i t t i n g l y  be c a l l e d  a "passenger" va r i ab le .  It "r ides"  

Bronchi t i s  
(dependent va r i ab le )  

Spurious causa l  in ference  
/ 
\ A i r  p o l l u t i o n  

(explanatory ante- 
cedent va r i ab le )  

Crowding 

( "passenger va r i ab le )  

wi th  the  dependent v a r i a b l e  j u s t  as a passenger virus 
r i d e s  with a cancer without  causing i t .  
passenger v a r i a b l e  v a r i e s  sys t ema t i ca l ly  with the  
dependent va r i ab le  under s tudy without  be ing  causa l ly  
r e l a t e d  t o  i t  (most o f t e n  because a p a r t i c u l a r  causa l  
f a c t o r  can give rise t o  both) .  

Thus a 

The d i f f i c u l t y  i n  car ry ing  out  wel l -control led epidemiological  s t u d i e s  

has  - a s  i s  clear i n  Sec t ion  4.1 -decreased t h e i r  p o t e n t i a l  va lue  i n  es tab-  

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

5 . 1 . 2  Analy t i ca l  Measurements of P o l l u t a n t s  

D i f f i c u l t i e s  i n  the  q u a l i t a t i v e  and q u a n t i t a t i v e  analyses  of a i r  pol lu-  

t a n t s  have plagued researchers  i n  a wide d i v e r s i t y  of d i s c i p l i n e s  i n  

i d e n t i f y i n g  the  e f f e c t s  of a i r  p o l l u t a n t s  on the  genera l  population. Er rors  

and d e f i c i e n c i e s  i n  p o l l u t a n t  a n a l y s i s  have had a profound e f f e c t  on the  

assessment of the  hea l th  e f f e c t s  of a i r  p o l l u t a n t s  on study populat ions,  

on t h e  incidence of dec la ra t ions  of a i r  p o l l u t i o n  episodes,  on t h e  a c t i o n s  

of regula tory  agencies  i n  response t o  a i r  po l iu t ion ,  and on t h e  economic 

development of whole communities. A study of the  record i n  t h i s  regard r evea l s  

cons iderable  room f o r  improvement, e s p e c i a l l y  along the  l i n e s  ind ica ted  

below, where d i f f i c u l t i e s  which may not  have been evident  i n  Sect ion 3 and 
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4 are emphasized. 

5.1.2.1 I n s u f f i c i e n t  D i s t r ibu t ion  of Monitoring S t a t i o n s  

One of t he  c r i t i c a l  choices which a regula tory  agency o r  i n v e s t i g a t i v e  

team can make i n  regard t o  s t u d i e s  of t he  e f f e c t s  of a i r  p o l l u t i o n  l ies i n  

t h e  s e l e c t i o n  of a i r  monitoring s t a t i o n s .  The U . S .  Environmental P ro tec t ion  

Agency (EPA) t h e  Ca l i fo rn ia  A i r  Resources Board (ARB), and most of t h e  l o c a l  

A i r  Qual i ty  Control  D i s t r i c t s  (AQCD'S) r e l y  very heavi ly  on c e n t r a l  s t a t i o n  

type monitoring. 2 s 3  That i s ,  one s i t e  i n  an area such as a l a r g e  c i t y  or 

suburb is  s e l e c t e d  as a permanent and s t a t i o n a r y  a i r  p o l l u t i o n  monitoring 

f a c i l i t y .  Concentrations of p o l l u t a n t s  determined a t  t h i s  c e n t r a l  s t a t i o n  are 

by impl ica t ion  assumed t o  be  q u a n t i t a t i v e l y  r ep resen ta t ive  of the  e n t i r e  

community. I n  f a c t ,  t he  kind of s i t e  which is usua l ly  chosen is  the  roof top  

of a government-owned bui ld ing ,  i r r e s p e c t i v e  of neighborhood o f - t h a t  s i te.  A 
c l a s s i c  example of a n a l y t i c a l  errors due  t o  monitoring s i te  s e l e c t i o n  i s  

found i n  t h e  erroneously high CO and hydrocarbon measurements i n  Berkeley, 

Ca l i fo rn ia  during t h e  1973-1974 " fue l  c r i s i s " .  

s t a t i o n  happened t o  l i e  above a s e r v i c e  s t a t i o n  i n  downtown Berkeley a t  which 

long l i n e s  of i d l i n g  automobiles waited t h e i r  t u rns  a t  t h e  gaso l ine  pumps. 

. '. 
I 

c The c e n t r a l  monitoring 

I n  add i t ion ,  t he  ARB a l s o  maintains  a smal l  f l e e t  of mobile ( i . e .  truck- 
' mounted) monitoring s t a t i o n s  which a r e  intended t o  survey a i r  q u a l i t y  over a 

wide a r e a  of an a i r  basin.3 This method i s  a d e f i n i t e  improvement over f ixed-  

s t a t i o n  mini tor ing ,  bu t  s i n c e  motor veh ic l e s  a r e  gene ra l ly  confined t o  c i t y  

streets, open roads,  and freeways, measurements from these  sites may show 

a decided veh icu la r  b i a s .  

Since people spend r e l a t i v e l y  l i t t l e  of t h e i r  time on roof tops o r  i n  

automobiles,  a i r  q u a l i t y  measurements from these  f ixed  o r  mobile s t a t i o n s  

may be  poor i n d i c a t o r s  of t h e  p o l l u t a n t s  which a r e  a c t u a l l y  breathed.  

broadly d i s t r i b u t e d  monitoring sys tem would be s u i t a b l e .  

A more 

5.1.2.2 Imprecision and Inaccuracy i n  Monitoring 

The a i r  q u a l i t y  monitoring program i s  a l s o  d e f i c i e n t  from i n  i t s  selec- 

t i o n  of p o l l u t a n t s  t o  be monitored and i n  the  manner of t h e i r  measurement. 

The s e l e c t i o n  of p o l l u t a n t s  i s  discussed i n  t h e  next  s ec t ion .  However, for 
nea r ly  every p o l l u t a n t  which is  now widely monitored, t h e r e  a r e  a v a r i e t y  of 

c 
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a n a l y t i c a l  p h y s i c a l  and chemical measurement techniques  f o r  an monitor ing,  

which vary  i n  s e n s i t i v i t y ,  p r e c i s i o n ,  accuracy,  and sampling t i m e . 5  Most 

agency monitor ing s t a t i o n s  employ t h e  least  expensive a n a l y t i c a l  methods 

i n s t e a d  of ones which provide more s u i t a b l e  information.  

f o r  ambient a i r  s u l f a t e  measurements.6 Turb id imet r ic  a n a l y s i s  f o r  s u l f a t e s  

is s u i t a b l e  f o r  order-of-magnitude de te rmina t ions ,  b u t  i s  s u b j e c t  t o  i n t e r -  

f e r e n c e  from any c o p r e c i t a t i n g  o r  t u r b i d  s p e c i e s ,  and i s  p r e c i s e  only  t o  w i t h i n  

a f a c t o r  of about  2.5 I n  a d d i t i o n ,  t h e  s e n s i t i v i t y  of t h i s  technique is  inade- 

q u a t e  f o r  t h e  ambient a i r  measurement of s u l f a t e s  i n  most p a r t s  of Ca l i fo rn ia .  

Seve ra l  o t h e r  w e t  chemical methods f o r  s u l f a t e  are more s e n s i t i v e  and accu ra t e ,  

and some emerging phys ica l  techniques are proving t o  b e  even b e t t e r .  

One example of t h i s  i s  t h e  a n a l y t i c a l  technique o u t l i n e d  by t h e  ARB 

5 

A s  a second example, e r r o r s  a s s o c i a t e d  wi th  t h e  u s e  of an  i n f e r i o r  

a n a l y t i c a l  procedure f o r  ox idant  monitor ing have been r epor t ed  i n  C a l i f o r n i a ,  

and have had embarassing r e s u l t s .  For y e a r s ,  ox idant  concen t r a t ions  have been 

monitored by bo th  t h e  ARB and t h e  Los Angeles County A i r  P o l l u t i o n  Cont ro l  

D i s t r i c t ,  u s ing  d i f f e r e n t  w e t  chemical methods, w i t h  s u b s t a n t i a l  d i sagree-  

ment. F i n a l l y ,  i t  w a s  reso lved3 t h a t  t h e  ARB methods gave r e s u l t s  which w e r e  

t oo  h igh  by some 20 p e r  c e n t ,  and t h a t  t h e  Los Angeles County APCD d a t a  were 

more a c c u r a t e .  Seve ra l  ox idant  smog episodes  i n  t h e  South Coast A i r  Basin 

dur ing  t h e  pe r iod  1965-1974 were t h e r e f o r e  ove r ra t ed  and some abatement pro- 

cedures  may t h e r e f o r e  have been ordered need le s s ly  and mistakenly.  There i s  

now widespread agreement t h a t  spec t romet r i c  o r  chemiluminescence methods f o r  

ox idant  monitor ing are not  only more s e n s i t i v e ,  more a c c u r a t e ,  and more reli-  

a b l e  than  any w e t  chemical techniques  used by r e g u l a t o r y  agencies ,  b u t  are 

f a s t e r  and easier t o  c a r r y  out .  

@ 

5 

5.1.2.3 

5.1.2.3.1 Uncontrol led I n t e r f e r e n c e  

Lack of Resolu t ion  Among P o s s i b l e  P o l l u t a n t s  

Many a n a l y t i c a l  t echniques  used i n  r o u t i n e  a i r  q u a l i t y  monitor ing,  

e s p e c i a l l y  w e t  

l u t a n t s  as w e l l  as would be  u s e f u l .  An example is  t h e  potassium i o d i d e  method 

f o r  ox idan t s ,  which -- i n  a d d i t i o n  t o  sens ing  ox idan t s  -- measures NO2,  S02,H2S, 

and halogens.’ Any such subs tance ,  which an  a n a l y t i c a l  method d e t e c t s  o t h e r  

than  t h e  p o l l u t a n t  of i n t e r e s t ,  i s  an i n t e r f e r e n t  and in t roduces  a n  uncon- 

t r o l l e d  e r r o r  i n t o  t h e  a i r  q u a l i t y  measurements. I n  t h e  absence of s p e c i a l  

chemical methods, do no t  d i s c r i m i n a t e  among classes of pol- 
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sample treatment procedures designed t o  remove in t e r f e rence ,  a l l  of t h e  w e t  

chemical a n a l y t i c a l  methods a r e  suscep t ib l e  t o  t h i s  d i f f i c u l t y . '  

r e f e rence  5 f o r  f u r t h e r  information. 

