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RADIOLOGICAL IMPACT OF AIRBORNE EFFLUEUTS OF C O A E F I R E X  
ADD T\TUCLEAR POWER PIANTS 

J. P. McBride, R.  E. Moore, J. P. Witherspoon, and B. E. Blanco 

ABSTRACT 

Raaiological impxct of na tura l ly  occurring radionuclides 
i n  airborne e f f luents  of a model coal-f i red s t e m  plant 
[lo00 MFl(e)] i s  evaluated assuming a release t o  the  atmosphere 
of 1 percent of t h e  ash i n  the  coa l  burned and compared with 
t h e  impact of radioactive materials i n  t h e  airborne e f f luents  
of model light-water reactors  [lo00 MW(e)]. 
exposure pathway f o r  radioactive mater ia ls  released from 
both types of p lan ts  i s  ingestion of contaminated foodstuffs.  
For nuclear p lan ts  immersion i n  t h e  airborne eff luents  i s  
a l so  a s ign i f icant  f ac to r  i n  the  dose commitment. 
t h a t  t h e  coa l  burned contains 1 ppm uranium and 2 17pm thorium 
together with t h e i r  decay products and using the  same impact 
analysis methods used i n  evaluating nuclear f a c i l i t i e s ,  t h e  
maximum individual  dose commitments from the  coa l  plant  f o r  
t h e  whole body and most organs (except the thyroid)  are shown 
to be grea te r  than those from a pressurized-water reactor  
(?XI?) and, with the  exception of the  bone and kidney doses, 
l e s s  than those from a boiling-water reactor  (BWR). With 
t h e  exception of t h e  bone dose, t h e  maximum indlvidual  dose 
commitments from t h e  coal. plant  a re  less than the  numerical 
design guideline limits l i s t e d  i n  10 CFR 50, Appendix I, fo r  
light-water reactors  (LWRs). Population dose commit;ments from 
t h e  coal plant  are higher than those from e i the r  nuclear p lan t ,  
except for the  thyroid dose from the boiling-water reactor .  
‘The use of coal  containing higher uranium concentrations 
and/or higher pa r t i cu la t e  re leases  (>> l$), charac te r i s t ic  
of t he  present coal-f i red power industry,  could r e s u l t  i n  
dose commitments from a coa l  plant  several  orders of magnitude 
higher than those estimated i n  t h i s  study. Methods f o r  es t i -  
mating these higher dose commitments a re  presented. The study 
i s  l imited to a comparison of the radiological  impacts of 
airborne eff luents  from model coal-f i red and nuclear power 
p lan ts  and does not compare t h e  t o t a l  radiological  impacts 
of  a coa l  versus a nuclear economy. It i s  concluded t h a t  an 
evaluation of the  radiological. impact on t h e  environment 
should be included i n  t h e  assessment of both coal-f i red and 
nuclear power plants .  

The p r inc ipa l  

Asswnily: 
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1. INTRODUC'i'lON 

Studies have been made i n  -the past fcw years of '<he amounts of 

na tura l ly  occurriYng radioact ive substances emitted i n  the airborne 

eff luents  of coal.-fired power p lan ts  (1-5) as well  as the  rad ioac t iv i ty  

i n  the  releases  from nuclear power p lan ts  (3, 6 ) .  
impact of these  substances has general ly  been evaluated i n  t e r m  of t he  

rad.iiation protect ion guides set f o r t h  by the  Federal. Radiation Council, 

t h e  In te rna t iona l  Commissi.on on Radiological  Protection, and Yart 20 of 

Ttt1.e 10 of the  Code of Federa,]_ Regulations. The s tudies  showed Lhat 

re leases  of radioactive mater ia ls  from coal-f i red plan'is and nuc1ea.r 

p lan ts  were wel l  within tlie limits contained i n  these regulations.  How- 

ever, where est3.maiec were made of t he  radiological  impact of stack e f f luents  

of the  coa l  planLs, t he  studies were l imi ted  t o  ai1 assessment of  the  

radiological  dose through the  inhalat ion pathway and did not include t h e  

ingestion pathway (3,  7 ) .  

in.g rad-5-oactive mater ia ls  such as radium and thorium. Recently, new 

regulat ions have been issued which contain numerical design guides f o r  

l imi t ing  the  re lease  of radioact ive ma 'Ler ia , l s  from l ight-water-reactor 

(1,WR) nuclear power p lan ts  t o  values which a re  "as l o w  as i s  reasonably 

achievable" (AIABA) (8).  These values are &out 100 times lower than 

rad io logica l  guides i n  the  prrevious regul-attons. Therefore, we undertook 

t o  reevaluate airborne re lesses  of radioactive mater ia ls  from coal - f i red  

plan-ts, t o  estimate the  po ten t i a l  radiologLea,l impact (doses t o  individxsls  

a n 3  p q u l a t i o n s )  of these  releases ,  and to compare them w i - t h  the  airborne 

releases  aifl radiological  impacts from nuclear plants -that conforrn t o  the  

new regulations.  

of ai.rr'borne radi.oact;i_ve mater ia ls  re leased from a model ad-vanced l.OOO-MbT( e ) 
coal - f i red  plant  ( the  source term),  (ii) t o  ca lcu la te  t he  radiological  

Poten t ia l  radiological  

ingest ion i s  -Yne important pathway when consider- 

The method used w-as (i) k o  estimate t h e  annual amunts  

doses received via a l l  exposure pat'nways, and. (iii) Lo compare the  estimated 

doses with the  desi.gn object ive guide]-i.nes specif'ied i n  -the Code of Federal  

Regulations for LKR power s ta t ions  (10 CFR 50,  Appendix I ) ,  and with the 

estimaLed radiologicsl doses frcm thc airborne e f f luents  of a mod.e1 

I.OOO-rJN( e )  pressurized-water reac'ioy (PWR) and ;?. model lOOO-!/lW( e )  
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boiling-wat*r re8,ct.x (BWB) . Vari2bles considerzd for the coal-f i red plant  

were the  mounts of radioactive mater ia ls  i n  various types of' coal  arrd caal 

ashes, zfflcicnc::y o€ fAy-ish co l lec t inn ,  stack height ,  and modes by which 

radigzctive mater ia ls  and radi-ation are transferred Lo r f i m  (i. e. ,  ingestion, 

inhalat ion,  d i r ec t  radiatiorL, e t c .  ) I 

Results of t he  present analysis should not be construed t o  represent 

a complete comparison of' the  radiological  impact of a nuclear energy 

economy versus a coa l  economy. A t r u e  comparison would have t o  include 

the  e n t i r e  nuclear fuel cycle for a nuclear power econoqy (i. e , ,  mining 

and mil l ing operations, enrichment f a c i l i t i e s ,  f u e l  fabr ica t ion  <and re- 

fabr ica t ion  plants, f u e l  reprocessing, and waste management), arid analysis 

of the  impact of other phases of t he  coa l  f u e l  cycle such as mining and 

waste management. For example, t h e  f a t e  of the  bottom ash f r o m  the  

boilers and p rec ip i t a to r s  of the  coal  p lan t ,  which contains most of the  

rad ioac t iv i ty  i n i t i a l l y  present i n  the  coal,  would determine the  po ten t i a l  

f o r  addi t ional  rad ia t ion  exposure from the  coal f u e l  cycle. 

are generally flushed with water t o  ash ponds where elements may be 

leached from the  ash and en ter  the  aquatic environment i n  runoff. Similar- 

l y ,  the  toxic  e f f ec t s  of radioactive waste mater ia ls  produced a t  coa l  

mines should be evaluated. 

These ashes 

The present survey i s  l imi ted  to a comparison of the radiological  

impacts of the airborne e f f luents  from coal-f i red and nuclear power plants .  

The anounts of radioactive mater ia ls  released i n  l i q u i d  e f f luents  from 

nuclear power plants a re  wel l  kaown and have been documented (6) .  
the  r a t e  of movement of radioactive mater ia ls  from coal  slag and ash p i l e s  

i n  leaching waters i s  not known. Conzeyuently, a comparison of t h e  radio- 

l o g i c a l  impact of t he  l i qu id  e f f luents  from coal-f i red and nuclear power 

p lan ts  was not made. 

IIowever, 

2. T\IATUTIAL RADIOACTrVITJ I N  COAL 

Coal contains s m a l l  quant i t ies  of 238U, 236U, 232Th, and t h e i r  radio- 

ac t ive  daughter products i n  secular equilibrium ( 9 ) .  
i s  a steady-state condition i n  which the  rate of formation of the  radioact ive 

Secular equilibrium 



daughter products i s  j u s t  equal t o  t h e i r  r a t e  of decay, i . e . ,  a c t i v i t i e s  

o f  radioactive parent and daughter a re  the  same. 

IJranium and. thorium contents of coal  from I l l i n o i s  and Western 

Kentucky sampled i n  a study of the  Allen plant  (near Memphis, Tenn .  ) 
ranged f r o m  1 .7  t o  3.3 ppm uranium and 2.4 t o  3.0 ppm thorium as measured 

by neutron act ivat ion (10). 

Creek plant  (near Bridgeport, Alabama), the  1irani.m and Ghorium contents, 

estimated from the  specif tc  alpha a,ctivity i n  the ashed coal,  ranged from 

0.4 t o  2.5 ppm and 0.3 t o  3.6 p p ,  respectively ( 7 ) .  

In  Appalachian coals sampled a t  the Widows 

TJranium and thorium contents of fly ash co l lec ted  a t  the Allen plant  

were 30 sand 26 ppm, respectively,  which, assuming a 10-percent ash conten-t 

i n  t he  coal  and no enrichment of the  elements 3.n the fly ash, extrapolates 

t o  3.0 ppn uranium and 2.6 p p  thorium i n  the coal  (11). 

o f  the  fly ash col lected a t  the Kingston plant  (near Kingston, Tenn.) 

showed a uranium concentration of 25 ppm (E).  

Chemical analysts 

Eisenbud and Petrow measured t h e  amounts of "'Ra and "*Ra 5-n f1.y 

ash from t h e  combustion of s i x  samples of Appalachian coal  and estimated 

the  average uranl.um and thorium contents of the coal  (assinning secular 

equilibrium) t o  be 1.1 and 2 p p ,  respect ively (1). 

based on the rsd3-m content of t'ne f ly  ash f r o m  a var ie ty  of coals i n  

ref. 3 (c f .  Table 1)  give average values for t'ne uranium and thorium con- 

t e n t s  of -t;'rie coals of 0.7 'GO 1.9 p p ,  respectively.  

