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TRITIUM PRODUCTION, RELEASES AID POPULATION
DOSES AT NUCLEAR POWER REACTURS*

Harold T. Peterson, Jr.
Nuclear Regulatory Commission
Washington, D.C. 20555

(301) 427-4578

ABSTRACT

Tritium is produced in light-water
~cooled reactors as a product of ternary
fission and by nuclear reactions with the
coolant and with neutron-absorbing materials
used for reactor control. Pressurized water
reactors (PWRs) have greater amounts of
tritium produced in or released into the
coolant than boiling water reactors (BWRs).
Consequently, tritium releases to the
environment from PWRs [29 GBq/MW(e)-y (0.78
Ci/MW(e)~y)] are about 6% times greater than
from BWRs [4.4 GBq/MW(e)-y (0.12 Ci/MW(e)-y)].
Host of the tritium released from PWRs appears
in the liquid effluent (about 85%), whereas
75% of the tritium released from BWRs is as
airborne effluents. Radiation doses from
these tritium releases are small} the average
site collective (population) dose in 1981 was
less than 0.002 person-sieverts per year (0.2
person-rem/ year). The total collective dose
from all tritium releases was 0.08 person-
sieverts (8 person-rem).

I.  TRITIUM PRODUCTION IN LIGHT-WATER
REACTORS

A. Fission

Tritium was identified as a product of
the ternary fission of uranium-235 in 1959!
and subsequently has been identified as a
product of the fission of most fissile
materials. A nominal fission yield of 1
triton per 10,000 ?3%y figsions? would produce
approximately 14 terabecquerels (380 curies)
of tritium per metric ton of fuel having &
burnup of 30,000 megawatt(t)-days. Fissions
occurring in plutonium-239 and uranium-238
raise the total production to about 19 TBq
(515 curies) per metric ton of fuel. This

.
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of the Nuclesr Regulatory Commisnion, the
Pacific Northwest Laberstory or the
Department of Energy.
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results ic a total annual production of
approximately 600 TBq (16,000 curies) per year
for a 3,000 MW(t) [1,000 MW(e)] reactor
operating for 300 full-power equivalent days.

The amount of ternary fission-product

tritium which is released to the environmeat
depends upon the fraction which escapes from

the fuel rod into the reactor coolant. This
fraction is affected by the materials used for
the fuel rod cladding and its integrity. The
zirconium alloy (Zircaloy) fuel rad cladding
used in most current light-water reactors
exhibits greater retention of tritium than the
stainless steel cladding used in early
reactors. Stainless steel is highly permeable
to tritium. Early boiling water reactors
(BWRs) with stainless steel cladding had
normalized tritium releases between 0.02 to
0.03 TBq per electrical megawatt-year. (0.5
to 0.8 Ci/MW(e)-y)?; whereas a zirconium-clad
BWR had tritium releases of 0.0015 to 0.0026
TBq/MW(e)-y (0.04 to 0.07 Ci/MW(e)-y)?. This
improved retention appears to be due to the
formation on the surface of the zirconium
cladding of a hydrogen- impermeable oxide
layer.%»® Approximately half of the total
tritium inventory in the fuel may be bound to
the cladding®.

B. Boron Reactions

Boron is a neutron absorber and is used
in several forms in LWRs for control.. In
General Electric boiling water reactors and
Combustion Engineering pressurized water
reactors boron carbide (B,C), is used in
moveable control rods. (Most PWRs use AglnCd
control rods which are not a source of .
tritium.) Boron is also used in the form of
either a borosilicate glass (Westinghouse) or
B4C (Babcock & Wilcox and Combustion
Engineering plants) in fixed "burnable"
absorbers to compensate for fuel depletion and
fission-product "poison" buildup. Pressurized
water reactors also use a soluble boron

**  Operated for the Department of Energy by
the Battelle Memorial lastitute.
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compound in the primary coolant to compensate
for fuel depletion and, by changing the
concentration through removal or addition of
boron, to make changes in power levels.

The primary boron reactions which yield
tritium are:

98 (n,¢) "Li (n, na) *H,
198 (n, 2a) ?H, and

Y18(n, n2a)’H.

The '°B reaction yielding "Li is the primary
neutron absorbing reaction having a thermal
neutron absorption cross-section of
approximately 3.8 E-25 w® (3,800 barns). The
other two reactions have small cross-sections
(less than 1E-30 w? or 0.1 barns.) The 11
reaction has a threshold of 14 MeV. It is not
an important source of tritium due to the
small number of high-energy neutrons present
in light-water reactors as well as its small
reaction cross-section.

The amount of tritium pruduced by
reactions with boron (B4C) in the moveable
control rods of a 1,000 MW(e) boiling water
reactor is relatively large, about 115 TBq
(3,100 Ci).% Due to differences in the use of
the control rods (differences in the time the
rods are kept in the reactor core) Combustion
Engineering PWRs produce less tritium in the
B4C control rods ~ 33 TBg/y (~ 900 Ci/y).%
About 37 TBq (1,000 curies) of tritium are
produeed per year in the fixed absorbers and

11-18.5 TBq (300-500 Ci) of *H are produced by

the boron in the coolant of PWRs2'3'51618:9

All of the tritium produced by reactions
with soluble boron is produced directly in the
coolant. Only about 0.2% of the tritium
generated in the B,C control rods appears to
be released to the coolant.5'?, Releases from
fixed absorbers using B4C are also less than
1%. Borosilicate glass absorber plates appear
to have less retention and releases have been
estimated to be between 10 and 50% of the
production 5'9,

€. Lithium Reactions

Lithium salts are added to the coolant of
pressurized-water reactors to control acidity
(pH). In operation the lithium concentration
in the coolant varies between 0.2 and 2 parts
per million. Natural lithium has an isotopic
composition of 7.4% ®Li and 92.6% 7Li.
Tritium is prodiced by neutron capture
reactions with both isotopes:

L (a, @) *H and

L1 (o, na)’H.
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The ®Li reaction has a considerably larger °
neutron absorption cross-section for tritium
production than 7Li. The ®Li thermal neutron
cross-section is approximately 9.5E-26 m? (950,
barns).!® The 7Li reaction has a 3-MeV
threshold and a cross-section of about 8.6E-30
w? (0.086 barms).

Commercial light-water reactors have employed
lithium salts which avre enriched to 99.9% “Li
in order to reduce tritium production. The
lithium used for pH control yields
approximately 0.3 TBq/MW(e)-y (0.01
Ci/MW(e)~y) in an equilibrium fuel cycle.®

D. Deuterium Activation

Deuterium (?H or D) occurs naturally,
comprising approximately 0.015 per cent of
natural hydrogen. Tritium can be formed by
neutron activation of deuterium by the
reaction: ’

2§ (n, Y)™

with a thermal neutron cross-section of 4.6
E-32 m? (0.46 millibarns).'® Although this
reaction is the ma,or source of tritium in
heavy-water moderated reactors, the low -
natural abundance of deuterium and its small
activation cross-section make this a minor
source in light-water reactors with an
estimated production of 0.2 TBq (slightly less
than 10 curies) per year in a 1,000 MW(e)
reactor.1?

E. Summary of Tritium Production

Estimates of the tritium production rates
in 1;000-MW(e) light-water-cooled nuclear
power reactors are summarized in Tgble 1. As
indicated in the table, a boiling water
reactor is estimated to produce slightly (10%)
more tritium than an equivalent pressurized
water reactor. However, due to production of
tritium from boron in the coolant, pressurized
water reactors are estimated to have more
tritium available for releases to the
environment .

II. TRITIUM RELEASES TO THE INVIRONMENT

The amount of tritium released to the
environment from commercial light-water
reactors is highly variable as the data in
Table 2 indicate.  Typically, pressurized
water reactors had tritium releases between
0.01 to 0.055 TBq per electrical megawatt-year
(0.3 to 1.5 Ci/MW(e)-y). Boiling water
reactors had lower releases 0.74 GBq to 0.013
TBq per MW(e)-year (0.02 to 0.34 Ci/MW(e)-y).
This variation reflects not only differences
in reactor type, design and materials of
construction; but also differences in power
generating history and waste management
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jactices at individual sites. The higher released at a typical BWR site but only about
ritium release from pressurized water I5% of the tritium released from Preuurix:
eactors [average: 0.029 TBq/MW(e)-y (0.78 water reactors, the remaining 85% being
i/Mi(e)-y)] compared to boiling water released with liquid effluents,

reactors [average: 4.4 GBq/MW(e)-y (0.12
Ci/MW(e)-y)] reflects the greater tritium
production in and release into the coolant of
PWRs. The higher tritium releases through
stainless steel clad fuel is evident from the
normalized (Ci/MW(e)-y) data for the LaCrosse
BWR and the Haddem Ne-k and San Onofre PWR
plants.

The release mode for tritium can be i
modified to accommodate local environmental
conditions of the site such as the avail-
ability of dilution water for liquid
effluents. Thus, it is possible to have BWRs
releasing 90% of the tritium via liquid
effluents (Oyster Creek) and PWRs releasing
over 60% of the tritium via airborne effluents

The mode of tritium release to the envi- (Ranche Suee).

ronment as well as the magnitude of activity
released is highly variable from site to site
and differs between pPressurized water and
boiling water reactors. The total tritium
release to the environment from U.S. BWRs in The models used for the dose calculations
1981 was approximately 44 TBq (1,200 curies). have been described elsewhere.!!'12 The total
Of this total, approximately 10 TBq (280 ci) population doses from releases of radionu-
were released as liquid effluents and 34 clides in 1981 have also been published!?;
:920 Ci) were released as airborne effluents. however, the doses from tritium were not
ressurized water reactors released approxi- luated tely in that report.
imately 768 TBq (20,710 Ci) of tritium; 690 VIR TR . v
TBq (18,600 Ci) as liquid effluents and 78 TBq
(2,110 Ci) as discharges to the atmosphere. A. Methods
The activity of tritium per unit energy

ITI. RADIATION DOSES FROM TRITIUM RELEASES TO
THE ENVIRONMENT

. The specific activity approach is used to
production released as airborne emissions from estimate the long-term concentrations of tri-

the two reactor types 1s similar (about 3.7 tium in vegetation, and animal food products.
GBq/MW(e)~y (~0.1 Ci/MW(e)-y). However, the The tritium concentrations in water and in the

airborne releases comprise 80% of the tritium atmosphere are estimated using established

Table 1. Tritium Production in Light-Water-Cooled
Nuclear Power Reactors

(1,000 Mw(e) plant operated for 300 full-power equivalent days]

Reactor type Amount of Tritium Amount Released
and Tritium —__Produced to Reactor Coolant
Source % of
TBq Ci TBq Ci production

Boiling Water

Reactor ;M[

ternary fission 600 16,000 3.7 100- 0.6
encapsulated boron 115 3,100 0.4 ~ 10 0.3
deuterium activation 0.4 <10 0.4 < 10 100
715 19,100 &, 120 0.6
Pressurized Water
Reactor (PWR)
ternary fission 600 16,000 3.7 100 0.6
encapsulated boron 37 ~ 1,000 11 300 30
boron/lithium in coolant 11-18 300-500 11-18 300-500 100
deuterium activation 0.4 < 10 0.4 < 10 100
650 17,400 30 800 5
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Table 2. Reported Tritium Relesses to the Eaviroament ia 1981 from Nuclear Power Reactors