See 

5.1.2.3.2 Q u a l i t a t i v e  D i f f e r e n t i a t i o n  of P o l l u t a n t s  

Obviously epidemiological and biomedical s t u d i e s  of the  hea l th  e f f e c t s  

of a i r  p o l l u t a n t s  are hampered when community a i r  monitoring da ta  f a i l  

d i s t i n g u i s h  among c r i t i c a l  kinds of p o l l u t a n t s .  One example i s  t he  discrepancy 

between t h e  a n a l y t i c a l  d e f i n i t i o n  of oxidants  (as  anything t h a t  ox id izes  

iod ide  t o  molecular iod ine)  and the  biomedical d e f i n i t i o n  (ozone). This 
d i s p a r i t y  i s  a c t u a l l y  no t  as se r ious  as those f o r  some o ther  p o l l u t a n t s .  The 

most common a n a l y t i c a l  procedures f o r  s u l f a t e s ,  f o r  example, do not  discrim- 

i n a t e  among H SO ammonium s u l f a t e s ,  sodium s u l f a t e s ,  metal  s u l f a t e s ,  o r  -- 
f o r  t h a t  matter -- s u l f i t e s . '  

by orders  of magnitude (see R e f s .  5 and 6 and Sections 3.1.1.1, 4.2.1, and 

t o  

2 4' 
The hea l th  e f f e c t s  of these  s u l f u r  spec ies  d i f f e r  

. 

4.3.1 of t h i s  r e p o r t ) .  

The most s e r i o u s  in s t ance  of l ack  of r e s o l u t i o n  occurs wi th  p a r t i c u l a t e  

monitoring. Both t h e  EPA and ARB methods ca l l  f o r  high-volume sampling of air c 
f o r  t o t a l  p a r t i c u l a t e  mass, a procedure which does not  a l low f o r  sampling 

o r  a n a l y s i s  of p a r t i c l e s  by s i z e  o r  chemical composition. Hence, a g r e a t  d e a l  

of extremely va luab le  a i r  q u a l i t y  information i s  l o s t  during co l l ec t ion .  It 

i s  now w e l l  known t h a t  t h e  h e a l t h  e f f e c t s  of p a r t i c u l a t e s  depend heavi ly  on 

p a r t i c l e  s i z e  and composition (see Ref. 7 and previous s e c t i o n s  i n  th i s  

r e p o r t ) ,  of t hese ,  r e l a t i v e l y  less i s  known about t he  d i r e c t  in f luence  of p a r t i -  

c le  composition. U n t i l  more r e f ined  information regarding urban ae roso l  s i z e  

d i s t r i b u t i o n  and chemical composition is  a v a i l a b l e  i n  the  a i r  monitoring 

programs, epidemiological  surveys of urban populat ions f o r  t he  h e a l t h  and 

wel fare  e f f e c t s  of p a r t i c u l a t e s  w i l l  have severe ly  diminished value,  i f  any 

a t  a l l .  

. 
i 

1 

5.1.3 Phys io logica l  Biomedical Measurements 

Most p re sen t ly  a v a i l a b l e  information on the  d i r e c t  b i o l o g i c a l  e f f e c t s  

of a i r  p o l l u t a n t s  can be c lassed  i n t o  f i v e  ca tegor ies :  a )  measurements of 

respiratory-pulmonary mechanics; b )  morphological evidence; c )  biochemical 

ana lyses  of c e r t a i n  enzymes i n  c e r t a i n  c e l l  t y p e s ;  d)  t h e  chemical s ta te  of 

! 
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hemoglobin; and e )  measurements of f o r e i g n  body c l e a r a n c e  i n  t h e  lung. I n  

terms of measuring h e a l t h  e f f e c t s  as experienced i n  t h e  popu la t ion ,  t h e s e  

approaches a l l  d i f f e r  i n  t h e i r  s e n s i t i v i t y ,  r e l i a b i l i t y ,  and s i g n i f i c a n c e .  

t 
For example, measurements of r e s p i r a t o r y  mechanics (pulmonary f l o w  

r e s i s t a n c e ,  fo rced  e x p i r a t o r y  volume, e t c . )  are good i n d i c a t o r s  of airway 

o b s t r u c t i o n  

upper t r a c t s .  They are  less s e n s i t i v e  t o  changes i n  t h e  deep lung spaces  such 

as t h e  a l v e o l i ,  where t h e  a i r  passages  are small and where g r e a t e s t  p o l l u t a n t  

damage is l i k e l y  t o  occur .  Not ~ O G  s u r p r i s i n g l y ,  t h e r e f o r e ,  i n c r e a s e s  i n  airway 

r e s i s t a n c e  observed du r ing  p o l l u t a n t  exposures  do n o t  occur  except  a t  con- 

c e n t r a t i o n s  f a r  above those  needed t o  e l i c i t  o t h e r  k i n d s  of p a t h o l o g i c a l  

responses .  Even so ,  changes i n  b rea th ing  mechanics are  f r e q u e n t l y  s m a l l  

( 21 1 0 -  20 pe r  c e n t )  except  a t  p o l l u t a n t  exposures which are some 1 t o  4 

o r d e r s  of magnitude above ambient a i r  q u a l i t y  s t anda rds .  

i n  t h e  r e l a t i v e l y  wide passages such as  t h e  bronchi  and t h e  

Observable changes i n  t h e  p h y s i c a l  appearance of lung and r e s p i r a t o r y  

t r a c t  t i s s u e s  are  o f t e n  a c c u r a t e  and s e n s i t i v e  i n d i c e s  of p h y s i o l o g i c a l  damage 

wrought by a i r  p o l l u t a n t s .  Morphological evidence of t h i s  type  i s  u s u a l l y  

mani fes ted  as changes i n  t h e  abundance of c e l l  d e b r i s ,  i n  connec t ive  t i s s u e s ,  

i n  popu la t ions  of d i f f e r e n t  k inds  of c e l l s ,  o r  i n  s u b c e l l u l a r  s t r u c t u r e s  such 

as mi tochondr ia  o r  lysosomes. P h y s i c a l  changes i n  t h e  lung are ev iden t  as 

t h e  r e s u l t  of s u b c l i n i c a l  exposures  t o  NO o r  ox idant  a i r  p o l l u t a n t s ,  and are 

always p r e s e n t  i n  s i t u a t i o n s  where o t h e r  types  of e f f e c t s  are d e t e c t a b l e .  

The major d e f i c i e n c y  w i t h  most s t u d i e s  t h a t  have examined morphological  

changes i n  t h e  lung  and r e s p i r a t o r y  t r a c t  i s  t h e  f a i l u r e  of t h e  i n v e s t i g a t o r s  

t o  c o r r e l a t e  t h e s e  s t r u c t u r a l  a l t e r a t i o n s  w i t h  d e t e r i o r a t i o n  i n  lung o r  

r e s p i r a t o r y  f u n c t i o n s .  Only s t r u c t u r a l  i n fo rma t ion ,  v a l u a b l e  as  i t  is ,  i s  

a v a i l a b l e  from t h i s  approach. I n t e r p r e t a t i o n  of s t r u c t u r a l  d a t a  i n  terms 

t h a t  re la te  t o  h e a l t h  e f f e c t s ,  however, r e q u i r e s  a d d i t i o n a l  types  of 
informat ion .  

2 

Biochemical a n a l y s e s  of t h e  e f f e c t s  of  a i r  p o l l u t i o n  t o  examine t h e  root  

causes  of any h e a l t h  e f f e c t s  which may r e s u l t  from exposure.  Usual ly ,  t h e s e  

are  c a r r i e d  o u t  by t h e  i n v e s t i g a t i o n  of t h e  c e l l u l a r  o r  t i s s u e  d i s t r i b u t i o n  of 

s e l e c t e d  p r o t e i n s  and enzymes. Examples i n c l u d e  measurements of lysozyme o r  

p r o t e a s e  i n  t h e  lung lavage  f l u i d s ;  and s t u d i e s  of s p e c i f i c  me tabo l i c  

enzyme a c t i v i t i e s  such as l a c t i c  a c i d  dehydrogenase,  g l u t a t h i o n e  peroxidase ,  

o r  o x i d a t i v e  phosphoryla t ion .  The magnitude of biochemical  change i n  response 
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t o  p o l l u t a n t  exposure depends on t h e  p u r i t y  of t h e  c e l l  o r  t i s s u e  p repa ra t ion  

s t u d i e d .  For example, s t u d i e s  which examine c rude  t i s s u e  p repa ra t ions  are 

i i k e l y  t o  be more i n s e n s i t i v e  t o  damage due t o  p o l l u t a n t  exposure than  are 
i n v e s t i g a t i o n s  us ing  f r a c t i o n a t e d  o r  pure i n d i v i d u a l  c e l l  types.  On t h e  o t h e r  

hand, y i e l d  l o s s e s  dur ing  t h e  f u r t h e r  p u r i f i c a t i o n  s t e p s  may reduce the t o t a l  

enzyme s i g n a l  below t h e  d e t e c t i o n  l i m i t s .  Therefore ,  a l though 10-50 p e r  c e n t  

changes i n  enzyme a c t i v i t y  u s u a l l y  do no t  a f f e c t  c e l l  func t ion ,  one should 

no t  i n t e r p r e t  enzyme changes of t h i s  magnitude i n  crude lung p repa ra t ions  as 

i n s i g n i f i c a n t  w i th  r e s p e c t  t o  h e a l t h  e f f e c t s .  A i r  p o l l u t i o n  does n o t  a t t a c k  

a l l  cel ls  equa l ly .  