S i m i l a r  extrapolations 

An analysis of the data i n  Tables 1 and 2 indicahe t h a t  concentrations 

of 1 ppm uranium and 2 ppm t'nroium would be representative of coal  from 

these sources, p r inc ipa l ly  Appalachia coal. 

t h o r i m  concentrations i.n 799 coal  samples from a l l  regions o f  the  United 

S ta tes  i.s presented 7.n a &aft  report  by the  United States  Department of 

the  In t e r io r  Geologic Survey (13) .  These data are  summarized i n  Table 3 

and indicate  t h a t  concentrations of 1. -ppm f o r  uranium and 2 ppm for thorium 

i n  coal. are  reasonable estimates of the average values f o r  a l l  coal  i n  t he  

United S ta tes .  However, the data also show t h a t  some coals contain concentra- 

t i ons  several  orders of magnitude higher than these values. Based on these data, 

we have selected concentrations o f  1.-ppm uranium and 2 ppm thorium i n  the 

coal  t o  develop a source term f o r  the  model lOOO-MW(e) coal plant  used i n  

t h i s  s'iud.y. Comparisons were also made for t'ne combustion of  coal  contain- 

ing 2 ppm o r  uranium and 2 ppm of Ynorium. 

A survey of t'le uranium a n d  
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Table 1. Radioactivi-ty in f1.y ash from coal a 
...........I_ -.........-......___.....___....I___ ........ __ Concentration - ~ - - .  (pCi /g  !ry f l y  ash) 

.... 32Th  Invest ipttor 22CRa 228Ra 22aTh ..... 
L_ I..,. ___ ... -..l_l_ __l_l_ 

Source 
I_ - 
Appalachian coal  Eisenbud et a l .  3.8 2 . 4  2.6 c 

Utah coal Eisenbud e t  a l .  1.3 0.8 1.0 C 

Eisenbud et 81.. 1.3 1.6 C 

b 

C Wyoming coa l  

Alabama coal Ei-senbud e t  al. 2.3 2.2 2.3 C 

TVA coal  Stone 
d Hsrtsville c o a l  

Co lbe r t ,  TVA, coa l  

Widows Creek, TVA, 
coal SERIIL 

S E R H L ~  

SERHL 
€ 

4 . 3  2.9 2. . 9 2 . 9  

2.3 3 . 1  C 3 . 1  

3 . 1. 6.9 1 . 6 g  6 .98  

1.6 2 . 7  2.8 2.7  

a,J. E. Martin, E. 1). Harward, and 13. T. Oakley, ltComparison o f  Radioactivity from 
Fossil-Fuel and Nuclear Power Plants," Environmenrai Effects Of-Yroducin~EElectric 
Power - Part I. Appendix 1 4 ,  Committee Print, Joint Committee OD Atomic: Energy 
_I_ 

91st Congress of the U.S., 1 s t  Session, Table 1, p.  7 7 7 ,  Washington, D. C . ,  
November 1969. 

bAverage values  for samples of T l y  a s h  obtained from the combustion of 6 different 

'Analysis not performed. 

dAverage values for '"Ra and 232Th i n  5 samples of fly ash; 228Ka assumed i t 1  

e 

samples of semibituminous coal from Appalachian mines. 

secular equilibrium with 2 3 2 T h .  

S o u t h e a s t e r n  Radiological Health Laboratory, HEW Bureau of Radiological Heal tli; 
since December 1970, the Eastern Environmental Radiation Laboratory,  Environ- 
mental Protection Agency, Montgomery, AI abama. 

fAverage QE 12 samples; "*REI assumed in secular equilibrium with 237Th. 

of these numbers would a ear to be in error. In secular equilibrium, 
t h e  activities o f  "*Th and '"Th should be the same. 
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Table 2 .  Uranium and thorium contents  of va r ious  coa l s  

Concentration (ppm) 
Inves t  i p t - o r  EsL-imat i on  methoda Uranium Thorium _ _  Coal source ._.___.... 

Allen ,  TVA 

West Kentucky 

E a s t  Tennessee 

North Alabama 

Widows Creek, TVA 

Allen,  TVA 

Kingston, TVA 

Appalachia 

Utah 

Alabama 

Wyoming 

TVA 

H a r t s v i l l e  

Colber t ,  TVA 

Widows Creek, 'TVA 

Bolton e t  al. 

Bedrosian e t  a l .  

Bedrosian e t  a l .  

Bedrosian e t  a l .  

Bedrosian et  a l .  

Fulkerson et  al. 

Seeley 

Eisenbud e t  a l . c  

Eisenbud e t  a l . c  

Eisenbud e t  a l . c  

Eisenbud e t  a l . c  

StoneC 

SERHL' 

SERHL' 

SERHL' 

b 
Neutron a c t i v a t i o n  

Spec i f i c  alpha a c t i v i t y :  
ashed coal 

Spec i f i c  alpha a c t i v i t y ;  
ashed c o a l  

Spec i f i c  alpha a c t i v i t y :  
ashed coa l  

Spec i f i c  a lpha  a c t i v i t y :  
ashed coa l  

Chemical a n a l y s i s  uranium, 
thorium i n  f l y  ash 

Chemical a n a l y s i s  uranium 
i n  f l y  ash 

226Ra, 228Ra i n  f l y  ash  

226Ra, 228Ra i n  f l y  ash 

226Ra, 228Ra i n  f l y  ash  

228Ra i n  f l y  ash 

226Ra, 232Th i n  f l y  ash 

226Ra,  232Th i n  f l y  ash  

226Ra  i n  f l y  ash  

226Ra ,  232Th i n  f l y  ash 

Range 

Average 

2 . 7  

2 . 1  

1 . 3  

2.5 

0 . 5  

3.0 

2.5 

1.1 

0 .4  

0.6 

- 
1 . 3  

0.6 

0.8 

0.5 

0.4-3 .O 

1 . 4  

2.7 

0.6 

0.6 

1.0 

2 . 1  

2.6 

- 

2.0  

0.7 

1.8 

1.1 

2.6 

2.8 

- 

2.5 

0.6-2.8 

1.8 

a m e r e  coa l  sample w a s  not analyzed d i r e c t l y  f o r  uranium and thorium, t h e  uranium and thorium contents  
were estimated from analyses  of t h e  f l y  ash assuming 10% ash i n  the  o r i g i n a l  coa l  and secu la r  
equi l ibr ium wi th  t h e  r ad ioac t ive  daughters.  

bAverage va lues  f o r  uranium and thorium contents  i n  3 and 2 samples of coa l ,  r e spec t ive ly  (cf Ref. 9 ) .  

'Estimated from information i n  Table 1, Ref. 3 ,  p. 777 (cf Table 1 of t h i s  r e p o r t ) .  

dSoutheastern Radio logica l  Health Laboratory,  HEW Bureau of Radiological Health;  s ince  December 1970, 
t h e  Eas te rn  Environmental Radiation Laboratory,  Environmental P ro tec t ion  Agency, Flontgomery, Alabama. 



Table 3. Range of uranium and thorium concentrat ions and geometric means 
(expected values)  f o r  coa l  samples taken from var ious  regions 

of t h e  Cnited S t a t e s a  

Thorium concentrat ion Uranium concentrat ion 
Number ( p p d  b p m )  

of Geometric Geome t r i c  
Region Coal rank samples Range mean Range m e  an 

Pennsylvania Anthraci te  5 3  0.3-25.2 1 . 2  2.8-14.4 4.7 

Bituminous 331 <O. 2 -10.5 1.0 2.2-47.8 2.8 
b 

Appalachia 

I n t e r i o r  Bituminous 143  0 .2-43  1.4 <3-79 1.6 
C 

Northern Great P la ins  Subbituminous, l i g n i t e  93 a. 2-2.9 0 .1  <2.0-8.0 2.4 

Gulfe Ligni te  34 0.5-16.7 2.4 <3.a-28.4 3.0 

Bituminous, 
subbituminous 

f 
Rocky Mountain 134  43.2-23.8 0 . 8  <3.0-34.8 2 .0  

Alaska Subhituminous l a  0 .4 -5 .2  1 .0  <3.0-18 3.1 

aV. E. Swanson, J. H. Medlin, e t  a l . ,  "Collect ion,  Analysis ,  and Evaluation of  Coal Samples i n  1975," U.S. 

bPennsylvania, Ohio, Maryland, k'est Vi rg in ia ,  Vi rg in ia ,  Kentucky, Tennessee, Alabama. 
C 

dNorth Dakota, Montana, Wyoming. 

Department of t h e  I n t e r i o r ,  Geological Survey, Open-File Report, 76-468 ( 1 9 7 6 )  Draft .  

Michigan, Indiana,  Iowa, Nebraska, Missouri ,  Kansas, Oklahoma, Arkansas. 

e 

fWyoming, Colorado, Utah, Arizona, New Mexico. 

Alabama, Miss i ss ippi ,  Arkansas. 

Note: The analyses  f o r  uranium and thorium were performed on whole coal .  
The a r i thmet ic  average concentrat ions of thorium and uranium i n  ppm for  a l l  coa l  samples and var ious 
ranks of coal  f o r  t h e  whole United S t a t e s  are as  follows: 

Coal rank 

A l l  coal  
Anthraci te  
Bituminous 
Subbituminous 
Ligni te  

Thorium Uranium 
Samg l e  s (ppm) ( P P I  

799 4.7  1 .8  
53  5 . 4  1 .5  

509 5.0 1 . 9  
183 3 . 3  1 . 3  

54 6 . 3  2.5 
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3. SOURCE TEKM POH A MODEL ADVANCED lOOO-lirJ(e) 
COAL-FIRED WIJEX P W ' T  

The source tern describring the  a;mouklts of radioactive mater ia ls  

:released from a model adv-anced 1000-MW(e) coal.-fired power plant  was 

developed f r o m  operating data given i n  a recent mass-balance study f o r  

t r ace  elements i n  one of three un i t s  a-i; TVA's Thomas A. Allen steam pla:int 

a t  Memphis, Tern, (10, 14). 
at a coal  consu:mp-'iion r a t e  of LO6 toris/hou.r. 

cyclone-fed boilerr, and l;he ash was distri.buted between the  slag and. fly 

ash a t  a r a t i o  oP about 3 t o  2. 

obtained i n  more conventional plants  t h a t  use a blower-fed boi le r  where 

80 t o  90 percent of the ash appears as f1.y ash. 

cy e l ec t ros t a t i c  preci>i ta toy l imited t'ne m o u i t  of f7.y ash released to 

t h e  atmosphere 'io about 1 percent of the t o t a l  ash i n  the coal, which con- 

forms to EPA emission standards (See Sect. 6.4).  The percentage of ash 

released by other coal. plants  throughout the United S ta tes  i s ,  i n  general, 

higher than this and., in some cases, Inore than an order o f  magnitude 

higher (See Sect. 6.4).  Thus the calculated source tenmi repi-esent,s 

the  radioactive re lease  when the m s t  a,dvanced avai lable  technology i s  

u.sed f o r  abatement of particula-Le emissions. 