L 2. 5 4 s
Reactor Type and Site Energy ¥ .
(number of units) e,.."u.t
{mv(e)-h] *) Activity (curln)“'
1. BOILING VATER REACTORS Liquid Alrborne Total
1. Duane Arnold (1)* 2.28406 0.0E+00% NR* -+
2. Big Rock Poimt (1)* & 76405 3. 1E#00% <1 OE+01* <1 JE01*
3. Browns Fercy (3) 1.88407 2.4E002 3.8£+01 6.26401
& Bruasvick (2) S.8E+06 2.36+01 1.88+01 4.08+01
5. Cooper (1) 3.8E+06 <8.4E+00 &.5E+00 «1.3Ev01
6. Dresden 2-3 (2) 8.6£006 6.0E+00 3.28402 3.26402
7.  James Fitzpateick (1) 4. 8E+06 6. 1E+00 6.6£400 1. 16401
8. Edwin 1. Metch (2) 7.26406 218401 9.6£400 3.0E+01
9. LaCroase (1)* 2.4E+05* 7.7E01* 2.38%01% 1.06+02
10. Millsteme-1 (1) 2.58406 2.6E+00 9.58+01 9.76+0:
11. Moaticello (1)* 3.36406% 4. 2E-03* 1.1E+02% 1.1£+02
12. WNise Mile Polat (1) 3.36+06 $.0E+00 6.3E+01 6.8E+01
13. Oyster Creek (1) 2.6E+06 2.78+01 3.26400 3.08+0)
14, Peach Bottom 2-3 (2) 9.88406 3. 76001 2.85+01 6.5E401
15, Pilgrim (1) 3.4E+06 3.4E+01 7.6E+01 1.1E+02
16. Quad Citles (2) 9.5E+06 1.26+01 8.6F 401 9.8E+01
17. Verwont Yankee (1) 3.68+06 3.76-01 2.0E+01 2.0E4+01
[Cl/veactor-y] 10. 0.4 38 2.4 48 %24
Mean £ S.K. s PPN R S PSS
[TBq/reactor-y) 0.398 £ 0.02 1.420.1 1.820.1
11. PRESSURIZED WA
1. Arksnsas Nuclesr One (2) 9.28+06 €. 96402 1.36+02 818402
2.  Beaver Valley (1) 4. TEY06 1.4E+02 9.5£-02 1.4E+02
3. Calvert Cliffe (2) 1.28+07 1.08+0) 5. 8400 1.0E+0)
4.  Desald C. Cook (2) 1.38+07 9.28+02 5.5E+00 9. 28002
5. Crystal River (1) 4.0B+06 2.78402 1.6E8+0) 2.96402
6. Davis-Besse (1) 4. 4B206 1.68+02 8.68+00 1.78+02
1. Jageph Farley (2) 5.958+06 8.08+02 1.98+02 9.98+02
8. Fort Calhous (1) 2.28406 248402 8.28401 3.26402
9. Robert E. Giona (1) 338006 1.48402 7.0E+01 3. 18402
10. Haddem Weck (1) 4. 18406 S.IE403* 8. 6Ec01* S 4RO
1. Mdian Point (3) 6. 18406 8 .8Ev02 7.9E+00 898402
12, RKeveunee (1) 3.88+06 2.58%02 3.8E+00 1.68%02
13, Maioe Yeakee (1) 5.20406 2.28402 4.58°00 2.28+02
14, McGuire (1) 1.9E+04%  6.28+00%  6.5E-02% 6.3801%
15. Hillstome-2 (1) 6. 18406 3.78002 1.48402 5. 18002
16. North Anss (2) 1.08+07 1.3E+03 3.18+01 1.38403
17. Oconee (3) 1.4Ev07 5. 18402 5.8E+01 5. 6E+02
18, Palisades (1) 3.56+06 2.88+01 6_4E+00 2.88402
19. Point Beach (2) 6.38406 6.58402 & 8E+02 1. 18403
20. Prairie Islend (2) 6.9E406 5. 68402 7.48%01 6. 4E+02
1. Ranche Seco (1) 2.6E+06 8401 1.68+02 2.28002
22. W. 8. Robinsea 2 (1) 3.58+06 1.98+02 1.1E+0} 2.08402
23, Salém (2) 7.8E+06 L 3E+0) 3.9€+00 1.38+03
26, Sen Onofre (1) 7.8840% 3.0E+02% 1.26+01% 3. 1E+01%
5. Sequoysh (1) 1.58+06 7.6E+01 9.22-00 1.78%01
26, St. Lucte (1) 5.08+06 3.28+02 3. 78402 7.08+02
7. Surey (2) 7.58+06 5.38402 6. 36401 5.9E+02
28, Three Mile leland (2)* - 7.28%01% 6.5E+01* 7.38401*
29. Trojen (1) 6. 4E+06 1.08+02 408401 1. 48402
30. Turkey Point 3-4 (2) $.48+06 2.08+02 6.98-01 2.08+02
31. Yankee (1) 8.8E+05 1.08+02 3. 18400 1.08+02
32. Ziee (2) 1.18407 8.78%02 R -
Ci/reactor-yr . > :
Nndan v Jueh Wk e
(T3q/resctor-yr] 11201 1.78007 13t6.2
1nr, on-
2.28402 1 4Es01 2.3

Fort St. Vysia (1), 7.68405
.

TRITIUM RELEASES

s

___ Liguid Afrborne Total
0.0E+00* -~ o=
5.8E-02% <1.9£-01 €2.4E-01*
1.26-02 1.8£-02 3.0E-02
3.48-02 3.0E-02 6.0E-02
1.9£-02 1.0E-02 2.9£-02
6.1E-0) 3.28-01 3.3E-01
7.56-03 1.28-02 2.0E-02
2.58-02 1.28-02 3.78-02
2.8E+00* 2.5E-01* 3.7E+00*
9.18-02 3.3€-01 3. 4E-01
1. 1E-05* 3.0E-01* 3 0E-00*
1.3e-02 1.78-01 1.88-01
2'7E-02 3.26-03 3.0E-02
3.38-03 2.68-02 5.9£-02
8.7E-02 1.92-01 2.8£-01
1.1E-02 1.9€-02 9.0£-02
9.1E-04 4.8E-02 4.9E-02

Activity per Electricsl Megawatt ]Cl&(c]n]“’

0.022 £ 0.002 0.098 £ 0.0090.12 ¢ 0.01 ([Ci/MW(e)-y}

81 $£0.06 3.6%0.3
6.5E-01 1.28-01 7.78-01
2.6E-01 1.86-04 2.68-01
7.6E-01 4. 4E-03 7.78-01
6.1£-01 3.6£-03 6.1E-01
5.9€-01 3.46-02 6.38-01
3.28-01 4 .02 3.36-01
1.4E400 3 og.0) 1.6E+00
1.08400 3 35.01 1.38+00
6.32-01 1.88-01 8.26-01
LAEOI* gp.oy# 1.1E%01%
1.38+00 1.18-02 1.3E+00
5.8E-01 5.88-03 5.98-01
3.78-01 7.76-03 3.8E-01
2.98400% 3 og.g2¢ 2.9E+00%
S.3E-01 2.08-01 7.48-01
1AE%00 5 g.02 1.18+00
3.2¢-01 3.78-02 3.68-01
7.08-01 1.68-02 7.28-01
9.06-01 6.6E-01 1.6£-01
1.1E-01 9.0£-02 §.0E-01
2.8£-01 4. 78-01 7.5€-01
4.78-01 2.6E-02 4.9E-01
1.58+00 4.0E-03 1.5E+00
3.3E000%  y gg.01# 3.5E+00%
2.68-01 3.26-03 2.78-01
5.8E-01 6.6E-01 1.2E+00
6.28-01 7.28-02 6.9£-00
1.48-01 5.56-02 2.08-01
3.28-01 1.18-03 3.28-01
1.08+00 3.18-02 1.0E400
6.78-01 - .
0.654001 0.12%001 0.78 ¢ 0.02
24204 66203 29 206
2.58-01  1.68-02 2.18-01

4.6 2 0.4 (GBQ/MV(e)-y]

(Ci/wite)-y)

(GBq/m(e)-y]

* sot included {n sverages because of stypical design (Latrosse, Monticello, Big Rock Poiat, Naddem Neck, San Ouvofre)

son-operation (Three Mile Island), or low power production (McGuire) but fnciuded fa total-release.

@ Eaergy generst dat. taken from J. Tichler and C. Beakovitz, “Radioactive Materials
Relessed from :t: ::::‘g-::.:.:-u: ::’-ﬂ.’ WRC Report WUREG/CR-2907 Veol. 2 (3'0 1984) for 1981 relesses.

» Colculated from the reported relessed sctivity (columas 3-5) divided by the energy gesecstion (colume 2) converted

te M(e)-y.
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dispersion models. Tritium concentrations in
vegetation and animal food products are
determined from the calculated tritium
specific activity (S.A.) in atmospheric
moisture. The specific activity of
atmospheric moisture is calculated as:

(5.8.) i, = [X/Q (r,0)Q/H

vwhere H is the absolute humidity (taken to be
0.008 kg water/m® air) and [X/Q(r,0)]Q gives
the atmospheric tritium concentration
(activity/ m®) at point r,.

The specific activity in vegetation is
estimated to be one-half (0.5) of the tritium
specific activity in atmospheric moisture.
Recently this assumption has been challenged
by Murphy'* who indicated that a value of 0.8
might be more appropriate. Dinner et al.l%
show that this value is dependent upon the
type of vegetation; the factor of 0.5 being
the mean for vegetation, but a factor of 0.8
would be more appropriate for leafy vege-
tables. Using the factor of 0.5 and an
assumed average vegetation composition of 75%
water, the transfer factor from air to
vegetation is given by:

=0.5(0.75kg water/k lant
(0.008kg water/cu. meter air)

_=a7gqgk! =47 m?,
Bq/m kg

Long-term transfer of tritium into meat
and milk is calculated using tritium transfer
factors which relate the concentration in the
food product to the activity ingested by the
animal. These factors are:

Trnir-to-plnnt

TT;ilk = 0.01 Bq/L per Bq/day (=day/L)

TT-'.t = 0.012 Bq/kg per Bq/day (=day/ky).
Doses are calculated for the average
individual (adult) inhaling 8 x 10® m® of air
per year, drinking 110 L of milk and 370 L of

water and consuming 190 kg of produce, 95 kg
of meat and poultry, 6.9 kg of fish and 1.0 kg
of seafood per year. The whole body dose
factors are based upon a quality factor (Q.F.)
of 1.7 and are:

2.8 x 107" Sv/Bq (1.04 x 10”7 mrem/pCi)
for ingestion and

4.3 x 107" Sv/Bq (1.58 x 10”7 meem/pci)
for inhalation.

The popul;tion is assumed to be comprised
solely of adults but the population
distributions and sizes for the individual
sites are used. 13

2548

B.  Results

The calculated collective (populotlocp
radiation doses resulting from tritium ‘
releases from nuclear power reactors are shown
in Table 3. The principal parameters that
determine this dose are: the activity and mode
©f tritium releases to the environment, the
amount of dilution available from atmospheric
dispersion and water bodies receiving liquid
effluent discharges, and the size and distri-
bution of the population in the vicinity of
the reactor site.

The total collective dose from tritium to
the population residing within 80 kilometers
(50 miles) of nuclear power reactors is small,
0.083 person-sieverts (8.3 person-rem). Most
(93%) of this total is contributed by pres-
surized water reactors. The highest site
collective dose of 0.048 person-sieverts (4.8
person-rem) may be high due to a possible
underestimation of the available dilution
water flow. This value accounts for almost
60% of the U.S. total collective dose. If
this single value were neglected, the total
dose at PWR sites would be 0.028 person-~
sieverts (2.8 person-rem) or 82% of the revised
total of 0.034 person-sieverts (3.4
person-rem).

The highest site collective doses, 1.4 ¢
0.2 (S.E.) person-millisieverts (0.1420.02
person-rem) occurred at PWR sites located on
lakes and impoundments. Over half (~ 55%) of
this dose was received from drinking water
ingestion. The smallest doses occurred at
boiling water reactor sites also located on
lakes or impoundments, (4.7%20.2)E-02 person-
millisieverts or (4.7%0.2)E-03 person-rem.
However, there was no reported drinking path-
way at these sites, the doses being primarily
from airborne emissions.

IV. SUMMARY AND NEED FOR ADDITIONAL TRITIUM
CONTROLS

The collective dose from tritium released
to the environment totalled 0.083 person-
sieverts (8.3 person-rem) in 1981. The
average collective dose was 4.3E-04 person-
sieverts (0.043 person-rem) at BWR sites and
2.6E-03 person-sieverts (0,26 person-rem) at
PWR sites. The Nuclear Regulatory Commission
has a cost-effectiveness criterion of $1,000
per man-rem reduction ($10® per person-sievert
reduced) for requiring additional radiocactive
effluent treatment at light-water reactors.!®
Using that criterion, no treatment to retain
tritium would be indicated as there are no
processes which could reduce tritium releases
and cost less than $300 per site. Existing
tritium concentration processes (electrolysis,
distillation, hydrogen distillation, etc.)
would cost between $30-$50 per cubic meter® to
process the 3,000 m* (100,000 £t3) of coolant
or liquid wastes at large power reactors. The
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Table 3. Calculated Collective (Populatioa) Whole-body Doses from Tritius Releases from Nuclear Power Reactors in 1981 ‘

