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INTRODUCTION 

The l?pgjfange transport of s u l f u r  dioxide (SO*) and s u l f a t e  (SO4) i n  the  atmos- 
phere received increasing a t  n i n  conjunction with poss ib le  hea l th  (8-Py v i s i b i l i t y  degradation Ff"4', and ac id i f i ca t ion  of  p rec ip i t a t ion  
f"'M*16). I n  par t icular ,  time and distance sca les  f o r  t h e  residence of sul- 
f a t e s  i n  the  atmosphere suggest t h a t  airborne s u l f a t e  levels ,  occurring i n  the  
eas tern  U. S. and elsewhere, may b e  the  r e s u l t  of emissions from locat ions  hund- 
reds o r  thousands of kilometers upwind. 

Su l fa te  l eve l s  i n  l a rge  portions of the  eas tern  U. S..(and elsewhere) have the  
po ten t i a l  of being stronglyaffected by emission cont ro l  regulat ions a s  w e l l  a s  by 
s i t i n g  and fue l  use decisions which w i l l  take e f f e c t  within t h e  next severa l  dec- 
ades. I f  ambient standards f o r  s u l f a t e  o r  a surrogate such a s  f i n e  p a r t i c u l a t e s  - 

a r e  promulgated, a s  some expect w i l l  occur i n  t h e  not  too d i s t a n t  fu tu re ,  t h e  re- 
la t ionship  of relevant dis tance sca les  of atmospheric t ranspor t  of s u l f a t e  t o  the  
dimensions of s t a t e s  and a i r  qua l i ty  control  regions must be taken i n t o  account. 
It is the  purpose of t h i s  paper t o  document a range of air qua l i ty  projec t ions  
which a r e  a consequence of the  Department of Energy f u e l  u t i l i z a t i o n  and emission 
cont ro l  scenarios f o r  the  year 1990. 

Levels of su l fu r  dioxide and s u l f a t e  i n  the  con t i  uous U. S. have been ca lcula ted  
with the BNL AIRSOX long-range transport  model(17f using emission inventor ies  
cons is t ing  of e i the r  major fuel-burning sources o r  major coal-burning sources,  
a s  described i n  more d e t a i l  below and elsewhere. 

The extended s p a t i a l  sca le  over which impacts of s u l f u r  oxide e m i s s i t &  a r e  sign- 
i f i c a n t  is i l l u s t r a t e d  v i a  an emitter-receptor matrix. This matrix presents  the  - 
contribution of exposure t o  SO4 i n  each of 10 receptor EPA Federal regions due to 
SO emissions from each Federal region. 2 

MODEL FlETHODOLOGY (17) 

For each SO source i n  the emission inventory, along-wind t r a j e c t o r i e s  a r e  calcu- 
la ted  a t  in tervals  of every s i x  hours fo r  one month. The t r a j e c t o r i e s  are calcu- 
l a t ed  using July 1974 observed upper a i r  winds, averaged i n  the  v e r t i c a l  through 
the  mixing layer. Horizontal d i f fus ion  along t h e  t r a j ec to ry  is parameterized as 
Gaussian about the center  of mass. Ver t ica l  d i f fus ion  is calculated using a fin- 
i t e  difference representation f o r  eddy d i f fus iv i ty  o r  "K" theory. A bottom bound- 
ary  deposition veloci ty condition f o r  the v e r t i c a l  d i f fus ion  i s  used t o  account 
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for dry deposition. A constant linear conversion rate of SO to SO is assumed, 
2 4 In addition,'representative amounts of SO are assumed to be converted to primary 2 SO in stack. A linear rainout model is used to' remove SO and SO from the vert- 4 4 

ical column whenever a plume segment encounters rainfall. %ode1 parameters have 
been chosen on the basis of literature values, sensitivity runs, and a comparison 
of calculated SO and SO concentrations with observations from the NASN and EPRI 

2 networks. Table 1 provi%es the values of model ~arameters used in the present 
calculations. 