Tnis un i t  had a peak cayacity of 290 MN(e) 

'The coal  was burned i n  a 

'This disti- ibution i s  i n  contrast  t o  that 

The use of a high-efficien- 

Assuming an 80-percent capacity f ac to r ,  the uni t  consumes 7.43 x 18 

tons of coal  per  year, which i s  equivalent 'LO 6.74 x ld' g,/year or  

2.32 x 18 g/Mw( e )  -year. 

centrat ions of 3. ppsn f o r  the uranium a.nd 2 p p  f o r  the thorium would be 

2-32 x Id g/MW(e)-year and 1-1.64 x 18 g/MW(e)-year, respectively.  

Assuming t ha t  all t h e  u r a n i u m  and thorium are  i n  the ash and tha t  1 percent 

of the  ash i n  the coal I s  released t o  the  atmosphere, about 23.2 g/Md(e)-year 

of uranium am3 46.11 g/MW(e)-year of thorium and associated nonvola'bile 

radioactive daughter products would be released with the ash. Annual 

relea,ses from a 1000-MW(e) s t a t ton  with tine same operating parameters 

would be 2.32 x 18 g of uranium and h.64 x 1-04 g of thorium and associated. 

nonvolati le radioactive daughter products a 

Urantum and Lhoriurn inputs t o  the un i t  at con- 

A source term based on the  release of 1 percent of the  f l y  ash w a s  cal-  

culated (Table 4) asswnin-g tha t  the radi-oac-Live daughters of "*U, a 3 6 U  and 
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Tab le  4. E s t i m a t e d  a n n u a l  a i r b o r n e  r a d i o a c t i v e  materials released from 
a model LOO0 MW(e1 c o a l - f i r e d  power p l a n t  ( s o u r c e  term)" 

------------- --.I__-p .-1_..- __ __ ...._ I_.. 

R e  lease s 
(Ci/year) -____-_ -.-.-.----_II__----. I s o t o p e  I_ 

U-238 c h a i n  - 
U-238 

Th-234 
Pa-234m 

U-234 
Th-230 
Ra-226 
Po-218 
Pb-214 
Ri-214 
Po-214 
Pb-210 
Bi-210 
Po-21.0 

[J-235 c h a A  

U-235 
Th-2 31 
Pa-2 31 
Ac-227 
Th-22 7 
Ra-223 
Rn-219 

Bi-211 
Pb-211 

TI-207 

Tti-232 c h a i n  

Th-232 
Ra-228 
Ac-228 
Th-228 
Ra-2 2 4 

Bi-212 
Pb-222 

TI-208 

Radon releases 

Rn-220 
Rn-222 

3.5 x lo-' 
3 . 5  10-4 
3.5 10-4 
3 . 5  x 10-4 
3.5 10-4 
3 .5  x 10-4 
3 .  5 x L o - 4  
3 .5  10-4 
3.5 10-4 
3.5 10-4 

5 
5 x 10-3 
5 x 10-3 
5 x 10---3 
5 10-3 
5 10-3 
5 x 10-3 

1 . ~ 8  10-3 

0.4 
0.8 

--- 
a Assumptions: (1) t h e  c o a l  c o n t a i n s  1 ppm uranium and 2 ppm tho r ium,  (2) 
a s h  release is  1 p e r c e n t ,  ( 3 )  Rn-220 is produced from Th-232 i n  t h e  com- 
b u s t i o n  g a s e s  a t  t h e  rate of 1.38 x 10-9 c u r i e s  p e r  second per 

Th-232 is  4 . 6 4  x l o 4  g ,  and (5) 15 sec i s  r e q u i r e d  for t h e  gases t o  t r a v e l  
from t h e  combustion chamber tq t h e  t o p  of  the  s t a c k .  

r a m  of 
thorium, ( 4 )  t h e  a n n u a l  release of n a t u r a l  uranium i s  2.32 x 10 E g and of 



232Th i n  t'ne fly ash are  i n  secular equilibrium wjtth the  parent elements 

and are  yeleased i n  the same proportion as t he  paren'i elements except f o r  

the  radon isotopes. 

assu.med t o  be released. i n  the  airborne e f f luent .  

assumed i s  nearly an order of magnitude l e s s  than t h e  average ash release 

for the  industry i n  19'72 but approximates the  :present EPA regulat ion f o r  

t h e  re lease  of par t icu la tes  t o  the  atmospheye (See Sect. 6 .4) .  

All of the  radon i n i t i a l l y  present i n  the  coal  i s  

The 1-percent ash release 

4. SOURCE TERMS FOR MODEL ADVANCHU N U C m R  P L W S  

'The regulations f o r  limit-ing the  re lease  of radioact ive mater ia ls  

from light-water reactors  (LWRs ) t o  unres t r ic ted  areas are contained i n  

the Code of Federal Regulations, T i t l e  10, Parts 50 and 20 (10 CP'R j0 and 

10 CFH 20). Regulations f o r  l icensing of production and uki l iza t ion  

f a c i l i t i e s  a r e  contained i n  10 CFR 50, and the  numerical guides for design 

objectives and 3-imiting condi-Lions for the  operation of LNRs are contained 

i n  Rppendix I of 1.0 CFR 50. 

f o r  l imi t ing  t'ne amounts of rad ia t ion  received by individuals and poFu1ations 

a re  contained i n  10 CFR 20. 

t o  the  trhole body ,  gonads, and bone marrow; 1500 millii-em/year f o r  other organs; 

and 1-70 millirem/year f o r  individuals i n  populations. On Dee. 1, 19'(5, new 
s-iandards f o r  nuclear power operations suyerseding 10 CFR 20 and contained 

i n  IC0 CFR 190 w i l l  become ef fec t ive  l i m i t i n g  exposures t o  the whole body 

and all. organs except t h e  thy-roid t o  25 mi.l_lirem/year; t he  new thyroid 

exposure l i m i t  i s  75 millirem/year (15). 
khat all nuclear f a c i l i t i e s  must hold t h e  releases  t o  "as low as i s  reason- 

ably achievabl-e, taking i n t o  account the s t a t e  of technology, t he  economics 

of improvements i n  r e l a t ion  t o  benefi ts  'IO t he  public hea l th  and safety,  

other  soci.el;al and socioeconorni-c considerations,  and i n  rela-t ion t o  the 

u t i l j -za t ion  of atomic energy i n  the  public i n t e r e s t .  " 

f o r  l imi t ing  the ,amounts of radioactive materi-als i n  t he  e f f luen t s  Srom 

LWR reactors  i n  10 CFR 50, Appendix I, a re  the fol7-owing: 

eff luents ,  3 millirem/year for whole body and 10  millirem/year f o r  organs, 

and (ii) for airborne e f f luents ,  5 rnilliremlyear for whole body and. 15 

The guides f o r  a1.l types of nuclear facil. .i-ties 

The general  standards are 500 millirern/yzar 

I n  addition, 1 0  CFR 20 requires  

'Yhe design gui-des 

(i) f o r  l i qu id  



I.aiUirem/year from iodine and par t t cu la t e s  for organs. 

trexbment equipment f o r  re ta ining radioactive materials must be added t o  

a plant  i f  t h e  cost i s  l e s s  than about $ l O O O ~ ~ ~ ~ o l e - b o d ; r - m a ~ - r e ~  o r  about 

$lOOO/.t~iyroi.d-rn~i-resrl over a distance of 80.5 km (50 miles) f rom the  plant .  

The whole body doses from natura l  background rad ia t ion  leve ls  i n  t h e  

Ullited Sta tes  vary from a minimum of LOO millirem/year t o  a m&xirnum of  

245; t h e  nat ional  average i s  130 (16). 

Supplementary 

A11 EWRs must conform t o  t h e  Code of Federal  Regulations and, con- 

sequently, it i s  reasonable t o  compare the releases  or" rtzdioactive inate- 

r i a l s  from other power-producing uni t s ,  such 8s coal  or o i l - f i r e d  ;plants, 

with t h e s e  regulatory values. 

a,ndys?s. I n  addition, airborne releases  (source terms) from a model 

lOOO-MW( e )  pressurized-water reactor  (PbR) and a m d e l  lOOO-rf i J (  e )  boil ing- 

water reactor  (8bX.) are also used i n  the  cornprison (Table 5). The source 

terns are  from uranium-oxide-fueled LWRs - a model UWR and a model Pa 
with rec i rcu la t ing  U-tube-type steam generators - given i n  the  F ina l  

Generic Environmental Statement on t h e  Use of Recycle Plutonium i n  Mixed 

Oxide Fuel i n  Light-Water-cooled Reactors (GESMO, ref. 17). The radwaste 

systems f o r  each type of plant  contain equipment and features  tyy ica l  of 

current operating plantis; however, t h e  p lan ts  are models, and the  source 

terms are not d i r e c t l y  applicable t o  a pa r t i cu la r  operating reactor .  I n  

t h i s  m a l y s i s ?  the model reactors  w e  placed i n  the  s m e  locat ion as the  

coal-f i red plant so that t h e  meteorology and population d i s t r ibu t ion  are  

t h e  same for t he  two types of plxntr .  The maximum individual  doses and 

t h e  population doses fo r  .the nuclear plants  are evaluated at the  boundary 

of the plant  r e s t r i c t e d  area (assumed to be 500 m )  and i n  t he  unres t r ic ted  

area from t h e  plant  boundary out t o  88.5 km (55 miles) ,  respectively.  The 

m a x i m u m  doses i n  the unres t r ic ted  area occur at t h e  p lan t  boundary and 

doses decrease with distance oir-t from the boundnry. 