rusion tecHNOLOGY

VOL. 8

1. 2. 3. 4. 5. 6. 7. 8.
Reactor Type sod Site Collective Dose (person-rem) Perceatage of Total Tritium Dose  Percentage of Total
from: Dose Contributed
Liquid Alrborne Total Drioking Aquatic Airborne by Tritiue
Effluents Effluents Water Foods Relesses .
1. BOILING WATER REACTORS
1. Duane Arnold » » - - - » -
2. Big Rock Pofmt* 3.8E-05% 1.2E-03*% 1.256-00* 0.16% 2.5 9.7+ 0.0 =
A Browas Ferry 6.8E-04 1.0£-02 1.1E-02 5.3 1.0 9%. 0.3
4. Brunswick 6.8E-05 1.5£-03 1.5£-03 0 0.4 ~100. 0.01
5. Conper 8.4£-08 3.56-04 3.5E-04 0 0.02 ~100. 2.2
6. Dresden 2-3 0.0E+00 2.8£-01 2.8-01 o L ~100. 0.08
7. James Fitzpatrick 3.96-04 9.3E-04 1.3-03 29. 0.2 70. 0.02
LB Edvin Match 1.26-04 1.1E-03 1.28-03 1] 10. 0. 0.08
9. La Crosse* 3 AE-04 & 5E-00% 4. 8E-03% 0 * 7 » 9. * 0.085*%
10. Millstose-) 4.28-07 3.88-02 3.88-02 o < o.M ~100. 9.
11. Monticello* 1.2E-05% & 9E-02*% 4. 9E-02* 0. 14* < 0.01 ~100. ~100. *
12. Nine Nile Poiat 2.5€-03 8.9£-03 1.1E8-02 22. ~ 0.08 8. 0.18
13. Oyster Creek 1.0E-04 2.06-03 2.28-03 o 9. 9. 0.015
14. Pesch Bottom 2-) 9.78°02 4.5E-02 1.4E-01 68 < 0.0 32. 5.2
15. Pilgrim 1.5E-05 3.18-02 3.1E-02 ) < 0.05 ~100. n.
i6. Quad Cities 4.28-0) 2.06-02 2.48-02 18 . 0.14 92. an.
17. Vermont Yaakee 1.8E-05 2.28-02 2.28-02 ° < 0.01 ~100. 0.036
BWR Total (person-cem) 0.0 0.46 0.56 o - - -
(person-uSv) 1.0 4.6 5.6 - - - o %
BVR Average (25.8.)"
(person-rem) (8.1£#2.0)E-03 (3.520.6)E-02 (4.3%0.6)E-02 10. 1.5 LN .
(person-alSy) (8.122.0)E-02 (3.520.6)E-01 (4.320.6)E-01 - -
11. PRESSURIZED WATER REACTORS
1. Ackensas Wuclesr One (2) 3.9€-04 1.28-02 1.28-02 L 3.2 9. 0.3
2. Beaver Valley (1) 1.5€-02 1.5E-04 1.6E-04 . 0.1 o9 92
3 Calvert Cliffe (2) 3.78-02 3.4E-03 4.08-02 0. 9z, L) 6.2
4. Donald C. Cook (2) 9.3%-02 9.48-04 9.3%-02 9. 0.6 1.0 19.
S Crystal River (1) 4. 28-01 8 9E-04 “.28-01 0. ~100. 0.2 3
6. Davis-Besse (1) 8. 4E-03 2.28-9) 1.18-02 1. 3.0 20. 1.4
’ Joseph Farley (2) 2.08-03 3.4E-02 3.6E-02 0. 5.6 9. 0.9
LD Fort-Calhoua (1) 4. BE+00 1.56-02 4_BE+00 ~100 <01 L 9.
9. Robert E. Ginne (1) 7.5¢-02 1.76-02 9.28-02 .. 0.3 18, 60,
10, Haddem Neck (1) 7.08-03* 1. 4E-01% 1.4E-01% 0. * ‘. 5. ¢ 42. -
1. ledisa Point (3) 4. 9804 3.98-02 3.9%-02 0. 1.2 . 0.45
12, Kewsunee (1) 3. 1E-01 1.08-03 3. 1801 . 0.9 0.3 8.
13, Meine Yankee (1) 1.58-04 21.0e-0) 2.18-00 0. 7.2 9. 25.
14, NMeGuire (1) 1.3%€-02% 7.8E-05% CT1.3E-02% ~9. * ~ 1.0% 0.04% “&0. -
15. Milletone-2 (1) 6.3E-05 5.52-02 5.58-02 0. 0.1 ~100. 0.
16. North Aans (2) 1.4E-02 5 %€-0) 2.0£-02 0. 70. 3. 0.38
17. Oconee (3) 1.0E+00 1.58-02 1.0E+00 9. 0.3 1.5 6.6
18, Palisades (1) 2.28-02 1.1E-03 2.3-02 8r. L L) 14.4
19. Point Beach (2) 2.1m-02 9.7%-02 1.28-01 22. < 0.1 7. 60.
20. Pratrie lslond (2) 3.0 3 LE-02 3. 7802 - 0. L 92. 8.
1. Raoche Seco (1)) 6.9E-04 $.98-02 6.0E-02 - 0. 1 ~100. 2.7
22, K B Robiason-2 (1) 1.48-02 2.42-03 1.68-02 0. 8. 1. 0.9
2). Salews (2) 5.3E-0) 2.5¢-03 7.98-03 0. 68 3. 0.9
24, Sao Owofre (1) 1.08-02% - - 0. ¢ - . 1.2 =
25. Sequoysh (1) 4. 0E-02 S.28-04 4. 08-02 " 0.1 1.3 5.9
26. St bucte (1) 6.28-05 7.62-02 7.68-02 0. «0. ~100. 1.
27, Serry (2) 4.5E-0% 3.5k-02 4. 0E-02 0. 1. L 2. .
8. Three Mile Inlend (2) 2.18-03* 1.08-01% 1.08-01 2.0 ~0.1* 9, * n. -
2%, Trejea (1) 6. 68-05 1.88-02 1.88-02 <0.1 0.3 ~100. 7.8
30. Turkey Point 3-4 (2) 1.78-04 1.28-04 2.98-04 0. 59. a1 0.3
3. Yeokee (1) 5.28-04 1.88-03 7.08-03 -9, 2. 78. 1.9
32. Zies (2) 6.38-05 2.18-02 2.1E-02 0.3 < 0. ~100. 6.2
PR Total (pecson-rem) 1.0 o 1.8 - - . -
(persoo-alv) 70 1.9 " - - - .
e .
. .m:.'mg.’m:, 0.25 £ 0.003 (2.02009)E-020.2620.00 2 20. 50 i
(porova-av) 252003 0.20%0.01 26209
.
Grabd Totsl (person-cem) oe e .3 TSN NP g | -
(person-adv) n 12. LA . . »
"ot fmcladed (n averages Becouse of atypical design (LaCrosse, Moaticells, Big Rock Potnt, Naddem Neck, San Ouofre),
sos-operation (Thewe Mile lslsnd), or low Power production (McGuire), but lscluded in total collective dose.
* Aritheetic mesn and stasderd erver of the collective tritium doses at individusl sites. The stonderd error is
caleulated from the variations about the mesn sod does sot imclude the wacertainties which might be foberest (o the
environmental trsasport, metabolic and dosimetric wodels.
2549
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resultant cost of $90,000 - $150,000 per site
per year is clearly not commensurate with the
small collective doses that result from these
tritium releases. According to one study®,
even existing controls on c¢ritium production
such as the use of zirconium cladding,
enriched "Li, and zirconium tritium “"getters"
would exceed the NRC's cost-effectiveness
criterion (based upon their use only for
tritium control). Reduction in liquid
effluent releases by evaporation and release
as airborne effluents would produce only small
dose reductions and would be ranked low in
terms of cost-effectiveness. The use of
enriched 7Li is most cost-effective (about
$5,000 per person-rem reduced)® and is
currently used.
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Abstract

ENVIRONMENTAL TRITIUM CONTAMINATION FROM INCREASING UTILIZATION OF NUCLEAR
ENERGY SOURCES. Tntium is produced in nuclear reactors by temary fission and by neutron capture
teactions in '*B, "B, *Li, "Li, "N and TH. The expanding use of nuclear reactors for power production
will contribute additional amounts of tritium to the existing background levels due 1 atmospheric testing
of nuclear devices and natural production by cosmic=ray interactions in the upper atmosphere .

Production processes, both in the environment and in nuclear and thermonuclear energy tources are
teviewed. US power reactor experience indicates that the primary source of tritium production in boiling
light=water reactors is temary fission, while neutron caprure reactions in '*8 and "Li are the principal
sources (o pressurized-water reactors employing chemical shim. Tritium from deuterium activation in
heavy-water moderated reactors far exceeds the production of tritium by temary fission. Environmental
surveillance data show no apparent increase of tritium concentrations in water sources in the vicinity of
light=water reactors, Due o tritium retention by the fuel cladding, a major portion of the tritium produced
by temary fission will be reieased during processing of the spent reactor fuel. Estimated releases from
fuel reprocessing plants are compared with discharge data from operating plants.

Forecasts of future tritium production from nuclear reactors are provided up until the year 2000,
These estimates are compared with existing equilibrium levels of naturally-occurring tritium and with
the decreasing inventory of tritium remaining from atmospheric nuclear testing. The implications of these
projections are evaluated from 2 public health viewp A di of the possible impact of new
thermonuclear energy sources on environmental tritium concentrations is also included.

1.0 INTRODUCTION

Tritium is a radionuclide on which attention i{s currently being focused
because of its radiological characteristics and its appreciable production
by an expanding nuclear power industry, This industry results in tritium
releases to the environment as a consequence of normal operation of both
nuclear power reactors and fuel reprocessing plants, The purpose of this
paper {s to discuss the production of tritium by several sources and to
examine the environmental consequences of this production relative to the
nuclear power industry,

Although tritium is generally considered to be one of the least hazardous
radioisotopes (1), its long radfoactive half-11fe (approximately 12 years)
means that tritium discharged into the environment will accumu'ste over a
relatively long period of time. Since tritium closely follows the reactions
of ordinary hydrogen, it assimilates readily into water and into biological
media,
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The importance of tritium as an environmental contaminant is related
to the development of nuclear power, Figure 1 shows current predictions of
the growth of nuclear electricity in the United States and compares it with
total generation both i{n the United States and the world (2)., In the United
States, the Atomic Energy Commission has estimated that 120-170,000 megawatts
of electricity will be generated by nuclear reactors by the year 1980 (3).
This estimate will represent about 25% of the total electrical power generated
in that year, By the year 2000 the total {nstalled nuclear capacity in the
U. S, may be as high a= 1,000,000 megawatts (4),
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2,0 TRITIUM PRODUCTION IN NUCLEAR REACTORS

Tritium may be produced {n nuclear reactors by several mechanisms some
of which are shown schematically i{n Figure 2, These sources include:

1. Ternary flssion having a triton as one of the fission
fragments;

2. Neutron capture reactions with coolant additives such as
boron, lithium and ammonia;
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3. Activation of naturally occurring deuterium in light- and
heavy-water moderated reactors;

4, Neutron capture reactions with polson material used in
control rods and plates,

TRITIUM PRODUCING REACTIONS
IN A NUC'.EAR REACTOR

L)

oI

-

FUEL  FUEL
PELLET  CLADDING  COOLANT CLADDING  CONTROL
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2,15U("m 0,0(n 7 TDO POISON
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F1G.2. Schematic diagram of tritium production processes,

Other reactions with nitrogen, helium-3 or structural material may also
produce tritium but the contribution to the total production rate from these
reactions appears to be-slight (5, 6), The relative importance of a given
reaction mechanism for tritium production will depend upon the reactor type,
design characteristics, operating history, and materials of construction,
The manner in which tritium {s released to the environment will also be a
function of these parameters,

2.1 Fission Product Tritium

The discovery of tritium as a fission product was initially reported
by Albenesius (7), and has since been verified by several investigators (8, 9).
Measured tritium fission yields from thermal neutron induced fission of
enriched or natural uranium range from 0,3 to 1.0 tritium atoms per 10
fissions (7-9), ‘r‘gsg'rjetlc-l fission yields have been calculated for other
materials and for by Dudey whose results are vhown in Table I (10),
Measurements of the tritium rclznod in fuel reprocissing indicate that the
theoretical estimate of 1,3x10°% {s the most accurate (11).

Dudey has also estimated the tritium content of various reactor fuels
as shown in Table IT. Based upon these values we have calculated the tritium
production rates shown in the last column cf Table II. Since fuel burnups
of 30,000 and 40,000 MW(th)-day/tonne have been forecast for replacement
fuel loadings in proposed reactors and advanced reactors (3), we have
extrapolated production rates for these burnups, These values are also
contained in Table 1T,
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TABLE I

ESTIMATED YIELD OF TRITIUM FROM FISSION (10)

Material Neutron Energy Atoms JH Produced per

(MeV) Fission

23')u Thermal 1.3x10-%
1.0 1.2x10"%

3.0 8.2x107?

238y Th rmal 2.6x10-4
2.5 1.4x10~%

239p,, Thermal 2 3xlL-4
1.0 2.5x10-%

Light-water nuclear reactors produce about 16.4 millicuries of tritium daily
per megawatt of thermal energy. Fast reactors should produce more fission-
product (ritium than thermal reactors since the fission yield of plutonium-239
is higher than uranium-235 (2,5%x10~% and 1.3x10-% atoms per fission,
respectively) (10). These estimates yield tritium production rates of
18,7 Ci/yr-MW(e) for thermal reactors and 26,2 Ci/yr-MW(e) for plutonium-
fueled fast reactors,

2.2 Deuterium Activation

Tritium can be formed by neutron activation of deuterium which represents
about 0.015% of the at of hydrogen in nature (12), The thermal cross-
section for the 2H(n,y) H reaction is 0.5 millibarn (13). Deuterium activation
has been estimated to produce tritium in a 3295 MW(th) boiling-water reactor
at a rate of about 0,15 yCi/sec or 4,45x10°7 Ci/MW(e)-yr. By comparison, the
tritium production rate from fission was calculated to be 540 uCi/sec (14),

Because of the retention of fission-product tritium in the fuel element,
the importance of tritium from deuterfum activation as an environmental
contaminant will be higher than {ts relative production rate would indicate,
1f only 0,1% of the fission-product tritium escaped from the fuel then
deuterium activation could contribute over 27% of the activity discharged
to the environment from a boiling-water reactor, In a pressurized-water
reactor other sources contribute considerably greater amounts of tritfium,
thus deuterium activation i{s negligible by comparison,

In heavy-water reactors the moderator and coolent can consist of
99.75% deuterium oxide, For this reason, deuterium activation represents
a greater source of tricfum than does fission, A comparison of the primary
coolant tritium concentration for several types of reactors is shown {n
Table ITI. These data show that the tritium activity In heavy-water reactors
is considerably greater than in light-water reactors, Based upon the ratio
of the deuterium content in light- and heavy-water, the tritium production
rate in a heavy-water reactor would be about 30 Ci/MW(e)-yr,
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TABLE IV