Table 1. Model Parameters 

Parameter 

Stack or releasz height 
utility 
industrial 

Amount of SO4 in effluent 
Meteorology and precipitation data 
Mixing layer height 
Atmospheric stability 
Vertical levels . . 

Conversion rate of SO to SO 
Dry deposition velociZy 4 
for SO2 
for SO4 

Wet removal rate 
for SO2 
for SO4 

10. Grid resolution, approximate 

Value. 

200meters . 

100 meters 
2% of emitted SO2 by mole 
July 1974 
1000 meters 
neutral 
12 
0.57%/hour 

0.216 P 
0.07 P 
P = rainfall (=/hour) 
32 x 32 km 

I EMISSION INVENTORY 

Sulfur oxide air quality projections have been made for 1985 and 1990 (I8) as part 
of the(ftfp DOE assessment activities, the National Coal Utilization As 
(NCUA) and the Regional Lssue Identification and Assessment (RITA) 

iyafment 

The NCUA had as its goal the quantification of impacts resulting from the coal 
component of the National Energy Plan (NEP). The NEP specifies energy use, con- 
servation, and supply goals in the U. S. Important components of NEP are increas- 
ed conservation measures.and an increased reliance on coal. A modified NEP has 
become the National Energy Act (NEA) of 1978. X comparison of NEP and NEA indic- 
ates that the environmental impacts are similar. Some of the difficulties of 
achieving the NEP level of coal use are documented in the NCUA report. 

Three scenarios were defined, corresponding to three levels of utility emission 
controls. The majority of the NCUA analysis was performed upon the mid-range 
scenario, scenario 111, in which the SO emissions were consistent with the pro- 2 

I 
jections of the SEAS model. The scenario with higher SO emissions, I, and a 2 
scenario with lower SO emissions, TI, were also defined as in Table 2.. It is 2 

I evident from the data in Table 2 that relative to 1975 there is projected to be 



a l a r g e  dec rease  i n  t h e  amount of SO emit.ted p e r  BTU f o r  even t h e  wors t  c a s e  
s c e n a r i o ,  s c e n a r i o  I. 2 

The RIIA program addressed t h e  environmental  impacts  from a "business a s  usual" 
s c e n a r i o  of energy development. The R I I A  scenakio  i s  based upon t h e  c o n t i n u a t i o n  
of  p o l i c i e s  p r i o r  t o  t h e  implementation of t h e  NEA and assumes median e s t i m a t e s  
of energy supply and demand and c o n s t a n t  world o i l  p r i c e s .  Major d i f f e r e n c e s  

I between t h e  R I I A  and NCUA emiss ions  i n v e n t o r i e s  a r e  t h e  i n c l u s i o n  of  o i l  and gas  
I s o u r c e s  i n  R I I A  and t h e  u s e - o f ' d i f f e r e n t ,  more s t r i n g e n t ,  emiss ion c o n t r o l  assump- 

t i o n s  f o r  R I I A .  I n  Table  2 t h e  RIIA s c e n a r i o ,  a s  w e l l  a s  t h e  coal-only p o r t i o n s  
of t h e  R I I A  s c e n a r i o ,  are compared w i t h  t h e  NCUA s c e n a r i o s .  

Table 2. NCUA and RIIA Sulfur Dioxide Emission Inventories  f o r  t h e  Contiguous U.  S. 

Scenario . U t i l i t y  Industr ia l  - Total  

so21 gTU2 1021 BTU~ SO: BTU 2 

19 75 - 
NCDA 18,623 8,485 3,810 1,980 22,433 10,465 
RIIA 20,143 14,639 5,789 10.884 25,931 25.524 

1990 - 
NCUA I 23,094 17,300 7,897 8,370 30,991 ' 25,670 
NCUA I1 13i938 17,300 7,897 8,370 21,835 25,670 
NCUA 111 15,900,  17.300 7.897 8,370 23,797 25,670 
RIIA (coal)  12,424 18,669 2.697 5.664 15.121 24.333 
RIIA ( to ta l )  14,011 21.498 6,198 20,114 20.209 41.612 

