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Introduct ion 

Methods are needed f o r  determining cont r ibu t ions  of emissions from coal- 
f i r e d  power p l a n t s  to  atmospheric po l lu t ion  problems ranging from t o t a l  sus- 
pended p a r t i c u l a t e  mat ter  (TSP) on a l o c a l  s c a l e  (10s of km) t o  s u l f a t e s  and 
acid p r e c i p i t a t i o n  on a regional  s c a l e  (100s of km). One of the best ap- 
proaches is receptor  modeling (A), in which unique chemical and other  charac- 
t e r i s t i c s  of emissions a r e  used t o  i d e n t i f y  cont r ibu t ions  from various 
sources. According t o  the mast widely used receptor  model, "chemical mass 
balances" (CMBs), the composition of a i rborne p a r t i c l e s  is expressed as a 
l i n e a r  combination of the composition pa t te rns  f o r  a l l  important sources: 

where 9 is t h e  concentrat ion of element ( o r  spec ies )  2 in an ambient p a r t i -  
cu la te  sample, y is the  mass concentrat ion contr ibuted by source J, and 3 j  
is the concentrat ion of element -& in p a r t i c u l a t e  matter from source J. Con- 
cent ra t ions  of many spec ies ,  3, in t h e  atmosphere and compositions of p a r t i -  
c les  from many sources ,  the  3 6 ,  are measured and a least-squares  f i t  t o  the 
9 values  is performed t o  obta in  t h e  source-strength terms, the  2 s .  The 0 5 s  
a r e  most successfu l  i f  the measured elements include some, of ten  c a l l e d  
"marker elements", t h a t  a r e  contr ibuted mainly by c e r t a i n  sources ,  e.g., Pb 
and Br from motor vehic les ,  V and N i  from o i l  combustion, As and Se from 
coal-f i red p l a n t s  (2). 

Progress  in t h i s  f i e l d ,  espec ia l ly  on an urban s c a l e ,  has been good (A), 
but t o  make receptor  modeling more prec ise  and t o  extend i t  t o  a regional  
sca le ,  we need g r e a t l y  t o  improve our knowledge of source-composition terms, 
the  3 j s ,  for  use in CNR ca lcu la t ions .  For t h i s  reason, we have assembled a 
source-composition l i b r a r y ,  which includes da ta  from the  l i t e r a t u r e  and our 
group's research  on compositions of p a r t i c l e s  from important types of air- 
pol lu t ion  sources. Here we report  on 21 s t u d i e s  of compositions of p a r t i c l e s  
re leased by coal-f i red power plants .  

Source-Composition Library 

W e  have t r i e d  to  make the source-composition l i b r a r y  as usefu l  as p a -  
s i b l e  f o r  i n t e r p r e t a t i o n  of e x i s t i n g  l a r g e  da ta  sets. Therefore, whenever 
size data  were a v a i l a b l e ,  we entered the compositions of "f ine" ,  "coarse", and 
" to ta l"  p a r t i c l e s .  W e  def ine  f ine  p a r t i c l e s  as those of diam <2.5 p and 
coarse p a r t i c l e s  as those with diameters from 2.5 p up t o  the  maximum col- 
lec ted  in a given experiment, usual ly  15 t o  20 p. Most data  were taken with 
d i f f e r e n t  size cuts, so it was necessary t o  group da ta  in d i f f e r e n t  ways and 
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interpolate around the 2.5-urn region. The "total" category (a properly 
weighted combina tion of fine.and coarse particles) was included for CMB 
treatments of many otherwise excellent ambient particle data sets containing 
no size information. The "total" component also contains data from source 
studies in which no size information was obtained. Some source categories 
would contain few entries if restricted only to size-segregated data. 

Most recent data sets are accompanied by estimates of errors of the mea- 
surements or  observed sample-to-sample fluctuations, which we have entered 
into the library, as it is important to weight various data sets by some in- 
verse function of the uncertainty (traditionally 1 / 0 2 ,  which we have used) to 
compute overall averages and their uncertainties. The latter are important, 
as modern CMf! programs use uncertainties of source compositions in weighted 
least-squares fitting procedures. We excluded fluctuations arising from 
variations of mass loading of the stacks or errors in the air volume sampled. 
For receptor modeling, the appropriate errors for weighting are those of the 
concentrations of the species in the particulate mass (or relative to that of 
some normalizing element, if mass was not measured). For each source type, we 
normalized concentrations of all elements to that of a prominent element, 
e.g., Al for emissions from coal-fired plants. However, when a data set con- 
tains reliable information on mass, we enter a value f o r  mass relative to the 
normalizing element to retain that information. Data for 21 studies of coal- 
fired plants (including more than one study of some plants) are included in 
the library. 