One a d d i t i o n a l  a spec t  of biochemical  ana lyses  deserves  comment. There 

are conse rva t ive ly  a t  least 1000 d i f f e r e n t  types of enzymes i n  l i v i n g  cells ,  

which a r e  involved wi th  metabolism, c e l l  t r a n s p o r t ,  c e l l  s t r u c t u r e ,  and ce l l  

growth. S e l e c t i o n  of enzymes i n  most of t h e  c u r r e n t  biochemical  s t u d i e s  i s  

based at least  as  much on t h e  ease of analysis as i t  is on the importance t o  

'< ce l l  func t ion .  S t u d i e s  which examine only a few ( <  5) types  of enzyme activ- 
3 i t i e s ,  and t h i s  i nc ludes  n e a r l y  every one i n  t h e  l i t e r a t u r e ,  may overlook 
' l e s i o n s  i n  ce l l  metabol ic  a c t i v i t y  (po in t s  a t  which a n  enzyme h a s  been "k i l led")  

induced by a i r  p o l l u t a n t s .  S u b s t r a t e  accumulat ions are o f t e n  a b e t t e r  ind ica-  

t o r  of metabol ic  l e s i o n s  than  enzyme a c t i v i t i e s  f o r  t hose  pathways i n  which 

one enzyme somewhere s u f f e r s  a real  "h i t "  ( >  80-90 p e r  c e n t  enzyme l o s s  o r  

> 2-fold accumulat ion of a metabol ic  i n t e rmed ia t e )  upon exposure.  Therefore ,  

biochemical  changes are extremely impor tan t ,  s e n s i t i v e ,  and d i r e c t  i n d i c e s  

of h e a l t h  e f f e c t s .  

metabol ic  l e s i o n  t o  a c h a r a c t e r i z e d  d i s o r d e r .  Examples inc lude  Park inson ' s  

d i s e a s e  and sch izophrenia ,  bo th  of which are caused by environmental ly  in-  

duced p o i n t  l e s i o n s  i n  amino a c i d  metabolism. Most s t u d i e s ,  however, have 

n o t  c l e a r l y  demonstrated enzymatic "hi ts" .  An impor tan t  metabol ic  a c t i v i t y  

which has n o t  been s c r u t i n i z e d  thoroughly is  t h e  d i r e c t  d e t o x i f i c a t i o n  of 

air  p o l l u t a n t s .  The clearest example i s  s u l f i t e  oxidase,  i n  t h e  lung,  which 

d e t o x i f i e s  SO 

* '  

* '  

Logica l  e x t r a p o l a t i o n s  can u s u a l l y  be  made from a known 

w i t h  a n  e f f i c i e n c y  which i s  r e l a t i v e l y  unknown a t  p re sen t .  

Perhaps t h e  b e s t  c h a r a c t e r i z e d  i n d i c a t o r  of e f f e c t  of a i r  p o l l u t a n t  
2 

exposure i s  t h e  chemica l  s t a t e  of hemoglobin. H i s t o r i c a l l y ,  hemoglobin (Hb) 

r e a c t i o n s  have been measured wi th  0 CO, NO, NO2, and H 2 S, l a r g e l y  because 2 '  
of t h i s  f e r r o p r o t e i n ' s  s t r o n g  v i s i b l e  abso rp t ion  spectrum. Because of t h i s ,  

i t  is  p o s s i b l e  t o  d e t e c t  Hb-CO, Hb-NO, methemoglobin, e t c . ,  a t  l e v e l s  on 
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t h e  o rde r  of 2 p e r  c e n t  of t h e  t o t a l  hemoglobin i n  whole blood,  One should 

n o t e  t h a t  t h e  c u r r e n t  ambient and occupat iona l  a i r  q u a l i t y  s t anda rds  f o r  CO 

are based on blood l e v e l s  of Hb-CO equal  t o  2.0 arid 5.0 pe r  c e n t ,  respec- 

t i v e l y .  Both numbers approach t h e  lower d e t e c t i o n  l i m i t  of spec t rophotometr ic  

methods, now used almost u n i v e r s a l l y  f o r  body burden a n a l y s i s  (see Sec t ion  

4.3.5) of p o l l u t a n t  exposure.  5 9 8  Hence, t h e  th re sho ld  f o r  h e a l t h  e f f e c t s  of 

CO is  obscured due t o  r e s o l u t i o n  l i m i t a t i o n s .  The same lower d e t e c t i o n  l i m i t  

a l s o  a p p l i e s  t o  measurements of Hb-NO, methemoglobin, and sulfohemoglobin 

i n  blood,  i f  v i s i b l e  spec t romet r i c  methods are  used. 

of Hb-CO, ,Hb-NO, and methemoglobin. Chance and h i s  co l leagues9  have success-  

8 

On t h e  o t h e r  hand, b e t t e r  methods are now a v a i l a b l e  f o r  t he  measurement 

@ 

f u l l y  a p p l i e d  f l a s h  p h o t o l y s i s  spectrometry t o  the  a n a l y s i s  of Hb-CO, under 

a v a r i e t y  of cond i t ions .  Br ight  l i g h t  d r i v e s  o f f  CO from t h e  Hb complex 

wi thout  a f f e c t i n g  any o t h e r  form of Hb, s o  t h a t  t h e  l a r g e  Hb background is 

e l imina ted .  The s e n s i t i v i t y  of t h e  method i s  t h e r e f o r e  100 t i m e s  bet ter  than  

f o r  o t h e r  e x i s t i n g  a n a l y t i c a l  methods. Likewise,  bo th  Hb-NO and methemogobin 

can b e  s t u d i e d  i n  blood by e l e c t r o n  paramagnetic resonance spectroscopy,  

wi thout  i n t e r f e r e n c e  from o t h e r  forms of Hb, i n  which case t h e  s e n s i t i v i t y  i s  

1000 t i m e s  g r e a t e r  than  f o r  e x i s t i n g  v i s i b l e  spec t romet r i c  methods. Epi- 

demiologica l  s t u d i e s  i n  which%-CO or  methemoglobin body burdens have been 

o r  are be ing  i n v e s t i g a t i o n  i n  o r d e r  t o  assess p o l l u t i o n  r e l a t e d  h e a l t h  r i s k s ,  

should t h e r e f o r e  be  reexamined t o  determine whether t h e  body burden l e v e l s  are  

a c t u a l l y  g r e a t e r  than  zero.  The connect ion of " inac t ive"  hemoglobin (Hb-CO, 

met-€%, e t c . )  body burdens w i t h  ca rd iovascu la r  and neuro log ica l  d i s o r d e r s  

i s  d i r e c t  and wel l -charac te r ized ,  so  t h a t  no ambiguity e x i s t s  i n  the  in- 

t e r p r e t a t i o n  of t h i s  type  of d a t a  regard ing  t h e  h e a l t h  e f f e c t s  of CO o r  NOx. 
I n v e s t i g a t i a n  of f o r e i g n  body c l ea rance  i s  one of t he  most s e n s i t i v e  

and r e l i a b l e  i n d i c a t o r s  of t h e  e f f e c t s  of p o l l u t a n t s  on humans and animals.  

Unfor tuna te ly ,  n o t  many of t h e s e  s t u d i e s  have been performed. Most s t u d i e s  

of t h i s  s o r t  examine t h e  rate a t  which test  p a r t i c l e s ,  u s u a l l y  e i t h e r  b a c t e r i a  

or some i n e r t  a e r o s o l ,  are removed from t h e  lung and r e s p i r a t o r y  tract. If 

b a c t e r i a  are used, t h e r e  are  two p o s s i b l e  i n d i c e s :  a) test  b a c t e r i a  which 

are exhaled o r  c l e a r e d  i n  mucus t r a n s p o r t  can b e  analyzed d i r e c t l y ;  b )  b a c t e r i a  

which are n o t  c l e a r e d  cause t h e  tes t  animals t o  become ill o r  d i e .  I n  the  

l a t t e r  case i n c r e a s e s  i n  t h e  inc idence  of r e s p i r a t o r y  i n f e c t i o n  are the  f i n a l  

r e s u l t .  S ince  people  do b rea the  p o l l u t e d  a i r  and c o n t r a c t  r e s p i r a t o r y  

8 
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i n f e c t i o n s  from t i m e  t o  t ime,data  obtained from these  kinds of s t u d i e s  can 

be  t r a n s l a t e d  d i r e c t l y  t o  h e a l t h  e f f e c t s .  Frequent ly ,  changes I n  the  

incidence of r e s p i r a t o r y  i n f e c t i o n s  a r e  observed a t  p o l l u t a n t  doses up 

t o  an order  of magnitude lower than those required t o  e l i c i t  

r e s p i r a t o r y  func t ion  o r  even lung morphology. However, t h i s  approach examines 

only one kind of pa tho log ica l  change. I t  does not  d e a l  with the  e t io logy  of 

changes i n  d isease- res i s tance ;  i t  completely ignores  changes i n  lung and 

r e s p i r a t o r y  systems which g ive  r ise  t o  chronic i l l n e s s e s  such as cancer,  

emphysema, card iovascular  d i so rde r s ,  s u b c l i n i c a l  or p r e c l i n i c a l  edema, o r  

metabol ic  changes. On t h e  o the r  hand, p a r t i c l e  c learance  s t u d i e s  do o f f e r  

some i n s i g h t  i n t o  how one p o l l u t a n t  a f f e c t s  t h e  d i s p o s i t i o n  of o ther  

p o l l u t a n t s  i n  t h e  lung, o r  how "synergisms" i n  h e a l t h  e f f e c t s  might arise 

from combinations of two o r  more po l lu t an t s .  P a r t i c l e  c learance  should 

t h e r e f o r e  be  inves t iga t ed  i n  conjunct ion wi th  o ther  experimental  approaches 

i n  order t o  obta in  a more comprehensive and uniform assessment of the health 

e f f e c t s  of po l lu t ion .  

changes i n  

c 
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5.2 P o s s i b l e  f u t u r e  s t u d i e s  

S u b s t a n t i a l  gaps exist i n  our  in format ion  b a s e  on p o l l u t a n t s  and t h e i r  

h e a l t h  e f f e c t s ,  n o t  on ly  because many previous  s t u d i e s  were c a r r i e d  o u t  i m -  

p r e c i s e l y  o r  incomple te ly ,  b u t  a l s o  because many of t h e  most important  ques t ions  

have n o t  been i n v e s t i g a t e d  p rope r ly  by anyone. Sec t ion  5.1 has  i n d i c a t e d  

areas i n  which previous  s t u d i e s  have been d e f i c i e n t  and has  sugges ted  how 

t h i s  might b e  remedied; i n  view of t h e  remaining u n c e r t a i n t i e s ,  as d i scussed  

i n  t h a t  s e c t i o n  and i n  s e c t i o n  4 ,  w e  presume t h a t  ep idemiologica l ,  phys io logi -  

c a l ,  and b iochemica l  s t u d i e s  w i l l  cont inue  on a broad and l a r g e  scale. The 

p r e s e n t  s e c t i o n  o f f e r s  some p o s s i b i l i t i e s  f o r  more p r e c i s e  and, i n  some cases, 

more b a s i c  work t o  de te rmine  t h e  h e a l t h  impacts  of a i r  p o l l u t i o n  from f o s s i l -  

f u e l  and geothermal  f a c i l i t i e s .  This  l i s t i n g  of f u t u r e  s t u d i e s  i s  no t  complete 

o r  exhaus t ive  i n  any sense .  However, i t  broadly  n o t e s  those  a r e a s  which r e q u i r e  

a change i n  e f f o r t .  