3 SO emissions i n  10 tonslyear 2 
Thernal equivalent i n  1012 ~TU/year 

The comparison of t h e  R I I A  s c e n a r i o  w i t h  t h e  v a r i e t y  of NCUA s c e n a r i o s  shows th .a t  
u n c e r t a i n t i e s  i n  p r o j e c t e d  emission l e v e l s  a r e  s u b s t a n t i a l l y  more dependent on 
t h e  u n c e r t a i n t i e s  surrounding emission c o n t r o l s  t h a n ' o n  o t h e r  a s p e c t s  of imple- 
mentat ion ( o r  l a c k  the reof )  of NEP ( o r  NEA). I n  o r d e r  t o  p u t  t h e  range of  e m i s -  
s i o n  p r o j e c t i o n s  i n  p rospec t ive ,  i t  i s  noted t h a t  even i n  t h e  wors t  case ,  NCUA 
Scenar io  I, f l u e  gas d e s u l f u r i z a t i o n  (FGD) systems a r e  i n s t a l l e d  i n  a l l  u t i l i t y  
p l a n t s  b u i l t ' a f t e r  1985 and i n  a l l  p l a n t s  i n v e n t o r i e d  by t h e  EPA FGD system s t a t u s  
r e p o r t  a s  of 1978. I n  t h e  lowest  emission c a s e ,  R I I A , . u t i l i t y  p l a n t s  t h a t  w e r e  
o p e r a t i n g  p r i o r  t o  1976 a r e  assumed t o  m e e t  S IP ' s .  P l a n t s  b u i l t  between 1976 and 
1982 a r e  assumed t o  meet SIP ' s  o r  t h e  New Source Performance Standards ,  whichever 
is more s t r i n g e n t .  P l a n t s  b u i l t  a f t e r  1982 a r e  assumed t o  have FGD systems which 
achieve  85% d a i l y  average SO removal. Although t h e  magnitude of u n c e r t a i n t y  i n  

2 t h e  emission c o n t r o l s  f o r  t h e  i n d u s t r i a l  s e c t o r  is comparable t o . o r  l a r g e r  than 
i n  t h e  e lectr ic  u t i l i t y  s e c t o r ,  only one l e v e l  of emiss ion c o n t r o l s  f o r  t h e  in-  ' 

d u s t r i a l  s e c t o r  has  been p r o j e c t e d  f o r  each  of t h e  assessments .  

The SO emission inventory  considered f o r  R I I A  is a f a i r l y  complete l i s t  of p o i n t  
2 

source  emissions due t o  t h e  combustion of f o s s i l  f u e l  i n  t h e  U.S. Major ca tegor-  
i e s  of emission sources  not  inc luded i n  t h e  R I I A  o r  NCUA i n v e n t o r i e s  inc lude  
p rocess  p l a n t s  such a s  s m e l t e r s  and o i l  r e f i n e r i e s  and a r e a  sources ,  t y p i f i e d  by 
r e s i d e n t i a l  hea t ing .  Some a r e a s  of t h e  U.S. may be  impacted by f o r e i g n  emission 
sources  n o t  included i n  t h e  R I I A  o r  NCUA i n v e n t o r i e s .  



RESULTS AND DISCUSSION 

The BNL AIRSOX.mode1 has been used to calculate SO . and SO concentrations on a 
2 4 

nominal 32 x 32 km (1/10 National Meteorological Center ) grid for each of the 
approximately 1600 point sources in the NCUA and RI'IA emission inventories. State 
and regional population-weighted SO and SO concentrations have been calculated 

2. 4 from the individual gridded concentration flelds for either an entire emission 
inventory or specific subsets of an.emission inventory. All concentrations have 
been calculated as monthly averages using meteorological data from July 1974. 
While there are indeed seasonal trends in emission patterns, meteorological con- 
ditions, and observed SO and SO concentrations, the use of July 1974 data is 

2 not considered to significantly Bias the comparison of the different scenarios 
presented here. 

