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Radiological Impact of Airborne
Effluents of Coal and Nuclear Plants

Radiation doses from airborne effluents of a coal-fired

plant may be greater than those from a nuclear plant.

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

Studies have been made in the past
few years of the amounts of radioactive
substances emitted in the airborne efflu-
ents of coal-fired (/-8) and nuclear (3, 6)
power plants. The potential radiological
impact of these substances has generally
been evaluated in terms of the radiation

iting the release of radioactive materials
from light-water reactor (LWR) nuclear
power plants to values that are ‘‘as low
as is reasonably achievable’” (ALARA)
(10). These values are about 100 times
lower than the radiological guides in the
previous regulations.

Summary. Radiation doses from airborne effluents of model coal-fired and nuclear
power plants (1000 megawatts electric) are compared. Assuming a 1 percent ash
release to the atmosphere (Environmental Protection Agency regulation) and 1 part
per million of uranium and 2 parts per million of thorium in the coal (approximately the
U.S. average), population doses from the coal plant are typically higher than those
from pressurized-water or boiling-water reactors that meet government regulations.
Higher radionuclide contents and ash releases are common and would result in in-
creased doses from the coal plant. The study does not assess the impact of non-
radiological pollutants or the total radiological impacts of a coal versus a nuclear

economy.

protection guides set forth by the Feder-
al Radiation Council, the International
Commission on Radiological Protection,
and the Code of Federal Regulations (9).
The studies showed that releases of ra-
dioactive materials from coal-fired and
nuclear plants were well within the limits
contained in these regulations. Recently,
new regulations have been issued that
contain numerical design guides for lim-
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Therefore, we undertook to evaluate
the potential radiological impact of air-
borne releases of radioactive materials
from coal-fired plants and to compare
them with the radiological impact of air-
borne releases from nuclear plants that
conform to the new regulations. The
method we used was (i) to estimate the
annual amounts of airborne radioactive
materials released from a model ad-
vanced 1000-megawatt electric (MWe)
coal-fired plant (the source term), (ii) to
calculate the radiological doses received
by all exposure pathways, and (iii) to
compare the estimated doses with the
design objective guidelines specified in
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the Code of Federal Regulations for
LWR power stations (/0) and with the
estimated radiological doses from the
airborne ‘effluents of a model 1000-MWe
pressurized-water reactor (PWR) and a
model 1000-MWe boiling-water reactor
(BWR). Variables considered for the
coal-fired plant were the amounts of ra-
dioactive materials in various types of
coal and coal ashes, efficiency of fly-ash
collection, stack height, and modes by
which radioactive materials and radia-
tion are transferred to humans (inges-
tion, inhalation, direct radiation, and so
on).

The results of this study should be
construed to represent neither a com-
parison of the radiological impact of a
nuclear versus a coal fuel cycle nor a
comparison of the relative health risks of
the two types of plants. A complete anal-
ysis of the entire nuclear fuel cycle
would have to include the radiological
impact of mining and milling operations,
enrichment facilities, fuel fabrication and
refabrication plants, fuel reprocessing,
and waste management. Other phases of
the coal fuel cycle such as mining and the
fate of the bottom ash from the boilers
and the ash from the precipitators, which
contain most of the radioactivity initially
present in the coal, would also have to be
considered. These ashes are generally
flushed with water to ash ponds, where
elements may be leached from the ash
and enter the aquatic environment.
Health effects associated with the air-
borne releases of nonradioactive materi-
al from coal-fired plants (such as particu-
lates, NO,., and SO,) would appear to be
many times more significant than those
associated with the radioactive releases
from either coal-fired or nuclear power
plants (5).

Natural Radioactivity in Coal

Coal contains small quantities of 238U,
25U, 232Th, and their radioactive daugh-
ter products in secular equilibrium (11).
Secular equilibrium is a steady-state con-
dition in which the rate of formation of
the radioactive daughter products is just
equal to their rate of decay; that is, the
activities of radioactive parent and
daughter are the same.
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Table 1. Range of uranium and thorium concentrations and geometric means (expected values)
for coal samples from various regions of the United States* (N is the number of samples).

