
l\

BNL 18223

HEALTH PHYSICS
AND SAFETY
DIVISION

AVERAGE EFFLUENT RELEASES FROM U.S. NUCLEAR POWER REACTORS,
COMPARED WITH THOSE FROM FOSSIL-FUELED PLANTS,

IN TERMS OF CURRENTLY APPLICABLE ENVIRONMENTAL STANDARDS

Andrew P. Hull

September 19, 1973

BROOKHAVEN NATIONAL LABORATORY
UPTON, NEW YORK 11973

ii i

DISTRIBUTION Gf ~"



AVERAGE EFFLUENT RELEASES FROM U.S. NUCLEAR POWER REACTORS,
COMPARED WITH THOSE FROM FOSSIL-FUELED PLANTS,

IN TERMS OF CURRENTLY APPLICABLE ENVIRONMENTAL STANDARDS*

Andrew P. Hull
Health Physics and Safety Division
Brookhaven National Laboratory

Upton, New York 11973

Presented at 3rd International Congress of the
International Radiation Protection Association

September 9-14, 1973
Washington Hilton Hotel

Washington, D. C.

-NOTICE-
This report was prepared as an account of work
sponsored by the United States Government. Neither
the United States nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
nukes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents chat its use
would not infringe privately owned rights.

*Research carried out at Brookhaven National Laboratory under contract
with the U. S. Atomic Energy Comnission.

DISTRIBUTION Of-'THIS ;-0C!"-:r :"'



AVERAGE EFFLUENT RELEASES FROM U.S. NUCLEAR POWER REACTORS,
COMPARED WITH THOSE FROM FOSSIL-FUELED PLANTS,

IN TERMS OF CURRENTLY APPLICABLE ENVIRONMENTAL STANDARDS*

Andrew P. Hull
Health Physics and Safety Division
Brookhaven National Laboratory

Upton, New York 11973

Abstractt

Between 196? and 1972, eighteen "second generation" light-water-cooled
nuclear power plants, with capacities in the range of 500-800 MW(e) have beer.
put into operation in the United States. These were in addition to ten
smaller demonstration plants and one high-temperature gas-cooled nuclear
power plant in operation at the start of this period. The reported yearly
air effluent releases of radioactive gases, halogens and particulates, and
liquid effluent fission and activation products and of tritium from these
plants are evaluated on a Ci/103 MW(e) basis, and the overall yearly averages
for the various types of reactors [boiling water (BWR), pressurized water (PWR)
and high temperature gas-cooled (HTGR)] are compared.

The complete first and second generation data are used to project the
effluent releases for a "reference" 1,000 MW(e) BWR, PWR and HTGR. The yearly
effluent releases for such reference reactors, at an 80% availability, would
be:
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These and the amounts of effluents released from reference 1,000 MW(e)
fossil-fueled plants are compared in terms of relative environmental concen-
trations and their relationship to the applicable U.S. environmental standards
for the principal constituents in their respective plant air-effluent streams.
The largest required annual dilution volume for the most restrictive con-
stituent is as follows:

Annual Air
EPA & AEC Discharge Dilution

Plant Type Pollutant Standard Quantity** Volume (m3)

Coal (3.5% S) S02 0.03 ppm 3.66xl08 lb. 2.14xlO15

Oil (1.5% S) S02 0.03 ppm 1.23xlO8 lb. 6.95x101*
Gas N02 0.05 ppm 2.71xlO7 lb. 1.23xlO14

BWR Short-lived 3xl0"8 Ci/m3 1.66x10° Ci 5.54x10*3
radio-gases

FWR 85Kr & 133Xe 3xl0"7 Ci/m3 9,650 Ci 3.32xlO10

HTGR Short-lived 3xlO"8 Ci/m3 2,760 Ci 9.22xlO10

radio-gases

**Based on 80% availability

* Research carried out at Brookhaven National Laboratory under contract with
the U. S. Atomic Energy Commission.
+ Revised August, 1973 to incorporate 1972 data.