The 1975 RIIA calculation is based upon the average annual emissions from 1264 
fuel-burning utility and industrial point sources. The calculated population- 
weighted SO and SO concentrations are presented in Table 3. Observed, popula- 

2 4 tion-weighted SO and SO concentrations for the month of July 1974 are presented 2 for comparison in Table E .  In the western regions, in bhich SO emissions are 
$ dominated by process sources not included in the emission inven ory, the calculated 

SO values are seen to be significantly lower than the observed values. The omis- 
X sion from the RIIA inventory of area sources in densely populated regions probably 

accounts for much of the difference'between the calculated and observed SO values 
X 

averaged over the entire U.S. 

Table 3. NCUA and RIIA SO Emissions and SO Concentrations 2 X 

Region 1975 RIIA 1990 RIIA 1990 NCUA I 

S02 
<SO4> S02 

<SO > <so > <so > -<SO > 
2 4 2 2 4 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

U.S. 

3 Emissions in 10 tonslyear. 

< > = population weighted concentrarion (microgram/cubic meter). 



Some c r i t i c a l  parameters  i n  t h e  AIRSOX 
model a r e  chosen from nationwide s u l f u r  
budget-type c o n s i d e r a t i o n s  and t h e r e f o r e  . 
r e p r e s e n t  n a t i o n a l  r a t h e r  than r e g i o n a l  
o r  l o c a l  e f f e c t s .  I n  a d d i t i o n ,  some of 
t h e  meteoro log ica l  d a t a  which a r e  i n p u t  
t o  AIRSOX a r e  o f  t o o  c o a r s e  a r e s o l u t i o n  
t o  r e s o l v e  p o t e n t i a l l y  impor tant  l o c a l  
e f f e c t s .  The i m p l i c a t i o n  of t h e s e  and 
o t h e r  such c o n s i d e r a t i o n s  i s  t h a t  t h e  
accuracy of long-range t r a n s p o r t  calcu- 
l a t i o n s  may b e  degraded when p r o j e c t i o n s  
a r e  made f o r  p a r t i c u l a r  r e g i o n a l  o r  l o c a l  
are-as . 
For 1990, t h e  range of  a i r  q u a l i t y  pre- 
d i c t i o n s  i s  spanned by c a l c u l a t i o n s  us- 
i n g  t h e  R I I A  and t h e  NCUA Scenar io  I 
emiss ion i n v e n t o r i e s .  A comparison of 
t h e  1990 population-weighted SO concen- 
t r a t i o n s  and t h e  corresponding f975  va l -  
ues is shown i n  Table  3. Also shown is 
a comparison of t h e  r e g i o n a l  s u l f u r  
oxide  emissions.  

Table 4. J u l y  1974 Observat ions  1 

Region 2 
<SO . 'SO4% 
-2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
U.S. 

XASN and EPRI measurements. 
2 

< > = p o p u l a t i o n  weighted con- 
c e n t r a t i o n  (microgram/cubic meter) .  

' I n  RIIA, most of t h e  1990 r e g i o n a l  SO emissions and population-weighted SO 
X concen t ra t ions  d e c r e a s e  r e l a t i v e  t o  1375, wi th  a n o t a b l e  e x c e p t i o n  be ing  

Region 6 (Southwest) which is now h e a v i l y  r e l i a n t  upon g a s  and o i l  and which 
i s  p r o j e c t e d  t o  .undergo s u b s t a n t i a l  conversions t o  c o a l .  Impos i t ion  o f  in- 
c reased  l e v e l s  of SO c o n t r o l s  is  p a r t i c u l a r l y  e f f e c t i v e  i n  t h e  Ohio River  Val ley  

2 and upper Appalachian a r e a s  (Regions 3 and 5): The o v e r a l l  improvement i n  SO 
X 

l e v e l s  p r o j e c t e d  f o r  R I I A  is  p a r t i c u l a r l y  i m p r e s s i v e ' i n  view of t h e  inc reased  
f u e l  u s e  ( see  Table  1) and t h e  inc reased  r e l i a n c e  on c o a l  i n  1990 r e l a t i v e  t o  
1975. A f a c t o r  of 2 . 1  decrease  i n  SO emiss ions  p e r  BTU f u e l  consumed is pro- 
j e c t e d  f o r  1990, r e l a t i v e  t o  1975. 