ESTIMATED TRITIUM PRCMCTION FROM BORON REACTIONS iN
A 3391 MW(th) PRESSURIZED WATER REACTOR(17)

10 -
Source Amount of B (grams) Reaction Annua! Tritium Production (Curies)
Initial Cycle Equilibrium Cycle
Poison Plates ~ 3530 Gin,20M 800 Not Used
108(n,c) "Lt
1500 Not Used
Li(r.n o)™
Ciiemical Shim A3400 (initial) 108(n,20) M 1100 780
23150 (equilibrium)
105¢n,a) L1
not estimated not estimated
Li(n,n )
(~2100)* (n1450)*

* Estimated by authors from retio of production i{n poison curtains,
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howeveir, in the form of boric acid dissolved in the coolant (chemical shim)
or as poison plates in the initial core loading, The chemical shim {s used
to provide a more uniform power distribution throughout the reactor core
and to compensate for long-term changes in reactivity such as the depletion
of uranfum or the accumulation of fission-product poisons (15), The boron
concentration i{s not maintained constant but decreases over the operating
1ife of the fuel as shown in Figure 3,

Tritium may be formed directly from boron-10 by the 108(n,2q)3n
reaction or by the 198(n,)7Li(n,n u)sll reactions. Estimates of the tritium
production rate for a PWR emploving chemical shim are shown in Table IV,
Based upon the production of 2300 curies per year from the 3.4 Kg of boron-10
in the poison plates we estimate that the 20 Kg of boron-10 irn a 700 MW(th)
BWR would produce 13,000 curies of tritium annually, or about 21,500 curies
of tritium per year by a 1000 MW(th) BWR plant, Smith has estimated a
production rate of 20,000 curies of tritium per year for a comparable plant (18),

2.4 Tritium from Lithium

Natural lithium contains 7. 42 percent of 611 which has a thermal
cross-section of 675 barns for tritium production (13)., One part per
million of natural lithium as an {mpurity in the cladding and primary
coolant of a small reactor could yield approximately 50 percent as much
tritium as produced by fission (6)., Lithium may be intentionally added
to the coolant in the form of L1OH to control the acidity of the primary
system, It may also be present from ifor exchange resins in Lt form, The
importance of lithium as a source of tritium is vividly depicted in Figure &
which shows tritium discharges from the Shippingport Atomic Power Station
in the Urited States., The tritium discharges were significantly reduced
vhen resin containirg only 714 was substituted for natura! lithium (19),

MONTHLY TRITIUM RELEASES FROM SHIPPINGFORT

100 | DESIGN ESTIMATE 300 CuMES TRITIUM / MONTH
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FIG.4. Tritium releases from a pressurized water teactor. The shatp decrease M the amount released
after natural lithium was removed is evident [19],
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Present reactor designs will employ 99.9% 7Li in the fon exchange resins
and LiOH in order to minimize tritium production (17),

3.0 TRITIUM RELEASES FROM NUCLEAR REACTORS

3.1 Retention of Fission-Product Tritium

Only a fraction of the fissicn-product tritium is released to the
environment from a nuclear reactor, In order to reach the reactor coolant
the tritium would have to diffuse out of the ceramic uranium dioxide (V03)
fuel pellet and pass through the metallic fuel cladding as shown in Figure
For this reason, the bulk of the tritium is retained in the fuel elements
and is not released until the elements reach the fuel reprocessing plant,
Small amounts of tritium may also be produced from traces of uranium on
the outer surfaces of the cladding,

Although the purpose of the metallic cladding around the fuel pellets
is to contain fission products, the retention mechanisms for tritium are
not well defined, These mechaniems may involve chemical reactions between
tritium and the cladding material as well as physical diffusion, Three
mechanisms have been proposed for the transmission of tritium through fuel
cladding:

Direct penetration of tritons (6);

Effusion of tritium through minute holes or defects in the
cladding material;

Diffusion of tritium atoms around grain boundaries and
through intact cladding,

Releases of tritium by direct penetration of the cladding by tritons has

been shown to be negligible (6), thus this mechanism is not as important

as releases by effusion and diffusion processes,

The composition of the fuel cladding has been found to have an

appreciable effect on the amount of tritium retained in the fuel (18, 20),

Measurements of the tritium concentration in the coolant of boiling-water

reactors indicate that the tritium release rate is approximately an order of

magnitude greater in reactors employing stainless steel fuels than in those

employing zirconium alloy (zircaloy) clad elements (18, 20), A limited

amount of experience with zir:aloy-clad fuels also indicates *hat there may
o . " " be a *hree-fold difference in hydrogen retention between the two zirconium

——— T alloys, zircaloy-2 and zircaloy-4 (21).

3.2 Operat ing Experience

The majority oi che tritium in the coolant, either from tission or boron
«nd lithium reactions, is released to the environment with the liquid waste
discharge, Table V shows amounts of tritium released from several pressurized-
water (PWR) and boiling-water reactors (BWR) in the United States, The
appreciable difference between the releases from PWR's and BWR's is believed
to be due to the presence of boron in the primary coolant of the PWR (18, 20),
Tritium release rates and tritium concentrations in the coolant of the
boiling-water reactors indicate that boron present in cladded control rods
or alloyed in poison curtains does not contribute appreciable amounts of
tritium to the effluent (20),

lLiquid wastes from reactors are discharged into the condenser cooling
water which provides a large amcunt of dilution, For typical 1000 MW(e) PWR
plants releasing 5000 Ci/yr of tritium the resultant concentrations in these
discharges which reach the general public would be less than 0,2% of the
radioactivity concentration guide (17), Resctors which use cooling towers
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TABLE V

TRITIUM RELEASED TO THE ENVIRONMENT

FROM OPERATING POWER REACTORS

Reactor Fuel Cladding Power Capacity Tritium Release

MW(e) (22) Factor(22) Estimated Rate

Annual Ci/Mi(e) -yr
Curies (22)
Boiling Water Reactors
Big Rock Point Stainless steel 50 0.45 20 0.89
Humboldt Bay Stainless steel , 52 0.80 20 0.50
: Zircaley

Elk River Stainless steel 24 0.70 10 0.60
Dresden - I Zircaloy - 2 200 0.65 5-10 0.037-0.074
Pressurized Water Reactors
Indian Point - I Stainless steel 163 0.50 500 6.1
Yankee Stainless steel 185 0.7¢ 1300 10.0
Connecticat Yankee Stainless steel 483 0.71l 1755l . % |

1data from Connecticut Yankce monthly operating reports for 1968 (23)
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TABLE VI
ESTIMATED TRITIUM RELEASES FROM U, S, COMMERCIAL

NUCLEAR FUEL REPROCESSING PLANTS

Plant Capacity Estimated Fuel Tritium Content Design Annual Average Release Rate
(Tonnes/day) Burnup of Fuel From Stack
Design Actual {MWd /Tonne) (Ci/Tonne) (Ci/day)

Nuclear Fuel
Services, West 1 1 22,000 200 50
Valley, New York 130%* (37

BL/LTIT-NS

Midwest Fuel¥*
Recovery Plant 1.4 ] 0.82 NS 200 432 (38)
Morris, Illinois

Barnwell Nuclear*

Fuel Plant, 6 S 35,000 400
Aiken, South 40,000 500 1,640 (39)
Carolina

* Under construction
** Released as liquid waste to storage lagoon
NS NOT SPECIFIED
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have a smaller dilution capacity than those that use once-through condenser
cooling, Under certain conditions extra care in discharging tritium may
be required to insure that concentration limits are not exceeded,

Atmospheric release of tritium frowm light-water reactors with gaseocus
wastes has not been extensively studied but does not appear to be appreciable,
The Bureau's Nuclear Engineering Laboratory has made some measurements at a
BWR which indicate that atmospheric tritium releases may be less than 0.5
curies per year, By comparison, proposed BWR's are using a hypethetical
estimate (based on considerable fuel cladding defects) of approximately 0,03 to
30 Ci/yr (24-27). Gaseous tritium releases from the Yankee pressurized-
water reactor are less than 100 Ci/yr (28), or approximately 67 of the
total tritium discharged from the plant,

In the United States, there has not been any development of large
heavy-water reactors because of the availability of enriched uranium,

Canada and several other countries, however, use this concept because natural
uranium can be used without enrichment (2%9), Tritium concentrations in the
primary coolant of heavy-water reactors could be about 10-20 mCi/g after
long-term operation. Past experience at heavy-water reactors indicates that
D70 losses can approach several Kg/day although there is an important
economic incentive to retain this waterial (30-35). Holmquist has stated
that no heavv-water reactor can be assumed to have a lower D20 leakage

rate than 2-3%/yr or 6 Kg/day (36). The production reactors at the Savannah
River Plant in the United States are estimated to release between 1,000

and 10,000 curies of tritium per month to the atmosphere from a D0 leakage
rate of 2-3%/yr (36). Based upon the leakage experienced at Canada's

200 MW(e) Douglas Point Nuclear Station (4 Kg/day) (34), a heavy-water
reactor could release over 15,000 curies of tritium per year to the environment,

4.0 TRITIUM RELEASES FROM FUEL REPROCESSTNG PLANTS

The largest localized concentrations of tritium in the environment will
be in the vicinity of fuel reprocessing plants where 68-99.9% of the fission-
product tritium will be available for release when the fuel elements are
processed, Table VI lists estimated tritium discharges for three commercial
fuel reprocessing plants in the United States (37-39),

Several possibilities =xist for the disposal of tritium from fuel
reprocessing (40)., These are as follows:

. Disposal into ground water,

Dilution and disposal directly to surface water,
Distillation and release to the atmosphere, and
Concentration and storage with high level waste,

W -

4.1 Ground Water Disposal

Disposal into ground water through seepage basins or wells has been
sursuea for several years at the major U. S, plutonium production sites,
Disposal into ground water requires hydrological and geological studies
to determine the direction and rate of ground vater movement and extensive
monitoring programs to assuce that off-site drinking water supplies are not
contaminated.

4.2 Surface Water Disposal

The Nuclear Fuel Services commercial reprocessing plant at West Valley,
New York disposes of tritium by a combination of surface water releases and
atmospheric releases. Release rates of tritium from this plant have been
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estimated to be 50 Ci/day up the stack and 130 Ci/day to storage lagoons
which are eventually pumped into surface waters (37), These estimated
releases are considerably higher than measured discharges as shown in

Table VII,

TABLE VII
ANNUAL TRITIUM RELEASES IN LIQUID WASTE FROM
A COMMERCIAL FUEL REPROCESSING PLANT (k1)

Data for 1967

Measured Tritium Releases to Storage

Lagoon (Ci) 4200
Tonnes of Urarium Processed 136
Percent of Plant Capacity 37

Percent of Estimated Release of
130 Ci/day Q

Percent of Estimated Release
Corrected for Capacity 25

Surface water disposal requires considerable dilution and therefore
is practical only for sites on large rivers. Blomeke has estimated that a
least 18 million gallons of water per day would be required per ton of fuel
in order to dilute the released tritium to 10-3 uCi/ml or less (40), For
this reason this technique has limited applicability for plants with
capacities on the order of 5 MTU/day,.

4.3 Atmospheric Disposal

The other two commercial fuel reprocessing plants shown in Table VI
are under construction in the United States. Both plants will discharge
only limited volumes of liquid waste thus the major means of environmental
tritium release will be from atmospheric discharges (38-39). The estimated
atmospheric tritium releases from these plants are shown in Table VI to Le
432 and 1,640 Ci/day. The annual average off-site air concentrations for
these plants are estimited to be less than 2% of the radiation concentration
guide of 2x10-7 ;Ci/ml (38-39). Cowser, et.al,, analyzed the dose that
would be received from atmospheric releases from a plant reprocessing fuel
equivalent to 100,000 MW(th) of reactor operation, They found that the
annual dose received from released HTO would be about 7 mrem/yr (42),

4.4 Nigh-Level Waste Storage

Retention of tritium in high-level waste storage tanks is dependent
on the process used., Plants that use the Purex process produce between
10,000 and 100,000 gallons of liquid waste per ton of fuel (43), The Nuclear
Fuel Services plant, which uses the Purex process, is estimated to retain
about 10% of the tritium in long-term storage, The rest is disposed to
surface water (about 65%) or the a‘mosphere (about 25%) principally because
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of the large volume of liquid generated (37), Plants that use the fluoride
volatility process, produce approximately 25-250 liters of liquid waste per
ton of fuel which may have tritium concentrations of 1-10 C{/1 {43). Tank
storage might be economically feasible for wastes of this activity,

5.0 TRITIUM ACCUMULATION IN BODIES OF WATER

5.1 General

All tritium, regardiess of its mode of production or release, eventually
deposits in the hydrosphere. Localized sources of environmental tritium
such as reactors and fuel reprocessing plants may present certain public
health considerations because of exposure resulting from accumulation in
receiving waters, 1In general, these considerations are minor for streams
which have a fast flushing time and sufficient dilution capability to keep
concentrations low. This distinction, however 6K is not as apparent for
facilities on lakes or impoundments where slow flushing times woy result in
a buildup of tritium,

In the United States some power reactors are located on a small lake
or a stream which has been impounded to produce a lake large enough to
provide sufficient cooling water. In some cases, several plants may be
sited on a single large lake such as Lake Michigan, Tritium buildup for
these two situations was examined in detail.

