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RADIOIOGICAL IMPACT OF AIRBORNE EFFLUENTS OF COAL-FIRED
AND NUCIEAR FOWER PIANTS

. 2. McBride, R. E. Moore, J. P. Witherspoon, and R. E. Blanco
ABSTRACT

Radiological impect of naturslly occurring radiomuclides
in airborne effluents of a model coal-firei steam plant
{2000 Mi(e)] is evaluated assuming a release to the atmosphere
of 1 percent of the ash in the coel burned and compared with
the impact of radiocactive materials in the airborne effluents
cf model light-water reactors [1000 M(e)]. The principal
exposure pathway for radioactive materials released from
both types of plants is ingestion of contaminated foodstuffs.
For muclear plants immersion in the airborne effluents is
also a significant factor in the dose commitment. Assuming
that the coal burned contains 1 ppm uranium and 2 ppm thorium
together with their decay products and using the same impact
analysis methods used in evaluating nuclear facilities, the
maximm individual dose commitments from the coal plant for
the whole body and most organs (except the thyroid) are shown
to be greater than those from a pressurized-wat- reactor
(PWR) and, with the exceptiocn of the bone and kidney doses,
less than those from a boiling-water reactor (BWR). With
the exception of the bone dose, the maximum individual dose
comritments from the coal plant are less than the numerical
design guideline limits listed in 1C CFR 50, Appendix I, for
light-water reactors (IWRs). Population dose commitmentc from
the coal plant are higher than those from either nuclear plant,
except for the thyroid dose from the boiling-water reactér.
The use of coal containing higher uranium concentrations'
and/or higher particulate releases (>> 1%), characteristic
of the present cnal-fired power industry, could result in
dose commitments from a coal plant several orders of magnitude
higner than those estimated in this study. Methods for esti-
mating these higher dose commitments are presented. The study
is limited to a comparison of the radiological impaqts of
airborne effluents from model coal-fired and nucleasr power
plants end does not compare the total radiological impacts
of a coal versus a nuclear economy. It is concluded that an
evaluation of the radiological impact on the enviromment .
should be included in the assessment of both coal-fired and
nuclear power plants. ‘ !




1. IRTRODUCTION

Studies have been made in the past few ycars of the amounts of
naturally occurring radiocactive substances emitted in the alrborme
effluents of coal-fired power plants (1-5) as well as the radioactivity
in the releases from nuclear power plants (3, 6). Potential radiological
impact of these substances has genc-ally been evaluated in terms of the
radiation protection guides set forth by the Federal Radiation Council,
the International Cammission on Radiological Protection, and Part 20 of
Title 10 of the Code of Federal Regulations. The studies showed that
releases of radioactive materials from coal-fired plants and nuclear
" plants were well within the limits contained in these regulations. How-
ever, where estimates were made of the radiological impact of stack effluents
of the coal plants, the studies were limited to an assessment or the
radiological dose through the inhalation pethway and did not include the
ingestion pathway (3, 7). Ingestion is the important pathway when consider-
ing radioactive materials such as radium and thorium. Recently, new
regulations have been issued which contain numerical design guides for
limiting the release of radiocactive materials from light-water-reactor
(IWR) muclear power plants to values which are "as low as is reasonably
achievable"” (AIARA) (8). These values are about 100 times lower than
radiological guides in the previous regula*ions. Therefore, we undertook
to reevaluate airborne releases of radioactive materials from coal-fired
plants, to estimate the potential radiological impact (doses to individuals
and populations) of +hese releases, and to compare them with the airborne
releases and radiological impacts from nuclear plants that conform t» the
nev regulations. The method used was (1) to estimate the annual amcunts
of airborne radiocactive materials released from a model advanced 1000-MW(e)
coal-fired plant (the source term), (ii) to calculate the radiological
doses received via all exposure pathways, and (iii) to compare the estimated
doses with the design objective guideliris specitied in the Code of Federal
Regulations for LWR power stations (10 CFR 50, Appendix I), and with the
estimated radiological doses from the airborne effluents of a model
10 -MW(e) pressurized-water reactor (PWR) “and a model 1000-Mw (e}



boiling-water resctor (BWR). Variables considered for the coal-fired plant
were the amounts of radivact.ive materials in various types of coel Lud (oal
ashes, efficiency of fly-ash collection, stack height, and modes by which
radioactive materials and radiation are transferred to man (i.e., ingestion,
inhalation, direct radiation, etc.).

Resiults of the present analysis should not be construed tc represent
a complete comparison of the radiological impact of a muclear energy
economy versus a coal economy. A true comparison would have to include
the entire nuclear fuel cycle for a nuciear p« ser econcmy (i.e., mIning
and milling operations, enrichment facilities, fuel fabrication and re-
fabrication plants, fuel reprocessing, and waste management), and analysis
of the impact of other phases of the coal fuel cicle such as mining and
waste management. For example, the fate of the bottcm ash from the |
boilers and precipitators of the coal plent, which contains most ¢ the |
radioactivity initially present in the coal, would determine the potential
for additional radiation exposure from the coal fuel cycle. These ashes
are generally flushed with water to ash ponds where elements may be
leached from the ash and enter the aquatic enviromment in runmoff. 3imilar-
1y, the toxic effects of radiocactive waste materials produced at coal
mines spould be evaluated.

The present survey is limited to a comperison of the radiological
impacts of the airborne effluents from coal-fired and nuclear power plants.
The amounts of radicactive materials released in liquid effluents from
nuclear power plants are well known and have been documented (6). However,
the rate of movement of radiocactive materials from coal slag and ash piles
in leaching waters is not kmown. Consequently, a comparison of the radio-
logical impact of the liquld effluents from coal-fired and nuclear power
Pplants was not made.

2. NATURAL RADIOACTIVITY IN COAL

Coal contains small quantities of 228y, 238y, 3331y anq their radio-
active daughter products in secular equilibrium (9). Secular equilibrium
is a steady~state condition in which the rate of formation of the radioactive

|




daughter products is just equal to their rate of decay, i.e., activities
cf radioactive parent and daughter are the same. -

Uranium and thorium contents of coal from Illinois and Western
Kentucky sampled in a study of the Allen plant (near Memphis, Tenn.)
ranged from 1.7 to 3.3 ppm uranium and 2.4 to 3.0 ppa thorium as measured
by neutron activation (10). In Appalachian coals sampled at the Widows
Creek plant (near Bridgeport, Alabamea), the uranium and thorium contents,
estimeted from the specific alpha activity Zn the ashed coal, runged from
C.k to 2.5 pym and 0.3 to 3.6 pmm, respectively (7).

Uranium and thorivm contents of fly ash collected at the Allen plant
.»ve 30 and 26 ppm, respectively, which, assuring a 10~percent ash content
in the coal and no enriclment of the elements in the fly ash, extrapolates
to0 3.0 ppm urarium and 2.6 ppm thorium in the coal (11). Chemical analysis
of the f1ly 2sh collected at the Kingston plant (near Kingston, Tenn.)
shcsed a uranium concentration of 25 pm (12).

Bisenbud and Petrow measured the amounts of ??®Ra and ?*®Ra in fly
ash from the cambustion of si: samples of Appalachian coal and estimated
the average uranium and thorium contents of the coal (assuming secular
equilibrium) to be 1.1 and 2 ppm, respectively (1). Similar extrapolations
based on the radium content of the fly ash from a variety of coals in
ref. 3 (cf. Table 1) give average values for the uranium and thorium con-
tents of the coals of 0.7 to 1.9 ppn, respectively.