5 .2 .1  Biochemical Analyses 

An unders tanding  of t h e  biochemical  r e a c t i o n s  of a i r  p o l l u t a n t s  w i th  

l i v i n g  systems i s  impor tan t  and d e s i r a b l e  f o r  de te rmining  t h e  e t i o l o g y  of 

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

ep idemiologica l  r e s e a r c h .  While some e f f o r t s  i n  t h i s  d i r e c t i o n  have been 

r e p o r t e d ,  t h e  v a s t n e s s  of t h e  range of p o s s i b l e  i n t e r a c t i o n s  is  such t h a t  

cons ide rab le  a d d i t i o n a l  s tudy  should be encouraged. The f r u i t s  of s u c c e s s f u l  

i n v e s t i g a t i o n s  here could lead  t o  the  development of p reven t ive  and/or  

t h e r a p e u t i c  measures f o r  t h e  abatement of a i r  p o l l u t i o n - r e l a t e d  h e a l t h  e f f e c t s  

a t  t h e  l e v e l  of t h e  exposed i n d i v i d u a l .  T h e - s e c t i o n s  below sugges t  some areas 

of f u t u r e  endeavor which might become t h e  most p roduc t ive  i n  t h i s  regard .  

5.2.1.1 C h a r a c t e r i z a t i o n  of D e t o x i f i c a t i o n  and Metabol ic  A l t e r a t i o n s  

The i n t e r a c t i o n s  of a i r  p o l l u t a n t s  w i th  t h e  drug  and t o x i n  metabol iz ing  

systems of lung t i s s u e s  are p r e s e n t l y  n o t  understood.  L i t t l e  i s  known about  

t h e  l u n g ' s  a b i l i t y  t o  d e t o x i f y  a i r  p o l l u t a n t s ,  o r  about  the c a p a c i t y  of 

p o l l u t a n t s  t o  aggrava te  t h e  t o x i c  e f f e c t s  of o t h e r  f o r e i g n  chemicals  o r  

microorganisms. Fu tu re  work should b e  d i r e c t e d  toward l e a r n i n g  t h e  f a t e s  of 

f o r e i g n  subs t ances ,  drugs,  and hormones i n  t h e  presence  of t h e  a i r  p o l l u t i o n  

products  of f o s s i l - f u e l  combustion, The i m p l i c a t i o n s  of t h e s e  i n t e r a c t i o n s  
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f o r  lung s t r u c t u r e  and f u n c t i o n  r e s i s t a n c e  t o  i n f e c t i o n s ,  behavior ,  and 

stresses on o t h e r  body organs are  obvious.  c 
5 .2 .1 .2  Cor re l a t ions  wi th  Suspected Phys io log ica l  E f f e c t s  

As suggested above, t h e r e  should e x i s t  an  under ly ing  biochemical  cause  

f o r  t h e  observed phys io log ica l ,  p a t h o l o g i c a l ,  morphological ,  and epidemio- 

l o g i c a l  e f f e c t  of combustion-generated a i r  p o l l u t a n t s .  Finding t h e  metabol ic  

l e s i o n s  r e spons ib l e  f o r  t h e  more g r o s s  e f f e c t s  would make p o s s i b l e  e f f e c t i v e  

e f f o r t s  f o r  c o n t r o l  and t rea tment .  Future  i n v e s t i g a t i o n s  should a t t empt  t o  

examine metabol ic  a c t i v i t i e s  i n  i n d i v i d u a l  c e l l  popula t ions ,  so  t h a t  rea l  "h i t s "  

do no t  become d i l u t e d  i n t o  r e l a t i v e l y  s m a l l  changes i n  enzyme a c t i v i t i e s  or 

s u b s t r a t e / i n t e r m e d i a t e  concen t r a t ions .  

5.2.1.3 Biochemical Surveys Among Human Popula t ions  

Body burden a n a l y s i s  of a i r  p o l l u t a n t  exposure i s  e s s e n t i a l l y  a bio- 

chemical i n d i c a t o r  ( see  Sec t ion  4 . 3 . 5 )  which can be  r e l a t e d  t o  o t h e r  k inds  of 

h e a l t h  e f f e c t s .  As a n  index of p o l l u t a n t  exposure i t s e l f ,  body burden a n a l y s i s  

i s  p r e f e r a b l e  t o  c e n t r a l  s t a t i o n  a i r  monitor ing,  because t h e  burden levels 

(Hb-CO, e t c . )  r e f l e c t  t h e  p o l l u t a n t s  concen t r a t ions  which t h e  i n d i v i d u a l  sub- 

j e c t s  a c t u a l l y  b rea the .  Body burden a n a l y s i s  has  been used f o r  many y e a r s  f o r  
monitor ing t h e  popula t ion  exposures and h e a l t h  e f f e c t s  of CO ( a s  Hb-CO) and 

l ead .  Recent ly ,  methemoglobin body burden a n a l y s i s  h a s  been app l i ed  t o  s tudy  

popula t ions  as an  i n d i c a t o r  o f  exposure and h e a l t h  r i s k s  t o  NO and NO2. This 

approach should b e  extended t o  as many p o l l u t a n t s  as can be s t u d i e d  i n  t h i s  

manner, because t h e  u s e  of p o l l u t a n t  body burden measurements ( a s  opposed t o  

c e n t r a l  s t a t i o n  a i r  monitor ing)  e l i m i n a t e s  a major sou rce  of u n c e r t a i n t y  and 

e r r o r  i n  ep idemiologica l  surveys .  U l t ima te ly ,  of course ,  t h e  a f f e c t  of ambient 

p o l l u t a n t  l e v e l s  must be  a s c e r t a i n e d ;  however, u s ing  body burdens as t h e  

c a u s a l  v a r i a b l e  may s e r v e  t o  break  down t h e  ep idemiologica l  approach i n t o  

t r a c t a b l e  po r t ions .  

c 

5 .2 .2  P o l l u t a n t  Monitor inq 

5 . 2 . 2 . 1  Q u a l i t a t i v e  and Q u a n t i t a t i v e  Characte_rizat ions 

A g r e a t  d e a l  can and should be done i n  t h e  near  f u t u r e  to  improve the,  

r e s o l u t i o n ,  p r e c i s i o n ,  and accuracy of a i r  p o l l u t i o n  monitor ing systems. 
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Improvement i n  t h e  q u a l i t y  of e x i s t i n g  in s t rumen ta t ion  i s  c l e a r l y  c a l l e d  f o r  

and t o  some e x t e n t  i s  occurr ing .  I n  some cases, development and acceptance  of 

e x i s t i n g  a n a l y t i c a l  procedures  which are capable  of q u a n t i t i v e l y  de te rmining  

ambient p o l l u t a n t  concen t r a t ions  on a rea l  t i m e  b a s i s  would be  s u f f i c i e n t .  I n  

o t h e r  c a s e s ,  however, new techniques  f o r  q u a l i t a t i v e  r e s o l u t i o n  of undefined 

o r  u n i d e n t i f i e d  s p e c i e s  are  necessary .  

P a r t i c u l a t e s  a re  one c l a s s  of p o l l u t a n t s  f o r  which bo th  q u a l i t a t i v e  and 

q u a n t i t a t i v e  a n a l y t i c a l  c a p a b i l i t i e s  need t o  b e  improved. No one has  success-  

f u l l y  e l u c i d a t e d  t h e  complete chemical composition of combustion-generated 

p a r t i c u l a t e s .  Prev ious  a t t empt s  have resu l t s  i n  t h e  n e a r l y  complete c h a r a c t e r i -  

z a t i o n  of carbonaceous s p e c i e s ,  b u t  only f o r  a s o l v e n t  e x t r a c t i o n  technique  

which i s  known t o  account  f o r  perhaps 30 pe r  c e n t  of t h e  t o t a l  carbon mass. 

Other ,  more exhaus t ive  procedures  f o r  ana lyz ing  carbon i n  a e r o s o l s  have n o t  

been s u f f i c i e n t  t o  r e s o l v e  t h e  o rgan ic  s p e c i e s  i n t o  more than  3 t o  4 very  

g e n e r a l  and o p e r a t i o n a l  c l a s s i f i c a t i o n s .  Add i t iona l  methods are now a v a i l a b l e  

which should a l low i n v e s t i g a t o r s  t o  determine i n  g r e a t e r  d e t a i l  which carbon- 

aceous s p e c i e s  a re  p r e s e n t  i n  p a r t i c l e s  as  w e l l  as t o  g ive  informat ion  on 

t h e i r  s u r f a c e  d i s t r i b u t i o n s .  While t r a c e  elements  have been more thoroughly 

c h a r a c t e r i z e d  i n  p a r t i c u l a t e s  than h a s  carbon,  l i t t l e  informat ion  on s u r f a c e  

p r o p e r t i e s  i s  a v a i l a b l e  f o r  t h e s e  subs tances  e i t h e r .  