Introduction

During the late 1960's a widespread concern for the overall quality of the
environment evolved in the United States. This led to the enactment of a
variety of legislative and administrative measures intended to decrease the
quantities of pollutants released to the air and to waters.

This concern also extended to the radioactivity released to the environ-
ment: in nuclear power plant effluent streams. It was heightened by che wide-
spread dissemination by the media of claims by Sternglass1 of a causal
connection between power reactor effluents and infant mortality, as well as
on the arguments made by Gofman and Tamplin^ in the context of power reactors,
that a U.S. population exposure of 170 millirems per year would lead to large
increases in prevailing U.S. cancer mortality rates.

In what seemed to at least some observers-* a response to the popular
concern so evoked, rather than to the scientific evidence, the U. S. Atomic
Energy Commission (AEC) formally adopted "as low as practicable" into its
regulations governing radioactive effluents, and proposed related numerical
guidance for light-water-cooled nuclear power reactors.

Up to recently, much of this concern about power reactor effluents has
been narrowly focused on their absolute amounts, and on the degree of risk
occasioned thereby. Among the first reviews of past experience to establish
patterns and trends of effluent releases was one by Blomeke and Harrington^
covering the years up to 1967, and one covering the same period by Brinck and
Kahn5. Starting in 1969, the Division of Compliance of the AEC (now the
Division of Regulatory Operations) published yearly summaries of power reactor
effluents, itemized by the categories of noble and activation gases, halogens
and participates (with a half-life greater than 8 days), mixed fission and
corrosion products (MFP) and tritium in liquid effluents. It was qualita-
tively apparent from these data that the overall amounts of power reactor
effluents were increasing; that the gaseous and halogen releases from the
boiling water reactor (BWR) type were larger than those from the pressurized
water reactor (PWR) type; that their fission and corrosion product releases
were rather comparable, and that tritium in liquid effluents from PWR's ex-
ceeded that from BWR's.

Since it is related to the meeting of projected electrical energy demand,
a reasonable debate about the risks occasioned by nuclear power plant effluents
should also include a comparative consideration of that occasioned by conven-
tional fossil-fueled plants. One of the first such comparisons was made in
1967 by Terrill et al.^. They set 'forth discharge quantities per year - MW(e)
of S02> N02» radioactive 226^ an<j 228^ ^n f̂ y as\l from coal, oil and gas-
fueled plants, and also of radioactive noble gases and 131j from nuclear plants.
Using these data with AEC concentration standards for radioactivity or recom-
mended concentration standards for conventional agents, they calculated a
yearly volume of air required for dilution [m3/MW(e)J. They utilized only a
limited amount of PWR effluent release data available to them at that time,
as well as concentration standards for conventional pollutants that have since
been superseded by much lower ones promulgated'' by the U. S. Environmental
Protection Agency (EPA). However, they showed that the amounts of air re-
quired for dilution of the yearly amounts of radioactivity, as well as the
conventional pollutants emitted from fossil-fueled power plants, were much
greater than those required to dilute the radioactivity emitted from PWR's.

That these conclusions might not apply to the same degree to BWR efflu-
ents was suggested in 1969 by Fish**, who also suggested that the air quality
criteria for S02 utilized by Terrill et al. were higher than more recently



adopted ones. In a further consideration along these same lines, Hull^
utilized the average of all releases from nuclear power plants for 1969S as
well as more conservative air quality criteria for non-radioactive agents.
His conclusions were in essential agreement with the earlier comparisons, but
also showed that both coal and oil plants required larger dilution volumes
than BWR's. A similar, but somewhat more sophisticated comparison, which con-
sidered the residence time of airborne pollutants, was made in 1970 for coal
and nuclear-fueled plants in West Germany by Jansen et al.^O, who arrived at
a similar conclusion.