5.2 Tritium Buildup in Lakes

The tritium accumulated in a lake can be estimated by a model which
assumes a constant outflow rate and a constant volume. The equation which
governs this process is:

R [ At ] -At
c(t . 1 -e + C_e 1
(t) i s (1)
where,
c(t) = the concentration (uCi/em’) at time t,
R = the activity release rate (Ci/yr) into a lake,
r = the rate of water loss from a lake (em3/yr),
v = the volume of the lake (cm’),
A = the rldioaﬁc(ve decay constant for tritium (A =
0.0561 yr-1),
Co the initial activity present in the lake from

natural and fallout sources, and

A -~ ) 4+ r/V, the effective removal constant for both
radioactive decay and the physical loss of water
from the lake,

The average or mean residence time of water in the lake is defined by:
e " v/r (2)
while the mean residence time for tritium in the lake is given by:

; . g e 1A -3
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5.3 Tritium Buildup in Small Lakes

An American power company {s constructing a 700 MW(e) PWR nuclear
power plant on a small lake created by impmmding a natural creek, a site
that {s reasonably typical for the United States, The volume of the lake
is approximately 1.34x10” cubic feet and the average discharge rate {s
169 ft3/sec, Annual discharges of tritium are estimated to be about
3820 Ci/yr. 1t was assumed that the plant would operate 40 years and that
this would be equivalenr *o an infinite operating time, a ccnservative
assumption,

Tritium buildup for three conditions was examined using the model
represented in equation (1). The results of these calculations for these
three conditions are shown {n Table VIIT. It is apparent that for realistic
conditions (cases T and I1) accumulated tritium concentrations would not
exceed established concentration guidelines. Case IIT represents a hypo-
thetical maximum estimate, All calculations were conservative because water
loss by evaporation was omitted.

5.4 Tritium Accumulation in a lLarge Lake

lLarge lakes have a considerable dilution capacity for tritium released
to them. However, this capacity may not be suf “icient if several nuclear
power plants are located on one lake. %Lake Michigan, one of the Great Lakes
in the United States is a good example of this situation, As shown in
Figure 5 there will be seven nuclear power sites on the Lake by 1973 com-
prising some ten reactors, or about 7030 MW(e), The total U, S, generating
capacity provided by nuclear power is scheduled to be 45,600 MW(e) by 1973;
thus about 157 of this total will be located on Lake Michigan, Most of this
capacity will be furnished by PWR's, a situation not typical of the national
trend which tends to be an sven distribution between BWR and PWR plants,
The tritium release rate into Lake Michigan is assumed to be 5 Ci/yr-MuW(e)
because of this preponderence of PWR plants. This value was obtained using
the average release shown in Table V and an average generating capacity
of 70 percent of the design value.

Estimates of nuclear generating capacity on lake Michigan are shown
in Figure 6, The nuclear capacity in the United States in the year 2000
will be about 1,000,000 MW(e); about 18,75% of this capacity is assumed to
be located on Lake Michigan,

The water retention time in lLake Michigan has been estimated by
Rainey (44) and Stigall (45) to be 30.5 years and 75 years, respectively.
The mean-life of tritium is 17.8 years, which is short enough to offset
variations in these values, consequently the mean residence time for tritium
in the Lake only varies between 11.2 and 14.5 years, The latter value was
used in the projections of tritium concentrations for Lake Michigan that
follow.

The activity of tritium in the Lake at time t, A(t), is given by:

A(t) = A(t-1)e s + L"é&). (1-e"8) (%)

where A is the removal constant, R is :he tritium release rate (R = §
Ci/Mu(e)-yr), V is the lake volume, and P(t) is the anticipated power
generation rate (MWe) estimated at midvear intervals. The first term
accounts for the decay and removal of tritium produced during the previous
year; the second term represents tritium produced during the year under
consideration. The total tritium activity in the Lake in the year 2000 is
estimated by this equation to be about seven megacuries.



TABLE VIII

TRITIUM ACCUMULATION IN A SMALL

MAN-MADE LAKE FROM A SINGLE

NUCLEAR PLANT

Case Outflow Volume Mean Residence Time Estimated ﬁ

Rate Water Tritium Equilibrium Tritium g

(£t3/sec) (£t Days Days Concentration 3

(uCi/ml) s

-
1. Annual Average 169 1.34x10? 92 90 7.1x10-3
II. Low Flow 21 1.34x10° 740 664 1.8x10°%
III. No Outflow 0 1.34x10% » 6510 1.8x10-2
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FIG.S. Nuclear power reactors at present planned for operation on Lake Michigan.

Tritium buildup in the Lake was calculated using equation (4) to
account for.a varying production rate due to increases in nuclear generating
capacity, The concentration was calculated from:

c(t) = A(t)/kv (5

where C(t) is the average tritium concentration in the Lake, k is the
fraction of the Lake volume available for dilution, and V is the total
volume of the Lake,

The resulting tritium accumulation in Lake Michigan was determined by
equation (5) for two conditions: 1) mixing with the total lake volume of
4781 km?, and 2) mixing with 36.5 percent of the lake volume (~1780 kmd),
a value estimated by Stigall from fallout data on °Sr as the effective
dilution volume. The results of this calculation are shown in Figure 7,
These data show that although the estimated tritium activity accumulated
in the Lake by year 2000 {s over seven megacuries, the concentration in
the Lake would be less than 0.2% of the radiocactivity concentration limit
of 3x10°3 uCi/ml used by the United States Atomic Energy Commission (46).
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6.0 PROJECTED ENVIRONMENTAL TRITIUM LEVELS

6.1 General

The buildup of tritium in the environment from the nuclear power
industry will be superimposed on tritium already present from natural
production precesses and from atmospheric testing of thermonuclear weapons,
The relative contribution by the power industry in the United States is
compared to these other sources in Figure 8, At present the nuclear power
industry production is small compared to the other two sources and will
not reach natural production levels until about 1985, The major source of
tritium in the environment is from past nuclear weapons tests, This will
continue to be the case up until about 1995 at which point reactor production
will become the predominant source if thie present trend continues and there
are no further thermonuclear explosions,

6.2 Tritium Production in Nature

The production of tritium in nature is caused by cosmic-ray interactions
with nitrogen and oxygen in the upper portion of the atmosphere, The
principal reactions which produce trttluT are hx;g energy (E >100 MeV)
proton spallation reactions and “N(n,t) 2¢ and O(n,t) 4% reactions with
secondary neutrons from cosmic radiatiom (47-52).

Nir, et.,al,, reviewed all previous calculations of tritium production
and estimated that the average production rate is 0,19 _#0,09 34 atoms/cm?-sec
and that the total decay rate is 0.5 ¢+ 0.3 atoms/cm’-sec (50). This
latter value corresponds to a total equilibrium activity inventory of
approximately 69 megacuries of tritium, Estimates of the rate of production



54 PETERSON et al,

vary considerably, ranging from 0,09 - 2.0 3 atoms/em?-sec, This variation
corresponds to equilibrium levels of 12 and 275 megacuries, respectively,

as shown in Figure 8, Other natural processes such as spontaneous fission
in thorium and uranium and reactions with boron, lithium, deuterium and
helium-3 also produce tritium but the production rate is insignificant
compare to the oxygen and nitrogen reactions (51-52),

6.3 Tritium from Nuclear Testing

Tritium is formed from fission in atomic weapons at a rate of 0.7
curies per klioton of TNT explosive yield, Small amounts of tritium may
also be formed by neutron interactions with nitrogen and oxygen (53). The
largest source of tritium in the environment at the present time is from the
detonation of thegmnuclelr (fusion) weapons in which tritium was produced
by zH(n,7)3H and Lt(n,a)jﬂ reactions with lithium deuteride in the devices,
The yield of these reactions is estimated to be 6.7 megacuries per megaton
equivalent of TNT (54). Nuclear testing has contributed about 1700 mega-
curies of tritivm to the environment (55), This contribution is considerably
higher than the equilibrium value from natural production which is about
69 megacuries (see Figure 8).

6,4 Tritium from Nuclear Energy

Projections of the environmental inventory from nuclear energy sources
are dependent upon forecasts of power consumption rates and developments in
reactor technology as indicated by the curves in Figure 8, Cowser's esti-
mate (A4 ) of worldwide reactor production (56) is lower than the total U, S,
estimate (2) shown by the three curves in the Figure, The curves of U, S,
production in Figure B represent the contribution from fission (lower curve),
fission plus soluble boron in PWR reactors (middle curve), and fission plus
total boron in all reactors (upper curve), Boron control rods and curtains
should not represent an appreciable source of tritium in the environment
since the fraction of tritium which escapes from encapsulated boron is
small and these elements are generally disposed intact as high-level solid
waste, -

An incre2se in the utilization of large heavy-water power reactors
could substantially increase environmental tritium levels, _It has been
estimated that the tritlum Inventory would be doubled if 10% of the power
production was from heavy-water reactors (57). Development of thermonuclear
power sources could also increase tritium levels in the environment, The
tritium production rate from a thermonu~lear reactor has been estimated to
be over 100,000 times greater than in a firsion reactor (57); however, most
of this material would be contained in the recctor for use as fuel material,
Present irformation is insurficient to project tulrre estimates of tritium
from this source,

7.0 PUBLIC HEALTH SIGNIFICANCE

The principal form of tritium in reactors {s tritiated water and
conventional concentration processes such as ion exchange and evaporation
do not remove appreciable amounts of tritium from liquid effluents, For
this reason tritium may comprise between 50 and almost 1007 of the total
activity in reactor discharges to the environment (20), The Radioactivity
Concentration Guide (RCG) for tritium, however, is much higher than for
most common fission products, The RCC of tritium is 10-3 yCi/ml and because
of its short biological half-life (12 days), its low disintegration energy,
and uniform distribution in the body, its relative health significance is
smaller than for other fission products such as 90Sr and 137cs,
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The estimated tritium release from a 1000 MW(e) pressurized-water
reactor is approximately 7000 curies per year (average of Table V). Plants
employing single-pass condenser systems to remove excess heat have circu-
lation rates of about 1,5x1015 cm® per year and the resulting concentration
would be about 5x10~% ;Ci/ml or 0,5% of the RCG for exposure of the general
population (10-3 yCi/ml). The volume of water discharged from reactors
employing cooling towers is considerably smaller and may be only 2000
g7llons per minute, Under these circumstances the effluent concentration
could approach 207% of the guideline value, Under certain circumstances
it may be necessary to restrict discharges or to provide supplementary
dilution for these plants,

The Public Health Service operates a tritium surveillance network in
the United States to provide information on nationwide trends and tritium
concentrations in water downstream from large nuclear installations, The
results reported by this network are published periodically (59-62),
Present levels are 0,2-10 nCi/1 and the dose contribution from the maximum
concentration has been estimated to be less than 1.6 mrem/year (62),

The buildup of tritium in small confined bodies of water may approach
concentrations approximately 207 of the RCG which suggests that environmental
surveillance would be indicated to monitor this accumulation, Our predictions
for Lake Michigan show that the tritium concentrations in the Lake will be
about 40 nCi/1, most of which will be contributed by the reactors on the
Lake, Continuous consumption of this water for a fifty-year period would
result in a total integrated dose of only 350 mrem, which is considerably
less than that from natural radiation sources,
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DISCUSSION

J. TADMOR: 1 should like to ask whether the figures presenting the
projection of tritium production in nuclear reactors up to the year 2000
include possible future fusion reactors.

A recent study made by F.L. Parker indicates that tritium waste from
reactors of this type would present a major problem from a disposal
point of view, .

Another remark [ would like to make concerns the possibility of tritium
release into the atmosphere following the distillation of liquid waste. One
of the problems encountered in this method of disposal is fog formation due
tc the large amounts of water distilled, and the consequent deposition of
tritium in the neighbourhood of the release point, Have you any comment
to make on this problem of fog formation?

B.J. MASON: In answer to your first question, I do not believe that
the possibility of the development of fusion reactors has been taken into
consideration, It would certainly not seem to be the case in the light of
Mr, Parker's paper,

With regard to the fog question, I have nc comment to make, but | have
raised the matter of a 'rain-out' effect which I believe to be related to fog
in that either process would result in fairly high levels of tritium in local
environments. Apparently no consideration has been given to the possibility
of such localized concentrations,

$.0.W. BERGSTROM: A tritium release of 15000 Ci/yr from heavy-
water reactors seems to be an upper limit. The A gesta heat and power
reactor has been operating for a long time with a tritium leakage of some
100 Ci/yr. This corresponds to 5-10 Ci/MW(e)/yr, a rate which it should
be possible to reduce in the case of larger reactors. The dominating source
of environmental tritium is therefore likely to be fractions other than those
from deuterium activation in cooling water, In the power plants the higher
weater leakage rate from the light-water reactor results in tritium levels
which may in fact be in excess of those which will be caused by the heavy-
water type,

B.J. MASON: 15000 Ci/yr was an estimate of what could result from
the heavy-water reactor. The data used ior the estimate are those available
from one particular Canadian plant,

J.K. MIETTINEN: I understand that when calculating the radiation dose
values for humans you used the biological half-life (12 days) given by the
ICRP for tritiated water and a homogeneous distribution in the body.

In nature, in a lake containing 40 nCi T,0/litre, part of this tritium
will be present in plankton and fish, for example in the form of tritiated
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amino acids, and will be taken up as such by people consuming fish. It
will then be built up into nucleic acids in the body and will certainly have
a much longer biological half-life and give a genetic dose several orders
of magnitude higher than {” homogeneously distributed in the body water.