Uranium (ppm) Thorium (ppm)

Region Coal rank N Geo- Geo-

Range metric Range metric

mean mean
Pennsylvania Anthracite 53 0.3-25.2 1.2 2.8-14.4 4.7
Appalachiat Bituminous 331 <0.2-10.5 1.0 2.2-47.8 2.8
Interior# Bituminous 143 0.2-43 1.4 <3-79 1.6
Northern Great Subbituminous, 93  <0.2-2.9 0.7 <2.0-8.0 2.4

Plains§ lignite
Gulf]| Lignite 34 0.5-16.7 2.4 <3.0-28.4 3.0
Rocky Mountainf Bituminous, 134  <0.2-23.8 0.8 <3.0-34.8 2.0
subbituminous

Alaska Subbituminous 18 0.4-5.2 1.0 <3.0-18 3.1

*From Swanson et al. (15). Note that the analyses for U and Th were performed on whole coal. The arithmet-
ic average concentrations of Th and U for all coal samples and various ranks of coal for the whole United
States are: all coal, N = 799, 4.7 ppm Th, 1.8 ppm U; anthracite, N = 53, 5.4 ppm Th, 1.5 ppm U; bitu-
minous, N = 509, 5.0 ppm Th, 1.9 ppm Uj; subbituminous, N = 183, 3.3 ppm Th, 1.3 ppm Uj; and lignite,

N = 54, 6.3 ppm Th, 2.5 ppm U.
Tennessee, and Alabama. iMichigan,
and Arkansas.

tPennsylvania, Ohio, Maryland, West Virginia, Virginia, Kentucky,
Indiana, Iowa, Nebraska, Missouri,
§North Dakota, Montana, and Wyoming.

uri, Kansas, Oklahoma,
|Alabama, Mississippi, and Arkansas.

Wyoming, Colorado, Utah, Arizona, and New Mexico.

The uranium and thorium contents of
coal from Tllinois and western Kentucky
sampled in a study of the Thomas A. Al-
len steam plant (near Memphis, Tennes-
see) ranged from 1.7 to 3.3 parts per mil-
lion (ppm) for uranium and 2.4 to 3.0
ppm for thorium as measured by neutron
activation (/2). In Appalachian coals
sampled at the Widows Creek plant (near
Bridgeport, Alabama), the uranium and
thorium contents, estimated from the
specific alpha activity in the ashed coal,
ranged from 0.4 to 2.5 ppm and 0.3 to 3.6
ppm, respectively (7).

The uranium and thorium contents of
fly ash collected at the Allen plant were
30 and 26 ppm, respectively, which, as-
suming a 10 percent ash content in the
coal, extrapolates to 3.0 ppm for urani-
um and 2.6 ppm for thorium in the coal
(13). Chemical analysis of the fly ash col-
lected at the Kingston plant (near Kings-
ton, Tennessee) showed a uranium con-
centration of 25 ppm (/4).

Eisenbud and Petrow (/) measured the
amounts of ?°Ra and ??®Ra in fly ash
from the combustion of six samples of
Appalachian coal and estimated the av-
erage uranium and thorium contents of
the coal (assuming secular equilibrium)
to be 1.1 and 2 ppm, respectively. Simi-
lar extrapolations based on the radium
content of the fly ash from a variety of
coals (3, table 1) give average values for
the uranium and thorium contents of the
coals of 0.7 to 1.9 ppm, respectively.

Analysis of these data indicated that
concentrations of 1 ppm for uranium and
2 ppm for thorium would be representa-
tive of coal from these sources, princi-
pally Appalachian coal. A survey of the
uranium and thorium concentrations in
799 coal samples from all regions of the
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United States is presented in a draft re-
port of the U.S. Geological Survey (/5).
These data, summarized in Table 1, in-
dicate that concentrations of 1 and 2 ppm
for uranium and thorium, respectively,
are reasonable estimates of the average
values for all U.S. coal. However, the
data also show that some coals contain
concentrations 10 to 40 times higher than
these values. On the basis of these data,
we have selected concentrations of 1
ppm for uranium and 2 ppm for thorium
in the coal to develop a source term for
the airborne releases from the model
1000-MWe coal-fired plant used in this
study.