Compositions of Particles from Coal-Fired Plants 

When coal burns, elements present in the carbonaceous phase tend to be 
liberated to the Eas phase, whether or not they are volatile. Aluminosili- 
cate fragments, the "ash" of coal, melt and outgas volatile species, but are 
only slightly vaporized (6). When the exhaust stream leaves the combustion 
zone and cools, major portions of the moderately volatile elements condense on 
pre-existing particle surfaces and, as finer particles present more surface 
area, these elements become preferentially associated with fine particles (2). 
Fine particles also tend to be transmitted through pollution-control devices 
more readily than large particles. Thus. moderately volatile elements tend to 
be enriched relative to lithophiles such as Al and Si with respect to the 
input coal. 

Instead of considering raw compositions of particles from coal combus- 
tion, we use enrichment factors, EF, which are easier to interpret: 

where Cs are concentrations of element X and Al, respectively, in the parti- 
cles azd average crustal material of the earth (2). 
unique choice of normalizing element; others such as Si or Fe can and have 
been used. ) 

(Note that Al is not  a 

The EFcrUst values are plotted in Fig. 1 for the "total" category for all 
elements for which there are significant data. We assume that distributions 
are logaormal and have plotted logs of the (unweighted) geometric means plus  
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and minus t h e  log of the  geometric standard devia t ions  to show the v a r i a b i l i -  
t y  of compositions. 

In Fig. 1, many elements (mostly l i t h o p h i l e )  are only s l i g h t l y ,  i f  a t  
a l l ,  enriched with respect  t o  the c rus t :  the a l k a l i n e  e a r t h s ,  the higher 
a l k a l i  meta ls ,  t h e  r a r e  e a r t h s ,  Sc, T i ,  Fe, Z r ,  Hf and Th. That is, these 
elements occur i n  the same r e l a t i v e  concentrat ions i n  coal emissions as i n  
s o i l  or rocks,  so they a re  of l i t t l e  value i n  d i s t inguish ing  between coal 
emissions and a i rborne  s o i l  i n  CWB ca lcu la t ions .  Some elements a re  depleted 
r e l a t i v e  t o  the c r u s t  because they were washed out of the forming coa l  i n  the  
ground: N a ,  K and Mn. (Tantalum i s  probably not depleted;  r a t h e r ,  the  
c r u s t a l  abundance is  i n c o r r e c t l y  large.)  Many elements a r e  enriched up to  
ten-fold, e s p e c i a l l y  t r a n s i t i o n  elements V, C r ,  Co, N i ,  Cu and Zn. The high- 
est EFs, up t o  10,000, a re  f o r  elements tha t  a r e  v o l a t i l e  or have v o l a t i l e  
compounds: B, P, S, C 1 ,  As, Se, B r ,  Mo, Ag, Cd, In, Sb, I, Hg and Pb. In 
general ,  t h e  elements of t h i s  group w i l l  be the  most useful  f o r  t rac ing  
emissions from coal - f i red  p lan ts  unless g r e a t e r  amounts a r e  re leased by other  
sources: Pb, B r  and C 1  from combustion of leaded gasol ine;  Mo from o i l  in 
eas te rn  U.S. c i t i e s ;  Ag, Cd, In and Sb from i n c i n e r a t o r s ,  i f  they a r e  i n  use; 
haloKens from sea  s a l t  in marine areas .  