Such a conrparFson i s  made i n  -the present 

5. DOSE CALCUIl1TIONS 

Both the model coal plant  and the nuclear power @ants w e r e  assumed 

t o  be located i n  the  midwest with meteorology cha rac t e r i s t i c  of S t .  Louis, 

Missouri (18). The surrouncling population was assumed t o  be  3.5 mil l ion 
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'Table 5 .  Es t ima ted  annua l  a i r b o r n e  r e l e a s e s  ( sou rce  te rms)  froit1 a 
model 1000-MW(e) b o i l i n g - w a t e r  r e a c t o r  (RWR) and a model 

lOOO-MVJ(e) p re s su r i zed -wa te r  r e a c t o r  (PWR) a 

BWR 

___ Radionuc l ide  ..... . . . .-_____ ( c i /  Ye 31 ) ....-..__I_.- 

41Ar 25 

83rrkr b 

8511kr 150 

8 5 K r  290 

8 7 K r  200 

8 K r  240 

131% e 1 8  

133%e b 

133xe 3,200 

135mxe 740 

1 3 5 ~ e  I, 100 

1,400 

0 . 3  131 I 

1331 1.1 

l [ h C  9 . 5  

3H 4 3  

25 

1 

16 

470 

3 

23 

82 

120 

1 2  000 

b 

86 

b 

0.025 

0 .023  

8 

1,100 

a 
Source t e r m s  f o r  t h e  n u c l e a r  p l a n t s  are from t h e  &nal  Gener ic -  Envi ronmenta l  
S ta tement  on t h e  Use of Recycle  P lu tonium i n  Mixed Oxide Fue l  in_ .Light  
Water C u d  Reactoi:s, U.S.  Nuclear  Regu la to ry  Cotmiss ion ,  NLJREG-0002 
(April. 1976) ,  Vol.  3 ,  Chap. I V ,  p p .  I V  C-104 and 1V C-106. 

bAnnual release < I c i .  



people ou% to 88.5 h from the Y a c i ~ . t y ,  tine %verge  pop.r.lation ctistri.bii.- 

t i o n  aromid three rnid-western population centers (19) . The popv-J-a,tion 

densi ty  in persou?:; per. square kKLometer. sss1uned TOT u rad-ia.1 dist,a,nce o f  

8 km f r o m  the fa,ciliti.e:? was 37; from 8 to 40 kmJ  h?; 
kinJ 1-70 (19). 
kj.lcmeters were ca.Zcu1ated Tor both nuclear plants m d  for 

of 50, 100, 200, and. 300 m for the coal plant. Radioactive m;aterial.s ye-. 

leased at  the top of the s-Lsck of  +,he model coa l  p lan t  were a:;sumed -Lo o5::ti. 

because [of i;he l~.irny-a;ricg of the hot stack. gases. The effect ive release 

height i s  t,he sun1 of the  physical height; of &he stack znd tihe buoyant plume 

rise as calctd.ated %hroii.gh the use of' Erigg  ' s  eqiJ;-tions (2G j . I n ~ k ' ' o ~ x i ~ i , i o r i .  

from the 122-m AIJ..en :;term p l a n t  stack w a s  used in the pl.iune rise c.alcul.a- 

t i o n s .  -4 20-lm fixer1 height with no plume rise was used f o r  releases Tram 

rooi' vents of' the nuclear plm-ts. These heights a x e  characteristic of 

exis t ing  plants, 

and. f ~ o m  40 .to 88.5 

Maximum ind:it?irlu.al doses and popiilxf;ion dwes out t o  88. 'j 

Atiriospheric dispersion o f  plumes as i;hey a x e  blow- downwind- from the 

p lan t s  wis esk i rna ted  u s i n g  the ~ a i ~ s s i a n  plume eryxatton of ~ a s c p i ~ 1  (11, 22) 

5s modified. by Gif'ford (23). 
posit on ground. surfaces through the  processes of dry deposition =id 

scavenging. The m!;e of d.ry deposit-ion, which involves adsorption, pat?.- 

cle  intercept ion,  diffusrion, and chemrical-elect~o~tatic effects, was 

es-birnated- by multiplying the con.centrstion of the radionilelide in xir 8% 

groiaid l e v e l  by the deposrition veloci-ty. h value of 1.0 crfi/sec was used 

fm- t h e  d q m s i t i o n  velociLy of all. partici-11-ates . 
a::sumed t o  be s m a l l  enough that grav i t a t iona l  s e t t l i n g  could be i.g:nored., 

The rate of  deposii;ion by scavenging, which i s  primarily t h e  process of 

washout by rainfall_, 'was esttmated by- multiplying together three f a c t m s  : 

(i> the average concentration of %lie radionucSide in 2tT.r above the refer- 

ence 1ocaLion f r o m  the ground t o  tlie bottom of the  inversion layer, ( i i )  

'&e distance from the ground to the  bottom of the inversion layer, and 

(iii) the  scavenging coef f ic ien t .  A scavenging coefficient of 2 x 10- 

sec w a s  used far all pai--Licula-f;es. Methods for  estimxLing the scavergi i~~ 

coef f ic ien t ,  which i s  r e l a t ed  -to the  ra infa l l  r a t e  (ca. 89 cnr/year at the 

m5dwester.n s i t e )  can be found -in ref. 21. 

average over the yew,  i.e., scavenging w a s  calculated as t,hoi&<h it were 

Radionu.c:lides released as partic-ulates de- 

Par t i c l e  si.ze:; were 

6 

-1 

The value used re-presents ZTS 
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occurring continuously. Depletion of the  plume by deposition processes 

and radioactive decay as it  i s  blown domwinrl w a s  taken in to  account i n  

t h e  calculations.  

The AIRDOS computer code (24) was used f o r  t he  atmospheric dispersion 

calculations,  using annual-average meteorological data i n  temns of j o in t  

frequencies of wind-speed categories,  atmospheric s t a b i l i t i e s ,  and wind 

direct ion.  'The compu-Ler code es-Limates annual-average concentrations i n  

a i r  a t  ground l e v e l  and ground deposition r a t e s  for each rad3.onuclide re -  

leased from the  p lan ts  for each of 16 compass direct ions as a function of 

dis tance from t h e  source, Each concentration and deposition r a t e  i s  an 

average value across a 22.5" sector.. 

and distance from the  source a re  used i n  AIRDOS t o  calculate  dose v i a  in-  

halat ion and immersion in a i r .  Ground surface concentrations stre used 

f o r  the estimation of external  rad-iation esposure, 

a r e  a l so  assimilated. i n to  food, wkich r e su l t s  i n  addi t ional  doses through 

ingestion. 

Concentrations i n  a i r  for each sector 

The ground deposits 

Dose conversion f ac to r s  used i.n A I I D O S  t o  calculate  doses resu l t ing  

frDm immersion i n  air, e-xposure t o  con'canLna-ted ground surfaces, and i.n- 

take through inhal-ation and ingest ion were obtained t'nrough the  use of 

computer codes (25, 26) tha t  use dosimetric c r i t e r i a  of t he  In te rna t iona l  

Commission on Radiological Protection (ICBP) and other recognized authori-  

t i es .  Most of t h e  dose conversion fac tors  were based on dosimetric c r i t e r i a  

given i n  ICRP-2 (27), but those f ac to r s  used for radium Lso-topes were based 

on recormendat ions i n  I C H P - I O  (28  ) . 
Estimates of the  intake of radionuclides by man through t e r r e s t r i a l  

food chains were made with a m d e l  and computer code (29), incorporated 

within the  RIRDOS code, which t r e a t s  ingestion of vegetable crops, beef,  

and m i l k .  

T - r i t i u m  (3H) andl"C released from nuclear p lan ts  are  given special  

treatment because the  stable forrris of these elements cons t i tu te  s ign i f tcant  

f rac t ions  of t he  elemental composition oP t he  human body and man's food 

and drink. Transport processes within s o i l ,  plants, c a t t l e ,  and m a n  which 

ayyly t o  t r ace  quant i t ies  of radionuclides do not necessar i ly  apply to 

these cases where the  s tab le  elements m e  present i n  such quant i t ies  t h a t  

saturat ion e f fec ts  a re  s ign i f icant .  T r i t i u m  w a s  assumed t o  exchange with 



water i n  the  atmosphere and t o  follow water prec ise ly  through the  

environment. 

spec i f ic  a c t i v i t i e s  of tritium i n  atmospheric moisture (30). 

was assumed t o  be released i n  the form of CO, and become avai lable  f o r  

plant  photosynthesis a f t e r  mixing with atmospheric CO,. 

food produced i n  t h e  area i s  t h e  only s igni f icant  exposure mode f o r  14C, 

so  the  dose estimates were based on the  spec i f ic  a c t i v i t y  of '*C i n  

atmospheric CO, { 30). 

Ingestion doses from tritium were calculated from t h e  

The '*C 

Ingestion of 

With the  exception of 3H andl*C, mentioned above, estimates of i n -  

take by m a n  of rad ioac t iv i ty  from nuclear and coa l  sources were detelmined 

with the  TERMOD code. 

i n  r e f s .  29 and 30. The l a t t e r  reference contains a l l  of t he  radionuclide- 

dependent and independent input var iables  used i n  the  .maTysis. 

model, airborne radioact ive mater ia ls  a r e  deposited upon crop p lsn ts ,  s o i l ,  

and pasture  grass .  All radionuclides a re  assumed to be soluble,  both i n  

terms of uptake by vegetation and absorption a f t e r  ingest ion by ca t t l e  

a d  man. lasses of rad ioac t iv i ty  due t o  weathering (14-day h a l f - l i f e  on 

crops and pas ture) ,  radiological  decay, and food preparation (crops) are  

assumed. Vegetation i s  contamtnated external ly  ( f a l l o u t )  and v i a  uptake 

from roots .  Radionuclides deposited on pastures =e t ransfer red  t o  c a t t l e  

and then t o  man v i a  ingest ion of beef and m i l k .  Daily intakes assumed f o r  

maximally exposed individuals  were 250 g of vegetables, 300 g of beef, and 

1 l i t e r  of milk. 

t ha t  a value of 0.3 liter per day of  milk was used. 

Deposited radionuclides a re  assumed to bui ld  up f o r  a period of 50 

The TERMOD model and computer code a r e  described 

I n  t h i s  

The da i ly  intake for exposed populations d i f fe red  i n  

years for the purpose of  estimating doses from surface exposure. 

e ly  short-l ived radionuclides reach a s teady-state  concentration on t h e  

surface long before 50 years. O n l y  gamma rad ia t ion  i s  considered f o r  

estimating surface exposure. AnnuCil surface dose estimates are  conserva- 

t i v e l y  high because (i) they a re  based on the assumption t h a t  a man stands 

on the  ground surface a t  h i s  place of residence during the e n t i r e  year, 

and (ii) no consideration i s  given to the long-term penetrat ion of radio- 

nuclides in to  the s o i l  with consequent shielding by the  s o i l  layer .  

Relativ- 

Dose estimates v i a  inhalat ion and ingest ion a re  50-year dose commit- 

Factors t h a t  ments accrued from 1 year of exposure t o  f a c i l i t y  re leases .  
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would tend t o  reduce ex terna l  doses, such as shielding provided by 

dwellings and tirne spent away from t h e  reference location, a r e  not con- 

si dered e Moreover, i n  estimatiilg dose t o  individuals through ingest ion 

of  plants, meat, and milk, an i i i d i v i r l i l a l  i s  asmmed t o  obtain a l l  o f  h i s  

food at the  reference Iocati  on, re fe r red  t o  as 100-percent inges t inn  dose. 

Dose calculat ions assuming 0,- 10, 39- and 50-percent irgesti-on were a l so  

made f o r  comparative purposes. 

5 . 1  Source 'remi Met'nodology 

Radi~onuclides re leased as  pa r t i cu la t e s  from the coal  plant  are 

iilembers of thl-ee radionuclide decay chains s t a r t i ng  w i k h  238U, "35U, and 

232'i 'In. 