Have you calculated the contribution of this biologically bound tritium
to the radiation doses received by human beings?

B.J. MASON: The authors have not made this calculation since data
are not readily available. Evans, at the Savannah River plant, has indicated
that the dose calculations based upon [CRP recommendations should be
increased by a factor of 1,4 because of tissue-bound tritium. I agree with
you that some effort must be made to take this tissue-bound tritium
into consideration,

A. LAFONTAINE: In studying the problem of the radiclogical capacity
of rivers and lakes in respect of tritium provision must be made for an
adequate safety factor that allows for changes (i.e, an increase in strict-
ness) in the maximum permissible concentrations recommended by the ICRP.

The biological cycle of tritium does in fact appear to indicate that it
does not behave solely as an elemert of tritiated water, but that it can be
concentrated in certain elements of the biological cycle, as has been
indicated by Mr. Miettinen. Morecover, the distribution of tritium in the
body is not as regular as was believed.

Account should also be taken of the possibility of tritium release partly
in the form of molecules different from tritiated water, notably in fuel
reprocessing plants,

B.J. MASON: Alll can say is that | agree with you.




TABLE IV

ESTIMATED TRITIUM PRODUCTION FROM BORON REACTIONS IN
A 3391 MW(th) PRESSURIZED WATER REACTOR(17)

0
Source Amount of ’ B (grams) Reaction Annual Tritium Production (Curies)
Initial Cycle Equilibr{ m Cycle
Poison Plates ~ 3530 W(n, 200 M 807 510) Not Used
108(n,a) e \
y 1500(960) Not Used g
7T.£(n,n a) I ot
p =
-
.
Chemical Shim 23400 (initial) 103 (n,20) 1100(346) 780(480)

43150 (equilibrium)
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A28 £atl50yw
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® 7Li concentration controlied to less than 2.2ppm

*6Li Impurity In 99.9% TLi
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Table VI

Plant Capacity
(Tonnes/day)
Design Actual

Nuclear Fuel v
Services, West 1 0.82
Valley, New York

Table VII
Percent of Plant Capacity 45

Percent of Estimated Release
Corrected for Capacity 20

Section 4.3 Atmospheric Disposal, last line

annual dose received from released HTO would be about
9 mrem/yr (42).
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Tritium in the Environment

From Nuclear Powerplants

CHARLES L. WEAVER, M.S., ERNEST D. HARWARD, M.S,,
and HAROLD T. PETERSON, Jr.,, M.N.E.

RITIUM, an isotope of hydrogen with an

atomic mass number of three, is produced in
nuclear reactors in substantial quantities, Al-
though tritium is one of the Jeast hazardous ra-
dioactive nuelides, its continued production and
long half-life for radioactive decay may lead to
increased levels in the environment. Because
tritium is an isotope of hydrogen, it can be
metabolized in the form of tritiated water and
incor »orated into body fluids and tissues. This
source of population exposure requires that
public health agencies be cognizant of the
significance of tritiuin as an environmental
contaminant.

The nuclear power industry has expanded
rapidly during the past few years, and the U.S.
Atomic Energy Commission predicts that this
high rate of growth will continue during the
next decade. Nuclear power reactors and fuel re-
processing plants release tritivin to the environ-
ment under normal operating conditions,

Due to the stratospheric fallout from previ-
ous atmospheric testing of nueclear weapons,
measurable levels of tritium are already present
in the environment. An analysis of the effect of

Mr. Weaver 1s chief, Division of Environmental
Radiation, Mr. Harward is chief, and Mr. Peterson
is a nuclear engineer with the Nuclear Facilities
Branch, Bureau of Radiologica! Health, Environ-
mental Control Administration, Consumer Protec-
tion and Environmental Health Service, Public
Health Service.
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an expanding nuclear power industry on en-
vironmental tritium levels indicates that future
tritimmn releases from reactors and spent fuel
processing plants may surpass the quantity of
tritium remaining from nuclear weapons tests.

The Bureau of Radiological Health's en-
vironmental surveillance activities provide a
continuing source of data on tritium concentra-
tion in rivers on which nuclear facilities ave lo-
cated. There is, however, a need for morve spe-
cific source-oriented information on tritium,
and its potential for becoming a public health
problem. This paper is intended as a general in-
formation guide on tritium for persons engaged
in Federal, State, county, and local public health
activities. The various sources and mechanisms
for release of tritium and its pathway from nu-
clear facilities to the eiivironment are described.
This information is essential in assessing the re-
quirement for environmental surveillance and
in evaluating, from a public health viewpoint,
the upward trend of tritium levels in the
environment.

Radiological Characteristics of Tritium

Beeause of its relatively shot biological
half-time (12 days) combined with a relative-
Iy low disintegration energy, tritinm is one of
the least hiazardons radionuclides produced in
nuclear reactors. A single ingestion of tritiated
water having an activity of 1 microcurie will
produce a total dose to the body tissues of 0.21
millirems (mrem). Continuous ingestion of
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water having a specific activity of 1 microcurie
of tritium per milliliter will produce a dose rate
of 170 rem per year to body tissues. From this
value the annual average discharge concentra-
tion limit for tritium in water can be calculated
to be 3% 10 microcuries per miililiter. This
quantity is the concentration limit for tritium
in radioactive waste discharges to the environ-
ment contained in the Code of Federal Regu-
lations (7).

Tritium decays by the emission of a beta
particle and an anti-neutrino to form stable
helium-3. The half-life for this process is 4,500
days or approximately 12 years (2). The beta
particle and the neutrino earry varying frae-
tions of the energy liberated by the disintegra-
tion. When there are many tritium atoms
present, this process produces a continuous
spectrum of beta particle energies.

The maximum energy of the beta emifted
by tritium is 18.6 kilo-clectron volts (Kev)
and the average energy is 5.6 Kev. These ener-
gies are considerably lower than those of most
other beta emitters which are usually about
100 times greater.

Sources of Environmental Tritium

Naturally occurring tritium. Tritium is one
of the three isotopes of hydrogen. Normal hy-
drogen consists of approximately 90.0 percent
protimn (hydrogen-1) and 0.015 percent of
denterium (hydrogen-2), althongh variations in
isotopic eoncentration can exist in natural
sources. Unlike protinm and deuterium, tritinvm
(hydrogen-3) is unstable becanse of radioac-
tive decay and occurs naturally only in trace
amounts,

Naturally occurring tritinm is formed prin-
cipally Ly the interaction of cosmic radiation
with oxygen and nitrogen atoms in the upper
atmosphere. Tritium produced by cosmie-ray
interactions prior to 1952 contributed to en-
vironmental concentrations ranging between
16 to 25 picocuries of tritinm per liter of water or
5 to 10 tritivm units (3) where 1 tritivm unit
is equivalent to 1 atom of tritimm per 10
atoms of normal hydrogen. Becanse of a econ-
stant rate of production, the tritium from nat-
ural processes will accumulate until an equi-
librium condition is reached. This condition is
achieved when the rate of removal of tritium
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from the environment by radioactive decay
equals the rate of tritiwm production. Since
the earth is several billien years old, this
equilibrium rate has existed for some time
and the amount of tritium present from nat-
ural sources is essentially constant.

Nuclear weapons tests. Past tests of nuclear
weapons in the atmosphere arve the greatest
single source of tritium present in the environ-
ment today. Tests by both the United States
and the Union of Soviet Socialist Republics,
before the Atmospheric Test Ban Treaty in
1962, greatly increased the amount of tritium
in the enviromment. Thermonuclear (fusion)
weapons produce tritium from neutron inter-
actions with lithium and deuterium with a
production rate of 6.7 megacuries of tritium
per megaton of fusion yield (4). This source
contributed about 1,700 megacuries of tritium
to the environment compared with an equilib-
rium value from natural sources equivalent
to approximately 69 megacuries.

A large fraction of the tritium produced by
these detonations was injected into the strat-
osphere. This part of the atmosphere does
not mix rapidly with the lower portion of the
atmosphere; therefore, the tritium is intro-
duced into the troposphere over many years.
Tritium in the lower atmosphere is rapidly
removed by precipitation. Tritium removed
from the atmosphcr. by precipitation will ac-
cwmulate in the surtace layers of the oceans
and inland waters. Rainfall that follows pe-
riods of nuclear testing has several himdred
timies the tritium content normally present from
natural tritium. The estimated time for these
processes to remove half of the tritiated water
from the lower atmosphere is 33 to 40 days (3).

Tritivm From Nuclear Reactors

Tritimmn may be produced in nuclear reac-
tors by the following five mechanisms: (a)
fissioning of uranium, (%) nentron capture re-
actions with boren and lithium added to the
reactor coolant, (¢) neutron capture reactions
with boron in control rods, (d) activation of
deuterinm  (hydrogen-2) in water, and (e)
high energy neutron eapture reactions with
structural materials.

The relative magnitude of tritium prodne-
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tion by these sources is influenced by the
reactor type, operating history, design charae-
teristics, and materials of construction. The
amount of tritiwn and manner in which it is
released to the environment will also be af-
fected by these parameters.

During the processing of spent reactor fuel,
tritium, which has been produced in the fuel
rods, is released to the environment and may
be a significant source of environmental tritium
contamination. A detailed discussion of this
source, however, is not within the scope of
this report.

Fission-product tritivm. During the fission
process the uranium nneleus usually splits into
two more or less equal fragments plus several
neutrons. About once in every 10,000 fissions,
however, the nucleus is split into three portions
(ternary fission) one of which may be a tritium
nucleus. Tt requires 3.1 10 fissions per second
to produce a power level of 1 megawatt of ther-
mal energy (Mwt).

Most nuclear powerplants generate electricity
at a rate of approximately one-third of the
thermal energy production rate. Therefore, ap-
proximately 10'" fissions per second are re-
quired to produce 1 megawatt of electrical en-
ergy (Mwe). This production rate corresponds
to the production of about 10" atoms of tritium
per second or 50 millicuries of tritium per day
for each megawatt of electrical energy gener-
ated. This tritium normally remains in the fuel
unless it diffuses through the cladding material
or a leak oceurs.

A second source of fission-product tritium in
nuclear reactors is due to traces of uranium on
the onter side of fuel elements which remain
from the fuel fabrication process. This “tramp”
uranium may be only a few micrograms per
square inch of fuel surface, but because of the
large surface area provided by the many fuel
reds in a reactor it can produce detectable fis-
sion-product concentrations in the coolant.

The reactor fuel is usually uranium oxide and
is contained in tubes made of stainless stecl or
an alloy of zirconium (zircaloy). The primary
function of the cladding material is to prevent
the escape of fission products from the fuel ele-
ment. These fission products would otherwise
leak from the fuel and contaminate the primary
coolant. Sometimes, because of a lack of uni-
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formity in manufacturing, damage during ship-
ment or handiing, or as a result of unequal
corrosion rates or temperature gradients, the
cladding develops pinhole failures or defects
through which fission products such as tritium
may escape.

All new water-cooled power reactors being
built in the United States are using zirconium-
clad fuels; however, severzl older reactors use
stainless steel clad fuel. Stainless steel is being
replaced by zirealoy cladding because of the in-
creased corrosion resistance and more favorable
nuclear properties,

Experience has shown that the fraction of
tritium escaping from fuel which is clad with
zircaloy-2 is signifieantly less than that escap-
ing from stainless steel clad fuels. This loss of
tritium may be due to fewer defects in zirco-
nium cladding or the ability of zirconium to
combine chemically with hydrogen, thus limit-
ing diffusion through the cladding and, conse-
quently, limiting the release of tritium to the
coolant.

T'vitium produced by activation. Tritium is
produced in water reactors by the activation of
the naturally occurring deuterium present in
the cooling water. Because of the small amount
of deuteriuin in water and the low probability
of its eapturing a neutron to form tritium, this
source of tritium in light water reactors is in-
significant. In heavy water reactors which are
cooled or moderated with deaterium oxide
(D.0), however, activation is the major source
of tritinm. Heavy water reactors for power
production are not used in the United States at
the present time but may be developed at some
time in the future. There are, however, several
heavy-water plutonium production reactors and
small heavy-water moderated research reactors
in operation.

A comparison of the tritium concentrations
in the primary coolant of light and heavy water
reactors is shown in the following table:

Tritium concentration

Reactor type (microcurie per milliliter)

Heavy Water ceeccoccceccmammmmnan 7200

Pressurized water reactor o cceoeeeen 15
BN o i I SR S A4
PR oo o i o o e A 044

Boiling water reactor .- cooecmeana 015

Sovrce: reference 5.
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Tritium is also the product of neutron captu . trace amoun's ' the bhelium coolant. The fol
iowing table shows the estimated ta’iJum pro-
ly formed by th ductim rotes in a "20 Mwt air<og’sd reactor
B (n,e)’Li reaction when boron is used in (%)

reactions in boron-10, boron-1!, lithium-7 ard
lithium-6. Lithiwum-7 is usual

Al
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Table 2. Calculated tritium concentrations in the coolant of a 1,000 Mwt boiling water
. reaclor *

Coolant At tium concentrations (uCi per liter)

Residence time of coolant From From ternary fission ?
deutcrium —— -
activation 100 percent 10 percent 1 percent 0.1 pevcent
 § 7 PR RO DS R 0. 002 70 7 0.7 0. 07
R SRR R NSRS B .01 500 50 5 .8
NI . 5.5 i e o v A Y. anme 2, 000 200 20 2
s BT A RSN S L | JEC 30, 000 3, 000 300 30

' Adapted from table I, reference 7.