In the absence of a much needed biological effect related unit for con-
ventional pollutants analogous to the man-rem, these comparisons to concentra-
tion standards appear to offer the most objective basis available for weighing
the relative risks of the presently available choices for producing electrical
power. However, in a recent comparison along this same line, Starr et al.H
observed that the air quality standards for conventional pollutants are much
closer to concentrations at which prompt medical effects are perceivable, than
are those for radioactivity. In the absence of well controlled studies of the
possible effects of long-term exposures to low levels of conventional pollu-
tants, if a linear dose-effect relationship is applied their effects would be
greater than those suggested from considerations based on air quality standards
per se.

In what follows, the previous comparisons' are updated to include a con-
sideration of how the trends in effluent release rates have been affected by
the larger "second generation" light-water-cooled nuclear power plants, with
capacities in the range of 500-800 MW(e), some eighteen of which have been put
into operation from 1967 on, in addition to those operating at that time. It
also incorporates recently adopted EPA Air Quality Standards as the basis for
comparison.

Reactor Effluent Releases

In order to provide as consistent as possible a basis for evaluating the
trend of releases from nuclear power reactors, it is desirable that they be
separated by type, and that these releases be normalized to the integrated
quantity of electricity generated, rather than on plant capacity. Since the
reactor effluent release data summaries by the AEC have not until 1971
included the latter data, it is not clear that previous comparisons have been
made on this basis. For 1967 and 1968 the AEC reactor effluent data utilized
herein was published in 1969 by the Joint Committee on Atomic Energy1^. For
the years previous to 1971, the amounts of electricity generated by nuclear
reactors was obtained from a 1971 AEC report*3 on the operating history of
U.S. nuclear power reactors. Since it was available, the data for one rela-
tively small high temperature gas-cooled reactor was also included.

The effluent release data reported by the AEC have been set forth in
their four major categories, as indicated above. Starting in 1972, supple-
mentary information on individual nuclides within these categories was also
included in the AEC report. Although such data would permit a more precise
evaluation of the radiological significance of reactor effluent releases,
since it has not been available over the period of interest, it has not been
included in this study.

Yearly overall average amounts of gaseous, halogen and particulate, liquid
fission and corrosion products, and tritium activity from 1967 to 1972 have
been calculated in curies per 103 megawatt hours(e). These have been obtained
by dividing the total of each reported reactor effluent category by the total
electrical power generated by the various reactor types.



The nuclear power reactors operated between 1967 and 1972, with their net
electrical power capacities, are shown in Table I. Although omitted from the
detailed presentations, the releases from the two reactors which ceased opera-
tion during the study period have been included. Shippingport was not included
since release data from it was not included in the AEC reports.

Table I.

Name

Shippingport
Dresden I
Yankee
Big Rock
Elk River
Indian Point I
Saxton
Humboldt
Peach Bottom
San Onofre
La Crosse
Connecticut Yankee
Oyster Creek
Nine Mile
R. E. Ginna
Dresden II
Millstone I
H. B. Robinson
Monticello
Point Beach
Palisades
Dresden III
Quad Cities I
Vermont Yankee
Quad Cities II
Point Beach
Surry I

Type

PWR
BWR
PWR
BWR
BWR
PWR
PWR
BWR
HTGR
PWR
BWR
PWR
BWR
BWR
PWR
BWR
BWR
PWR
BWR
PWR
PWR
BWR
BWR
BWR
BWR
PWR
PWR

Power
Net MW(e)

90.0
200
175
70.3
22.0
265
3.0
68.5
40.0
430
53.2
575
640
625
420
800
652
700
545
497
700
800
800
514
800
497
788

Start Up

1957
1959
1960
1962
1962
1962
1962
1963
1966
1967
1967
1967
1969
1969
1969
1970
1970
1970
1970
1970
1971
1971
1971
1972
1972
1972
1972

Shut Down

-
-
-
-

1968
-

1972
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-

The trend of the gaseous effluent release rate is shown in Figure 1. It
is apparent that the average release rate from BWR's has continued to exceed
that of PWR's, but that factor has -decreased from about 1,000 to closer to 100
between 1967 and 1972. An examination of the individual data, shown in Figures
1A for BWR's and IB for PWR's, discloses that this is attributable both to the
lower "second generation" BWR release rates, which have averaged about 1/10 of
the pre-1967 BWR's, and to an increasing trend with time from several of the
older PWR's.