230Th, a.nd """€?a) were assumed. 'LO be in equi l ibr i im a t  the  time they l e f t  

t h e  stack. Equilibrtum treatment w a s  disconiinued after H a  because it 

decays to 

t o  be released t o  the a-tmosphere; L11j.s amount i s  considerably grea te r  thm 

t h e  amount of 222Kn pradxced by the  decay of the  "'Ka re leased t o  the 

atmosphere (Table 4 ) .  

i n  t h e  source term -CoLl.osring 

calculated t o  proceed i n  accordance with i t s  own decay cons.t;a.nt. 

d.aughters of a l o r o  ('l.' Bi and 210Po) Wei-e assumed t o  be i n  equilibrium 

with ' I%. 

a 34 u, 2 3 4 mpa, The inirst f l v e  daugh'cers of t he  '"U chain (234T?n, 

226 

222  Rn. All of t h e  "'Rn -present i n  the coal  'oiurned i s  assumed. 

Surface decay of each of t h e  short-lived. nuclides 
222 Ra ('18Po, '14Ylr, 214Bi ,  and '14Po) was 

The 

Ra, 2 2 3  The f i r s t  s i x  daughbers of 235U ('"Th, '"Fa, 227Ac, ' "Th,  

and 219Hn) were considered t o  'be i n  erpi1ibriu:m with "'U i n  t'ne plume and. 

on ground surfaces. Each of the short-l ived nucli-des following the  noble 

gas 21gKn (211 Fb, '"Ri, and207T3..) w a s  calculated t o  decay i n  accordance 

wLth its own decay constant. 
228 Equilibrium treatment of the thorium chain (232Th, R a ,  2 2 8 A ~ ,  

'"Th, and ""Ra) was ha.lrted with 2 2 4 R a  because it decays t o  zzOHn. A l l .  

of t'ne '"Rn i n  the  coal  burned enters  the plant  exhains-t sys'tein, and. the 

amount released t u  t he  atmosphere i s  very much grea te r  thaa that produced 

by the decay of the  2 2 4 R a  re leased t o  the  atmosphere (Table 4 ) .  
nuclides i n  the  origina~..  source term fol-lowlng ' " ~ n  ( 2 1 2 ~ u ,  

Radio--  

~ i ,  and. a1 a 

2 0 8 11.) were considered t o  decay i n  accordance wLth tile decay constant of' 
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The decay of in t he  original source term i s  nearly c o q l e t e  21"me 

by the  time the  plume Teaches the plant  bound-ary. To approximate t h i s  

s i tua t ion ,  a quantity of i t s  daughter product, 21aFb, was added t o  the 

source term, which corresponds to t he  re lease  r a t e  of  '"Rn mult ipl ied by 

the  r a t i o  of the  ha l f - l ives  of 220Fn and '12Pb. 

f o r  surface exposure used for this spec i f ic  re lease  of 2'-2Pb included con- 

t r i bu t ions  from its daughters " 1 2 B i  and "'Tl. 

The dose conversion fac tor  

Radioactive daughter-products as solid par t i cu la t e s  a re  produced i n  

the  e f f luent  plume f rom the nuclear plants as a r e su l t  of decay of some 

of the short- l ived noble gases released. 

daughters i n  the plume was trea.ted conservatively by addi.ng them t o  the 

source term i t s e l f .  

l i ved  "Rb (Td2 = 17.8 min). 

not achieved by the time the plume reaches the  500-ni plant  boundary, a 

re lease  of ''Rb equivalent t o  th3-L of i t s  parent was used. 

i n  the  plume was assumed t o  take place at t he  name ra te  3s th7,.t; of its 

parent,  *'K-r. 

culated t o  occur i n  accordance with i t s  own radioact ive decay constant. 

The noble gas I3'Xe decays i n  t h e  plume t o  produce a longer-lived par t icu-  

Late daughter, I3 'Cs,  which w a s  added t o  the  source term with a re lease  

r a t e  reduced from tha t  of its parent by the daughter-to-pzrent r a t i o  of 

the  radioactive decay constants. 

percent of t h a t  of i t s  parent,  Ia8Xe. 

The buildup of pa r t i cu la t e  

Decay of " K r  (Ty2  = 2 .8  hour) produces the shorter- 

Even though equilibrium with i t s  parent i s  

Decay of 88Rb 

The decay of 88Rb a f t e r  deposition on the  ground was cal-  

The release r a t e  of 1 3 * C s  was 54.3 

6. RESULTS AND DISCUSSION 

Tables 6 and 7 give the maximum individual  dose corrunitments and the  

population dose comnnitments calculated -to result from the  estimated re- 

l eases  of ra,dioactive materials from the  model lOOO-Nd( e )  coal-f i red and 

nuclear power p lan ts .  A s  noted i n  Sect. 3.0, the source term f o r  the coal 

plant  assumes a concentration of 1 ppm uranium and 2 p p  thorium i n  the  

c o a l  and a re lease of 1 percent of the  f ly  ash. The maximum individual  

doses f o r  both the  cos1 and the nuclear p lan ts  a r e  the maximum values a t  

a 500-m perimeter. 
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T a b l e  6. Maximum i n d i v i d u a l  dose  commitments f rom t h e  a i r b o r n e  releases of 
model 1000-MW(e) power p l a n t s  (inremiyear) a 

Bo i 1 i n g  -water P r e s s u r i z e d - w a t e r  10 C Y K  50 
C o a l - f i r e d  r e a c t o r '  r e a c t o r '  Appendix I 

or@%__. ..... __.P_-_~ l a n t b  (BWR) ...... (PhW ..... __- ~ g u i d e s  

Idtiole body 1 . 9  4 . 6  1 . 8  5 

Bone 

Lungs 

18.2 

1 .9  

Thyroid  1 . 9  

Kidneys  3.4 

L i v e r  2 . 4  

5.9 

4.0 

36.9 

3.4 

3.7 

d 

2.7 

1 . 2  

3.8 

1.3 

1.3 

15e 

15e 

15e  

15e 

15e 

Sp leen  2.7 3 .7  1.1 15e  

aThe maximum i n d i v i d u a l  dose  coiiiinitments are f o r  a rnidwestern s i t e  and are es t i .ma ted  a t  t h e  
p l a n t  boundary  a t  500 m from t h e  release p o i n t s .  Dose commitments are  less a t  g r e a t e r  
d i s t a n r e s .  The i n g e s t i o n  component of t h e  dose  commitment i s  based  on t h e  a s sumpt ion  t h a t  
a l l  food  is  grown and consumed a t  t h e  r e f e r e n c e  l o c a t i o n s .  

__ __~__ ....... ____.__ ___- 

bThe dose  commitments l i s t e d  a r e  e s s e n t i a l l y  t h e  s a m e  f o r  a l l  s t a c k  h e i g h t s  from 50 t o  
300 m i n c l u d i n g  t h e  plume r ises  r e s u l t i n g  from bouyancy o f  h o t  s t a c k  e m i s s i o n s .  A 1 p e r -  
c e n t  a s h  r e l e a s e  was assumed. The c o a l  w a s  assumed t o  c o n t a i n  1 ppm uranium and 2 ppm 
tho r ium . 

'Source terms f o r  t h e  n u c l e a r  p l a n t s  ars  from t h e  F i n a l  G e n e r i c  Envir-onmental  SJat-t~ 
on t h e  Use o-ff-Recycle Pl!!J-onium i n  Mixed Oxide---Fuel i n  LiJht- Water Cooled React-or?, 
U.S.  Nuc lea r  R e g u l a t o r y  Commission, NUKEG-0002 ( A p r i l  1 9 7 6 ) ,  Vol. 3 ,  Chap. I V ,  pp.  I V  C-104, 
and I V  C-106. The r e l e a s e  h e i g h t  was assumed t o  be 20 m w i t h  no  plume r i s e .  

dAssumes d a i r y  cow on p a s t u r e  a t  s i t e  boundary f o r  e o t i r r  y e a r .  

eDes ign  g u i d e s  f o r  d o s e s  froin i o d i n e  and p a r t i c u l a t e s .  

The t h y r o i d  dose  e s t i m a t e d  
i n  GESMO ( r e f .  1 7 ,  p .  I V  C-115) f o r  t h e  same s o u r c e  term was 1 1 . 7  mreiii/year. 



T a b l e  7. P o p u l a t i o n  d o s e  commitments from t h e  a i r b o r n e  releases of 
model 1000-hIW(e) power p l a n t s  (man-rrmlyear;  88.5-km r a d i u s ) a  

2 0 0  300 __ - 100 
--I 

50 - 
Whole body 2 3  2 1  1 9  18 1 3  

Bone 249  2 2 5  1 9 2  i 80 2 1  

1 3  

20 

Lungs 34 29 2 3  2 1  8 9 

Thyro id  2 3  21 1 9  18 37 

K i d n e y s  55 50 4 3  4 1  8 

L i v e r  32 29 26 2 5  

Sp 1 een 37 34 31 29 

9 

8 

1 2  

9 

10 

8 

___.-..I_ _I I ~ - -  ___.-__l ._-._I l_l_.__ 

aThe p o p u l a t i o n  d o s e  commitments are  f o r  a midwes te rn  s i r e .  The i n g e s t i o n  components  
of  t h e  dose c.ommitnwnt arc b a s e d  on t.he assumption t h a t  all f o o d  is grown and 
consumed a t  t h e  r e f e r e n c e  l o c a t i o n s .  

'A plume ri.se due t o  buoyancy o f  h o t  s t a c k  e m i s s i o n s  t79s assumed. The dose clommitrrients 
a re  f o r  an ash release of 1 p e r c e n t  and for c o a l  c o n t a i n i n g  1 ppm uranium and 2 ppni 
t h o r i u m .  

'Source tIerms f o r  the n u c l e a r  p l a n t s  a r e  from t h e  Kcpal G e n e r i c  En,vi.ronmental S t a t e -  .~ 
ment o u  t h e  ZJse o f  FLL~ycle. P l u t o n i 2 m  i n  Mixed Oxide-TueL-in L i g h t  Water  Cooled 
R e a c t o r s ,  U.S. N u c l e a r  R e g u l a t o r y  Commission, NJREC-OOO? ( A p r i l  1976)  V o l .  3, 
Chap. I V ,  p p .  TV C - 1 0 4 ,  and I V  C-106. The re lease  h e i g h t  was assumed t'o be 20  m 
w i t h  nr i  plume rise. 

__ I__-.___ 

1__-- 
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The maximum individual  doses a t  the  500-m bounda.ry of t h e  coal  

plant  meet 'die Appendix I regulations with the exception of the  bone 

dose (Table 6) .  'The maximum rindividual doses for the nuclear plants  

also meet the Appendix I regulations,  with the  exception of the thyroid 

dose from t he  RNR. 