? As a function of percent tritium leakage through cladding.

Table 3. Calculated tritiaom concentrations in the coolan! &. a 1,000 Mwt pressur red water
reactor ! '

Coolant tritium concentra®ivos (uCi per liter)

Residence time of coolunt Frm Fror ternary fiss 0. * From boron in
i reerium - coolant *
ectivation 100 percent 10 pet.nt 1 percent 0.1 percent
s it . A
B . it s niae - 0. 002 70 7 0.7 v 07 3-300
R R L - LOr 500 5% 5 o 200-2, 000
B .\ .04 2, 000 200 20 2 8$00-8, 000
A i A .o 30, 000 3, 6CO 300 30 10, 000-100, 000

! Adapted frow tabde I, reference 7.

1 As a function of g reent ;" itium lea%age through cladding.
3 Varies with baw © “encentration which decicases with time since last refueling.

oratory of the Bureau of Radiologica Heulth.
If the data for tle three boi} ng water riactors
ure compared wit's the caled e ‘ritium <on-
centr, tions shown "1 table 2 for a residence time
of 1 month, it can be estiwated that approxi-
mately 1.9 percent ot ‘e fission-product tritiui
diffusec’ carough the sainless steel cladding,
wheres 3 only about 0.1 pezent diffused through
the zirconium cladding.

A sinilar comparison «¢ thie r “imary coolant
tritiun a-tivities in P'V¥ ;L ats shown in
table 5 witli (e caleulates’ va'wsin table 3 indi-
cates tha ¥ ovon in the eans vt appears to be the
prece miraa sowres of t.4' . in the primary
weier, Based on a residhner tive of approxi-
mately 1 wonth, the only other ource which
could pre '&: > the observed jevels would have to
be leakage - ilmost all the fission-product trit-
ium from t. fuel. There is no apparent basis
for assuming & bigher trititiza leak rai- | om the
fuel of a pres#u i7zed water “eator than that
estimated for a builing water reactor.
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Discharges From Nuclear Powerplants

Tritium which has entered the coolant o a
nuclear reactor can reach the environment by
several pathways. The number of pathways
availible and the relative amount o* tritium
discharged by each route depend upv. the re-
actou design and reactor type.

Eoiling water reactors. In a toling water
reactor the primary coolant flows throngi: the
reactor core, is converted to dry stermw . d then
is fed to the turbine generaco, to pref ace p. ner.
The coolant i; returned to €ze react.: thioug. a
cor den=¢; which removes the excess L-at still
remainiag in the steom. The ¢ denser cooling
water and the reactor cocient wre in close jnox-
imity in tiie condenser. This i te face is main-
tained nnder a vacuur: so &t ay leakage
vould be into the racrgr an? ot o the en-

TOMa Y,

A~ ¢jectors on the < nderser cemove the oxy-
zen and hy+.rogen produced by th. dissociation
of vatsr in the reacte, air which has leaked
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into the condenser, and residual water vapor.
The air and noncondensable gases are dis-
charged to the plant stack through the ofl-gas
system. Tritiwa i the form of elemental hy-
drogen gas may be discharged thre oh the air
ejector but a major part of the tritiaied water
vapor will be removed by condensation. Because
of the long radic’ogical half-life of tritium, its
concentration in the gaseous stack eflluent is not
reduced by the 80-minute delay of waste gases
in the system.

Pressurized water reactors. A pressurized
water reactor consists of two coolant systems.
The primary system conducts superheated
water through the reactor core to steam genera-

tors and returns it to the reactor. The steam
generator consists of rows of U-ghaped tubes
throngh which the heated primary coolant
passes. Surrounding the tubes is the secondary
coolant.

Becaase of a pressace Gifference Letween the
primary and secondary system (2,000 pounds
per square inch in the primary as opposed to
about 1,000 pounds per square inch in the sec-
ondary) it is possible to convert the sccondary
coolant into steam. The secondary system then
follows a path similar to the primary coolant of
a BWR going through turbines and the
condenser.

An important difference between boiling and

Table 4. Tritium in operating power reactors’

Tritium concentration uCi per liter

Power Type of fuel Boron
Reactor and type level cladding used in Primary Secondary Discharge
(Mwt) coolant coolant coolant canal
water
A. Pressurized water reactor. . .. 600 Stainless steel. . . Yes........ 1,880 0 41 0. 024
B. Pressurized water reactor . . .. MBS c.... O el I v+ 1L R 2-44 * . 007
€. Pressurized water reactor . . . . 80 ... .. T OMTRENEER. . A, 145 *) O]
D. Pressurized water reactor ... 50 Aluminum.. ... .. LS b i 116 .45 . 019
E. Boiling water reaetor. ... .. .. 256 Stainlesssteel. .. .. No........ 88 *) . 009
F. Boiling water reactor. .. .. ... 2490 .. .. s s s IR Ses e » 1.3 *) . 002
G. Boiling water reactor. .. .. ... 700 Zirconium...... it . (- PN ‘1.6 *) ¢ 0006

t Data from Northcastern Radiological Health
Laboratory, Bureau of Radiological Health.

* Converted in late 1965 to a stainless steel fuel with
full chemical shim (boron in coolant).

# Not reported.

¢ Boron is used for shutdown bu. not during routine
operation.

-

¢ Not a};plicahlo.

¢ Data from Nuclear Engineering Laboratory, Bureau
of Radiological Health.

Note: J. C. Drobinzki, Jr., and E. J. Troianello of

the Bureau’s Northeastern Radiologieal Health Labora-
tory analyzed the tritium samples.

Table 5. Liquid radioactive waste discharges from operating power reactors’

Total annual Condenser Fraction of AEC
discharge cooling discharge limit
(curies water concentrations (percent) 3
Reactor and type? available ——
Gross for dilution
activity  Tritium (gallons per Gross Tritium *
less minutcs activity ¢
tritium
A. Pressurized water reactor. . ... .. .. o 0.01 1, 300 14,000 0. 001 -0.13 016
B. Pressurized water reactor . ..... . ..... 151 500 260, 000 L03 4.7 .03
E. Boiling water reactor... . .. ..o onnnn .01 10 28, 000 . 0002~ . 05 . 006
F. Boiling water reactor.......cococeeen. 1.3 20 100, 000 3 =512 . 0035
G. Boiling water reactor.. ... ... ...oan- 41 5-10 167, 000 .3 -3.8 . 001
! Reference 8. turcs for radionuchdes averaged over 12 months was

# Corresponds to reactor designations in table 4.
¥ Reference 1. '
¢ Applicable limit for continuous discharge for mix-
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10-4Ci per ml.
s Applieable limit is 3 X 10-%4Ci per ml.
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pressurized water reactors for consideration of
tritium releases is that in a PWR, leakage be-
tween the primary and secondary coolants must
occur before the secondary system will be con-
taminated by tritium or other fission products.
As shown in table 4, the tritium concentration
in the secondary coolant of pressurized water
reactors is only a small fraction of the primary
coolant concentration. Thus, a much smaller
amount of the tritium will be discharged in the
form of elemental hydrogen through the con-
denser air ejector of a PWR as compared with a
BWR.

Release of gascous tritium. The amount of
tritivin: discharged from both boiling and pres-
surized water reactors in a gaseous form is only
about 1 percent of the total tritium discharge
(7). Most of the tritium is released as tritiated
water together with the liquid radioactive waste.
In -both types of reactors, a small part of the
primary coolant water is continually drawn off,
depressurized, ceoled, and purified to remove
fission and activated corrosion products,

The coolant stream is purified by filtration
and demineralization which remove insoluble
and soluble radionuclides. Gaseous activity,
mainly noble gases and coolant activation prod-
ucts, is removed during coolant depressuriza-
tion and then transferred to the gaseous radio-
active waste processing system. Traces of
tritiated water vapor and gaseous tritium are
released from the coolant during this process.

Release of tritium in liquid wastes. Because
tritium is in the form of tritiated water, it is not
removed from the coolant by either filtration or
jion-exchange. The purified water containing
tritium may be transferred back to the reactor
coolant system, stored for future use, or trans-
ferred to the liquid radioactive waste processing
system.

The primary coolant is not continuously dis-
charged to the waste disposal system. Leakage
of the coolant from reactor coolant pumps and
other components, however, can occur. This
waste will be collected by the plant drainage sys-
tem which drains to the liquid holdup tanks of
the waste processing system.

The largest dizcharge of primary rjolant to
the waste treatment facility usually occurs
after the reactor has been shut down for fuel
reloading or maintenance. During fuel loading,
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water is added to the reactor cavity to provide
radiation shielding and heat removal for the
spent fuel elements as they are transferred
from the reactor to the spent fuel storage pit.

The refucling water can mix freely with the
reactor coolant and before startup this excess
water must be draloed from the reactor vessel,
This excess water represents a considerable
volume of the liquid processed by the radioactive
waste system. It also contains considerable boron
and, therefore, leads to additional tritium pro-
duction after startup of the reactor. Liquid dis-
placed by expanzion of the reactor coolant as
the plant power level increases during startup
is also carried over to the waste processing
system.

If the radioactivity level is sufficiently low,
as determined by radiochemical analysis, the
purified coolant may be discharged to the
environment with the condenser cooling water.
Liquid radioactive wastes consisting of purified
reactor coolant, laundry wastes, and leakage
from pumps and valves are stored in holding
tanks before treatment. Treatment processes
may include filtration, demineralization, or
evaporation.

Although these processes are effective in
reducing the concentration of other radio-
nuclides by several orders of magnitude, gen-
erally they have no effect on tritium removal.
The tritium is discharged to the condenser cool-
ing water at almest the same concentration as
in the reactor coolant except for a smal! amount
of dilution by nontritiated wastes. The eflluent
concentrations are much lower, however,
because of the large amount of dilution pro-
vided by the condenser cooling water.

Table 5 shows an.ual liquid radioactive
waste discharges for several operating nuclear
reactors. Tritium may comprise between 50 and
almost 100 percent of the total amount of radio-
active material discharged as liquid waste.
Tritium discharge concentrations, however, are
usualy much less than 1 percent of the dis-
charge limit as specified by the Code of Federal
Regulations (7).

Tritium Detection

Tritium is undetectable by conventional
methods of gross radioactivity analysis. Be-
canse tritium is usually in the form of tritiated
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water, it is usually evaporated during the pro-
cedures used to prepare water samples for
radioactivity analysis. In addition, because of
the low energy of the beta particle emitted
during the decay of tritium, it is not detected
by conventional gross beta counting techniques
or in-line plant monitors,

As a result of these limitations, spezial ana-
lytical techniques such as liquid scintillation
counting must be used to measure tritium,

Limits for the discharge of unidentified mix-
tures of radionuclides cannot be correctly ap-
plied to tritium and due to the lesser biological
hazard resulting from tritiwmn, would be un-
necessarily restrictive, The analytical techniques
used to measure the activity of these mixtures
usually include gross beta analysis, and since
this techinique is insensitive to tritium it would
not be detected. Tritium may be separated from
most other radionuelides by distillation of trit-
iated water. Tritivm analysis can be made on
the distillate using liquid scintillation counting.
Conventional gross beta counting techniques can
be used for the residue. The discharge limit can
be calculated by ratioing the measured concen-
trations to the appropriate discharge limits
(3% 107uCi per ml. for tritium and 3% 10-*.Ci
per ml. for unidentified activity measured by
gross beta analysis) and summing them. The
limit 3 X 10-%Ci per ml. may be raised to 107«Ci
per ml if ** I, ** Ra, and *** Ra are known to be
absent. If the sum of the ratios is less than 1.0,
the mixture may be released to the environment.
If greater than one, further analysis or dilution
is necessary before the liquid can be released.

Tritium Surveillance by BRH

Since 1961, the Radiation Surveillance Branch
of the Bureau of Radiological Health has been
operating a tritium sampling network which
collects weekly samples of water for tritium
analysis from 10 locations throughout the
United States. Eight stations are downstream
from nuclear facilities, and the other two serve
to establish baseline levels, Samples from this
network are analyzed monthly by the Bureau's
Southeastern Radiological Health Laboratory.

Results of the analysis of samples from the
tritium sampling network are reported period-
ically in Radiological Health Data and Reports
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Projected ecumulative activity of tritium pro-
duced in power reactors in the United States
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(9, 10). A special project to study tritium in
surface waters of the western States is currently
being conducted by the Southwestern Radio-
logical Health Laboratory.

Envirommental tritimm concentrations re-
ported by the tritium sampling network for
1964-66 ranged between 2X10° and 2X10-°
microcuries per milliliter (2-20 nCi per liter)
(9, 10). Population exposure rates from con-
tinuous ingestion of this water would range
from 0.33 to 3.3 mrem per year. The maximum
concentration reported would contribute less
than 3 percent of the normal average population
exposure rate of 125 mrem per year from all
natural sources of radioactivity (3).