A major problem with these highly v o l a t i l e  elements is t h a t  appreciable 
f rac t ions  remain i n  t h e  g a s  phase beyond t h e  pol lut ion-control  devices ,  but 
port ions of the  vapor m y  condense when the s t a c k  gases a r e  cooled and d i lu ted  
by ambient air. Thus, concentrat ions of many of these elements on p a r t i c l e s  
may be g r e a t e r  a t  the ambient sampling s i t e  than i n  the  hot s tack.  Major 
port ions of S, C 1 ,  S e ,  Br  and Hg a r e  known t o  be i n  the  gas phase i n  s tacks 
(1); Se (5) and, of course,  S are  known t o  become more s t rongly  associated 
with p a r t i c l e s  i n  ambient air. New sampling methods a r e  needed to  obtain 
p a r t i c l e s  more similar to those tha t  e x i s t  a f t e r  some time spent i n  ambient 
a i r .  Di lut ion source sampling, i n  which s t a c k  gases a r e  mixed with f i l t e r e d  
ambient a i r  before  sampling (9). is  a s tep  i n  the  r i g h t  d i r e c t i o n ,  but s tud ies  
f a r  downwind i n  plumes are  mfe s a t i s f a c t o r y ,  e.g., the  co l lec t ion  of par t i -  
c l e s  from the  Four Corners p lan t  on a mesa 8 !a from the s t a c k  by Wangen (IO). 
Although t h e  gas-phase problem i s  a nuisance f o r  determining appropriate  par- 
t i c l e  compositions, vapor-phase species  could serve as useful  t r a c e r s  i f  more 
work were done on them. 

Concentrat ions of some of the most highly enriched elements i n  Fig. 1 
a l s o  have some of the highest  v a r i a b i l i t i e s ,  the BF values of ten  coveting 
more than an order  of magnitude. In p a r t ,  the  v a r i a b i l i t y  may r e s u l t  from 
f luc tua t ions  i n  t h e  amount of vapor-phase spec ies  co l lec ted  by the p a r t i c l e s  
before they are sampled. However, much of the v a r i a t i o n  a r i s e s  because the 
l i b r a r y  contains  d a t a  f o r  a wide range of p l a n t s ,  some burning e a s t e r n  (most- 
l y  bituminous) c o a l ,  some burning western (subbituminous and l i g n i t e )  coal ,  
some equipped with 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  (ESPs), o thers  with scrubbers. 
We can at tempt  t o  e l imina te  var ia t ions  caused by f luc tua t ions  of composition 
of the input  coal  by consider ing enrichment f a c t o r s  with respect  t o  input 
coal ,  AFcoal, the  same as  Eq. 2 ,  except with ( C ~ / w ) ~ ~ ~ l  i n  the  denominator. 
(Note tha t  t h e  populat ion of u lan ts  drops t o  about h a l f ,  as coa l  was not 
analyzed i n  the  o thers . )  We have l i s t e d  EF d a t a  f o r  several  of the enriched 
elements in Table 1. The key measure of v a r i a b i l i t y ,  independent of the 
mavf tude  of t h e  mean value, i s  oK. Much as i n  our earlier inves t iga t ion  with 
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fewer data  (g), we see t h a t  the use of EFcoal ins tead  of EFcrUst reduces 
f l u c t u a t i o n s  for  some elements (V, I. W, U and, e s p e c i a l l y ,  Se and Mo),  but 
increases  them f o r  t h e  o t h e r s ,  so t h i s  technique is  not a complete s o l u t i o n  t o  
t h e  problem of v a r i a b i l i t y .  

Another approach involves  the r e a l i z a t i o n  t h a t ,  f o r  receptor  modeling i n  
a given region,  the component should not include d a t a  from a l l  p l a n t s  inves- 
t i g a t e d ,  but from those most representa t ive  of the  types of p lan ts  present  i n  
t h e  region. For example, for study of eas te rn  U.S. c i t i e s  o r  the acid r a i n  
problem i n  the northeast  U.S., the  component should be made up mainly from 
d a t a  for  eas te rn  p lan ts  equipped with ESPs. Note i n  Table 1 t h a t ,  except f o r  
B r ,  Mo and Pb, there  a r e  reduct ions i n  ag, some q u i t e  s i g n i f i c a n t ,  when we 
consider only t h i s  group of plants .  The removal of p l a n t s  with scrubbers 
he lps  espec ia l ly  i n  the  case of Se, as  scrubbers g r e a t l y  increase  the  EF of Se 
(and S) on released p a r t i c l e s .  