An analysis of the data in Tables 1 and 2 indicate that concentrations
of 1 ppm uranium and 2 ppm throium would be representative of coul from
these sources, principally Appelachia coal. A survey of the uranium and
thorium concentrations in 799 coal samples rrom all regions of the United
States is presented in a draft report by the United States Department of
the Interior Geologic Survey (13). These data are summarized in Table 3
and indicate that concentrations of 1 ppm for uranium and 2 ppm for thorium
in coal are reasonable estimates of the average values for all coal in the

United States. However, the data also show that some coals contaln concentra-
tions several orders of magnitude higher than these values. Based on these data,

we have selected concentrations of 1 ppm uranium and 2 ppm thorium in the
coal to develop a source term for tve model 1000-MW(e) coal plant used in
this study. Comparisons werel al¢> made for *he combustion of coal contain-
ing 2 ppm of uranium and 2 ppm of thorium.



Table 1. Radiocactivity in fly ast from coll.
Concentration (pCi/g dry fly ash)

Source Investigator 226y, 220 21284y dar
Appalachian cosl® Eisenbud et al. 3.8 2.4 2.6 ¢
Utah coal Eisenbud et al. 1.3 0.8 1.0 c
Wyoming coal Eisenbud et al. c 1.3 1.6 c
Alsbams cosl Eisenbud et al. 2.3 2.2 2.3 c
TVA coal Stone 6.3 2.9 2.9 2.9
Hartsville com’ sexm® 2.3 3.1 c 3.1
Colbert, TVA, coalf SERAL 3.1 6.9 1.68 6.9%
Widows Creek, TVA,

coal SERHL 1.6 2.7 2.8 2.7

%3. E. Marcin, E. D. Harward, and D. T. Oakley, "Comparison of Radioactivity from
Fossil-Fuel and Kuclear Power Plants,” Envirommental Effects of Producing Electric
Power ~ Part 1. Appendix 14, Committee Print, Joint Committee on Atomic Energy
91st Congress of the U.S., 1st Session, Table 1, p. 777, Washington, D. C.,
November 1969.

bAverlge values for ssaples of fly ash obtained from the combustion of 6 difierent
samples of semibituminous cosl from Appalachian mines.

cmlysis not performed.

dAverage values for 22°Ra and 2>2Th in 5 samples of fly ash; *?°Ra assumed 1n
secular equilibrium with 23?Th.

€southeastern Radiclogical Health Luhorstory, HEM Bureav of Radiclogical Health;
since December 1970, the Eastern Environmentsl Radisti.n I iboratory, Environ-
mental Protection Agency, Montgomery, Alabsma.

fAvenge of 12 samples; *:'Rs assumed in secular equilibrium with ?’?Th.

zOne of these nuabers would aggur to be in error. In secular equilibrium,
the activities of 22°Th and ‘’2Th should be the same.




Table 2. Ursmiwe and thorimm couteats of variows ceals
Concentration (ppm)

Coal sowrce Invest igator Estimation 5@2{ Uraaimm Thet fen

Allea, TVA Bolton et al. Beutron sctivation’ 2.7 2.7

West Kestucky Bedroaism et al. Specific aiphs sctivicy: 2.1 0.6
ashed coal

Last Tesmespee Dedrosism et al. Specific alphs ectivicy: 1.3 0.6
ashed ceal

Borth Alsbams Beirosism ot al. Specific alphs sctivity: 2.5 1.0
ashed coal

Vidows Creek, TVA Dedrosism et al. Specific slphs sccivity: 0.5 2.1
ashed coal

Allen, TVA Fulkerson et al. Cheaical analysis uraniwm, 3.0 2.6
ctkorium ia fly ast

Kiagstom, TVA Seeley Chenical smalysis wemiwm 2.5 -
in fly ash

Appalachia Eisenbud et al.© n‘h. zul.n in fly asbh 1.1 2.0

Gtah Eisenbud et al.© 26, 28, ia fly ssh 0.4 0.7

Alabase Eisenbud et al. 26y, U8y, 1y aen 0.6 1.8

Vyoaing Eisenbod et al.© 228, 1n fly ash - 1.1

TVA Stone® 226... 2)2“ in fly ash 1.3 2.6

Rartsville soo S*9 226y, P2 10 fly ash 0.6 2.8

Colbare, TVA som.® 2265, 1n fly ash 0.8 -

Vidows Creek, VA s’ 226y,, P2, 1a fly seh 0.5 2.5
Range 0.4-3.0 0.6-2.8
Aversge 1.4 1.8

ﬂhcn coal sample vas oot snalyied directly for uranium amd thoriwm, the uranium aad thorims contents
were estinsted from anslyses of the fly ssh sssuming 102 ash in the origisal cosl amd secular
oquilibriums vith the radiocective daughters.

'Avum values for uranium amd thorium conteats in 3 and 2 samdles of cosl, respectively (cf Ref. 9).
“Zstimeted from information in Table 1, Ref, 3, p. 777 (cf Table 1 of this veport).

‘Southutm Rediological Heslth Laboratory, HRW Buresu of Rediclogical Nealth; simce December 1970,
the Lsstern Iavirommental Radistion Laborstory, Envirommemtal Protection Agency, Momtgowery, Alsbames.



Table 3. Range of uranium and thorium concentrations and geometric means
(expected valuea) for coal samples taken from various regions
of the United States®

Uranium concentration Thorium concentration
Rusber {opm) {
of Geomatric Geonstric
Region Coal rank sawples Renge |ean Range _ _Bean
Pennaylvania Anthracite $3 0.3-25.2 1.2 2.8-16.4 4.7
Appalachhb Bituminous kk)) <0,2-10.9 1.0 2.2-47.8 2.8
Interior® Bituminous 143 0.2-43 1.4 <379 1.6
Northern Creat Plain-d Subbituminous, lignite 93 Q,2-2,9 0.7 <2.0-8,0 2.4
Gult’ Lignite % 0.5-16.7 2.4 €3.0-28.4 3.0
Rocky Mountain® Bituminous, 13 ©.2-23.8 0.8 3.0-34.8 2,0
subbituminous
Alaska ) Subbituminous 18 0.4-%,2 1.0 <3.0-18 1

. k. Swanson, J. H. Medlin, et al., "Collection, Analysie, and Evaluation of Coal Samples in 1975," U.8,
Depaxtment of tne Intgrior, Geological Survey, Open-File Report, 76-4868 (1976) Drafe.

b?onnlyxvunta. Ohio, Maryland, West Virginia, Virginia, Kenrucky, Tennessee, Alabama.
cmchinn. Indiana, Iova, Nebraska, Missouri, Kansas, Oklahoma, Arkansas.

dllorth Dakota, Montana, Wyoaming.
®Alabama, Missisaippi, Arkansas.
!Hro-in;. Colorado, Utah, Arisona, New Mexico.