Appendix I regulations (i . e .  , a maximum of 1.5 millirem/year f o r  -Yne 

thyyoid dose at the s i t e  boundary). 

ducing the  anoumi; of iodine released, a s i te - loca t ion  with a grea-Ler 

si.te-bounda,ry distance,  moz'e favorable meteorology, or a greater  dis- 

tance t o  t h e  nearest  da i ry  pasture.  

the ma,ximun individual dose comi-tments f r o m  the  model coal  plant  a x e  l e s s  

than those from a BWR (exce-pt f o r  the  bone dose) but  are greater  than tine 

doses from the  PW% (except fov  the  thyroid. dose). The maximum individual  

doses a t  the  pertmeter of the coal  p l m t  a re  essent ia l ly  the  same f o r  a l l  

stack heights from 50 t o  300 m. This 5.s the r e s u l t  of the assumpti-ons 

(i) tha t  the  washout coef f ic ien t  €or small p a r t i c l e s  i s  iiidependent of 

the height of the p a r t i c l e s  above t'ne groi;ind ( i . e * ,  a l l  p a r t i c l e s  a t  a l l  

heights  a re  washed out t o  the ear th  i n  the  same time i n t e r v a l  for a given 

dtstance from the s tack) ;  asid. ( t i)  t h a t  the  washout e f f ec t  i s  much greater  

than the  sum of various dry deposit ion e f f ec t s  a t  distances close t o  the 

plant .  

'LO dose u n t i l  the  plume has t rave l led  f a r  beyond the  plant  boundary. 

An ac tua l  nuclear plant would have t o  co~lform t o  the  

A lower dose would r e su l t  from re-  

The data  of Table 6 also show Ynat 

Dry deposition d.oes not m a k e  a s ign i f icant  percentage contribution 

Population dose coimitments from the  coa l  plant  are  grea te r  than those 

f rom e i the r  nuclear plant  ('Table 7) wjl;h the  exception of t he  thyroid dose 

from the  BNR. The r a t i o  of the  popula.Lion doses foz. the  coal  plant  Lo t he  

nuclear p lan ts  i.s higher than the  same r a t i o  f o r  .the individual  doses at 

the plant  boundary (Tables 6 and 7 ) .  This r e s u l t s  from the  rapid decay 

of t he  short- l lved noble gases re leased from the  nuclear plants  as they 

move from the  plant  bownd.aries out t o  88.5 hm. 

6.1 Percentage Contributions of Radi.onucE&es t o  
Exposure and Exposure Pathways 

Table 8 l i s t s  the percentage contribxtions of radionuclides t o  the 

population rbses f r o m  the  coal-f t red p lan t .  The radium nuclides, R a  

2nd 228Ra, are  the  major contributors t o  the  whole-body dose ana most 



Tab le  8 .  P e r c e n t a g e  c o n t r i b u t i o n s  of r a d i o n u c l i d e s  t o  p o p u l a t i o n  d o s e s  
from the a i r b o r n e  releases o f  a 1000-M4(e) c o a l - f i r e d  power p l a n t a  

b 
C o n t r i b u t i o n s  of  r a d i o n u c l i d e s  (percent)  

Organ 226Ra 228Ra %h "Th 2 32 Th ? lopo  210Pb 2E7Ac 

Whole body 67  2 1  0 .7  3 .5  0 .7  2 .5  2.1 1.0 

Lungs 4 7  15 10 10 10  2 . 1  1 . 7  0- 7 

Thyroid 68 2 1  0.7 3.5 0.7 2.5 . 2 . 1  1 .0  

Kidneys 28 5 . 4  0.6 11 0.6 2 9  18 0 . 9  

Liver 48 15 0 . 2  4 . 2  0 . 2  1 6  11 4 . 7  

Bone 59 1 4  1 . 8  12 1.8 0.9 4 . 9  2.6  

Sp leen  42 1 3  0.4 2 .2  0 . 4  40 1.2 0.6 

a P e r c e n t a g e  c o n t r i b u t i o n s  a r e  f o r  c o a l  c o n t a i n i n g  1 ppm uranium and 2 ppm thorium. The 
radionuclides are assumed t o  be r e l e a s e d  f rom a 50-m s t a c k  a t  a midwestern s i t e  with a 
plume r i s e  due t o  buoyancy of t h e  h o t  s t a c k  emiss ions .  

The h o r i z o n t a l  colurnns t o t a l  l ess  t h a n  100 p e r c e n t  because  r a d i o n u c l i d e s  c o n t r i b u t i n g  
o n l y  t o  a minor e x t e n t  t o  the organ  d o s e s  are n o t  l i s t e d .  
50 m r e s u l t  i n  s l i g h t l y  h i g h e r  c o n t r i b u t i o n s  from t h e  radium n u c l i d e s  and lower c o n t r i b u t i o n s  
from 230Th. 

b 

R e l e a s e  h e i g h t s  g r e a t e r  t han  



organ doses, 

and 'loPo and ' l0pb together contrtbuke almost half of the  dose t o  the  

kidneys. The contribution of  "'Rn t o  t h e  doses I s  ins igni f icant  even 

Lhough i t s  re lease r a t e  i s  much greater  than tha t  of any other nuclide 

i n  the source 'Geum. The lung i s  t he  c r i t i c a l  organ f o r  222Rn, bat  the  

However, 210Po i s  t h e  major contributor t o  spleen dose, 

Rn contribution t o  the  t o t a l  lung dose i s  only about 1 p a r t  i n  a 222 

million. 

Ingestion i s  the  main exposure pathway f o r  'che population doses 

The r e s u l t s  l i s t e d  i n  'Tables 8 from the  coal-f i red plant  (Table 9 ) .  

and 7 apply -to a re lease  height of 50 m. 

t he  contribution v i a  inhalat ion with a corresponding increase i n  .the 

percentage contribution v i a  .ingestion. 

about 27 percent of t he  ingest ion dose i s  caused by consimption of 

vegetables, about 29 percent f r o m  milk, and about 44 percent from beef. 

Between 40 and 55 percent of the  ingestion dose t o  kidneys, l i ve r ,  and 

spleen comes from consumption of vegetables with correspondingly lower 

contributions v i a  the  m i l k  and beef pathways. 

Higher re lease  heights decrease 

For whole body and most organs, 

Percentage contribu-Lions of radionuclides 'io the  population doses 

from t h e  nuclear power p1ani;s a re  l i s t e d  i n  Tables 10  and 11. 

i s  the main contributor t o  whole body and most of the  organ doses for 

both nuclear plants .  T r i t i u m  a lso adds s igni f icant ly  t o  the  PWR doses. 

The gases from the  nuclear p lan ts  are  released at a height of 20 m. The 

m a i m u n i  dose occurs a t  t he  plant  boundary (500 m ) ,  and t h e  dose decreases 

with increasing distance from the plant. 

Carbon-14 

Ingestion i s  the  major exposure: pathway for bo.tl.1 types of nuclear 

p lan ts ,  but inmiersion i n  the  airborne releases  i s  a lso important (Tables 

12  and 13). For t he  BWR, for exmple,  ingestion accounts f o r  67 percent 

of t h e  whole-body population dose and imnersion accounts f o r  32 percent. 

Correspondi-ng percentages for t h e  PWR are  76 and 1.9 percent. 

major food source f o r  the  ingestion doses t o  whole-body and a l l  organs 

except thyroid.  Milk i s  the  major source of thyroid dose. 

Beef i s  the 

Even though the  airborne effluen'i from the coal-fired plant  i s  re leas-  

ed from t a l l  stacks (50-300 m )  ra ther  than  a t  t he  20-m height used f o r  the 

nuclear plants ,  t he  maximum doses f o r  the coal-f i red plant  a l so  occur 

close t o  the plant and doses decrease w i t h  increasing distance.  This is 



T a b l e  9 .  P e r c e n t a g e  c o n t r i b u t i o n s  of e x p o s u r e  pathways t o  
p o p u l a t i o n  d o s e s  f r o m  t h e  a i r b o r n e  releases o f  a 

1000-MW(e) coa l - f  i r e d  power p l a n t a  

.__111 
- 

C o n t r i b u t i o n  by pathway ( p e r c e n t )  b 

- Organ I n h a l a t i o n  S u r f a c e  e x p o s u r e  IngesLion  

Whole body 5.5 0 .9  93 .6  

Bone 1 7 . 0  0 .1  82.9 

Lungs 3 7 . 2  0.4 6 2 . 4  

Thyroid  5 . 6  0.8 93.6 

Kidneys 14.4 0 .2  85 .4  

L i v e r  6 .5  0.4 93.1 

S p 1 ee n 3.6 0 .3  96.1 

a 
P e r c e n t a g e  c o n t r i b u t i o n s  a r e  f o r  c o a l  c o n t a i n i n g  1 ppm uranium and 2 ppm 
thor ium.  The r a d i o n u c l i d e s  are assumed t o  b e  r e l e a s e d  from a 50-m s t a c k  
a t  a midwes tern  s i t e  w i t h  a plume rise due t o  buoyancy of t h e  h o t  s t a c k  
emissi ons. 

bRelease h e i g h t s  g r e a t e r  t h a n  50 m r e s u l t  i n  d e c r e a s i n g  t h e  p e r c e n t a g e  
c o n t r i b u t i o n  t h r o u g h  i n h a l a t i o n  and  i n c r e a s i n g  t he  p e r c e n t a g e  c o n t r i b u t  ion  
t h r o u g h  i n g e s t i o n .  



Table  10. P e r c e c t a g e  c o n t r i b u t i o n s  o f  r a d i o n u c l i d e s  t o  population doses  
f rom t h e  a i r b o r n e  re leases  of a model 1000-LXd(~)  bolling-Nat2r r e a c t o r  a 

5 
P e r c e n r  c o n t r i b u E i o n s  of  r a d i o n u c l i d e s  

: 3 3 1  Organ l 4 c  1 35""xe ' 5Xe 1 3  "e **Kr -k **Rb 1 3 ' 1  

%io I2 b 0 d y 6 5 . 4  1 0 . 4  6 . 6  4 . 7  6 . 0  0 . 5  0 . 2  

3one 71.7 8 . G  6 . 2  5 . 2  4 . 0  0 . 4  0 . 1 

Lungs 46.7 1 6 . 1  9 . 8  6 . 2  9 . 7  0 . 9  0 . 3  

Thyro -id 10.6 3 .9  2 . 3  2 . 0  2 . 0  67 .8  9 .5  

2 
Source terns f g r  t h e  BWR a re  from t h e  Final Generrc  Environmental Sfa tement  on the Use of  
Recycle Plutonium i n  Mixed Oxide Fuel i n  L i g h t  Water Cooled R e a c t o r s ,  U.S. Kuclear 
RegLla tory  Commission, NUREG-0002 ( A p r i l  1 9 7 6 ) ,  V o l .  3 ,  Chap. I V ,  p .  IV C-104.  

bPercentage  c o n t z i b > J t i o n s  a r e  for a rgiease or' r a d i o n u c l i d e s  at a midves t e rn  s l t e  a t  a 
h e i g h t  of 26 m w i t h  no plume rise.  
this t a b l e .  