Table 2. Estimated annual airborne radio-
active materials released from a model 1000-
MWe coal-fired power plant (source term).*

Release
(Ci/year per
radionuclide)

Isotopet

Uranium-238 chain
238U 234Th 234mPa 234U’
s s s
230Th’ 226Ra’ ZIBI)O7 214Pb’
214Bi’ 214P0, ZIOPb’ 210Bi’

210pg 8 X 1073
Uranium-235 chain

235U, 23‘Th, 231Pa, 227AC,

227Th, 223Ra’ 211Pb, ZHBi 35 X 10—4
Thorium-232 chain

232Th’ 228Ra’ 228AC, 228Th’

224Ra, 212Pb’ 212B|' 5 X ]0—3
Radon

220Rn 0.4

222Rn 0.8

* Assumptions: (i) the coal contains 1 ppm U and 2
ppm Th, (ii) ash release is 1 percent, (iii) **Rn is
produced from 232Th in the combustion gases at the
rate of 1.38 x.10~® Ci/sec per gram of Th, (iv) the
annual release of natural U is 2.32 X 10* g and of
232Th is 4.64 x 10* g, and (v) 15 seconds is required
for the gases to travel from the combustion chamber
to the top of the stack. tExcept for ?*2Rn, radio-
nuclides with half-lives less than several minutes are
omitted.

Source Term for a Model Advanced
1000-MWe Coal-Fired Power Plant

A source term describing the annual
amounts of radioactive materials re-
leased from a model advanced 1000-
MWe coal-fired power plant was devel-
oped from operating data given in a re-
cent mass-balance study for trace ele-
ments in one of three units at the Allen
steam plant (/2, /6). This unit had a peak
capacity of 290 MWe at a coal consump-
tion rate of 106 tons per hour. The coal
was burned in a cyclone-fed boiler, and
the ash was distributed between the slag
and fly ash at a ratio of about 3 to 2. (This
distribution is in contrast to that ob-
tained 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-efficiency electrostatic
precipitator limited the amount of fly ash
released to the atmosphere to about 1
percent of the total ash in the coal, which
conforms to the Environmental Pro-
tection Agency (EPA) emission stan-
dards. The percentage of ash released by
other coal plants throughout the United
States is, in general, higher than this, in
some cases more than an order of magni-
tude higher. Thus, the calculated source
term represents the radioactive release
when advanced technology is used for
abatement of particulate emissions.

Assuming an 80 percent capacity fac-
tor, the unit consumes 7.43 X 10° tons of
coal per year, which is equivalent to
6.74 x 10" grams per year or 2.32 X 10°
g/MWe-year. Uranium and thorium in-
puts to the unit at concentrations of 1
ppm for the uranium and 2 ppm for the
thorium would be 2.32 X 10% and 4.64 x
10° g/MWe-year, respectively. Assuming
that all the uranium and thorium are in
the ash (bottom ash in the boiler and fly
ash), that 1 percent of the total ash in the
coal is released to the atmosphere, and
that the nonvolatile radionuclides are
distributed uniformly in bottom ash and
fly ash, the releases to the atmosphere
per megawatt electric per year are about
23.2 g of uranium, 46.4 g of thorium,
and associated nonvolatile radioactive
daughter products. Annual releases from
a 1000-MWe station with the same oper-
ating parameters would be 2.32 x 10* g
of uranium, 4.64 x 10* g of thorium, and
associated nonvolatile radioactive daugh-
ter products.

A source term based on the release of
1 percent of the fly ash was calculated
(Table 2) assuming that the radioactive
daughters of 28U, #*U, and #*?Th in the
fly ash are in secular equilibrium with the
parent elements and are released in the
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Table 3. Estimated annual airborne releases
(source terms) from a model 1000-MWe boil-
ing-water reactor (BWR) and a model 1000-
MWe pressurized-water reactor (PWR).*

. . BWR PWR
Radionuclide (Cilyear) (Cilyear)