The s u r f a c e  p r o p e r t i e s  of p a r t i c u l a t e s  are impor tan t ,  n o t  only because 

t h e s e  are t h e  si tes f o r  heterogeneous c a t a l y s i s  of a tmospheric  r e a c t i o n s ,  b u t  

a l s o  because any d i r e c t  r e a c t i o n s  wi th  body t i s sues  would occur  wi th  t h e s e  

c o n s t i t u e n t s .  Dependence of r e a c t i v i t y  on s u r f a c e  p r o p e r t i e s  d e s p e r a t e l y  

needs t o  b e  i n v e s t i g a t e d .  Add i t iona l  e f f o r t  t o  widen the  d i s t r i b u t i o n  of a i r  

moni tor ing  si tes capable  of a e r o s o l  s i z e - s o r t i n g  should b e  made, as w e l l .  Th i s  

would a l low a c r i t i c a l  assessment  of .  r e s p i r a b l e  a e r o s o l  concen t r a t ions  i n  the  

atmosphere and would a l s o  provide  community-wide informat ion  on t h e  c a t a l y t i c  

o r  reactive s u r f a c e s  t h a t  are p r e s e n t .  

Because s u l f a t e s  have now been impl i ca t ed  as dangerous a i r  p o l l u t a n t s ,  

t h e i r  c h a r a c t e r i z a t i o n  deserves  some a t t e n t i o n .  It i s  w e l l  known t h a t  a l l  s u l -  

f a t e s  a r e  n o t  a l i k e ,  e i t h e r  i n  terms of t h e i r  h e a l t h  e f f e c t s  o r  i n  terms of 

t h e i r  p resence  i n  t h e  a i r .  Consequently,  t echniques  f o r  measuring s u l f a t e s  

i n  t h e  a i r  o r  i n  power p l a n t  plumes should determine t h e i r  chemical form. 

Furthermore,  a n a l y t i c a l  methods f o r  a i r  moni tor ing  should be  upgraded so t h a t  

i t  i s  p o s s i b l e  t o  measure a 5 pg/rn3 s u l f a t e  l e v e l  meaningful ly .  The p r e s e n t  
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w e t  chemical  methods do not  a l low t h i s ,  b u t  o t h e r  more p h y s i c a l  t echniques  

have demonstrated promise i n  t h i s  area. 

Nitrogeneous p o l l u t a n t s  r e p r e s e n t  another  a r e a  of d i f f i c u l t y  i n  a i r  mon- 

i t o r i n g .  Very l i t t l e  in fo rma t ion  i s  p r e s e n t l y  a v a i l a b l e  on t h e  e f f e c t s  of air- 
borne  n i t r a t e s  o r  air-borneammonia on human h e a l t h .  R e l a t i v e l y  l i t t l e  is known 

about  how t h e s e  s p e c i e s  are formed i n  t h e  atmosphere,  and p r e v a l e n t  ( w e t  chemi- 

ca l )  a n a l y t i c a l  t echniques  are g e n e r a l l y  i n s u f f i c i e n t  t o  monitor t h e  atmosphere 

a c c u r a t e l y  on a real t i m e  b a s i s .  New procedures  now exist which extend the 

NH and n i t r a t e  measurement c a p a b i l i t i e s  s o  t h a t  r e l i a b l e  area-wide measure- 

ments can b e  made i n  t h e  f u t u r e .  Organic n i t r o g e n  compounds r e p r e s e n t  a much 

more d i f f i c u l t  a n a l y t i c a l  problem, a l though r e c e n t  breakthroughs i n  n i t rosamine  

(organic  N-nitroso-amine) moni tor ing  should a l low f o r  t he  f i r s t  t i m e  a wide 

scale measurement of t h e s e  carc inogens .  I n  view of t h e  r e l a t i o n  between urban 

popu la t ion  d e n s i t y  and cancer  ra tes ,  n i t rosamine  measurements should d e f i n i t e l y  

be c a r r i e d  o u t  t o  f i n d  ou t :  a )  how much is present i n  urban a i r ,  b) how t h e s e  

a re  formed i n  t h e  a i r .  I n  a d d i t i o n ,  s i n c e  NO may p lay  r o l e  i n  community r i s k s  

of c a r d i o v a s c u l a r  d i s e a s e ,  r o u t i n e  area-wide moni tor ing  programs should b e  

measuring NO c o n c e n t r a t i o n s  ( a s  w e l l  as NO2) .  Th i s  i s  n o t  p r e s e n t l y  being done 

on a wide s c a l e  i n  C a l i f o r n i a .  

3 

5 . 2 . 2 . 2  Pe r sona l  Dosimetry 

I n  i n s t a n c e s  f o r  which body burden a n a l y s i s  of a i r  p o l l u t a n t  exposure 

i s  n o t  p o s s i b l e ,  t h e  n e x t  b e s t  a l t e r n a t i v e  f o r  ep idemiologica l  s t u d i e s  i s  

p e r s o n a l  dosimetry.  I n  t h e s e  s i t u a t i o n s ,  t h e  s u b j e c t s  of t h e  s tudy  are them- 

s e l v e s  t h e  moni tor ing  s t a t i o n s  f o r  a i r  p o l l u t a n t  a n a l y s i s .  This procedure is  

now r o u t i n e l y  used i n  occupa t iona l  moni tor ing ,  e s p e c i a l l y  fo r  mine workers 

and o t h e r s  i n  hazardous occupat ions .  I n  o rde r  f o r  pe r sona l  dosimetry to  b e  

e f f e c t i v e  i n  ambient a i r  a p p l i c a t i o n s ,  e x i s t i n g  a i r  moni tor ing  s y s t e m s  would 

have t o  b e  m i n i a t u r i z e d  and improved i n  s e n s i t i v i t y  and i n t e r f e r e n c e  c o n t r o l .  

Th i s  t a s k  presumably would r e q u i r e  s e v e r a l  y e a r s  of a n a l y t i c a l  method develop- 

ment, bu t  should d e f i n i t e l y  be  pursued.  Once accomplished, s p e c i a l i z e d  ep idemi -  

o l o g i c a l  s t u d i e s  us ing  pe r sona l  monitors  would b e  p o s s i b l e .  

c 5.2.3 ---- I n t e r a c t i o n s  Among P o l l u t a n t s  i n  t h e  Atmosphere 

Many of t he  p o l l u t a n t s  emi t ted  from s t a t i o n a r y  f o s s i l - f u e l  combustion 

sources  are dangerous to  urban popu la t ions  n o t  so  much because of t h e i r  
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primary t o x i c i t y ,  bu t  r a t h e r  because t h e  r e a c t i o n  products  of t h e s e  p o l l u t a n t s  

i n  t h e  atmosphere are  f a r  more hazardous.  Th i s  i s  c e r t a i n l y  t r u e  f o r  NO and 

SO2, and probably a l s o  f o r  combustion p a r t i c u l a t e  emissions.  

Because of r e c e n t l y  burgeoning i n t e r e s t  i n  a tmospheric  s u l f a t e s  as a 

h e a l t h  hazard,  t h e  problem of how s u l f a t e s  are produced i n  t h e  a i r  c e r t a i n l y  

dese rves  c l o s e  a t t e n t i o n .  However, e x i s t i n g  d a t a  on s u l f a t e  format ion  are 

p r e s e n t l y  i n  a s t a t e  of f l u x  and c o n f l i c t  w i t h  regard  t o  a tmospheric  s u l f u r  

chemistry.  Competing SO o x i d a t i o n  mechanisms such as photochemistry,  me ta l  

ca t a lys i s ,  and carbon c a t a l y s i s  obviously bea r  on the  types  of SO and p a r t i c u -  

l a t e  c o n t r o l  measures which would be  d e s i r a b l e  t o  i n c o r p o r a t e  i n t o  a power 

p l a n t .  F u r t h e r  a n a l y t i c a l  chemistry d a t a  on SO and s u l f a t e  r e a c t i o n s  i n  t h e  

a i r  are s o r e l y  needed i n  o rde r  t o  i d e n t i f y  t h e  co -po l lu t an t s  r e spons ib l e .  

Seve ra l  i n v e s t i g a t i o n s  have a l luded  t o  t h e  p o s s i b i l i t y  t h a t  SO (o r  

o r  some o t h e r  s u l f u r o u s  p o l l u t a n t )  p a r t i c i p a t e s  a c t i v e l y  i n  t h e  format ion  

2 

2 

2 

2 
H SO 

of photochemical ox idan t s .  However, t h e r e  p r e s e n t l y  are v i r t u a l l y  no hard d a t a  

i n  suppor t  of t h i s  claim. E luc ida t ion  of s u l f u r  compounds as c a t a l y s t s  i n  

ox idan t  format ion  probably w i l l  r e q u i r e  a r t i f i c a l  smog chamber experiments ,  

s i n c e  t h e  ub iqu i tous  co-presence of n i t r o g e n  oxides  would undoubtedly obscure  

any r e s u l t s  from f i e l d  s t u d i e s .  

2 4  

Perhaps t h e  g r e a t e s t  q u e s t i o n  of a n a l y t i c a l  environmental  chemis t ry  a t  

t h i s  p o i n t  is  t h e  r o l e  of combustion genera ted  p a r t i c u l a t e s  i n  secondary re- 

a c t i o n s  i n  t h e  atmosphere.  This  q u e s t i o n  has  l a r g e l y  been ignored  i n  the  p a s t  

because p a r t i c u l a t e  p o l l u t a n t s  are  much more d i f f i c u l t  t o  c h a r a c t e r i z e  and 

d e f i n e  than are  t h e  gases .  Smog chamber-type s t u d i e s ,  u s i n g  c o n t r o l l e d  com- 

b u s t i o n  c o n d i t i o n s  t o  g i v e  p r e d i c t a b l e  bu t  " r e a l - l i f e "  a e r o s o l s  and doping 

t h e  plume wi th  test  gases ,  w i l l  probably provide  t h e  most r e l i a b l e  informat ion  

i n  t h i s  area. However, t h e  improved ambient moni tor ing  c a p a b i l i t i e s  d i scussed  

i n  S e c t i o n  5 . 2 . 2  w i l l  be necessary  t o  c h a r a c t e r i z e  more f u l l y  t h e  atmospheric  

p o l l u t a n t  mix and r e s u l t i n g  human exposures .  . 