Minor c o n t r i b u t o r s  t o  organ d o s e s  a re  n o t  listed i n  
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Tab le  11. P e r c e n t a g e  c o n t r i b u t i  nns of  r a d j o n u c l i d e s  Lo 
p o p u l a t i o n  d o s e s  from t h e  a i r b o r n e  r e l e a s e s  of- a 

model 1 OO@-Plw ( e )  p r e s  s u r  i zed-wat e r  r e a c t  o ri3 

Whole body 54.6 26.2 1 7 . 7  0.04 

Bone 6 1 . 8  1 7 . 1  1 9 . 9  0 . 0 3  

Lungs 36 .3  39 .9  21.6 0.07 

Thyro id  2 7 . 8  2 9 . 1  23.2 1 7 . 7  

a 
Source  terms f o r  the PWR are from t h e  F i n a l  Generic: E n v i r o n E e n t a l  S t a t e m e n t  
on t h e  U s e  of Recyc le  P lu ton ium i n  MixeLOxi.de Fuel i n  L i g h t  V c l t e r  Coo_l_e_d_ 
R e a c t o r s ,  U .  S. Nuc lea r  Regula tory  C o m m i s s i o n ,  NUREG-0002 ( A p r i l  1976) ,  
Vol.  3,  Chap. I V ,  p .  1 V  C-106. 

bF’ercentage c o n t r i b u t i o n s  a r e  f o r  a r e l e a s e  of  r a d i o n u c l i d e s  a t  a midwes tern  
s i t e  a t  a h e i g h t  of 20 m w i t h  no plume rise.  Minor c o n t r i b u t o r s  t o  o rgan  
doses are n o t  l i s t e d  i n  t h i s  t a b l e .  
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T a b l e  12. P e r c e n t a g e  c o n t r i b u t i o n s  of  e x p o s u r e  pathways t o  
p o p u l a t i o n  d o s e s  f rom t h e  a i r b o r n e  releases of  a 

mod e 1 100 0-MW ( e )  b o i  1 ing--wa t er  r e a c t  o ra 

- .......... . .... 
b 

C o n t r i b u t i o n  by pathway ( p e r c e n t )  _-__ ......... 

I n g e s  t.Lon.- Inha l -a t  i o n  Iinme r s i o n  S u r f a c e  exEosure  Organ- ......... 

Who 1 e b o d y 0 . 3  31.6 1 . 5  6 6 . 6  

Bone 0 . 2  2 6 . 3  1 . 1 7 2 . 5  

I, un g s 2 . 0  4 6 . 9  2 . 4  4 8 . 7  

Thyroid  1 . 7  1 1 . 4  0.5 8 6 . 4  

~ _ _ _ _  ~ ....... .-.-.-___ 

a 
Source te rms  f o r  t h e  BWR are from t h e  F i n a l  G e n c r i c  Envi ronmenta l  Staterrlent_ 
- on t h e  Use of  . .- Recycle  ..... Plutonium i n  Mixed OxAde F u e l  i n  L i g h t  Water CooJ-e?- 
R e a c t o r s ,  U .  S .  Nuclear  R e g u l a t o r y  Commission, NUREG-0002 ( A p r i l  1 9 - 7 6 ) ,  
Vol.  3 ,  Chap. I V ,  p .  I V  C--104. 

b P e r c e n t a g e  c o n t r i b u t i o n s  a r e  f o r  a release of r a d i o n u c l i d e s  a t  a midwes tern  
s i t e  a t  a h e i g h t  of  20 m w i t h  no plume r ise.  
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Tab le  1 3 .  Perc.entrrge c o n t r i b u t i o n s  of  exposure pathways t o  
p o p u l a t i o n  d o s e s  from the '1 i r b o r n e  r r l e a s e s  o f  mode I 

1 000 -MCJ ( e  ) p re s s ur i I e ci --wa t e r re iir t D r a 

Who1 P body 4 . 6  1 9 . 1  0.04 76 .3  

Bone 3.0 21.3.  0.03 75 .9  

Lungs 8.1 22,6 0.05 69 .2  

Thyro id  5 . It 24.7  0 .04 69 .8  

R 
Source  terms f o r  t h e  PWH ,Ire f r o m  t h e  F ina l  Generic. Env-ijJLn-mental S td t emen t  
on t h e  Use of 1Cecy*-IJ_f_i+urn i n  Mixed Oxide F u e l  iii-WrltPrG>JJj?? 
I_-. Reactors ,  U .  S. Nuc Lcar R c ~ g u l a t o r y  Commission, NUSEG-0007 ( A p r i l  1 9 7 6 ) ,  

II_ 

Vol ,  3 ,  Chap. I V ,  p.  TV c-106. 

bPercentnge  c o n t r i b u t i o n s  are  f o r  a r e l ease  of  radionuc1idc.s  a t  a midwes te rn  
s i t e  a t  a h e i g h t  of 2 0  m w i r h  no p lume r ise.  
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because ingestion i s  the major pathway of exposure for nearly a l l  of the  

radionucl.id.es re leased by the coal  p l x ~ t  and resul ts  -prima.rily from t h e  

deposition of radionucI.t.de pa r t i cu la t  e s  through washout of elevcat ed plunies 

by rainfa.ll.. The maximum concentration of radionwlid.es i n  a i r  a t  g r o w 6  

leve l ,  whi.ch determines the  maximum dose through i-mmersion i n  a i r  and 

inhalat ion,  occurs a t  a di.stance of several  kilometers from a plant  with 

a t a l l  stack; however, t he  surface deposition r a t e  per un i t  area Lhrough 

washout, which la rge ly  determines ingestion and surface doses, i s  high 

close t o  the  stack and decreases wi-th increasing distance. 

This paper analyzes the impact of hy-potlie'iical operating pl-ants. 

However, t h e  long-term e f fec t s  of the  radioacti-ve materials released 

should also he noted. In general, the  long-lived materials released frclwn 

coal-f i red plan-Ls (such as uranium, thorium, and radium) 1-eyresent a l o -  

cal ized long-.term e f fec t .  The releases  Yrom the  nuclear p lan ts  are p r i -  

marily gases which are  readi ly  l o s t  from the  surrounding area,  The loca l iz -  

ed e f f ec t  of long-lived mater ia ls  such as 14C a.nd. t r i t i u x f i  i s  .transi.tory 

sirice they eventually become widely dispersed through physical and bri.0- 

logrical processes. 

It i s  recognized t h a t  t he  models used t o  describe -the movuuent of 

radioac-Live materials through the  environment t o  m a n  a f t e r  t h e i r  re lease 

are  based on l imited d a h .  It would be desirable  t o  obtain more de-finitive 

information oil t he  re lat ionship between the  ac tua l  amounts of radioactive 

materials released and the ac tua l  rad ia t ion  exposures tncurrcd by t h e  pop- 

ulat ions surrounding the  plant s. 

6*2 The Effect o€ Va,ry?.ng Food Intakes on 
Dose Connnitments 

The dose commitments l i s t e d  i n  Tables 6 a n d  '7 a re  based on the  

assumption tha t  each person 's  food i s  produced en t i r e ly  a t  h i s  spec i f ic  

locat ion (Sect. 5 ) .  Most people, however, consume food produced z t  a 

var ie ty  of  locations - often a t  grcat  distances from t h e i r  a<rea of r e s i -  

dence. I t  i s ,  therefore,  instructi-ve t o  compare dose comitruen'cs resu l t ing  

f r o m  the  plant  re leases  of ra,dionuclides for various percentages of food 

intake from the l o c a l  area. Results of t h i s  comparison show ihat, dose 

commitments f r o m  the coal plant arc 1-educed more t h m  those from t h e  



'Yhe dose coinri6.tments given i n  Tables 6 an(?. '7 were baser? on. the 

cortib;uusI;ion of c o a l  contaii.yiing 1. ppm uraniixn and 2 ppi  thoriwii  (i. e . ,  

the 1 x m 3  case). 

much bigh.er t%im these vn.lues as i l l u s t r a t e d  by the d a t a  in Table 3; use  

of such coals could result i n  higher dose cormitments. Ilhese dose cornit,- 

m e f i t s  at, the same ].-percent :ash release assumed i n  the base case can. be  

esti..rnateit using -the f'oKLowtrg ecpztion: 

~kie uranium a1.d -t;'t.iori.un. contents of some eoa.Xs a,:m 

Dn = c f u, 4. ("/2)ftn"b u. UT1 L) 

Wkle1'F2 

D 

Db = the  dose commitnient t o  organ n for the base case; 

cL1 ::I t he  ixranium concea1;ration ( p p )  f o r  the  new case; 

= the dose commitment t o  organ n for the new case; n 



Tab le  1 4 .  P o p u l a t i o n  dose  commitments from t h e  a i r b o r n e  releases 
of  model 1000-MW(e) power p l a n t s  as a f u n c t i o n  o f  

food i n t a k e  (man-rem/year)a 

.~ ___ ...._____.I__- 

..... P e r c e n t  of food grown and consumed i n - a - r s  

0 -  10 30 ....... 50 100 ....- __ ........ 

b 
Coa l - f i r ed  p l a n t  

Whole body 
Bone 

C 
Boil  i-ng-water r e a c t o r  (BWR) 

Whole body 
Bone 

P r e s s u r i z e d - w a t e r  r e a c t o r  
(PbR)' 

W h o 1 e b o d y 
Bone 

1 . 2  3.7. 7.2 11.1 21 
31 50 89 1.28 225 

4 . 3  5.2  6 . 9  8 .7  1 3  
5 . 7  7 . 1  1.0 13 21 

3.1 4 . 1  6 . 1  8 .1  13 
4 . 9  6 . 4  9 . 4  12 .5  20 

___ ........ .... ~- -. 

a 

bPopu la t ion  dose  cornrnitments are f o r  c o a l  c o n t a i n i n g  1 ppm uranium and 
2 ppm thor ium.  The releases are from a 100-m s t a c k  w i t h  a plume r ise  
due t o  buoyancy of  t h e  h o t  s t a c k  emiss ions .  

Midwestern s i t e ,  88.5-km r a d i u s .  

'Source terms f o r  t h e  n u ~ I . e a r  p l a n t s  are from t h e  F i n a l  Gener-i-c-. Envi ronmenta l  
....... Sta tement  on--tJe Use oE Recycle  P lu tonium in--r~<S_xed Oxide F u e l  i n  L i g h t  Watcr 
Cooled R e a c t o r s ,  U .S .  Nuclear  Regu la to ry  Commission, NURE:G--0002, ( A p r i l  19761, 
Vol.  3 ,  Chap. I V ,  p p .  IV C-104, and I V  C-106. The r e l e a s e  h e i g h t  w a s  assumed 
t o  be  20 m w i t h  n o  plume r i s e .  