2 

The SO c o n c e n t r a t i o n s  p r o j e c t e d  f o r  t h e  1990 NCUA wors t  c a s e ,  Scenar io  I, a r e  
considgrably  h i g h e r  than f o r  1975 o r  1990 R I I A ,  no t  w i t h s t a n d i n g  t h e  omission of 
o i l  and gas f i r e d  p l a n t s  i n  t h e  NCUA emission inventory .  A s  i n  R I I A ,  a major 
i n c r e a s e  i n  emiss ions  appears  i n  Region 6 (Southwest).  I n  t h e  NCUA s t u d y ,  e m i s -  
s i o n s  e i t h e r  i n c r e a s e d  o r  remained t h e  same, r e l a t i v e  t o  1975, i n  t h e  h e a v i l y  
i n d u s t r i a l i z e d  Regions 2 t o  5. The SO a i r  q u a l i t y  impacts  o c c u r r i n g  i n  t h e  

X 
NCUA, I1 and I11 Scenar ios ,  a r e  somewhat h i g h e r  b u t  q u a l i t a t i v e l y  s i m i l a r  t o  
those  p r o j e c t e d  f o r  R I I A .  

The comparison h e r e  between R I I A  and an NCUA s c e n a r i o  i s  n o t  in tended t o  provide  
'an assessment of t h e  m e r i t s  of t h e  NEP o r  NEA b u t  i n s t e a d  p rov ides  evidence  f o s  
t h e  d e t e r i o r a t i o n  i n  SO and SO l e v e l s  which would r e s u l t  i f  s t r i c t  emission 2 4 
c o n t r o l s , s u c h  a s  a r e  assumed f o r  RIIA,are no t  implemented. I n  o r d e r  t o  e f f e c t  
t h e  emission decreases  which a r e  incorpora ted  i n  R I I A  1990, and which a r e  res -  
pons ib le  f o r  t h e  SO a i r  q u a l i t y  improvement i n  much of t h e  E a s t ,  

X 



FGD systems o r  t h e i r  equ iva len t  must be  f i t t e d  t o  most new and many e x i s t i n g  
p l a n t s .  Inc reased  r e g i o n a l  SO a i r  q u a l i t y  impacts  i n  p a r t s  of t h e  West seem 
unavoidable g iven p r o j e c t e d  de$ographic s h i f t s  and given t h e  p r o j e c t e d  e x t e n t  of 
convers ion from o i l  and gas  t o  coa l .  

It is apparent  from Table 3 t h a t  r e g i o n a l  SO c o n c e n t r a t i o n s  (and t o  a  lesser ex- 
4 t e n t ,  r e g i o n a l  SO concen t ra t ions )  a r e  no t  l l n e a r l y  r e l a t e d  t o  r e g i o n a l  emissions.  

2 The s p a t i a l  s c a l e s  a p p r o p r i a t e  f o r  the  d e s c r i p t i o n  of t h e  format ion of s u l f a t e  
from emi t t ed  s u l f u r  d iox ide  and i ts  subsequent advect ion p r i o r  t o  e i t h e r  w e t  o r  
dry d e p o s i t i o n  a r e  comparable t o  t h e  dimensions of EPA F e d e r a l  Regions. The im-  
p a c t s  of i n t e r - r e g i o n a l  t r a n s p o r t  of s u l f a t e ,  a s  c a l c u l a t e d  f o r  t h e  1975 R I I A  
emiss ion inven to ry ,  a r e  shown i n  t h e  emi t t e r - recep to r  m a t r i x  i n  Table 5. Due t o  
t h e  connect ion w i t h  l i n e a r  h e a l t h  damage f u n c t i o n s ,  exposure i n  u n i t s  of ( m i l l i o n s  
of people)  x  (micrograms/meter cubed) has  been used h e r e  as a  measure of SO im-  4 
p a c t s .  Reading down t h e  columns of t h e  emi t t e r - recep to r  m a t r i x ,  w e  o b t a i n  t h e  
c a l c u l a t e d  SO exposure i n  a given r e c e p t o r  r eg ion ,  due t o  SO emiss ions  i n  each 4 2 