/ \  



5-1 6 

5.3. D e f i c i e n c i e s  i n  E x i s t i n g  S tandards  

5 .3 .1  Ambient A i r  Qua l i ty  S tandards  

Ambient a i r  q u a l i t y  s t a n d a r d s  a r e  de r ived  f o r  t h e  purpose of p r o t e c t i n g  

t h e  h e a l t h  and w e l f a r e  of people  i n  a community from t h e  harmful e f f e c t s  of 

p o l l u t a n t  exposure.  Three f a c t o r s  are n e c e s s a r i l y  de f ined  i n  an ambient a i r  

q u a l i t y  s t anda rd :  1) a maximum a l lowable  p o l l u t a n t  concen t r a t ion ;  2) an 

averaging  t i m e  over which concen t r a t ion  measurements are  t o  b e  taken;  and 

3 )  a p resc r ibed  method f o r  measuring t h e  p o l l u t a n t .  Th i s  s e c t i o n  i s  n o t  

concerned wi th  d e f i c i e n c i e s  i n  t h e  a n a l y t i c a l  and h e a l t h  s t u d i e s  on which 

t h e  e x i s t i n g  s t a n d a r d s  are  based ,  b u t  r a t h e r  on f l a w s  i n  t h e  s t a n d a r d s  as  

formulated.  

G 

S u l f u r  Dioxide 

The p r i n c i p a l  d i f f i c u l t y  w i t h  e x i s t i n g  SO2 and s u l f a t e  standards is the 
*a 

~ r e f e r e n c e  method f o r  SO r e q u i r e s  a sampling (and a n a l y s i s )  t i m e  on the  o rde r  

of 1-2 hours  f o r  an  i n d i v i d u a l  measurement i n  o rde r  t o  g ive  r e l i a b l e  data. 

Hence, i t  i s  no t  r e a l i s t i c  f o r  t h e  EPA t o  promulgate a one-hour s t anda rd  f o r  

SO2, even i f  one is  needed, u s ing  i t s  r e f e r e n c e  method. I n  a d d i t i o n ,  recent 

EPA surveys  have found t h a t  d a t a  obta ined  from t h e  p a r a r o s a n i l i n e  r e f e r e n c e  

method by t h e  m a j o r i t y  of  p u b l i c  and commercial a n a l y t i c a l  l a b o r a t o r i e s  are 

n o t  a c c u r a t e  and r e l i a b l e .  The EPA has  promulgated a formal  procedure f o r  

c e r t i f y i n g  a l t e r n a t i v e  a n a l y t i c a l  procedures  as equ iva len t  methods f o r  SO2, 

and many of t h e s e  o p e r a t e  on a n e a r l y  real-time b a s i s ,  s o  t h a t  t r u l y  cont in-  

uous moni tor ing  of SO can b e  c a r r i e d  out .  

l i m i t a t i o n  on t h e  averaging  t i m e  posed by t h e  a n a l y t i c a l  method. The EPA 

2 c 
, 

2 
The C a l i f o r n i a  s t a n d a r d s  f o r  SO p r e s c r i b e  t h e  use of a conduct imet r ic  2 

method f o r  a n a l y s i s .  Unfo r tuna te ly ,  conduct imetry measures a l l  acid-formings,  

i nc lud ing  H SO 

no formal  method now e x i s t s  f o r  t h e c e r t i f i c a t i o n o f  equ iva len t  methods for 

SO 

"any equ iva len t  procedure which can b e  shown t o  t h e  s a t i s f a c t i o n  of t h e  A i r  

Resources Board t o  g i v e  equ iva len t  r e su l t s  a t  o r  near  t h e  l e v e l  of t h e  a i r  

q u a l i t y  s t anda rd  may be  used." Th i s  procedure does n o t  a l low s u b s t i t u t i o n  of 

o t h e r  methods on t h e  b a s i s  t h a t  r e f e r e n c e  method d a t a  would b e  erroneous.  

Because of t h e  large d iscrepancy  between t h e  EPA and ARB SO2 s t anda rds ,  f o r  

NO2, and C02, and i n t e r f e r e n c e  c o n t r o l  is  d i f f i c u l t .  While 2 4' 

a n a l y s i s  by t h e  mB, t h e r e  is  an  in fo rma l  procedure which s t i p u l a t e s  t h a t ;  2 

6 
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t h e  same ( 2 4  hour)  averaging  t i m e ,  a reexaminat ion of t h e  c r i t e r i a  on which 

both sets  of s t anda rds  were promulgated i s  warranted.  

There are two major drawbacks wi th  t h e  e x i s t i n g  ARB s t anda rd  f o r  s u l f a t e s .  

T h e f i r s t  i s  t h e  appa ren t  absence of d i s c r i m i n a t i o n  i n  t h e  s t anda rd  i t s e l f .  

Sodium s u l f a t e ,  which arises most ly  from n a t u r a l  background sources  and which 

i s  n e i t h e r  t o x i c  nor  i r r i t a t i n g ,  i s  inc luded  by t h e  r e g u l a t i o n s  i n  t h e  t o t a l  
c/ 

atmospheric  s u l f a t e  burden. The s t anda rd  does n o t ,  f o r  example, s p e c i f y  air- 

borne combinat ions of metal s u l f a t e s ,  s u l f u r i c  a c i d ,  and ammonium s u l f a t e s  as 

subs t ances  t o  be r e g u l a t e d .  Therefore ,  t o  be  c o n s i s t e n t  wi th  t h e  r e s u l t s  of t h e  

c r i t e r i a  s ' tud ies ,  t h e  s t anda rd  should e i t h e r  be  r ede f ined  t o  s p e c i f y  which 

s u l f a t e s  a re  t o  be  r e g u l a t e d ,  o r  be  r a i s e d  by 4-5 yg/m t o  account  f o r  t he  

n a t u r a l  c o a s t a l  background. 

3 

The ARB r e f e r e n c e  method f o r  a n a l y s i s  of s u l f a t e s  is  a t u r b i d i m e t r i c  

procedure which fo l lows  a high-volume p a r t i c l e  c o l l e c t i o n .  Besides  being sub- 

j ec t  t o  i n t e r f e r e n c e s  from o t h e r  c o - p r e c i p i t a t i n g  a g e n t s ,  t h e  t u r b i d i m e t r i c  

procedure i s  n o t  a p a r t i c u l a r l y  s e n s i t i v e  o r  a c c u r a t e  method f o r  s u l f a t e  

a n a l y s i s .  A n a l y t i c a l  d a t a  obta ined  i n  t h i s  manner should b e  t r e a t e d  as f 5 pg/m 

a t  b e s t .  Other  methods f o r  s u l f a t e  a n a l y s i s  which are more a c c u r a t e ,  p r e c i s e ,  

and which d i s c r i m i n a t e  among d i f f e r e n t  forms of s u l f a t e s  are a v a i l a b l e  and 

should b e  cons idered .  

3 

N i t r i c  Oxide 

Ambient a i r  q u a l i t y  s t anda rds  f o r  NO do n o t  p r e s e n t l y  ex is t .  Previous  

a s s o c i a t i o n s  of t h e  o x i d a t i o n  rate of NO t o  NO may have been too  h igh  i n  

some cases. Recent biomedical  ev idence  p o i n t s  t o  s imi la r i t i es  i n  i ts  h e a l t h  

e f f e c t s  t o  t h o s e  of CO. Given t h a t  in format ion ,  a n  8-12 hour s t anda rd  of 3-5 
ppm would seem j u s t i f i e d ,  even though t h i s  l e v e l  is r a r e l y  reached i n  open 

2 

areas. A n a l y t i c a l  methods f o r '  NO a r e  r a t h e r  l i m i t e d  i n  number, bu t  chemilum- 

inescence  appears  t o  be  a promising cand ida te  as a NO r e f e r e n c e  method, j u s t  

as  i t  is  f o r  NO2. 
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Nitrogen Dioxide 

The only drawback a s s o c i a t e d  w i t h  ( C a l i f o r n i a )  NO2 s t anda rds  a t  t h e  

p r e s e n t  t i m e  i s  s e l e c t i o n  of a w e t  chemical r e f e r e n c e  method. The Saltzman 

r e a c t i o n  r e q u i r e s  s h o r t  sampling t i m e s  and minimal de l ay  between sampling 

and a n a l y s i s .  This  f a c t o r  l i m i t s  t h e  d i s t r i b u t i o n  of monitor ing si tes t o  t h o s e  

which are quick ly  a c c e s s i b l e  t o  an a n a l y t i c a l  f a c i l i t y  on a r o u t i n e  b a s i s .  

P r o v i s i o n  f o r  a cont inuous moni tor ing  technique ,  such as  chemiluminescence, 

as an a l t e r n a t i v e  r e f e r e n c e  method o r  an equ iva len t  method i s  s t r o n g l y  

recommended. 

Oxidants  

E x i s t i n g  EFA and ARB s t a n d a r d s  f o r  ox idan t s  both equa te  oxidant  levels 

i n  t h e  atmosphere wi th  ozone concen t r a t ions .  This i s  a p r a c t i c a l  equiva lence  

s i n c e  bo th  r e f e r e n c e  methods are  s p e c i f i c  f o r  ozone and l a r g e l y  ignore  o t h e r  

ox idan t s ,  such as peroxyace ty l  n i t r a t e s  (PAN). While t h i s  i s  j u s t i f i a b l e  i n  

most c i rcumstances ,  under ep i sode  c o n d i t i o n s  c o n c e n t r a t i o n s  of PAN, n i t r i c  

a c i d ,  and o t h e r  non-ozone ox idan t s  may b e  q u i t e  h igh ,  and should be  monitored 

s e p a r a t e l y  o r  by d i f f e r e n c e  methods. While both  t h e  ARB ( u l t r a v i o l e t  photo- 

metry)  and t h e  EPA (chemiluminescence) r e f e r e n c e  methods are s e n s i t i v e  and 

p r e c i s e ,  some q u e s t i o n  e x i s t s  concerning t h e  accuracy  of t h e  EPA method and 

concerning i n t e r f e r e n c e s  w i t h  t h e  ARB method. To avoid  a r e p e t i t i o n  of 

embarrassing p a s t  e r r o r s  on ozone c o n c e n t r a t i o n s  i n  C a l i f o r n i a  a i r  b a s i n s ,  

p r o v i s i o n  f o r  a d d i t i o n a l  r e f e r e n c e  and e q u i v a l e n t  methods, combined w i t h  b e t t e r  

coord ina t ion  w i t h  EPA, i s  s t r o n g l y  recommended. 

c 

5.3.2 Occupat iona l  S tandards  

A i r  q u a l i t y  s t a n d a r d s  i n  t h e  workplace e x i s t  i n  o r d e r  t o  p r o t e c t  

employees from t h e  h e a l t h  hazards  due t o  p o l l u t a n t s  produced a t  t h e  p l a n t .  