Note: The analyses for uranium and thorium were performad on whole coal.
The crithmectic average concentrations of thorium and urantum in ppm for all coal samples and various

ranks of coal for the whole United Statea are as follows:

Coal rank Sawples
All coal 799
Anthracite 3
Bicuminous 309
Subbituainous 183

Lignite 34

Thorium

ppm)

Uranium

~pem)
1.8
1.3
1.9

13
2.3



3. SOURCE TERM FOR A MODEL ACVANCED 1000-MW(e)
COAI-FIRED “UWER PIANT

The scurce term describing the amounts of radioactive materials
released frow a model advanced 1000-M¥(e) coal-fired power plant was
developed from operating data given in a recent mass-balance studv for
trace elements in one of three units at TVA's Thomas A. Allen steam plant
at Memphis, Tem. (10, 14). T:is unit had a peak capacity of 290 Mi(e)
at a coal consumption rate of 106 tons/hour. The coal was burped in a
cyclone-fed boiler, and tne ash was distributed between the slag and fly
ash at a ratio of about 3 to 2. This distribution is in contrast to that
obtained in more conventional plants that use a blower-fed boiler where
80 to 90 percent of the ash appears as fly ash. The use of a high-efficien-
cy electrostatic precipitator limited the amount of fly ash released to
the atmosphere to about 1 percent of the total ash in the coal, which zon-
forms to EPA emission standards (See Sect. 6.4). The percentage of ssh
released by cother coal. plants throughout the Unitea States is, in general,
higher than this and, in some cases, more than an order of magnitude
higher (See Sect. 6.4). Thus the calculated source term represents
the radiocactive release when the most advanced available technology is
used for abatement of particulate emissions.

Assuming an 80-percent capacity factor, the unit consumes 7.43 x 1P
tons of coal per year, which is equivalent tc 6.74 x 10'! g/year or
2.32 x 1@ g/Mi(e)-year. Uranium and thorium inputs to the un’’ at con-
centrations nf 1 ppm for the uranium :ad 2 ppm for the thorium would be
2.32 x 10 g/MW(e)-year and k.64 x 10P g/MW(e)-year, respectively.

. Assuming that all the uranium and “horium are in the ash and that 1 percent
of the ash in the coal is relesced to the atmosphere, about 23.2 g/MW(e)-year
of uranium and 46.4 g/Mi(e)-year of thorium and associated nonvolatile
radioactive daughter products would be released with the ash. Annual
roleases from a 1000-MW(e) station with the same operating parameters

would be 2.32 x 10* g of uranium and 4.64 x '10* g of thorium and associated
noivolatile radicactive daughter products.

A scurce term based on the release of 1 percent of the fly ash was cal-
culated (Table 4) assumins that the radioac{:ive daughters of 238y, 238y gnq



Tabie 4. Estimated annual airborme radiocactive materials released from
a model 1000 MW(e) coal-fired power plant (source term)®

Releases
Isotope (Ci/year)
G-238 chain
U-238 8 x 1073
Th-234 8 x 10-3
Pa-234m 5 x 10-3
U-234 8 x 103
Th-230 8 x 19-3
Ra-226 8 x 10-3
Po-218 8 x 10-3
Pb-214 8 x 10-3
Bi-214 . 8 x 10-3
Po-214 . 8 x 10-3
Pb-210 ) 8 x 10-3
Bi-210 8 x 103
Po-210 8 x 103
U-235 chain
U-235 3.5 x 10~
Th-231 3.5 x 104
Pa-231 3.5 x 10~%
Ac-227 3.5 x 10~4
Th-227 3.5 x 10~4
Ra-223 ‘ 3.5 x 104
Rn-219 3.5 x 10~4
Pb-211 . 3.5 x 10~%
Bi-211 3.5 x 10~%
T1-207 3.5 x 10~4
Th-232 chain
Th-232 5 x 1073
Ra-228 5 x 10-3 |
Ac-228 l 5 x 10~3
Th-228 | ‘ 5 x 10~3
Ra-224 \ s x 1073
Pb-212 5 x 10~3
Bi-212 5 x 1073
T1-208 1.8 x 10-3
Radon releases
Rn-220 0.4
Rn-222 0.8

l

'

'Assulptionu: (1) the cosl contains 1 ppm uranium and 2 ppm thorium, (2)
ssh release is 1 perceant, (3) Rn-220 is produced from Th-232 in the com-
bustion gases at the rate of 1.3° x 10-9 curies per second per gram of
thorium, (4) the annual release of natural uranium 1is 2.32 x 10% g and of '
Th-232 is 4.64 x 10% g, and (5) 15 sec 1s requirad for the gases to travel
from the combustion chamber tq the top of the stack.

!
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333Th in the fly ash are in secular equilibrium with the parent elements
and are released in the same wroportion as the parent elements except for
the radon isotopes, All of the radon initially present in the coal is
assumed to be released in the airborne effluent. The l-percent ash relesse
assumed is nearly an order of magnitude less than the average ash release
for the industry in 1972 but approximates the present EPA regulation ror-
the release of garticulates to the atmosphere (See Sect. £.4).

L., SOURCE TERMS FOR MODEL ADVANCED NUCIEAR PIANTS

The regulations for limiting the release of radioactive materials
trom light-water reactors (IWRs) to unrestricted areas are contained in
the Code of Federal Pegulations, Title 10, Parts 50 and 20 (10 CFR 5C and
10 CFR 20). Regulatiins for licensing of production and utilization
facilities are conteiazd in 10 CFR 50, and the numerical guides for design
objectives and limiting conditions for the operation of IWRs are contained
in Appendix I of 10 CFR 50. The guides for all types of nuclear facilities
for limiting the amounts of radiation received by individuals and populations
are contained in 10 CFR 20. The general standards are 500 millirem/year
to the whole body, gonads, and bone marrow; 1500 millirem/year for other orgaus;
and 170 millirem/year for individuals in populations. On Dec. 1, 1979, new
standards for nuclear power operations superseding 10 CFR 20 and cor‘ained
in 40 CFR 190 will become effective limiting exposures to the whole body
and all crgans except the thyroid to 25 millirem/year; the new thyroid
exposure limit is 75 millirem/year (15). In addition, 10 CFR 20 requires
that all nuclear facilities must hold the releases to "as low as is reason-
ably achievable, taking into account the state of technology, the economics
of improvements in relation to benefits to the public health and safety,
other societal and socioeconomic considerations, and in relation to the
utilization of atomic energy in the public interest.” The design guides
for limiting the amounts of radioactive materials in the effluents from
IWR reactors ir 10 CFR 50, Appendix I, are the following: (i) for liquid
effluents, 3 millirem/year for whole body and 10 millirem/year for organs,
and (ii) for airborne effluents, 5 millirem/year for whole body and 15



1n

millirem/year from icdine and perticulates for organs. Supplementary
treatment equipment for retaining radiocactive materials must be added to
2 plant if the cost is less than about $1000/vhole-body-man-rem or about
$1000/thyroid-man-rex over a distance of 80.5 km (50 miles) from the plant.
The whole body doses from natural background radiation levels in the
United States vary from a minimum of 100 millirem/year to a maximm of
245; the national average is 13C (16).

£11 INRs must conform to the Code of Federal Regulations and, con-
sequently, it iz reasonable to cowpare the releases of radioactive mate-
rials fram other power-producing units, such as coal or oil-fired plants,
with these regulatory values. Such a comparison is made in the present
analysis. In addition, airborne releases (scurce terms) from a model
1000-MW(e) pressurized-water reactor (PWR) and a model 1000-MwW(e) boiling-
water reactor (BWR) are also used in the comparison (Table 5). The source
terms are from uranium-oxide-fueled IWRs ~ a model BWR and a model PWR
with recirculating U-tube-type steam generators - given in the Final
Generic Environmental Statement on the Use of Recycle Plutonium in Mixed
Oxide Fuel in Light-Water-Cooled Reactors (GESMO, ref. 17). The radwaste
systelx".s for each type of plant contain equipment and features typical of
current operating plants; however, the plants are mocels, and the source
terms are not directly applicable to a particular operating reactor. 1In
this analysis, the model reactors are placed in the same location as the
coal-fired plant so that the meteorology and population distribution are
the same for the two types of plants. The maximm individual doses and
the population doses for the muclear plants are evaluated at the boundary
of the plant restricted area (assumed to be 500 m) and in the unrestricted
area from the plant boundary out to 88.5 xm (55 miles), respectively. The
maximum doses in the unrestricted area occur at the plant boundary and
doses decrease with distance out from the boundary.