Argon-41 25 25
Krypton-83m <1 1
Krypton-85m 150 16
Krypton-85 290 470
Krypton-87 200 3
Krypton-88 240 23
Xenon-131m 18 82
Xenon-133m <1 120
Xenon-133 3,200 12,000
Xenon-135m 740 <1
Xenon-135 1,100 86
Xenon-138 1,400 <1
Todine-131 0.3 0.025
Todine-133 1.1 0.023
Carbon-14 9.5 8
Hydrogen-3 (tritium) 43 1,100

*Source terms for the nuclear plants are from (20).

same proportion as the parent elements
except for the radon isotopes. All of the
radon present in the coal is assumed to
be released in the airborne effluent. The
1 percent ash release assumed is nearly
an order of magnitude less than the aver-
age ash release for the industry in 1972
but approximates the present EPA regu-
lation for the release of particulates to
the atmosphere. '

Source Terms for Model Advanced

Nuclear Plants

The regulations limiting the amounts
of radiation received by individuals and
populations from nuclear facilities are
contained in the Code of Federal Regu-
lations (9). The general standards are 500
millirems per year to the whole body, go-
nads, and bone marrow; 1500 mrem/year
to other organs; and 170 mrem/year to in-
dividuals in populations. On 1 December
1979 new standards for the total uranium
fuel cycle superseding these and contain-
ed in (17, 18) will become effective, limit-
ing off-site exposures to the whole body
and all organs except the thyroid to 25
mrem/year; the new thyroid exposure
limit is 75 mrem/year. The limiting off-
site exposures from radioactive materi-
als in the effluents from LWR’s are (/0):
(i) for liquid effluents, 3 mrem/year to the
total body and 10 mrem/year to any or-
gan; and (ii) for airborne effluents, 5
mrem/year to the total body and 15
mrem/year to any organ from iodine and
particulates. The annual whole-body
doses from the natural background ex-
ternal radiation level in the United States
vary from a minimum of 75 mrem/year to
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a maximum of 225; the national average
is 105 mrem/year (/19). The estimated av-
erage annual internal whole-body dose
from natural radioactivity is about 25
mrem/year (/9).

All LWR’s must conform to the Code
of Federal Regulations, and conse-
quently it is reasonable to compare the
releases of radioactive materials from
other power-producing units, such as
coal-fired plants, with these regulated
values. Such a comparison is made in the
present analysis. In addition, airborne
releases (source terms) from a model
1000-MWe BWR and a model 1000-MWe
PWR are used in the comparison (Table
3). The source terms are from a model
BWR and PWR as presented in the Final
Generic Environmental Statement on the
Use of Recycle Plutonium in Mixed
Oxide Fuel in Light-Water-Cooled Reac-
tors (GESMO) (20). In this analysis, the
model reactors are placed in the same lo-
cation as the coal-fired plant so that the
meteorology and population distribution
are the same for both.

Dose Calculations

The model coal plant and the nuclear
power plants were assumed to be located
in the Midwest with meteorology charac-
teristic of St. Louis, Missouri (2/). The
surrounding population was assumed to
be 3.5 million people out to 88.5 kilome-

ters (55 miles) from the facility, the aver- :

age population distribution around three
midwestern population centers (22). The
population density in persons per square
kilometer assumed for a radial distance
of 8 km from the facilities was 37; from 8
to 40 km, 49; and from 40 to 88.5 km, 170
22).

Maximum individual doses and popu-
lation doses out to 88.5 km were cal-
culated for both nuclear plants and a
coal-fired plant with stack heights of 50,
100, 200, and 300 meters. Radioactive
materials released at the top of the stack
of the model coal-fired plant were as-
sumed to rise because of the buoyancy of
the hot stack gases. The effective release
height is the sum of the physical height of
the stack and the buoyant plume rise as
calculated by use of Briggs’ equations
(23). Information concerning the 122-m
stack of the Allen steam plant was used
in the plume rise calculations. A 20-m
fixed height with no plume rise was used
for releases from roof vents of the nucle-
ar plants. These heights are character-
istic of existing plants.

Atmospheric dispersion of plumes as
they are blown downwind from the

Table 4. Maximum individual dose com-
mitments from the airborne releases of model
1000-MWe power plants* compared with
Code of Federal Regulations (CFR) guides
10).