A similar pattern for halogens and particulates with a half-life greater
than 8 days is evident from Figure 2, except that the average release rates
from BWR's have also increased over the period from 1967 to 1972. The release
data for individual reactors, shewn in Figures 2A and 2B, indicate that al-
though the spread is not large, this is principally due to increases over this
period from the older BWR's and that most of the "second generation" BWR
release rates have been somewhat less than the overall average. The pattern
for individual PWR's is less obvious, but most of the increase in the overall
average is again attributable to older -plants.
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As shown in Figure 3, the average mixed fission and corrosion product
activity release rates from BWR's have consistently been somewhat larger than
those from PWR's. Both have declined somewhat over the period under considera-
tion. While the relative influences of older and "second generation" reactors
are not altogether consistent, the individual reactor release rate data shown
in Figures 3A and 3B suggest that for both the BWR's and PWR's the release
rates from the "second generation" reactors have generally been somewhat less
than from the older plants.

From Figure 4, it is obvious that the relative overall release rates of
tritium in liquid effluents from BWR's and PWR's has been the reverse of the
situation for gaseous effluents. Although rates for both reactor types have
declined in recent years, those from PWR's have been about one hundred times
the rates from BWR's. In both cases the individual release data shown in
Figures 4A and 4B indicate that most of the reduction in the overall averages
is attributable to the lower release rates from "second generation" plants.

With appropriate caution that, as suggested by the increasing trend of
many of the release rates from older plants, the performance of the newer
"second generation" plants might be expected to deteriorate somewhat in this
regard over future years, these data appear useful as a means of projecting
the anticipated yearly effluent releases from a "reference" 1,000 MW(e)
capacity nuclear power reactor, available for 80% of the time as a base load
plant. These projections are:

Table II

Projected Effluent Releases of Radioactivity in the
Effluents of "Reference" 1.000 MW(e) Power Reactors

AIRBORNE EFFLUENTS
(Curies/year)

BWR
PWR
HTGR

Gaseous

1.66xl06

9,650
2,760

Halogens &
Particulates

5.31
0.17

< 0.02

LIQUID EFFLUENTS
(Curies/year)

Fission and
Corrosion Products Tritium

49.6 104
30.2 5,750
0.27 835

The concern of this paper is with the relationship of effluents from
nuclear power reactors and fossil-fueled plants to environmental standards in
their immediate vicinities. However, it should be noted that the operation of
a nuclear power reactor also results in the release of radioactivity to the
environment when its fuel is reprocessed. From data given in Ref. 2, Vol. I,
pp. 1711-31, for effluents released between 1966 and 1971 from the one commer-
cial fuel reprocessing plant in the United States, the amounts so released
from the reprocessed fuel of the above indicated 1,000 MW(e) capacity power
reactor would be as follows:

Table III

Projected Effluent Releases of Radioactivity in the Effluents of a
Plant Reprocessing Fuel with a Total Exposure of 8.72 x 10^ Mwd

AIRBORNE EFFLUENTS (Ci/yr)

Halogens &
Gaseous Particulates

2.68xlO5*

LIQUID EFFLUENTS (Ci/yr)

Fission and
Corrosion Products

0.40** 53.5***

* 85Kr - 100%; ** 131I - < 0.07 Ci; *** 90Sr . 8 # 3 c l >

Tritium

4,830



It is also possible to project the release rates from a nuclear power
reactor from theoretical considerations, starting with assumed fuel leakage
rates, transfer coefficients from the primary to other systems, and the even-
tual release from the reactor to the environment. Such an approach has been
utilized by the AEC in its Environmental Statement1^ concerning the rulemaking
action in connection with its proposed numerical guidance for light-water-
cooled nuclear power reactors. For 3,500 MW(t) plants with effluent control
equipment similar to that employed in currently operating power reactors,
their "base case" projections are as follows:

Table IV

AEC "Source Term" Projections of Radioactivity in the Effluents from
Base Case 3,500 MH(t) Light-Water-Cooled Nuclear Power Reactors

AIRBORNE EFFLUENTS (Ci/yr)

BWR
PWR

Gaseous

2.9xl06

4.6x10*

131n

LIQUID EFFLUENTS (Ci/yr)

Fission and
Corrosion Products Tritium

1,800 20
210 350

It appears that for all categories but tritium, the AEC assumptions and
calculational method lead to projected releases in excess of those predicated
on experience to date. Other aspects of the overall reactor-environmental
model utilized by the AEC in framing its proposals to limit radioactivity in
light-water-cooled reactor effluents have been discussed elsewhere3. The in-
fluence of these proposals, whether or not they are finally adopted in their
present form, seems likely to considerably diminish the release rates of most
categories of nuclear power reactor effluents in the United States, thus
making projections based on experience to date upper limits of what may be
anticipated.

Comparison With Fossil-Fueled Plant Effluents

When the relationship of conventional pollutants from fossil-fueled power
plants to air quality standards is compared to that between airborne radio-
active effluents from nuclear power stations and radiation concentration
guides, the much greater public concern which the latter has evoked in recent
years seems difficult to comprehend. The nature of these relationships is
suggested by a straightforward method of calculating the volume of air re-
quired to dilute the yearly amounts of various kinds of pollutants or
radioactivity emitted from a "reference" 1,000 MW(e) capacity plant to the
currently applicable EPA air quality standards or AEC radiation concentration
guides. If it is further assumed that the same meteorological considerations,
whatever these may be, are applicable, then these need not be specified in
making such a comparison.

In the current calculation, the following heat values of fuels have been
utilized:

Bituminous Coal - 26,200,000 BTU/ton
Crude Oil - 5,800,000 BTU/barrel
Natural Gas - 1,035 BTU/ft3

Emission factors for various fossil fuels have been obtained from a U.S. Office
of Science and Technology report16. The amounts of radioactivity in coal and
oil originally indicated by Eisenbud and Petrow17 have been slightly modified,
considering more recent data reported18 in 1968. The results are as follows:



Table V

Volume of Air Required to Meet Concentration Standards
and Average Site Boundary Concentrations for Yearly Emission

from a 1,000 Megawatt(e> Power Station
(Operated as a Base-Load Plant, with an 80% Availability)

Type
Plant Pollutant

COAL S02 (3.5% S)
NO,
CO
Hydrocarbons
Particulates
(97.5% Removal)
226Ra

228Th

OIL SO2 (1.5% S)
NO-
CO
Hydrocarbons
Particulates

Standard(A)

0.03 ppm
0,05 ppm
9.0 ppm*
0.24 ppm**

75 ng/m3

Discharge Dilution Site Bndry*1 '
Quantity(B) Volume (lO^m3) Concentration

3.66xl08lb.
5.50xl07lb.
1.38xl06lb.
5.50xl05lb.

1.25xl07lb. 75,500

2.14xl0|>
2.49xlO5

63.5
156

2 x l 0 C i / m 0.0170 Ci
2xl0-13Ci/m3 0.108 Ci

0.03 ppm
0.05 ppm
9.0 ppm*
0.24 ppm**

75 tig/m3

1.23xl08lb.
5.42xl0jlb.
2.08xl04lb.
1.17xlO6lb.

5.88xl06lb.
(97,5% Removal) '"•'•'"
22°Ra 2xl0'12Ci/m3 6.0xlO"4Ci

GAS

228Th

S02
N02
Particulates
(97.5% Removal)

NUCLEAR 85Kr & 133Xe

2xlO-13Ci/m3 1.3xl0"3Ci

0.03 ppm
0.05 ppm

75 ug/m3

,-7,3xlO~'Cl/nT
Short-lived ra- 3xl0-8cl/tn3

active gases 3xl0 Ci/m

l.OxlO"10"

1.4xlO"13"
3V3VW

(InhaJiation)

2.78xl04lb.
2.71xlO7lb.