These s t a n d a r d s  are  i n v a r i a b l y  no t  a s  s t r i n g e n t  as ambient a i r  s t a n d a r d s  

because workers are assumed t o  be  i n  g e n e r a l l y  b e t t e r  h e a l t h  than t h e  community 

popu la t ion  as  a whole, because workers are  exposed i n s i d e  t h e  p l a n t  f o r  on ly  

40 hours  pe r  week, and because of t h e  presumption t h a t  workers accep t  a h ighe r  

l e v e l  of risk. 

t r a t i o n s  a re  s u b j e c t  t o  r e g u l a t i o n  i s  much g r e a t e r  than  f o r  ambient a i r .  

Occupat ional  s t a n d a r d s  do n o t  s p e c i f y  or recommend r e f e r e n c e  o r  equ iva len t  

The d i v e r s i t y  of s p e c i f i c  subs t ances  whose occupa t iona l  concen- c 
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methods f o r  t h e  measurement of p o l l u t a n t s  i n  t h e  workplace.  Consequently,  

r o u t i n e  moni tor ing  i s  u s u a l l y  c a r r i e d  o u t  by means of r e l a t i v e l y  inexpens ive  

methods which may, i n  f a c t ,  be  only  semi -quan t i t a t ive  o r  r e l i a b l e  only t o  

w i t h i n  an o r d e r  of magnitude of t h e  a c t u a l  p o l l u t a n t  concen t r a t ions .  

occupa t iona l  s i t u a t i o n s ,  improved q u a l i t y  assurance  mechanisms might be  

d e s i r a b l e .  

For many 

5.3.3. Emission Standards  

E x i s t i n g  source  performance s t anda rds  are p r e d i c t a t e d  on t h e  c a p a b i l i t i e s  

of c u r r e n t  p o l l u t i o n  c o n t r o l  technologies .  Most of  S t a t e  and Fede ra l  regula-  

t i o n s  l i m i t  t h e  amount of a s p e c i f i c  p o l l u t a n t  emi t ted  i n t o  t h e  a i r  on the 

b a s i s  of i n p u t  ( f u e l )  consumed. It  would b e  much more d e s i r a b l e  t o  l i m i t  

emiss ions  on t h e  b a s i s  of ou tpu t  (power) produced, because under p r e s e n t  

r e g u l a t i o n s ,  t h e r e  i s  no i n c e n t i v e  t o  reduce emissions by improving t h e  

energy-ef f ic iency  of t h e  p l a n t .  For s imilar  r e a s o n s , r e g u l a t i o n s  l i m i t i n g  f u e l  

s u l f u r ,  f o r  example, might b e  based on output  power r a t h e r  than  on i n p u t  f u e l  

consump t i o n .  

On t h e  o t h e r  hand, i n  o rde r  t o  be  c o n s i s t e n t  w i t h  t h e i r  miss ion  t o  

main ta in  a c c e p t a b l e  a i r  q u a l i t y , l o c a l  r e g u l a t o r y  agencies  might emphasize 

emiss ions  s t a n d a r d s  o r  g o a l s  based on impact on ambient a i r  q u a l i t y  r a t h e r  

than  on c a p a b i l i t i e s  of e x i s t i n g  technology. I n  o r d e r  t o  do t h i s  c o r r e c t l y ,  

i n fo rma t ion  i s  needed on source  emiss ion  s t r e n g t h s ,  plume d i s p e r s i o n  maps, 

and secondary r e a c t i o n  chemistry.  With some d i f f i c u l t y ,  t h i s  kind of informa- 

t i o n  can b e  assembled f o r  many C a l i f o r n i a  a i r  b a s i n s .  It could b e  used t o  

formula te  a c o n s i s t e n t  b a s i s  f o r  t h e  new source  review process .  

P a r t i c u l a t e s  

P r e s e n t  EPA and ARB s t a n d a r d s  f o r  a i r b o r n e  p a r t i c u l a t e  matter cons ider  

on ly  t h e  t o t a l  mass of suspended p a r t i c l e s  c o l l e c t e d  by high-volume sampling. 

These r e g u l a t i o n s  are q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  d e f i c i e n t  i n  informat ion  

con ten t .  A l l  e x i s t i n g  s t u d i e s  of  t h e  h e a l t h  e f f e c t s  of p a r t i c u l a t e s  p o i n t  t o  

t h e  need t o  monitor  and r e g u l a t e  a e r o s o l s  accord ing  t o  s i z e  and chemical com- 

p o s i t i o n .  No such r e g u l a t o r y  program now e x i s t s .  The t o t a l  mass r e g u l a t i o n s  

do no t  make except ion  f o r  a i r b o r n e  s o i l  d u s t  o r  sea s a l t s ,  whose h e a l t h  e f f e c t s  

are obvious ly  v e r y  d i f f e r e n t  from each o t h e r  and from man-made p a r t i c u l a t e s .  
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Furthermore,  no s t anda rds  p r e s e n t l y  e x i s t  f o r  s p e c i f i c  chemical subs tances  

i n  a i r b o r n e  p a r t i c u l a t e s  whose t o x i c o l o g i c a l  p r o p e r t i e s  are known, wi th  t h e  

excep t ion  of l e a d  and s u l f a t e s  i n  C a l i f o r n i a .  

p a r t i c u l a t e  matter should be redef ined  i n  o r d e r  t o  account  f o r  t h e  d i f f e r e n c e s  

due t o  s i z e ,  chemical composition, and p a r t i c l e  o r i g i n .  

A i r  q u a l i t y  s t anda rds  f o r  

I n  a d d i t i o n ,  t h e  r e fe rence  method f o r  p a r t i c u l a t e s  should be r e v i s e d  

accord ingly .  High-volume sampling a l lows  t h e  de te rmina t ion  of t o t a l  mass and 

t h e  chemical a n a l y s i s  of a l i m i t e d  range of subs tances ;  a l l  s i z e  d a t a  are 

l o s t  on t h e  c o l l e c t i o n  f i l t e r s .  Seve ra l  methods now e x i s t  f o r  p a r t i c l e  s i z e  

a n a l y s i s  which o f f e r  t h e  cho ice  of non-des t ruc t ive  measurement o r  s i z e -  

reso lved  c o l l e c t i o n .  These should be  considered i n  t h e  r e v i s i o n  of a 

p a r t i c u l a t e  s tandard .  
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5 . 4  Assessment of Human Impacts from New Sources 

Given s u f f i c i e n t  in format ion  on t h e  emiss ions ,  d i spe r s ion , and  h e a l t h  

e f f e c t s  of convent iona l  a i r  p o l l u t a n t s ,  i t  would be  p o s s i b l e  t o  determine 

t h e  community h e a l t h  impacts  of new f o s s i l - f u e l  and geothermal power p l a n t s .  

A t  t h e  p r e s e n t  t i m e ,  however, no r e l i a b l e  estimates can be  made. Although t h e  

emiss ions  from power p l a n t s  may b e  c h a r a c t e r i z e d  reasonably  w e l l  i n  p r i n c i p l e ,  

t h e  d e t a i l s  of  t h e i r  d i s p e r s i o n  and i n t e r a c t i o n  i n  t h e  atmosphere and e s p e c i a l l y  

t h e  manner and e x t e n t  of t h e i r  r e s u l t i n g  e f f e c t s  on human h e a l t h  are  t o o  poor ly  

known t o  permit  an o v e r a l l  assessment of t h e  h e a l t h  impact of t h e  i n t r o d u c t i o n  

of a new source  i n t o  a s p e c i f i e d  r eg ion .  Never the less ,  numerous a t t empt s  have 

been madedto estimate t h e  impacts  of power p l a n t s  and t h e i r  a s s o c i a t e d  suppor t  

f a c i l i t i e s  on human h e a l t h .  The d i s c u s s i o n  i n  t h e  body of t h i s  r e p o r t  o f f e r s  

p l e n t i f u l  r eason  f o r  d i scoun t ing  any p r e c i s e  estimate of t h i s  s o r t .  However, 

i n  o r d e r  t o  demonstrate  t h e  range of q u a n t i t a t i v e  estimates, w e  b r i e f l y  mention 

a number of r e p r e s e n t a t i v e  estimates, which- -as  w i l l  be  s e e n - - o f t e n  d i f f e r  

by o r d e r s  of magnitude. Many such estimates are summarized i n  a r e c e n t  a r t i c l e  

by Comar and Sagan. 1 

The u s e f u l n e s s  of t h e s e  estimates should be cons idered  i n  l i g h t  of t h e i r  

i n d i v i d u a l  purposes ,  t h e  p o l l u t a n t s  which they cons idered ,  and t h e  type  of 

h e a l t h  e f f e c t s  cons idered ,  as w e l l  as t h e  s p e c i f i c  h e a l t h - e f f e c t s  b a s i s  of 

t h e  estimates. For example, a r e c e n t  estimate a r o s e  as p a r t  of a " q u a n t i t a t i v e  

framework" used f o r  making judgments on s t a t i o n a r y  source  emiss ion  c o n t r o l s  by 

t h e  Na t iona l  Academy of Sc iences  - Nat iona l  Academy of Engineer ing - Nat iona l  
Research Council .  Thei r  1975 r e p o r t  o f f e r e d  h e a l t h  e f f e c t s  estimates (due t o  

f o s s i l - f u e l  p l a n t s )  based s o l e l y  on a l t e r a t i o n  of ambient s u l f a t e  concentra-  