Maximum individual dose
commitment (mrem/year)

Organ
& Coal- CFR
firerd BWRE PWR: id
plantt guide
Whole
body 1.9 4.6 1.8 5
Bone 18.2 5.9 2.7 15§
Lungs 1.9 4.0 1.2 15§
Thyroid 1.9 36.9| 3.8 15§
Kidneys 3.4 3.4 1.3 15§
Liver 2.4 3.7 1.3 15§
Spleen 2.7 3.7 1.1 158

*The maximum individual dose commitments are for
a midwestern site and are estimated at the plant
boundary at 500 m from the release points. Dose
commitments are less at greater distances. The in-
gestion component of the dose commitment is based
on the assumption that all food is grown and con-
sumed at the reference location. 1The dose com-
mitments listed are essentially the same for all stack
heights from 50 to 300 m including the plume rises
resulting from buoyancy of hot stack emissions.
A 1 percent ash release was assumed. The coal
was assumed to contain 1 ppm U and 2 ppm Th.
FSource terms for the nuclear plants are from (20).
The release height was assumed to be 20 m with no
plume rise. §Design guides for doses from iodine
and particulates. ||Assumes dairy cow on pasture
at site boundary for entire year. The thyroid dose
estimated (20, p. IV C-115) for the same source term
was 11.7 mrem/year. The lower number results from
the assumption that the dairy cow is on pasture only
a fraction of a year.

plants was estimated by using the Gaus-
sian plume equation of Pasquill 24, 25)
as modified by Gifford (26). The AIR-
DOS-II computer code (27) was used for
the atmospheric dispersion calculations.
Conversion factors used in AIRDOS-II
to calculate doses resulting from immer-
sion in air, exposure to contaminated
ground surfaces, and intake through in-
halation and ingestion were obtained
through the use of computer codes (28,
29) employing dosimetric criteria of the
International Commission on Radio-
logical Protection (ICRP) (30). The fac-
tors used for radium isotopes were based
on recommendations of the ICRP (31).
Estimates of the intake of radionuclides
through terrestrial food chains were
made with the TERMOD model and
computer code (32) incorporated in the
AIRDOS-II code.

Tritium (*H) and *C released from nu-
clear plants were given special treatment
because the stable forms of these ele-

‘ments constitute significant fractions of

the elemental composition of the human
body and our food and drink. Tritium
was assumed to exchange with water in
the atmosphere and come to equilibrium
rapidly with water in the environment,
and consequently ingestion doses from
tritium were calculated from the specific
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activities of tritium in atmospheric mois-
ture (33). The "“C was assumed to be re-
leased as CO, and come to equilibrium
rapidly with natural carbon in the envi-
ronment through mixing with atmospher-
ic CO, and plant photosynthesis. Inges-
tion of food produced in the area is the
only significant exposure mode for C
33).

Estimated doses from inhalation and
ingestion are 50-year dose commitments
following 1 year of exposure (that is, the
dose received over a 50-year period as
the result of the intake in 1 year). Depos-
ited radionuclides were assumed to build
up for 50 years in estimating doses from
surface exposure. Factors that would
reduce external doses, such as shielding
provided by dwellings and soil and time
spent away from the reference loca-
tion, were not considered. All of an
individual’'s food was assumed to be
produced at the reference location;
this is referred to as the 100 percent
ingestion dose. Dose calculations as-
suming 0, 10, 30, and 50 percent pro-
duction of the consumed food at the
reference location were made for com-
parative purposes.

Results and Discussion

Tables 4 and 5 give the maximum-indi-
vidual and population dose commitments
from the estimated releases of radio-
active materials from the model 1000-
MWe coal-fired and nuclear power
plants. The maximum individual dose
commitments for both the coal and the
nuclear plants are at the 500-m perime-
ter.