5. DOSE CAICUIATIONS
Both the model coal plant and the nuclear power plants were assumed

to be located in the midwest with meteo}ology characteristic of St. Louis,
Missouri (18). The surrounding population was assumed to be 3.5 million



Table 5. Estimsted antwual aicborne rel=ases (source terms) from a
nodel 1000-Mi(e) boiling-water reactor (BWR) and a model
1000-Mi(e) pressurized-water reactor (FUR)3

o, nm
Radionuclide (Ci/year) (Ci/year)
o, 25 25
83y, b . 1
85ey, 150 16
85y 290 470
2/ 200 3
88, 240 23

Dim,, ¢ 82
133w, b 120
133
Xe 3,200 12,000
135my, 740 b
1354e 1,100 86
138,, 1,400 b
131, 0.3 0.025
133, 1.1 0.023
14, 9.5 )
3 43 1,100

#source terms for the nuclear plants are from the Final Generic Environmental
() Fyel ight

Matex Coole » U.S. Nuclear Regulatory Commission, NUREG-0002

(April 1976), Vol. 3, Chap. 1V, pp. IV C-104 and IV C-106.

bAmual release <1 Ci.
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people out t- 88.5 km from the facility, the average population distribu-
tion around three midwestern population ~enters (19). The populsation
density in persons per square kilometer asstmed for a radial distance of

8 m i:om the facilities was 37; fraom 8 to 40 km. 49; and from 4O to 88.5
km, 170 (19). Maximm individual doses and population doses out to 88.5
kilometers were calculated for both muclear plants and for stack heights
of 50, 100, 200, and 300 m for the coal plant. Radioactive materials re-
leased at the top of the stack of the model coel plant were assumed to rise
because of the buoyancy of ‘he hot stack gases. The effective release
height is the sum of the physical height of the stack and the buoyant plume
rise as calculated through the use of Brigg's equations (20). Informaticr
from the 122-m Allen steam plant stack was used in the plume rise calcula-
tions. A 20-m fixed height with no plume rise was used for re -~ses from
roof vents of the nmuclear plants. These heights are characteristic of
existing plants.

Atmospheric dispersion of plume: ns they are blown downwind from the
plants was estimated using the Gaussian plume equation of Pasquill (21, 22)
as modified by Gifford (23). Radionuclides released as particulates de-
posit on ground surfaces through the processes of dry deposition and
scavenging. The rate of dry depcsition, which involves adsorption, parti-
cle interception, diffusion, and chemical-electrostatic effects, was
estimated by multiplying the concentration of the radionmuclide in air at
ground level by the deposition velocity. A value of 1.0 cm/sec was used
for the depofition velocity of all particulates. Particle sizes were
assumed to be small enough that gravitational settling could be ignored.
The rate of deposition by scavenging, which is primarily the process oi
washout by rainfall, was estimated by multiplying together three factors:
(1) the average concantration of the radionuclide in air above the refer-
ence location from the ground toc the bottom of the inversion layer, (ii)
the distance from the ground to the bottcm of the inversion layer, and
(i1i) the scavenging coefficiont. A scavenging coefficient of 2 x 105
sec was used for all particulates. Methods for estimaiing the scavenginy
coefficient, which iz related to the rainfall rate (ca. 89 cm/year at the
nidwestern site) can be found in ref. 21. The value used represents an
average over the year, i.e., scavenging was calculated as though it were
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occurring countinuously. Depletion of the plume by deposition processes
and radioactive decay as it is blown downwind was taken into account in
the calculations. .

The AIRDOS computer code (24) was ".sed for the atmospheric dispersion
calculations, using annual-averasge meteorological data in terms of joint
frequencies of wind-speed categories, atmospheric stabilities, and wind
direction. The computer code estimates anmual-average concentrations in
air at ground level and ground deposition rates for each radiomuclide re-
leased from the plants for each of 16 compess directions as a function of
distance from the source. Each concentration and deposition rate is an
average value across a 22.5° sector. Concentrations in air for each sector
and distesuce from the source are used in ATRDOS to calculate dose via in-
halation and immersion in air. Ground surface concentrations are used
for the estimation of external radiation esposure. The ground deposits
are also assimilated into food, which results in additional doses through
ingestion.

Dose conversion factors used in ATRDOS to calculate doses resulting
from immersion in air, exposure to contaminated ground surfaces, and in-
take through inhalation and ingestion were obtained through the use of
computer codes (235, 26) that use dosimetric criteria of the International
Commission on Radiological Proteciion (ICRP) and other recognized authori-
ties. Most of the dose conversion factors were based on dosimetric criteria
given in ICRP-2 (27), but those factors used for radium isotopes were based
on recommendations in ICRP-10 {28). _

Estimates of the intake of radiomuclides by man through terrestrial
food chains were made with a model and computer code (29). incorporated
within the ATRDOS code, which treats ingestion of vegetable crops, beef,
and milk,

Tritium (®H) and 1*C released from nuclear plants are given special
treatment because the stable forms of these elements constitute significant
fractions of the elemental composition of the human body and man's food
end drink. Transport processes within soil, plants, cattle, and man Mch
apply to trace quantities of radionuclides do not necessarily apply to
these cases where the stable elements are present in such quantities thai
saturation effects are significant. Tritium was assumed to exchange vitp
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water in the atmosphere and to follow water preclisely through the
enviromment. Ingestion doses from tritium were calculated frome the
specific activities of tritium in atmospheric moisture (30). The **C
was assumed to be released in the form ¢f CO;, and became available for
Tlant photosynthesi: after mixing with atmospheric CO;,. Ingestion of
food produced in the area is the only significant exposure mode for }*cC,
50 the dose estimates were based on -the specific activity of 14¢ §n
atmospheric CO; (20).

With the exception of °H ard '*C, mentic.ed above, estimates of in-
take by m2a of radiocactivity from muclesr and coal sources were determined
with the TERMOD code. The TERMOD model end computer code are described
in refs. 29 and 30. The latter reference comtains all of the radiomiclide-
dependent and independert imput variables used in the apalysis. 1In tris
model, airtorne radioactive material; are deposited upon crop plants, soil,
and pasture grass. All radiomuclides are assumed to be soluble, both in
terms of uptake by vegetation and absorption after inges:iion by cattle
and man. ILosses of radioactivity duz to weathering (1h-day half-life on
crops and pasture), radiclogical decay, and food preparation (crops) are
assumed. Vegetation is contaminated externally (fallout) and via uptake
from roots. Radionuclides deposited on pastures are “ransferred to cattle
and then to man via ingestion of beef' and milk. Daily intakes assumed for
maximelly exposed individuals were 250 g of vegetables, 300 g of beef, and
1 liter of milk. The da:ly intake for exposed populations differed in
that a value of 0.3 liter per day of milk wars used.