C = the  thorium concentration (ppm) f o r  The n e w  case; 

= t he  f rac t ion  of t he  dose t o  organ n contributed by the  u-raniim- 

t 

fun 

'tn 

chains i n  the  base case; 

L- t h e  f r ac t ion  of the dose t o  organ n contributed- by t h e  thorium 

chain i n  the  base case. 

Table 15 l i s t s  t he  fac tors  (E)  t o  be used i n  csleu-laking t'ne dose 

commitments t o  the varLous oygans. 

A s  an i l l u s t r a t i o n ,  Table 16 shows the  dose commitments from a 

model 1000-MW(e) coa l  plant  wlth a 1-percent ash release using c o a l  

containing 2 ppm of uranium and 2 ppm of' thorium. 

6.4 The Ef€ect of Higher Fly-Ash Releases 
on Dose C orrmitment s 

The 1-percent ash re lease  assumed for t he  c o a l  plant  i s  opt , imis t ica lu  

l o w .  

p lan ts  a r e  higher than 1 percent. Releases from older p lan ts ,  i n  gar- 

t i c u l a r ,  are generally much higher. Dose commitments resu l t ing  Trom a 

coal plant  with a f ly-ash re lease  greater  than 1 percent may be easi ly  

estimated by multiplying the  doses calculated f o r  a model lOOO-lMW(e) 

plant w i t ' l  a 1-percent ash release (i) f i rs t  by the percent of  ash 

released t o  t h e  atmosphere as fly ash by t h e  coal  plant ,  and (ii) second, 

by a number derived by dividing the e l e c t r i c a l  capacity of the s t a t ion  

i n  megawatts by 1000. Appropriate allowances must be made f o r  t h e  stack 

hetghl; i n  estimating the population dose cormfitmen'rs. 

Relea.ses of f l y  ash from most of the  current ly  operating coal 

I n  a recent report by t h e  Federal Power Comnission (31) which sum- 

marizes %he releases  from 696 major s t e m  plants  i n  the  y e a  19'72, it; 

i s  estimated tha t  3,607,000 tons of f l y  ash were released t o  the  atmos- 

phere i n  t h a t  year as t he  r e s u l t  of t he  conbustion of 348,694,000 tons 

of  coa l  with an average ash content of  13.4 percent (by weight). 'l%is 

would extrapolate t o  an average re lease  t o  the  atmosphere of 8 percent 

of the t o t a l  ash i n  the  coal  burned and 8 times the  ash re lease  assumed 

i n  evaluating the radiological  impact of' the  model coal plant  i n  t h i s  

paper. The FPC report i s  t h e  l a t e s t  i n  a continuing ser ies  of reports  

on power p lan t  s t a t i s t i c s  ( the  f i r s t  covered the  year 1969) and Fncludes 



Table 15. Factors f o r  estimating thr effect of variations in 
uranium and thorium concentrations in coal on t h e  

~ . .. .- 

~ Organ 

lJh o le body 

Bone 

T,un gs 

Thyroid 

Kidneys 

I, ive r 

Spleen 

dose conmitmcnts to various organs 

Maxi.mum ~ individual dCTe3 

tn 
f f 

0.78 0.22 

0.82 0.18 

0.78 0.22 

0.78 0.22 

0.87 0.13 

0.82 0.18 

0.84 0.16 

.... .- .. . ... .... U l l  

f?opul ation doses 
f f 

- 

un I l_l tn - 

0.77 0.23 

0.82 0.18 

0.64 0.36 

0.77 0.73 

0.90 0.10 

0.84 0 .16  

0.86 0. I4 



Table  16.  R a d i o l o g i c a l  dose  commitments from a model l O O O - M W ( r )  

c o a l - f i r e d  steam p l a n t  u s i n g  coal c o n t a i n i n g  
2 ppm of  uranium and 2 ppm o f  thorium" 

Popula t ion '  (man-rem/yr> 
_I - 

Maximum i n d i v i d u a l  b S t a c k  h e i g h t  (m) 
Organ (mrem/yr) 50 100 200 3 0 0 

Wh 0 1. e body 3.4  40 35 33 32 

Bone 33 454  41 0 3.5 1. 32 8 

Lungs 3.4 56 4 8  39 36 

Thyroid  3.4 40 37 33 32 

Kidneys 6 . 4  105 96 82 7 7  

Liver 4.4 59 54 4 8  4 5  

Spleen  5.0 68 h4  57 54  

I ____-- 
a 

The  dose  commitments are f o r  a midwes tern  s i t e .  The i n g e s t i o n  
component i s  based  on t h e  assumpt ion  that  a l l  food i s  grown and 
consumed a t  t h e  r e f e r e n c e  l o c a t i o n s .  A 1% ash release i s  assumed. 

bThe maximum i n d i v i d u a l  dose  commitments are a p p r o x i m a t e l y  t h e  same 
f o r  a l l  r e l e a s e  h e i g h t s  f rom 50 t o  300 m ,  The l i s t e d  v a l u e s  a p p l y  
t o  a 500-m p l a n t  boundary.  

'88.T-km r a d i u s .  



SLilriiiiaTy tab les  tha t  l i s t  ( i n  addi-Lion t o  other s t a t i s t i . c s )  the fly-asn 

co l lec t ion  eYficiencies and t h e  stack heights f o r  t he  various coal.-fired 

s-Lexn -p,'Lani;s. 

Emission regulzLions f o r  coal-fired. s t e m  plants s e t  by the  EPA re- 

quS.re t h a t  the emission not be grea te r  than 0.1. 1.b of uar t icu la tes  ( i . e . ,  

fly ash) per mil l ion Btu of f'u-el (32). 
a, r e lease  t o  the atrnospner-e of' about, 1 percent o f  the  t o t a l  ash i n  the 

coa l  bumled., the value used i n  estirmtirig the airborne radioactiv3 re- 

Leases from Lhe model c3al-f 'ired steam plan from which the dose commit- 

ments were calculated i n  t1ii.s paper. U t i l i t i e s  are  iipgradin.g and. back- 

f i t t l n g  t'neir p l a t s  t o  mee-t t h i s  standard, but it will be some tirne 

before  i.t i s  achieved throughout the  industry.  

Thls number 3 ~ u l _ d  corres?ond 'Go 

'The radiological  impact of na tura l ly  occurring radionuclides emitted 

i n  'die airborne e f f luent  of a model sdvanced lOOO-MLJ(e) coal-f i red steam 

plant ,  burning coal containing 1 pprn iirranium and 2 ppm thoriwn and re- 

leasing t o  the  atniosphere 7. peycent of the total. ash i n  the coal., was 

evaluated a n d  compared. with Lhe irfipact of the reclioac-Live niateria1.s i n  

t h e  airborne e f f luents  of model lOOO-MN( e )  light-wacer reactors .  

codes developed. a t  the  Oak Ri.dge National Laboratory were used t o  assess 

the doses. 

emissions fi-om both the coal plant  and the  nuclear p h n t s  was ingest ion 

of contarrilnated foodstuffs.  For  t he  nuclear pl,mts, the pathway v i a  

irmcrsion i n  Lhe airborne efYluents was a lso  s igni f icant .  

Computer 

The major pathway of exposure r'or t h e  rad ioac t iv i ty  i n  'che 

The estimated- maximnurrt individual  dose corrmitment s outside t h e  p lan t  

perime-iers f o r  a l l  p l a m t s  (i) occurred. a t  t he  assimmed. plant  boundary 

(500 m i'rorn the  p l a n t ) ,  (ii) were independent of stack height i n  the case 

of  the coal  plant  (because of t he  exposure pathway and the scavenging of 

parr.-ticulates by r a i n f a l l ) ,  and (iii) were, i n  general, l e s s  than -the de- 

sign guides 3.m-psed on nuclear plants by t h e  regul.ati.ons of 10 CFR 50, 

Appendix I. 
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The maximum i .n.dtvidual dose cormitments from the model coal plant  

were greaker than those from the  pressurized-water reactor  (PWR), except 

f o r  thyrofd dose, but were less  th:m those from the  boiling-water reactor 

(BWR), except for the  bone dose. In general, however, -whole-body and all 

orgax doses f o r  both the  c o a l  and nuclear. p lan ts  'were within the s < m e  

order of magnltu.de. The estimated. T O - y e u  dose commTtrnents t o  the  whole 

body i n  millLrems per yea of p lan t  operation were: 

UNR - 4.6; and PWJ3 - 1.8. Id3ole-body and orgcm population dose comi t -  

ments within a radius of 88.5 km (55 miles) r a n g e d i n  a11 cases from 50 

percent 1ii.ghe.r t o  several  times higher for the  coal plant  'chftn f o r  the 

nuclear plants except f o r  thyroid dose from the  ENR, which w a s  50 t o  100 

percent higher than the thyroid close fron tA.e cos1  plant .  The estimated 

whole-body population dose commitments i n  man-rem were: coa l  plant - 21 
(100-m s tack) ;  BMf3 - 13; and PhER - 13. 

man-rem were: coa l  plant - 22'3; UWR - 21; m d  PwI( - 20. In  making these 

estimates, it is assumed t h a t  100 percent of the  food i s  grown and con- 

surned a t  the reference point f o r  the dose calculat ion.  I f  the  mount  of 

food grmri and consumed locally i s  reduced from 100 t o  0 percent, t he  pop- 

u la t ion  doses for whole-body exposures i n  mcm-rem are:  eo,d plant  - 1.2; 
EWfZ - 4.3; and 13d13 - 3.1. 

c o a l  plant - 1.9; 

For bone dose, the values i n  

For bone doses, t h e  values are: coal  plant  - 31; 

BhT. - 5.7; and PWR - 4.9. 
The asswned re lease  Lo the  atmosphere of 1 percent of the t o t a l  a s h  

Ln the  coal  burned apyroximates the EPA regulations for the  re lease of 

pa&iculxtes t o  the atmosphere. The average ash re lease f o r  coal-f i red 

steam plants  operating i n  19'72 w,as 8 percent, and some older  planzs have 

much higher ash releases. U r a f i u m  and -tliolcim concentrations i n  coal 

higher than the  1 ppm and 2 p p ,  respectively,  assumed f o r  the present 

evaluation :are cormnon. 

thoriim concentrations and higher ash releases  could result i n  dose commit- 

ments several  orders of m,Snitude higher than those calculated.  Methods 

f o r  estimating these higher dose commitments are  presented. 

The use of coa l  conta.in-in.g higher maxim- md 

The release of na tura l ly  occurring rad ioac t iv i ty  f r o m  coal-f i red 

power p lan ts  i s  i n  addition t o  -the re lease  o f  other tox ic  materials ( 5 j .  

'The r e s u l t s  of our study show t h a t  a. comylete analysis comparing the  en- 

vtrorrment al e f fec t  s of coal-'ourning power plant s versus nuclear power 

p lan ts  should include the radiological. impacts from both types of plants. 
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