t i o n s  due t o  uncon t ro l l ed  s u l f u r  d iox ide  emissions.  The h e a l t h  e f f e c t s  were 

s t a t e d  i n  terms of "premature deaths" ,  cases of c h i l d r e n ' s  lower r e s p i r a t o r y  

d i s e a s e ,  asthma a t t a c k s ,  person-days of aggrava ted  hear t - lung  d i s e a s e  symptoms, 

and c a s e s  of ch ron ic  r e s p i r a t o r y  d i s e a s e .  It i s  d i f f i c u l t  t o  compare t h e s e  

d i f f e r i n g  types  of  h e a l t h  e f f e c t s .  However, i n  terms of t h e  v a l u a t i o n  used i n  

t h e i r  r e p o r t , *  t h e  l a s t  two c a t e g o r i e s  dominate t h e  t o t a l  h e a l t h  e f f e c t ,  and 

i t  is  d i f f i c u l t  t o  see how t h e  r e l a t i v e l y  small  number of premature dea ths  

e s t ima ted  could b e  cons idered  t o  b e  as harmful ,  o v e r a l l ,  as t h e  much l a r g e r  

number of l e s s e r  h e a l t h  e f f e c t s .  I t  should be  emphasized aga in  t h a t  t h e  num- 

b e r s  wewi l lnow quote  were used as  p a r t  of a judgmental  framework and n o t  as 

a n  independent e s t i m a t e  of h e a l t h  e f f e c t s .  The numbers a r e  very  u n c e r t a i n  
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and i n c l u d e  a f a c t o r  of 20 u n c e r t a i n t y  from t h e  es t imated  h e a l t h  e f f e c t s  of 

a g iven  i n c r e a s e  i n  t h e  ambient s u l f a t e  concen t r a t ion .  

For a 600 MWe power p l a n t  burn ing  3% s u l f u r  f u e l  - wi thou t  s u l f u r  emis- 

s i o n  c o n t r o l ,  r e f e r e n c e  11 es t ima ted  t h e  i n c r e a s e  i n  average  annual  ambient 
3 s u l f a t e  concen t r a t ion  t o  b e  0 ,145  Ug/m , with  a popula t ion  a t  r i s k  of 50 

m i l l i o n ,  f o r  a remotely s i t e d  p l a n t ,  and 1.86 pg/m3, w i t h  a popula t ion  a t  r i s k  

of 11.5 m i l l i o n ,  f o r  an  urban s i t e d  p l a n t .  The e s t ima ted  h e a l t h  e f f e c t s  are: 

Rem0 t e Urban 
Cases of ch ron ic  r e s p i r a t o r y  d i s e a s e  25 , 600 75,500 

Person-days of aggravated hear t - lung  
disease symptoms 256 , 000 755,000 

156 , 000 Asthma a t t a c k s  
Cases of c h i l d r e n ' s  r e s p i r a t o r y  d i s e a s e  6,200 18,400 

Premature d e a t h s  1 4  42 

53  , 000 

3 (All t h e s e  r e s u l t s  assumed a background ambient concen t r a t ion  of 16 pg/m .> 
These r e s u l t s  are c i t e d ,  n o t  because they are a c c u r a t e ,  b u t  because they  

are i n s t r u c t i v e .  They were c a l c u l a t e d  t o  provide  a framework f o r  t h e  formula t ion  

of s u l f u r  c o n t r o l  s t r a t e g i e s .  S i m i l a r  estimates have been made f o r  o t h e r  pur- 

poses .  For example, Lave and Freeburg 

o i l ,  c o a l ,  and nuc lea r  f u e l  on a comparat ive b a s i s ,  concluding t h a t  r o u t i n e l y  

o p e r a t i n g  n u c l e a r  power p l a n t s  have smaller p u b l i c  impacts  than  c o a l - f i r e d  

p l a n t s ,  bu t  t h a t  a s imilar  comparison wi th  o i l - f i r e d  p l a n t s  y i e l d s  less con- 

c l u s i v e  r e s u l t s .  This i s  t h e  same conclus ion  t h a t  one would draw, roughly,  from 

Table  5.4-1 (reproduced from Ref. 11>, where t h e  number of premature d e a t h s  t o  

workers and t o  members of t h e  g e n e r a l  p u b l i c  from r o u t i n e  o p e r a t i o n  of v a r i o u s  

p o r t i o n s  of n u c l e a r  and f o s s i l  f u e l  c y c l e s  are compared. R e s t r i c t i n g  our  a t t e n t i o n  

t o  t h e  p u b l i c  impacts  of t h e  power p l a n t  i t s e l f  

w e  would conclude t h a t  n u c l e a r  o f f e r s  less r i s k  t o  t h e  p u b l i c  than  c o a l  

or oil. This  conclus ion  would b e  s t r eng thened ,  cons ide r ing  t h e  f a c t  t h a t  t h e  

major impact of f o s s i l - f u e l  combustion comes through less s e v e r e  h e a l t h  e f f e c t s  

c 1 2  
a t t empt  t o  estimate h e a l t h  e f f e c t s  from 

("genera l  p u b l i c ,  conversion") ,  

than  d e a t h  (see above) ,  b u t  t h e  same i s  n o t  cons idered  t o  b e  t r u e  of rad io-  

a c t i v e  emiss ions .  However, i t  should b e  noted t h a t  t h e  u n c e r t a i n t i e s  f o r  f o s s i l -  

f u e l  impacts  are 2 o r  3 o r d e r s  of magnitude, m o s t  of which arises from un- 

c e r t a i n t i e s  i n  t h e  dose-response r e l a t i o n s h i p .  S i m i l a r  t echno log ica l  com- 

pa r i sons  have been a t tempted  i n  o t h e r  r e p o r t s ,  c i t e d  i n  r e f e r e n c e  10. c 
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Tab le 5 .4-1 Premature deaths per year associated with operation of a IOO-MWe power plant (values are lowest and highest estimates lrom cited 
references)’ 

Nuclear Coal Oil Natural Gas 
. . . - 

0ccup:itionul 
Exlraclion 

Accident 
Disease 

Transport 
Accidcnt 

I’roccssiny 
Accident 
Discasc 

Conversion 
Accident 
Disease 

Accident 
Disease 

Subtotals .’ 

Totid 

General Public 
Transport 
Processing 
Conversion 
Total 

0.45-O.YY(I5. 17, 18.21. 22) O.WO.2I (15-18.22) 
0-3.5 (17) _ _  

0.021-0.21 (I 5-18.22) 
- 

0.05-0.2 ( 15. 17. 18, 20,22) 
0.002-0. I (I 7. 19. 20, 22) 

0.055-0.4 (15. 17, 18.22) 0.03--0. I (I 5- I7,22) 

0.02-0.04 (I 7. 18) 0.04-1 (15-18.22) 

0.01-0.03 (I 5- 18.22) 0.01-0.037 ( I 5  -I 8.22) 
- - 

0.54-1.5 
0-3.5 

KMTO 

0.14-1.3 

b74-13 

0.55-1.3(15. 17.21.22) 
1:IO (17) 

0.067 - io0 ( I 7.21 1 - 
1 . 6 1  I I 

Total Occupational 
;inJ I’uhlic 2 116 

0.02-0.024 ( 15. 17, 18.22) 

0.oO6-0.01 (IS. 17, IS. 22) 
.- 

0.01-0.037 ( 15- 18.22) 
- 

0.057-0.28 
.- 

0:05m 

1 . 1  101 0.057- 0.2X 

0.002 ( 15, 18,221 

0.003-0.2 ( I 5. 17. 1 8.20.22) 
0.01 3-0.32 ( 17, 19. 20,22) 

0.01 ( IS ,  17. 18. 22) 
0.024 (20) 

0.065-0.4 I 
0.039-0.45 
0.10-0.86 
-___ 

0.01-0.16b (IS. 17, 19. 20, 22) 
O y O X 6  

0.1 1-1.0 

u-l 
I 
N 
w 

Note: Dashes indicate no daio found; ctTstn if any. are presumably loo low to be observed; and no theoretical basis lor prediction. 
’ For processing and cunversion. 
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c In view of the large uncertainties, no basis presently exists for making 

quantitative estimates of the health effects of conventional emissions into 
air. The one pollutant for which such attempts are often made, as might be 
inferred from the discussion above, is sulfates. Workers at Brookhaven National 

Laboratory are attempting to assemble a quantitative framework for health- 
3 effects assessment, beginning, as above, by concentrating on the health 

impacts of sulfates. In view of the importance of other pollutants in 
California air basins, it is unlikely that such a limited assessment, even if 
successful, would be appropriate for the California situation. 

For specific siting decisions, one might consider the advisability of a 

somewhat less ambitious approach, i.e., to establish exposure categories, 
calculate the associated populations at risk, and use this information for 

comparing sites. Note that the calculation performed in reference 11 for 

sulfates established a single exposure category, i.e., average annual increase 
in ambient sulfate concentration, and ca lcu la ted  health effects from that on 

E the basis of a linear dose-response with a threshold (which was exceeded by 

the "background" ambient concentration). 

relationships for many pollutants, site-specific assessments can retreat one step, 

relying directly on the size of the population at risk for specific exposure 
categories. However, in view of the uncertainties in atmospheric dispersion 

and transformation and in health effects associated with various pollutants, 

In view of the lack of dose-response 

c 
establishment of this type of assessment framework would necessarily be extremely 
tentative. A s  more reliable and detailed information is developed, its value and 
dependability would substantially increase. 

frameworks and of the broader but less detailed type of framework discussed in 

Ref. 13 would serve as a useful background for the much more extensive and 
detailed effort which needs to be devoted to the qualitative and quantitative 

elucidation of fundamental dispersion, transformation, and health-effects 

phenomena. 

Establishment of such assessment 

c 
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Appendix A - A i r  Po l lu t ion  Control Dis t r ic t  Rules and Regulations 

( taken from t h e  updated ERCDC s t a f f  compilat ion;  a u x i l i a r y  t a b l e s  
not  included i n  t h i s  appendix, bu t  suppl ied wi th  the  updated 
compilation t o  the  ERCDC s t a f f )  
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