Depositel radionuclides are assumed to build up for a period of 50
years for the purpose of estimating doses from surface expcsure. Relativ-
ely short-lived radionuclides reach a steady-state zoncentraticn on the
surface long before 50 years. Only gamna radiation is considered for
estimating surface exposure. Annual surface dose estimates are conserva-
tively high bvecause (i) they are based on the assumption that a man stands
on the ground surfacc at his place of residence during the entire year,
and (ii) no consideration is given to the long-term penetration of radio-
nuclides into the soil with consequent shielding by the soil layer.

Dose estimates via inhalation and ingestion are 50-year dose commit-
ments accrued from 1 year of exposure to facility releases. Factors tpat
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would tend to reduce external doses, such as rhielding provided by
dwellings and time spent away from the reference location, are not con-
sidered. Moreover, in estimating dose to individuals through ingestion
of plants, meat, and milk, an individual is assumed to obtair all of his
fo.d At the reference location, refe-rred to as 100-percent ingestion dose.
Dose calculations assuming O~ 100 3G~ and 50-percent ingestion were also
made for comparative purposes.

5.1 Source Term Methodology

Radionuclides released as particulates from the coal glant are
members of three radionuclide decay chains starting with 3%y, 2%y, and
2327, The first five daughters of the 23U chain (*?¢Th, 234mp,y, 234y,
2390, and *?®Ra) were assumed to be in equilibrium at the time they left
the stack. Equilibrium treatment was discontinued after 22?®Ra because it
decays to *?Rn. All of tb~ ?22Rn present in the coal burned is assumed
to be released to the atmosphere; this amount is considerably greater than
the amount of *22Rn produced by the decay of the *2®Ra released to the
atmosphere (Table 4). Surface decay of each of the sYort-lived nucliles
in the source term following *22Rn (*!®Po, *1*P, *'4Bi, and ?'*Po) was
calculated to proceed in accordance with its own decay ccastant. The
daughters of 21°Pb (*°Bi an? *'°Po) were assumed to be in equilibrium
with **°po.

The first six daughters of 235y (*21Th, 23! pa, 227Ac, 23" Th, 232R,,
and °Rn) were considered to be in equilibrium with 228U in the plume and
on ground surfaces. Each of the short-lived :uclides following the noble
gas 31°gn (**'pp, ¥11B;, and :’°"T1) was calculated to decay in accordance
with its own decay constant.

Equilibrium treatment of the thorium chain (332Th, 238Ra, 33%pc,
%2%Th, en3 334Ra) was halted with ??*Ra because it decays to *?°Rn. ALl
of the **°Rn in the coal burned enters the plant exhaust system, and the
amount released to the atmosﬁhere ic very much greater than that produced
by the decay of the ***Ra released to the atmosphere (Table 4). kadio-
nuclides in the original source term following *2°Rn (*'2mb, 312Bi, and
30871 were considered to decay in accordance with the decay constant of
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213p,  The decay of 3°Rn in the original source term is nearly complete
by the time the plume reaches the plant boundary. To approximate this
situation, a quantity of its daughter product, **Pb, was added to the
source term, which corresponds to the release rate of *2°Rn multiplied by
the ratio of the half-lives of 3*°Rn and ?2?Pb. The dose conversion factor
for surface expcsure used for this specific release of 1% Pb included con-
tributions from its daughters 3*?Bi and 27¢T1.

Radioactive daughter-products as solid particulates are produced in
the effluent plume from the muclear plants as a result of decay of some
of the short-lived noble gases released. The buildup of particulate
daughters in the plume was treated conservatively by adding them to the
source term itself. Decay of ®®kr (Tym = 2.8 hour) produces the shorter-
lived ®®*Rb (Tya = 17.8 min). Even though equilibrium with its parent is
not achieved by the time the plume reaches the 500-m plant boundary, a
release of ®®Rb equivalent to that of its parent was used. Decay of ®®Rb
in the plume was assumed to cake place at the same rate as that of its
parent, ®®Kr. The decay of ®®Rb after deposition on the ground was cal-
culated to occur in accordance with its own radicactive decay constant.
The noble gas !3®Xe decays in the plume to produce 2 longer-lived particu-
late daughter, 12%Cs, which was added tn the scurce term with a release
rate reduced from that of its parent by the daughter-to-parent ratio of
the radioactive decay constants. The release rate of *3®Cs was 54.3
percent of that of its parent, }2®Xe.

6. RESULTS AND DISCUSSION

Tables 6 and 7 give the maximum individual dose commitments and the
population dose comnitments calculated to result from the estimated re-
leases of radioactive materials from the model 1000-MW(e) coal-fired and
nuclear power plants. As noted in Sect. 3.0, the source term for the coal
plant assumes a concentration of 1 ppm uranium and 2 ppm thorium in the
coal and a release of 1 percent of the fly ash. The maximm individual
doses for both the noal and the muclear plants are the maximum values at
a 500-m perimeter.
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Table 6. MMaximum individual dose commitments from the airborne releases of
mode) 1000-Mi(e) power plant- (wrem/year)®

doiling-wvater Pressurized-vater 10 CFR 50
Coal-fired reactor® reactor® Appendix I
Organ plant? (BUR) (PWR) guides
Whole body 1.9 5.6 1.8 5
Bone 18.2 5.9 2.7 15°
Lungs 1.9 4.0 1.2 .5€
Thyroi® 1.9 36.9¢ 3.8 15°
Kidneys 3.4 3.4 1.3 15¢
Liver 2.4 3.7 1.3 15%
e

Spleen 2.7 3.7 1.1 15

The maximum individual dose cosmitments are for a midwestern site and are estimated at the
plant boundary at 500 a from the release points. Dose commitments are less at greater
distances. The ingestion component of the dose commitment is based on the assumption that
all food is grown and consumed at the reference locations.

"m dose commitmcnts listed are essentially the same for all stack heigits from 30 to

300 w including the plume rises resulting from bouyancy of hot stack-emissions. A 1 per-
cent ash release was assumed. The coal was assumed to contain 1 ppm uranium and 2 ppm
thorium.

Squrce terms for the nuclcar plants are from the Final Generic Environmental Statement

on the Use of Recycle Plutonium in Mixed Oxide Fuel in Light Water Cooled Reactors,

U.S. Nuclear Regulatory Comission, NUREGC-0002 (April 1976), Vol. 3, Chap. IV, pp. IV C-104,
and 1V C-106. The release hélght vas assumed to be 20 m with no plume rise.

dAssunes dairy cow on pasturo at site boundary for entire year. The thyroid dose estimated
in CESMD (ref. 17, p. IV ('-liS) for the same source terl was 11.7 arem/year.

Design guides for doses fro- fodine and particulates.
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Table 7. Population dose commitments from the airbormme releases »f
model 1000-Mi(e) power plants (man-rem/year; 88.5-km radius)®

Coal-fired plmtb Boiling-water Pressuriz~d-vater
stack height reactor® reactor®
Organ (m) (BWR) (PWR)
0 100 200 300
Whole body 23 21 19 18 13 13
Boae 249 225 192 180 21 20
Lungs 34 29 23 rJ 8 9
Thyroid 23 21 19 18 37 12
Kidoeys 55 50 43 41 8 9
Liver 32 29 26 25 9 10
Spleen » 3% N 29 8 8

aThc population dose commitments are for a midwestern site. The ingestion cosponents
of the dose commitment are based on the assumption that all fond is grown and
consumed ar the reference locations.

bA plume rise due to bunyancy of hot stack emissions was assumed. The dnse commitments

are for an ash release of 1 percent and for coal containing 1 ppm uranium and 2 ppm
thorium.