Another possible  source of f l u c t u a t i o n  is the  e f f i c i e n c y  of the ESP as  a 
funct ion of p a r t i c l e  s ize .  Some of t h i s  v a r i a b i l i t y  should be removed if we 
consider only f i n e  p a r t i c l e s .  Data i n  Table 2 show t h a t  there  a r e  f u r t h e r  
reduct ions of i n  most cases  tha t  can be t e s t e d  (along with expected in- 
creases  i n  mean EF) when we consider only f i n e  p a r t i c l e s .  I n  the  f i n a l  col-  
umns, we show the a r i thmet ic  average and s tandard devia t ion  for  the f i n e  par- 
ticles, i n  t h i s  case,  properly weighted by 1 /02  of the  ind iv idua l  measure- 
ments. By thus r e s t r i c t i n g  the d a t a ,  we have obtained r a t h e r  small var ia-  
t i o n s ;  however, very few d a t a  s e t s  a r e  included i n  t h i s  group, so more s t u d i e s  
are needed t o  e s t a b l i s h  r e l i a b l e  composition pa t te rns .  Some of the remaining 
f l u c t u a t i o n ,  e.g., f o r  Se, surely r e s u l t s  from v a r i a t i o n  i n  the amount of 
vapor-phase species  t h a t  condensed before p a r t i c l e s  were co l lec ted .  

Recommendations 

More da ta  on composJtions of p a r t i c l e s  and vapors from coal-f i red p l a n t s  
a r e  needed f o r  receptor lnodel ing ca lcu la t ions .  Special  e f f o r t s  shoud be made 
t o  analyze f o r  the highly enriched elements, which provide the  best  t r a c e r s  of 
emissions from coal-f i red plants .  P a r t i c l e s  should be co l lec ted  i n  a t  l e a s t  
two s i z e  f r a c t i o n s  and samples of the input  coal should be analyzed. More 
e f f o r t  is needed t o  c o l l e c t  p a r t i c l e s  representa t ive  of those co l lec ted  a t  
receptor  s i t e s ,  e.g., by d i l u t i o n  source sampling o r ,  p referab ly ,  sampling as 
f a r  as poss ib le  downwind i n  plumes. 

E 
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Table 1. Enrichment Factors for Selected Elements Borne by Total Particles 
from Coal-Fired Power Plants. 

All Plants Eastern Plants with ESPs 
Element fircrust &rcoal &!crust 

xg % xg xg 'Jp 

V 
N i  
Zn 
AS 

Se 

Br 
Mo 
Cd 
I 
w 

Pb 
U 

3.6 2.8 15 2.5 2.0 8 
3.5 2.8 16 2.8 3.6 9 
8.3 3.1 20 7.0 2.5 12 
90 4.4 18 2.8 5.6 8 

1400 6.3 18 8.4 3.1 9 

27 6.7 6 1.4 8.3 2 
76 4.5 9 4.6 4.6 10 
64 3.5 7 7.4 3.8 4 
190 6.8 3 4.0 2.2 2 
4.0 1.2 4 2.7 1.02 2 

9.7 3.2 18 4.0 4.0 9 
2.6 2.7 5 1.7 2.2 4 

2.8 
2.45 
7.0 
135 
950 

13 
34 
520 
570 
4.1 

5.7 - 

1.8 8 
1.6 7 
3.4 8 
2.1 8 
3.4 8 

7.2 3 
1 
1 

1.4 2 
1.0 2 

4.0 7 

- 
- 

- - 

Table 2. Enrichment Factors for Selected Elements Borne by Fine Particles 
from Eastern Coal-Fired Power Plants with Electrostatic Precipita- 
tors. 

Element EFCKUSt 

Geometric Weighted Arithmetic 
X f U  xg % 

V 
N i  
Zn 
As 
Se 

Br 
MO 
Cd 
I 
w 

Pb 

3.1 1.6 6 
4.2 1.2 5 
5.5 1.7 6 
280 2.0 6 
1440 2.5 6 

41 10 3 
97 - 1  - - 0  

1180 1.0 2 
9.1 1.1 2 

9.9 1.9 4 

1.73.9 
4.0f1.0 
4.1 fl. 1 
205 S O  
990f690 

6.8k2.9 
97 f35 

1180245 
- 

9.23.6 

14 f5 
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Fig. l . ( a )  Enrichment f a c t o r s  for  t o t a l  suspended p a r t i c l e s  from coa l - f i red  
power plants of a l l  types  with respec t  t o  Wedepohl's c r u s t a l  
abundances (6) : Be-Sr. 
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Fig. 1. (b) Same for Y-u. 
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