The maximum individual dose com-
mitments at the 500-m boundaries of the
coal-fired and nuclear plants meet the
regulations in (/0) with the exception of
the bone dose for the coal-fired plant and
the thyroid dose for the BWR (Table 4).
[An actual nuclear plant would have to
conform to these regulations (that is, a
maximum of 15 mrem/year for the thy-
roid dose at the site boundary). A lower
thyroid dose would result from reducing
the amount of iodine released or using a
site with a greater site-boundary dis-
tance, more favorable meteorology, or a
greater distance to the nearest dairy pas-
ture.] The data also show that the maxi-
mum individual dose commitments from
the model coal plant are less than those

Table 5. Population dose commitments from the airborne releases of model 1000-MWe power

plants (88.5-km radius).*

Population dose commitment (man-rem/year)

Organ Coal-fired plantt stack height (m)
BWRi PWR:
50 100 200 300
Whole body 23 21 19 18 13 13
Bone 249 225 192 180 21 20
Lungs 34 29 23 21 8 9
Thyroid 23 21 19 18 37 12
Kidneys 55 50 43 41 8 9
Liver 32 29 26 25 9 10
Spleen 37 34 31 29 8 8

*The population dose commitments are for a midwestern site. The ingestion components of the‘ dose com-
mitment are based on the assumption that all food is grown and consumed at the reference location. tA
plume rise due to buoyancy of hot stack emissions was assumed. The dose commitments are for an ash

release of 1 percent and coal containing 1 ppm U and 2 ppm Th.

$Source terms for the nuclear plants are

from (20). The release height was assumed to be 20 m with no plume rise.

Table 6. Population dose commitments from the airborne releases of model 1000-MWe power

plants as a function of food intake.*

Population dose commitment (man-rem/year) if

Plant type percentage of food grown and consumed in area is
and organ
0 10 30 50 100
Coal-fired plantf
Whole body 1.2 3.2 7.2 11.1 21
Bone 31 50 89 128 225
Boiling-water reactori
Whole body 4.3 5.2 6.9 8.7 13
Bone 5.7 7.1 10 13 21
Pressurized-water reactor:
Whole body 3.1 4.1 6.1 8.1 13
Bone 4.9 6.4 9.4 12.5 20

*Midwestern site, 88.5-km radius.

fTPopulation dose commitments are for coal containing 1 ppm U and 2

ppm Th. The releases are from a 100-m stack with a plume rise due to buoyancy of the hot stack emis-

sions.
no plume rise.
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fSource terms for the nuclear plants are from (20). The release height was assumed to be 20 m with

from the BWR (except for the bone dose)
but greater than those from the PWR (ex-
cept for the thyroid dose). The maximum
individual doses at the perimeter of the
coal plant are similar for stack heights
from 50 to 300 m. This is the result of ihe
assumptions (i) that the washout coeffi-
cient for small particles is independent of
the height of the particles above the
ground (that is, all particles at all heights
are washed out to the earth in the same
time interval for a particular distance
from the stack), and (ii) that the washout
effect is much greater than the sum of
various dry deposition effects at loca-
tions close to the plant. Dry deposition
does not make a significant percentage
contribution to dose until the plume has
traveled far beyond the plant boundary.

Population dose commitments from
the coal plant are greater than those from
either nuclear plant (Table 5) with the ex-
ception of the thyroid dose from the
BWR. The ratios of the population dose
commitments from the coal-fired plant to
those from the nuclear plants are higher
than the same ratio for the individual
doses at the plant boundary (Tables 4
and 5). This results from the rapid decay
of the short-lived noble gases as they
move out from the nuclear plant bounda-
ries. ‘

Radium-226 and radium-224 are the
major contributors to the whole-body
and most organ doses from the coal-fired
plant. Assuming that the deposited ra-
dionuclides could enter the food chain,
ingestion is the main exposure pathway
for the population dose commitments
from this plant (93 to 96 percent for the
whole-body and most organ doses, 83
percent for the bone dose, and 62 per-
cent for the lung dose). Additional ex-
posure is mainly from inhalation. Higher
release heights decrease the contribution

“through inhalation but correspondingly

increase the contribution through inges-
tion.

Carbon-14 is the main contributor to
the whole-body and most of the organ
doses from both nuclear plants. Inges-
tion is the major exposure pathway. For
the BWR, for example, ingestion ac-
counts for 67 percent of the whole-body
population dose commitment and immer-
sion accounts for 32 percent. Corre-
sponding values for the PWR are 76 and
19 percent.