€Source terms for the nuclear plants are from the Final Generic Environwmental State-
ment on the Use of Recycle Plutonium in Mixed Oxide Fuel in Light Water Cooled
Reactors, U.S. Nuclear Regulatory Commission, NUREG-0002 (April 1976) vol. 3,
Chap. IV, pp. IV C-104, and IV C-106. The release height was assumed to be 20 m

with no pluse rise.
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The maximum individual doses at the S500-m boundary of the coal
plant meet the Appendix I regulations with the exception of the bone
Aose (Table 6). The maximum individual doses for the nuclear plants
also meet the Appendix I regulations, with the exception of the thyroid
dose from the BWR. An actual muclear plant would have to conform to the
Appendix I regulations (i.e., a maximm of 15 millirem/year for the
thyroid dose at the site boundary). A lower dose would result from re-
ducing the amount of iodine released, a site-location with a greater
site-boundary distance, more favorable meteorology, or a greater dis-
tance to the nearest dairy pasture. The data of Table 6 also show that
the maximm individual dose comitments from the model coal plant are less
than those from a BWR (except ~or the bone dose) but are greater than the
doses from the PWR (except fo: the thyroid dose). The maximum individual
doses at the perimeter of the coal plant are essentially the same tnr all
stack heights from 50 to 300 m. This is the result of the assumptions
(i) that the washout coefficient for small particles is independent of
the height of the particlcs zbove the ground (i.e., all particles at all
heights are washed out to the earth in the same time interval for a given
distance from the stack); and (ii) that the washout effect is much greater
than the sum of various dry deposition effects at distances close to the
plant. Dry deposition does not make a significant percentage contribution
to dose until the plume has travelled far beyond the plant boundary.

Population dose commitments from the coal plant are greater than those
from either nuclear plant (Table 7) with the exception of the thyroid dose
from the BWR. The ratio of the population dose:; for the coal plant to the
muclear plants is higher than the same ratio for the individual doses at
the plant boundary (Tables 6 and 7). This results from the rapid decay
of the short-lived noble gases released from the nuclear plants as they
move from the plant boundaries ocut to 88.5 im.

6.1 Percentage Contributions of Radiomuclides to
Exposure and Exposure Pathways
Table 8 lists the percentage con*ributions of radionuclides to the
population doses from the coal-fired plant. The radium nuclides, 33ép,
and ??8Ra, are the majcr contributors to the wnole-body dose and mos*



Table 8. Percentage contributions of radionuclides to population doses
from the airborne releases of a 1000-MW(e) coal-fired power plantd

Contributions of radioauclides (pcrccnt)b —
Organ 2265!j 228, 228,rh 23°Th 232Th 210P° 210pb 227Ac
Whole body 67 21 0.7 3.5 0.7 2.5 2.1 1.0
Bone 59 14 1.8 12 1.8 0.9 4.9 2.6
Lungs 47 15 10 10 10 2.1 1.7 0.7
Thyroid 68 21 0.7 3.5 0.7 2,5 2.1 1.0
Kidneys 28 8.4 0.6 11 0.6 29 18 0.9
Liver 48 15 0.2 4.2 0.2 16 11 4.7
Spleen 42 13 0.4 2.2 0.4 40 1.2 0.6

'Percentage contributions are for coal containing 1 ppm uranium and 2 ppm thorium. The
radionuclides are assumed to be releaued from a 50-m stack at a midwestarn site with a
plume rise due to buoyancy of the hot stack emissions.

bThe horizontal columna total less than 100 percent because radionuclidcl contribucing

only to a minor extent iu tiwe orran dosesa are not listed. Release heights greater than
S0 m Ega:lt in slightly higher contributions from the radium nuclides and lower contributiona
from h.
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organ doses. However, #2°PFp is the major contributor to spleen dose,
and #*°Po and *1°Pv together conmtribute almost half of the dose to the
kidneys. The contribution of ?*Rn to the doses is insignificant even
though its release rate is much greater than that of any other muclide
in the source tarm. The lung is the critical organ for *?2Rn, but the
323pn contribution to the total lung dose is only about 1 part in a
miliion.

Ingestion is the main exposure pathway for the population doses
from the coal-fired plant (Table 9). The results listed in Tables 8
and 9 apply to a release height of 50 m. Higher release heights dec:rease
the contribution via inhalation with a corresponding increase in the
percentage contribution via ingestion. For whole body and most crgans,
about 27 percent of the ingestion dose is caused by consumption of
vegetables, about 29 percent from milk, and about L4 percent from beer.
Between 40 and 55 percent of the ingestion dose to kidneys, liver, and
spleen comes from consumption of vegetables with correspondingly lower
contributions via the milk and beet pathways.

Percentage contributions of radionuclides to the population doses
from the nuclear power plants are listed in Tables 10 and 11. Carbon-1h
is the main contributor to whole body and most of the organ doses for
both nuclear plants. Tritium also adds significantly to the PWR doses.
The gases from the nuclear plants are released at a height of 20 m. The
maximum dose occurs at the plsnt boundary (%00 m), and the dose decreases
with increasing distance from the plant.

Ingestion is the major exposure pathway Sor both types of nuclear
plants, but immersion in the zirborne releases is also important (Tables
12 and 13). For the BWR, for example, ingestion accounts for 67 percent
of the whole-body population dose and immersion accounts for 32 percent.
Corresponding percentages “or the PWR are 76 and 19 percent. Beef is the
major food source fcr the ingestion doses to whole-body and hll organs
except thyroid. Milk is the major source of thyroid dose.

Even though the airborne effluent from “he coul-fired piant is releas-
ed from tall stacks (50-300 m) rather than at the 20-m heigh® uscd for the
nuclear plants, the maximum doses for the ccrl-fired plant eiso accur

close to the plant and doses decrease with increasing distance. This is
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Table 9. Percentage contributions of exposure pathways to

population doses f
1000-M¥ (e)

rom the airborne releases of a
coal-fired power plant?

Contribution by pathway (percent)b

Orga . Inhalation Surface exposure Ingestion
Whole body 5.5 0.9 93.6
Bone 17.0 0.1 82.9
Lungs 37.2 0.4 62.54
Thyroid 5.6 0.8 93.6
Kidneys 154.4 0.2 85.4
Liver 6.5 0.4 93.1
Spleen 3.6 0.3 96.1

aPercentage contributions are for coal containing 1 ppm uranium and 2 ppm
thorfum. The radionuclides are assumed to be released from a 50-m stack
at a midwestern site with a plume rise due to buoyancy of the hot stack

emissions.

bRelease heights greater than 50 m result in decreasing the percentage
contribution through inhalation and increasing the percentage contribution

through ingestion.



Table 10. Percentage contributions uf radionuclides to population doses
from the airborne veieases of a model 1000-MW(e) boiling-water reactor

Percent contributions of radionuclidesb
Organ lag L3Sy 135y 133yq 88, 4 88pp 131y 1337
‘Whole body 65.4 10.4 6.6 4.7 6.0 0.5 0.2
Bone 71.7 8.0 6.2 5.2 4.0 0.4 0.1
Lungs 46,7 16.1 9.8 6.2 9.7 0.9 0.3
Thyroid 10.6 3.9 2.3 2.0 2.0 67.8 9.5

aSource terms for the BWR are from the Firal Generic Environmental Statement on the Use of

Recycle Plutonium in Mixed Oxide Fuel in Light Water Cooled Reactors, U.S. Nuclear

Regulatory Commission, NUREG-0002 (April 1976), Vol. 3, Chap. IV, p. IV C-104,

bPercentage contributions are for a release of radionuclides at a midwestern site at a

height of 20 m with no plume rise. Minor contributors to organ doses are not listed in

this table.