1.04xl06lb.

9,650 Ci

1.66xl06Ci

f0.2 Ci
15.3 Ci
{0.2 Ci
15.3 Ci

8.5
708

6.95xlO5

2.45xl05

0.95
4,720

35,400

0.3
6.7

157
1.23xlO3

6,290

0.20 ppm
0.04 ppm
0.02 ppm
0.001 ppm

18 ng/m3

4.2xlO~1J?Ci/m3

2.6xl0"16Cl/m3

0.07 ppm
0.04 ppm
2.61X10"4 ppm
0.004 ppm

8.4 |ig/m

1.5xl0"18pCi/m3

3.2xl0-18pCi/m3

1.5xlO"5 ppm
0.02 ppm

1.5 |Ag/m3

(Air-Grass-Milk)

Maximum 8-hour.concentration, once per year.

33.2 PWR 2.3xl0"llCi/m3

5.54xlO4BWR 4.0xl0"9 Ci/m3

2.0 PWR
53.0 BWR
1,430 PWR
37,800 BWR

1.3xlO^Ci/m
4.2xlO"16Ci/m|
1.3xlO"14Ci/m3

Yearly average not specified.*
** Maximum 3-hour concentration (6-9 A.M.) once per year.
*** "Concentration factor" of 700 applied to inhalation standard for 1 3 1 I .

(A) EPA "National Primary and Secondary Air Standards", (Federal Register.
Vol. 36 No. 84, Part II, pp. 8186-87, 4/30/71), and AEC "Standards for
Protection Against Radiation", 10CFR20.

(B) Discharges from PUR and BWR are derived from weighted average 1967-1972
release data as summarized by the Directorate of Regulatory Operations,
USAEC.

(C) Based on average X/Q at 500 m (for release height of 100 m) of 6.2xl0*8

sec/m , for 25 operational or proposed nuclear power stations (Table
7.10, Ref. 15).



If the EPA's Air Quality Standards are given the same weights that the
AEC's radiation protection standards have been, then the significant contribu-
tion of nuclear fueled plants to limiting overall air pollution (or at least
minimizing its increase) is obvious. This is especially so relative to coal
and oil-fired power plants.

It is of interest to examine the consequences, were the air quality stand-
ards applied to a hypothetical individual at the "fence post" at the boundary
of conventional fueled plants, as is the practice for nuclear power reactors.
The results of such a calculation of average concentrations of conventional
pollutants and of radioactivity at 500 meters distance from a 100 meter stack
of the "reference" 1,000 MH(e) base load plants, are also indicated in Table V.
Unless limited to low sulfur fuels, the reference coal and oil fueled plants
would exceed the SO2 concentration standard. All conventionally fueled plants
would approach the NO2 concentration standard. The reference BWR would ap-
proach the gaseous effluent and 131-1 radiation concentration standards. How-
ever, it should be noted in this connection that the current design provision
of catalytic recombiners, which reduce the volume of the BWR off-gas, thereby
permitting longer holdup and/or charcoal filtration prior to stack discharge,
should materially reduce both of these components of their airborne effluent
releases.

The foregoing comparisons admittedly omit the airborne effluent releases
from fuel reprocessing plants, However, it appears that these will continue to
be located at a relatively few sites more remote from surrounding populations
than most future nuclear power reactor sites. If so, the "local" effects of
their effluent releases appear less important on an integrated population ex-
posure basis than those from nuclear power plants.

Data for similar comparisons of conventional radioactivity and pollutants
in liquid effluents is not available. However, studies(19,20,21) to date in
the vicinity of several nuclear power reactors suggest that their radioactive
liquid effluents have been dosimetrically insignificant. Comparable studies
of the degree of pollution of streams and ground water by releases peculiar to
fossil-fueled plants have not appeared in the literature, so it also appears
to be minimal.
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