The dose commitments listed in Ta-
bles 4 and 5 are based on the assumption
that an individual’s food is produced en-
tirely at his specific location. It is in-
structive, however, to compare dose
commitments where smaller percentages
of one’s food are produced locally (Table
6). Results of this comparison show that
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dose commitments from the coal plant
are reduced more than those from the
nuclear plants as the percentage of local-
ly grown food is reduced because inges-
tion accounts for a higher percentage of
the dose from the coal plant. When in-
gestion is omitted as an exposure path-
way (0 percent in Table 6) population
dose commitments from the coal plant
are less than those from the nuclear
plants for the whole body but higher than
the nuclear plants for bone.

Jaworowski et al. (8) discount inges-
tion as an important pathway of ex-
posure from coal-fired plants on the basis
of a comparison of the radium contents
of bones from past centuries to those of
the present day, but find that exposures
from inhalation are still greater for coal-
fired plants than for nuclear plants. How-
ever, they state that the radium in fly ash
is more soluble than that in soil and that
the radionuclide concentrations (**°Ra,
Th, and U) in vegetation in areas sur-
rounding coal plants are higher than
those in vegetation in agricultural areas,
which supports the assumption that in-
gestion is a significant pathway of radio-
logical exposure from a coal-fired plant.

The public health significance of the
estimated dose commitments for the
model plants is relatively minor. Using
an estimate of 100 to 200 health effects
(that is, cancer mortality and genetic ef-
fects in the first two generations follow-
ing exposure) per 10° whole-body man-
rems (34), it is estimated that there could
be 0.001 to 0.003 health effect for each
year of operation of the model nuclear
plant. For the model coal-fired plant,
0.002 to 0.005 health effect is estimated
for each year of operation under condi-
‘tions that give the highest population
dose commitment for the assumed coal
radionuclide contents and ash release.
However, higher dose commitments and
enhanced radiation health effects from a
coal-fired plant are possible (see below).

Effect of higher uranium and thorium
concentrations on dose commitments.
The dose commitments given in Tables 4
and 5 were based on the combustion of
coal with uranium and thorium contents
of 1 and 2 ppm, respectively (the base
case). The use of coals with higher urani-
um and thorium concentrations could re-
sult in higher dose commitments. These
higher dose commitments, at the same 1
percent ash release assumed in the base
case, can be estimated from

D, = CyfunDy + (C/2) finDy

where D, is the dose commitment to or-
gan n for the new case; D, is the dose
commitment to organ n for the base case;
C, is the uranium concentration for the
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Table 7. Factors for estimating the effect of
variations in uranium and thorium concentra-
tions in coal on the dose commitments to vari-
ous organs.

Maximum

individual ~ FOPUIation
Organ dose 0se

fun ﬁn fun ﬁn
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 0.14

new case; C, is the thorium concentra-
tion for the new case; f,, is the fraction
of the dose to organ n contributed by the
uranium chains in the base case; and f;,
is the fraction of the dose to organ n con-
tributed by the thorium chain in the base
case.

Table 7 lists the factors (f,, and f;,) to
be used in calculating the dose com-
mitments to the various organs. The fac-
tors were obtained by analyzing the base
case and determining the separate contri-
butions of the uranium and thorium
chains to the exposures.

Effect of higher fly-ash releases on
dose commitments. Releases of fly ash
from most of the currently operating
coal-fired plants, particularly older
plants, are higher than 1 percent. Dose
commitments from a coal plant with a
fly-ash release greater than 1 percent
may be estimated from the doses calcu-
lated for a model 1000-MWe plant with a
1 percent ash release by multiplying
them by (i) the percentage of ash re-
leased to the atmosphere as fly ash and
(ii) the electrical capacity of the station
(in megawatts) divided by 1000. Appro-
priate allowances must be made for the
stack height in estimating the population
dose commitments.

In a recent report by the Federal Pow-
er Commission (35), which summarizes
the releases from 696 major steam plants
in 1972, it is estimated that 3,607,000
tons of fly ash were released to the atmo-
sphere in that year as a result of the com-
bustion of 348,694,000 tons of coal with
an average ash content of 13.4 percent
(by weight). This indicates an average re-
lease to the atmosphere of 8 percent of
the total ash in the coal burned—eight
times the ash release assumed in eval-
uating the radiological impact of the
model coal-fired plant in this article.