L[4
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Table l11. Percentage contributions of radionuclides to
population doses from the airborne releases of a
model 1000-MM(e) pressurized-water reactor?

Contributions of radionuclides (percent)b

organ Té, 3 133, 131,
Whole body 54.6 26.2 17.7 0.04
" Bone 61.8 17.1 19.9 0.03
Lungs 3.3 39.9 21.6 0.07
Thyroid 27.8 29.1 23.2 17.7

aSource terms for the PWR are from the Final Generic Environmental Statement
on the Use of Recycle Plutonium in Mixed Oxide Fuel in Light Water Cooled
Reactors, U.S. Nuclear Regulatory Commission, NUREG-0002 (April 1976),

Vol. 3, Chap. 1V, p. IV C-106.

bPercentage contributions are for a release of radionuclides at a midwestern
site at a height of 20 m with no plume rise. Minor contributors to organ
doses are not listed in this table.




Table 12. Percentage contributions of exposure pathways to
population doses from the airborne releases of a
msodel 1000-Mi(e) boiling-water reactor®

Contribution by pathway (pg.rceut)b

Organ Inhalation Immersion Surface exposnire Ingestion
Whole body 0.3 31.6 1.5 66.6
-Jne 0.2 26.3 1.1 72.5
Lungs 2.0 46.9 2.4 48.7

Thyroid 1.7 11.4 0.5 86.4

aSourt:e terms for the BWR are from the Final Generic Environmental Statement
on the Use of Recycle Plutonium in Mixed Oxide Fuel in Light Water Cooled
Reactors, U.S. Nuclear Regulatory Commission, NUREG-0002 (April 1976),
Vol. 3, Chap. IV, p. IV C-104.

bPercentage contributions are for a release of radionuclides at a midwestern
site at a height of 20 m with no plume rise.
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Tabtle 13. Percencage contributions of exposure pathways to
population doses from the airborne releases of a model
1000-MW(e) -ressurized-water reactor?

Contribution by pathway (Qercent)b

Organ Inhalation Immersion Surface exposure Ingesti
Whole body 4.6 19.1 0.04 76.3
Bone 3.0 21.1 0.03 75.9
Lungs 8.1 22.6 0.0 69.2
Thyroid 5.4 24.7 0.04 69.8

aSource terms for the PWR are from the Final Generic Environmental Statement
on_the Use of Recycle Plutonium in Mixed Oxide Fuel in Light Watcor Cooled

Reactors, U.S. Nuclear Regulatory Commission, NUREG-0002 (April 1975),
Ynl. 3, Chap. IV, p. IV C-106.

Percentage contributions are for a release of radionuclides at a midwestern
site at a height of 20 m witk no plume rise.
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because ingestion is the major pathway of exposure for nearly all of the
radiomiclides released by the coal plant and results primarily from the
deposition of radionuclide particulates through washout of elevated plumes
by rainfall. The maximum concentration ¢f radiomuclides in air at ground
level, which determines the maximm dose through immersion in air aad
inhalation, occurs at a distance of several kilameters from a plant with
a tall stack; however, ‘he surface deposition rate per unit area through
washout, vhich largely determines ingestirm and surface doses, is high
close to the stack and decreases with increasing distance.

This paper analyzes tue impact of hypothetical operating plants.
However, the long-term effects of the radioactive materials released
should also be noted. In general, the long-lived materials released fron
coal-fired plants (such as uranium, thorium, and radium) represent a lo-
calized long-term effect. The releases from the muclear plants are pri-
marily gases which are readily lost from the surrounding area. The locall z-
ed effect of long-lived materials such as '*C and tritium is transitory
since they eventually become widely dispersed through physical and bio-
logical processes.

It is recognized that the midels used to describe the movement of
radioactive materials through the envirorment to man after their release
are based on limited data. It would be desirable to obtain mor< definitive
information on the relationship between the actual amounts of radioactive
materials released and the actual radiation exposures incurred by the pop-
vlations surrounding the plants.

6.2 The Effect of Varying Food Intakes omn
Dose Commitments

The doce commitments listed in Tables 6 and 7 are based on the
assumption that each person's food is produced entirely at his specific
location (Sect. 5). Most people, however, consume food produced at a
variety of locations - often at great distances from their area of resi-
dence. It is, therefore, instructive to compare dose commitments resulting
from the plant releases of radiomuclides for various percentages of food
intake from the local area. Results of this comparison show that dcse
comnitments from the coal plant are reduced:more than those from the
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nuclear plants as the percentage of food intake from the local area is
reduced because ingestion accounts for a higher percentage of the dose
from the coal plant than from the nuclear plants (Tables 9, 12, ana 13).
When ingestion is omitted as an exposure pathwey (O percent in Talle 1k),
however, population dose commiiments from the coal plant are lecs than
those from the nuclear plants for whole body but are significantly higner
for bone.

The assumptious of 100-percent solubility for the redionuclides in
the TERMDD ingestion dose calculetions and 100 percent of the diet grown
locally and 50-year accumulation of radionuclides for surface radiation
dose calculations (See Sect. 5) produce conservatively high dose estimates.
However, the same assumptions and techniques were used ia evaluating tue
releases from both the coal and nuclear plznts and are commonly used in
evaluating the impects from all types of nuclear facilities. On the other
hand, the optimistic assumpticn of low or zero solubility for the radio-
active material rel=ased from the ccel plan: (i.e., zero ingestion) still
gives significant popilation dose commitmen:s when compared to the doses
from the releases from nuclear plants (Table 14).

6.3 Effect of Higher Uranium and Thorium Concentraticns
on Dose Commitments

The dose commitments given in Tables 6 and 7 were based on the
combustion of coul containing 1 ppm uranium and 2 ppm thorium (i.e.,
the base case). The uranium and thorium contents of some coals are
mich higher than these values as illustrated by the data in Table 3; use
of such coals could result in higher dose commitments. These dose commit-
ments at the same l-percent ash release assumed in the base case can be
estimated using the following equation:

1.)n = CufunDb * (Ct/2)ftnnb

where
Dn = the dose commitment to organ n for tne new case;
Db = the dose commitment to organ n for the base case;

(@]
L]

the uranium concentration (ppm) for the new case;



Table 14. Population dose commitments from the airborme releases
of model 1000-MW(e) power plants as a function of
food intake (man-rem/year)?

Percent of food grown and consumed in area

9 10 30 50 100

Coal-fired plantb

Whole body 1.2 3.2 7.2 11.} 21

Bone 31 50 89 128 225
Boiling-water reactor (BUR)c

Whol: body 4.3 5.2 6.9 8.7 13

Bone 5.7 7.1 10 13 21
Pressurized-water reactor
(PWR) €

Whole body 3.1 4.1 6.1 3.1 13

Bone 4.9 6.4 9.4 12.5 20

ﬁlidvestern site, 88.5-km radius.

bPopulation dose commitments are for coal containing 1 ppm uranium ard
2 ppm thorium. The releases are from a 100-m stack with a plume rise
due to buoyancy of the hot stack emissions.

“Source terms for the nuclear plants are from the Final Generic Environmental
Statement on the Use of Recycle Plutonium in Mixed Oxide Fuel in Light Water
Coovied Reactors, U.S. Nuclear Regulatory Commission, NUREG-0002, (April 1976),

Vol. 3, Chap. IV, pp. IV C-104, and IV C-106. The release height was assumed
to be 20 m with no plume rise.
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2]
I

, = the thorium concentration (ppm) for the new case;

]
n

un the frac-ion of the dose to organ n contributed by the uranium
chains in the base case;
ftn = the fracticn of the dose to organ n contributed by the thoriu:

chain in the base case.