.emitter region.  Reading a c r o s s  t h e  matrix,we o b t a i n  t h e  r e g i o n a l  d i s t r i b u t i o n  of 
impacts (exposure) from a given emitter region.  Values less t h a n  - 5  a r e  omit ted  
from Table  5. 

/ 

TABLE 5 .  EMITTER-RECEPTOR MATRIX FOR SO4 EXPOSURE ( R I I A  1975) 

SUM 74 244 358. 296 622 13 6 1  4 15 2 

SEE TEXT FOR EXPLANATION OF TABLE, 

EXPOSURE = (MILLION PERSONS) x :MICROG~AM/CUBIC METER) 

Regions 3-5 h a v e ' h i g h  SO emissions ( see  Table  3) and a r e  l o c a t e d  upwind of major 
2  popu la t ion  c e n t e r s .  These regions  "export" exposure t o  each o t h e r  and a r e  calcu- 

l a t e d  (1975 RIIA) t o  account f o r  t h e  major i ty  of t h e  SO exposure i n  New England 
and t h e  Mid-Atlantic Regions ( 1  and 2). 

4 

The R I I A  1990 c a l c u l a t i o n s  show t h a t  r e l a t i v e  t o  1975 t h e  population-weighted SO 
concen t ra t ions  f o r  t h e  U .  S. decrease  by a  g r e a t e r  f a c t o r  than  emissions.  The 

4 

major p o r t i o n  of t h e  c a l c u l a t e d  improvement i n  SO a i r  q u a l i t y  i n  R I I A  1990 is 
X 

due t o  t h e  l a r g e  emission decreases  i n  Regions 3-3. Separa te  c a l c u l a t i o n s  ind ic -  
a t e  t h a t  a  r e d u c t i o n  of emissions i n  Regions 3-5 i s  p a r t i c u l a r l y  s i g n i f i c a n t  s i n c e  



t h e  SO impacts ,  p e r  u n i t  emission,  from many source  l o c a t i o n s  i n  t h e s e  r e g i o n s  4 a r e  among t h e  h i g h e s t  i n  t h e  U .  S.,  due t o  the i r .upwind  l o c a t i o n  r e l a t i v e  t o  major 
popu la t ion  c e n t e r s .  Conversely, t h e  d e t e r i o r a t i o n  of SO a i r  q u a l i t y  p r e d i c t e d  
i n  con junc t ion  w i t h  t h e  NCUA I Scenar io  is  a r e s u l t  of tEe l a c k  of improvement, 
r e l a t i v e  t o  1975, of emissions i n  Regions 3-5, coupled w i t h  t h e  i n c r e a s e s  i n  o t h e r  
r eg ions .  I n  1990, t h e  NCUA Scenar io  111 ( t h e  mid-range.scenar io  upon which most 
of t h e  a n a l y s i s  of NEP was performed) y i e l d s  a n  exposure t o  SO p e r  u n i t  emiss ion 
t h a t  is 17% h i g h e r  than i n  R I I A .  The comparable f i g u r e  f o r  N C ~ A  I is  a l s o  17% 
h i g h e r  than i n  RIIA. Th i s  f i g u r e  r e p r e s e n t s  t h e  e x t e n t  t o  which t h e  NCUA emiss ion 
s i t es  (as  compared wi th  t h e  R I I A  emission s i t e s )  a r e  l o c a t e d  unfavorably  w i t h  
r e s p e c t  t o  long-range t r a n s p o r t  of s u l f u r  oxides .  
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