Emission regulations for coal-fired
steam plants set by the EPA require that
the emission not be greater than 0.1
pound of particulates (that is, fly ash) per

million British thermal units of fuel (36).
This number corresponds to a release to
the atmosphere of about 1 percent of the
total ash in the coal burned, the value
used in this article.

Conclusion

The radiological impact of naturally
occurring radionuclides emitted in the
airborne effluent of a model advanced
1000-MWe coal-fired steam plant, burn-
ing coal with a uranium content of 1 ppm
and a thorium content of 2 ppm and re-
leasing 1 percent of the total ash in the
coal to the atmosphere, was evaluated
and compared with the impact of the ra-
dioactive materials in the airborne efflu-
ents of model 1000-MWe light-water re-

-actors. Computer codes developed at

Oak Ridge National Laboratory were
used to assess the doses. The major
pathway of exposure for the radio-
activity in the emissions from both the
coal-fired plant and the nuclear plants
was ingestion of contaminated food-
stuffs. For the nuclear plants, immersion
in the airborne effluents was also a signif-
icant pathway.

The estimated maximum individual
dose commitments outside the plant pe-
rimeters for all plants (i) occurred at the
assumed plant boundary (500 m from the
plant), (ii) were independent of stack
height in the case of the coal-fired plant
(because of the exposure pathway and
the scavenging of particulates by rain-
fall), and (iii) were, in general, less than
the design guides imposed on nuclear
plants by the regulations in (/0).

The maximum individual 50-year dose
commitments from the model coal-fired
plant were greater than those from the
PWR, except for the thyroid dose, but
were less than those from the BWR, ex-
cept for the bone dose. In general, how-
ever, whole-body and all organ dose
commitments for both the coal-fired and
nuclear plants were within the same or-
der of magnitude. The estimated 50-year
dose commitments to the whole body
per year of plant operation in millirems,
were: coal plant, 1.9; BWR, 4.6; and
PWR, 1.8. The 50-year dose com-
mitment from the annual airborne re-
leases from both the model coal-fired and
nuclear plants should be viewed in the
perspective of the annual dose resulting
from natural background radioactivity.
For the United States the average annual
dose from natural radioactivity, external
plus internal radiation, is 130 mrem/year.

Whole-body and organ population
dose commitments within a radius of
88.5 km ranged in all cases from 50 per-
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cent higher to several times higher for
the coal-fired plant than for the nuclear
plants, except for the thyroid dose from
the coal-fired plant. The estimated annu-
al whole-body population dose com-
mitments in man-rems were: coal-fired
plant, 21 (100-m stack); BWR, 13; and
PWR, 13. For bone dose, the values in
man-rems were: coal-fired plant, 225;
BWR, 21; and PWR, 20. In making these
estimates it was assumed that 100 per-
cent of the consumed food is grown at
the reference point for the dose calcu-
lation. If the amount of food grown local-
ly is reduced from 100 to O percent, the
annual population dose commitments for
whole-body exposures in man-rems are:
coal-fired plant, 1.2; BWR, 4.3; and
PWR, 3.1. For bone doses, the values
are: coal-fired plant, 31; BWR, 5.7; and
PWR, 4.9. It is concluded that the public
health significance of these above dose
commitments is relatively minor, but
higher dose commitments from a coal-
fired plant are possible (see below).
Health effects associated with airborne
releases of nonradioactive material from
coal-fired plants (particulates, NO,.,, SO,,
and so on) would appear to be many
times more significant than those associ-
ated with the radioactive releases from
either coal-fired or nuclear power plants
©).

The assumed release to the atmo-
sphere of 1 percent of the total ash in the
coal burned approximates the EPA regu-
lation for the release of particulates to
the atmosphere. The average ash release
for coal-fired steam plants operating in
1972 was 8 percent, and some older
plants have much higher ash releases.
Coals having uranium and thorium con-
centrations higher than the assumed val-
ues of 1 and 2 ppm, respectively, are
common. The use of such coals and high-
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er ash releases could result in dose com-
mitments from a coal-fired plant more
than an order of magnitude higher than
those calculated above. Methods for es-
timating these higher dose commitments
have been presented.
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