Table 15 lists the factors (f) to be used in calculating the dose
comitments to the various organs.

As an illustration, Table 16 shows the dose cammitments from a
model 1000-MW(e) coal plant with a 1-percent ash release using coal
containing 2 ppe of uranium and 2 ppm of thorium.

6.4 The iffect of Higher Fly-Ash Releases
on Dose Commitments

The 1-perce t ash release assumed for the coal plant is optimistically
low. Releases o1 fly ash from most of the currently operating coal
ple.nfs are higher than 1 percent. Releases from clder plants, in par-
ticular, are generally much higher. Dose comitments resulting from a
coal plant with a fly-ash release greater ‘han 1 percent may be easily
estimated by multiplying the doses calculated for a model 1000-Mw(e)
plant with a l-percent ash release (i) first by the percent of ash
released to the atmosphere as fly ash by the coal plant, and (ii) secomnd,
by a number derived by dividing the electrical capacity of the station
in megawatts by 1000. Appropriate allowances must be made for the stack
height in estimating the population dose commnitments.

In a recent report by the Federal Power Commission (31) which sum-
marizes the releases from 696 major steam plants in the year 1972, it
is estimated that 3,607,000 tons of fly ash were released to the atmos-
phere in that year as the result of the combusticn of 348,694,000 tons
of coal with an average ash content of 13.4 percent (by weight). This
would extrapolate to an average release to the atmosphere of 8 percent
of the total ash in th~ coal burned and 8 times the ash release assumed
in evaluating the radiological impact of the model coal plant in this
paper. The FPC report is the latest in a continuing series of reports
on power plant statistics (the first covered the year 1969) and includes



Table 15.

uranium and thorium concentrations in coal on the

Factors for estimating the effect of variations in

dose commitments to various organs

Maximum individual coses

Population doses

Organ fun tn fum tn
Whole body 0.78 0.22 0.77 0.23
Bone 0.82 0.18 0.82 0.18
Lungs 0.78 0.22 0.64 0.36
Thyroid 0.78 0.22 0.77 0.23
Kidneys 0.87 0.13 0.90 0.10
Liver 0.82 0.18 0.84 0.16
Spleen 0.84 0.16 0.86 n.14
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Table 16. Radiological dose commitments from a wmodel 1000-MW(e)

coal-fired steam plant using coal containing
2 ppm of uranium and 2 ppm of thorium?®

Population® (man-rem/yr)

Maximum individualP Stack height (m)
Organ (mrem/yr) 50 100 200 300
Whole body 3.4 40 38 13 32
Bone 33 454 410 351 328
Lungs 3.4 56 48 39 36
Thyroid 3.4 40 37 33 32
Kidneys 6.4 105 96 82 17
Liver 4.4 59 54 48 45
Spleen 5.0 68 64 57 54

®The dose commitments are for a midwestern site. The ingestion
component is based on the assumption that all food is grown and
consumed at the reference locations. A 12 ash release is assumed.

bThe maximum incividual dose commitments are approximately the same

for all release heights from 50 to 300 m. The listed values apply
to a 500-m plant boundary.

€88.5-km radius.
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summary tables that list (in addition to other statistics) the fly-asn
collection efficiencies and the stack heights for the various coal-fired
steam plants.

Emission regulations for coal-tired steam plants set by the EPA re-
quire that the emission mvot be greater than 0.1 1b of particulates (i.e.,
fly ash) per million Btu of fuel (32). This number would correspond to
a release to the atmcsphere of about 1 percent of the total zsh in the
coal burned, the value used in estimating the airborne radi-active re-
leases from the model coal-fired steam plan from which the dose commit-
ments were calculated in this paper. Utilities are upgrading and back-
fitting their plants to meet this standard, but it will be come time
before it is achieved throughout the industry.

7. SUMJARY ZND CONCLUSIONS

The radiological impact of naturally occurring radiomuclides em:tted
in the airborne effluent of a model advanced 1000-MW(e) coal-fired steam
plant, burning coal containing 1 ppm uranium and 2 ppm thorium and re-
leasing to the atmosphere 1 percent of the total ash in the coal, was
evaluated and compared with the impact of the radioactive materials in
the airborne effluents of model 1000-MwW(e) light-water reactors. Computer
codes developed at the Oak Ridge National Laboratory were used to assess

ne doses. The major pathway of exposure for the radioactivity in the
emi ssions from both the coal plant :nd the nuclear plants was ingestion
of contaminated foodstuffs. For the nuclear plants, the pathway via
immnersion in the airborne effluents was also significant.

The estimated maximum individual dose commitments outside the plant
perimeters for all plants (i) occurred at the assumed plant boundary
{500 m from the plant), (ii) were independent of stack height in the case
~L the coal plant (because of the exposure pathway and the scavenging of
particulates by rainfall), and (iii) were, in general, less than the de-
sign guides imposed on nuclear plants by the regulations ¢ 10 CFR 50,
Appendix I.
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The maximm individual dose commitments from the model coal plant
were greater than those from the pressurized-water reactor (PWR). except
for thyroid dose, but were less than those ‘rrm the boiling-water rercior
(BWR). except for the bore dose. In general, however, whole-tody and all
organ doses for both the coal and nmuclear plants were within the same
order of magnitude. The estirated 50-year dose commitments to the whole
body in millirems per year of plant operation were: coal plant - 1.9;
SWR - 4.6; and PWR - 1.8. Whole-body and organ population dose commit-
ments within a radius of 88.5 km (55 miles) ranged in ell cases from 50
percent higher to several times higher for the coal plant than for the
nuclear plants except for thyroid dcse from the BWR, which was 50 to 100
percent higher than the thyroid dose from the coal plant. The estixrated
whole-body popula:ion dose camaitments in man-rem were: coal plant - 21
(100-m stack); BWR - 13; and PWR - 13. For bone dose, the values in
man-rem were: coal plant - 225; BWR - 21; and PWR - 20. In making these
estimates, it is assumed that 100 percent of the food is grown and con-
surmed at the reference peint for the dose calculation. If the amour®: of
food grown and consumed lccally is reduced from 100 to O percent, the pop-
ulation doses for whole-body exposures in man-rem are: coal plant - 1.2;
BWR - 4.3; and PWR - 2.1. For bone doses, the values are: coal plant - 31;
BWR - 5.7; and PWR - L. 9.

The assumed release to the atmosphere of 1 percent of the total ash
in fhe coal burned approximates the EPA regulations for the release of
particulates to the atmosphere. The average ash release for coal-fired
steéun plants operating in 1972 was 8 percent, and some older plants have
mucﬁ higher ash releasec. Uranium and thorium concentrations in coal
higher than the 1 ppm and 2 ppm, respectively, assumed for the present
evaluation are common. The use of coal containing higher uranium and
thorium concentrations‘\ and higher ash releases could result in dose commit-
menﬂ:: several orders of magnitude higher than those calculated. Methods
for estimating these higher dose commitments are presented.

: The release of naturally oc:urring radioactivity from coal-fired
povwer plants is in addition to the release of other toxiz materials (5).
The results of our study show that a complete“ analysis comparing the en-
viromental effects of coal-burning power plants versus miclear power
plants should include tehe radiolgical impact%; from bcth types of plants.
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