The results obtained from this sar.[)’l g net-
work indicated, with one exception, ti. .t waters
downstream from nuclear facilities did not show
any significantly higher tritium concentrations
than streams which did not have operating nu-
clear reactors on them (9). The onc exception
was a plantsite with several operating heavy-
water moderated reactors on it. Releases of trit-

Public Health Reports




jum in the liquid wastes from this plant did
elevate tritium concentrations in the adjacent
river above background levels. Tritium con-
centrations, however, amounted to less than 1
percent of the Atomic Energy Commission’s
discharge limit of 2X10-%Ci per ml.

A study by the nuclear engineering depa
ment of the University of Cincinnati, under a
contract with the Burecau of 1{11(11(»};&..1‘.
Health, 1s \‘n" ng !-7"'Ev"': ms of future
radionuclide inventories based upon predicted

growth trends in the nu lear power industr)
(17). The estimated tritium a tivity ]~1u-’m ed
by increasing utilization of nu lear

electri powe: ]'!H-lluf"»h forecast

study is shown n the cha

mates made by the Oak Ridg
tory (12). Based upe:
the total t1 ium pr lu
facilities 1n the

curies or appre

mum tritiwun ¢

ent, tritium

reactors

charge col

of Federal

a iil\'._‘l‘
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TRITIUM PRODUCTION, RELEASES AND POPULATION
DOSES AT NUCLEAR POWER REACTORS*

Harold T. Peterson, Jr.
Nuclear Regulatory Commission
Washington, D.C. 20555

(301) 427-4578

ABSTRACT

Tritium is produced in light-water
~cooled reactors as a product of ternary
fission and by nuclear reactions with the
coolant and with neutron-absorbing materials
used for reactor control. Pressurized water
rcoactors (PWRs) have greater amounts of
tritium produced in or released into the
coolant than boiling water reactors (BWRs).
Consequently, tritium releases to the
eavironment from PWRs [29 GBq/MW(e)-y (0.78
Ci/MW(e)-y)] are about 6% times greater than
from BWRs [4.4 GBq/MW(e)-y (0.12 Ci/MW(e)-y)].
Most of the tritium released from PWRs appears
in the liquid effluent (about 85%), whereas
75% of the tritium released from BWRs is as
airborne effluents. Radiation doses from
these tritium releases are small] the average
site collective (population) dose in 1981 was
less than 0.002 person-sieverts per year (0.2
person-rem/ year). The total collective dose
from all tritium releases was 0.08 person-
sieverts (8 perscvu-rem).

I.  TRITIUM PRODUCTION IN LIGHT-WATER
REACTORS

A. Fission

Tritium was identified as a product of
the ternary fission of uranium-235 in 1959!
and subsequently has been identified as &
product of the fission of most fissile
materials. A nominal fission yield of 1
triton per 10,000 ?3%y fissions? would produce
approximately 14 terabecquerels (380 curies)
of tritium per metric ton of fuel heving a
burnup of 30,000 megawatt(t)-days. Fissions
occurring in plutonium-239 and ursnium-238
raise the total production to about 19 TBq
(515 curies) per metric ton of fuel. This

<

* The views expressed io this work sre the
personal views of the authors and do met
ily rep the official position
of the Nuclear Regulatory Commiseion, the
Pacific Northwest Laberstory or the
Department of Energy.

David A. Baker

Pacific Northwest Laboratory**
Richland, WA 99352

(509) 375-3809

results in a total annual production of
approximately 600 TBq (16,000 curiss) per year
for a 3,000 MW(t) [1,000 MW(e)] reactor
operating for 300 full-power equivalent days.

The amount of ternary fission-product

tritium which is released to the environment
depends upon the fraction which escapes from

the fuel rod into the reactor coolant. This
fraction is affected by the materials used for
the fuel rod cladding and its integrity. The
zirconium alloy (Zircaloy) fuel rad cladding
used in most current light-water reactors
exhibits greater retention of tritium than the
stainless steel cladding used in early ‘
reactors. Stainless steel is highly permeable
to tritium. Early b iling water reactors
(BWRs) with stainless steel cladding had
normalized tritium releases between 0.02 to
0.03 TBq per electrical megawatt-year. (0.5
to 0.8 Ci/MW(e)-y)?; whereas a zirconium-clad
BWR had tritium releases of 0.0015 to 0.0026
TBq/HW(e)-y (0.04 to 0.07 Ci/MW(e)-y)2. This
improved retention appears to be due to the
formation on the surface of the zirconium
cladding of a hydrogen- impermeable oxide
layer.*»5 Approximately half of the total
tritium inventory in the fuel may be bound to
the cladding®.

B. Boron Reactions

Boron is a neutron absorber and is used
in several forms in LWRs for control.. In
Genernl Electric boiling water reactors and
Combustion Engineering pressurized water
reactors boron carbide (B,C), is used in
moveable control rods. (Most PWRs use AglaCd
control rods which are not a source of -
tritium.) Boron is also used in the form of
either a borosilicate glass (Westinghouse) or
B4C (Babcock & Wilcox and Combustion
Engineering plants) in fixed "burnable"
absorbers to compensate for fuel depletion and
fission-product "poison" buildup. Pressurized
water reactors also use a soluble horon

#*  Operated for the Departmeat of Energy by
the Battelle Meworial Institute
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compound in the primary coolant to compensate
for fuel depletion and, by changing the
concentration through removal or addition of
boron, to make changes in power levels.

The primary boron reactions which yield
tritium are:

198 (n,a) 7Li (n, na) *H,
198 (a, 2a) *H, and

118(n, n2a)?H.

The '°B reaction yielding 7Li is the primary
neutron absorbing reaction having a thermal
neutron absorption cross-section of
approximately 3.8 E-25 m? (3,800 barns). The
other two reactions have small cross-sections
(less thao 1E-30 @? or 0.1 barns.) The !!B
reaction he= a threshold of 14 MeV. It is not
an important source of tritium due to the
small number of high-energy neutrons present
in light-water reactors as wel] as its small
reaction cress-sectio..

The amount of tritium produred by
reactions with boron (B4C) in the moveable
control rods of a 1,000 MW(e) boiling water
reactor is relatively large, about 115 TBq
(3,100 Ci).® Due to differences in the use of
the control rods (differences in the time the
rods are kept in the reactor core) Combustion
Engineering PWRs produce less tritium in the
B4C control rods ~ 33 TBq/y (~ 900 Ci/y).S
About 37 TBq (1,000 curies) of tritium are
prodused per year in the fixed absorbers and

11-18.5 TBq (300-500 Ci) of *H are produced by

the boron in the coolant of PWRs2'3'5'6:8:9

All of the tritium produced by reactions
with soluble boron is produced directly in the
coolant. Ouly about 0.2% of the tritium
generated in the B,C control rods appears to
be released to the coolant.®'?. Releases from
fixed absorbers using BC are also less than
1%. Borosilicate glass absorber plates appear
to have less retention and releases have been
estimated to be between 10 and 50% of the
production 5’9,

C. Lithium Reactions

Lithium salts are added to the coclant of
pressurized-water reactors to control acidity
(pH). In operation the lithium concentration
in the coolant varies between 0.2 and 2 parts
per millica. Natural lithium has an isotopic
composition of 7.4% ®Li and 92.6% 7L:.
Tritium is prodiced by neutror capture
reactions with both isotopes:

%Ll (n, @) *H and

L4 (a, na)?H.
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The ®Li reaction has a considerably larger *
neutron absorption cross-section for tritium
production than 7Li. The ®Li thermal neutronm
cross-section is approximately 9.5E-26 m? (950,
bares).'® The "Li reaction has a 3-MeV
threshold and a cross-section of about 8.6E-30
m? (0.086 barns).

Commercial light-water reactors have elplo;ed
lithium salts which are enriched to 99.9% “Li
in order to reduce tritium production. The
lithium used for pH control yields
approximately 0.3 T3q/MW(e)-y (0.01
Ci/MW(e)-y) in an equilibrium fuel cycle.®

D. Deuterium Activation

Deuterium (2H or D) occurs naturally,
comprising approximately 0.015 per cent of
natural hydrogen. Tritium can be formed by
neutron activation of deuterium by the
reaction:

2H (n, YY)

with a thermal neutron cross-section of 4.6
E-32 m® (0.46 millibarns).'® Although this
reaction is the major source of tritium in
heavy-water moderated reactors, the low -
natural abundance of deuterium and its small
activation cross-section make this a minor
source in light-water reactors with an
estimated production of 0.2 TBq (slightly less
than 10 curies) per year in a 1,000 MW(e)
reactor.!®

E. Summary of Tritium Production

Estimates of the tritium production rates
in 1:000-MW(e) light-water-cooled miclear
power reactors are summarized in Trole 1. As
indicated in the table, a boiling ater
reactor is estimated *o produce sl ghtly (10%)
more tritium than an equivalent pr :ssurized
water reactor. However, due to pr>duction of
tritium from boron in the coolant pressurized
water reactors are estimated to have more
tritium available for releases to the
environment.

II. TRITIUM RELEASES TO THE ENVIRONMENT

The smount of tritium released to the
environment from commercial light-water
reactors is highly variable as the data in
Table 2 indicate. Typically, pressurized
water reactors had tritium releases between
0.01 to 0.055 TBq per electrical megawatt-year
(0.3 te 1.5 Ci/MW(e)~y). Boiling water
reactors had lower releases 0.74 GBq to 0.013
TBEq per MW(e)-year (0.02 to 0.34 Ci/Mv(e)-y).
This variation reflects not only differences
in reactor type, design and materials of
construction; but alsoc differences in power
generating history and waste management
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actices at individual sites. The higher
itium release from Pressurized water
eactors [average: 0.029 TBq/MW(e)-y (0.78
i/MW(e)-y)] compared to boiling water
reactors [average: 4.4 GBq/MW(e)-y (0.12
Ci/MW(e)-y)] reflects the Breater tritium
production in and release into the coolant of
PWRs. The higher tritium releases through
stainless steel clad fuel is evident from the
normalized (Ci/MW(e)-y) data for the LaCrosse
BWR and the Haddem Ne-k and San Onofre PWR
plants.

The mode of tritium release to the envi-
ronment as well as the magnitude of activity
released is highly variable from site to gite
and differs between Pressurized water and
boiling water reactors. The total tritium
release to the environment from U.S. BWRs in
1981 was approximately 44 TBq (1,200 curies).
Of this total, approximately 10 TBq (280 Ci)
were released as liquid effluents and 34 TBq
(920 Ci) were released as airborne effluents.
Pressurized water reactors released approxi-
imately 768 TBq (20,710 Ci) of tritium; 690
TBq (18,600 Ci) as liquid effluents and 78 TBq
(2,110 Ci) as discharges to the atmosphere.
The activity of tritium per unit energy
production released as airborne emissions from
the two reactor types is similar (about 3.7
GBq/MW(e)-y (~0.1 Ci/Mv(e)-y). However, the
airborne releases comprise B0% of the tritium

Table 1. Tritium Product

released st a typical BWR site but only ahout
15% of the tritium released from preuurtm
water reactors, the remaining 85% being
released with liquid effluents.

The release mode for tritium can be
modified to accommodate local environmental
conditions of the site such as the avail-
ability of dilution water for liquid
effluents. Thus, it is possible to have BWRs
releasing 90% of the tritium via liquid
effluents (Oyster Creek) and PWRs releasing
over 60% of the tritium via airborne effluents
(Rancho Seco).

III. RADIATION DOSES FROM TRITIUM RELEASES TO

THE ENVIRONMENT

The models used for the dose calculations
have been described elsevhere.11'12 Tp. total
population doses from releases of radionu~
clides in 1981 have also been published?!3;
however, the doses from tritium were not
evaluated separately in that report.

A.  Methods

The specific activity approach is used to
estimate the long-term concentrations of tri-

tium in vegetation, and animal food products.

The tritium concentrations in water and in the
atmosphere are estimated using established

ion in Light-Water-Cooled

Nuclear Power Reactors

(1,000 Mw(e) plant operated for 300 full-power equivalent days]

Reactor type

Amount of Tritium

Amount Released

and Tritium Produced to Reactor Coolant
Source % of
TBq Ci TBq Ci production
Boiling Water
Reactor (BWR)
ternary fission 16,000 3.7 100- 0.6
encapsulated boron 115 3,100 0.4 ~ 10 0.3
deuterium activation 0.4 < 10 0.4 < 10 100 -
715 19,100 4. 120 0.6
Pressurized Water
Reactor (PWR)
ternary fission 600 16,000 3.7 100 0.6
encapsulated boron 37 ~ 1,000 11 300 30
boron/lithium in coolant 11-18 300-500 11-18 300-500 100
deuterium activation 0.4 < 10 0.4 < 10 100
650 17,400 30 800 S
2546 FUSION TECHNOLOGY VOL. 8 SEP. 1985
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Table 2. R.ported Tritium Releases to the Eovicooment in 198i from Nuclear Powsr Reactocs

i ¥
Reactor Type and Site Energy 3. 8. S. 6. LT - 8.
(number of walts) Geaeratiog o FRITIUM RELEASES
((e)-u] " Activity (curies)'®’ Activity per Electrical Megawatt (C1/mi(e)-y)™

1. BOILING WATER REACTORS Liquid Afrborne Total Liguid Afrborae Total

1. Dusne Arnold (1)* 2.2E+06 0.0E+00% NR* e 0.0E+00* e -

2. Big Rock Point (1)* 4. 76405 3.1E400%  <1.0E+01* <1.3E+01* 5.86-02%  <1.9E-01 €2 4E-01*
3. Browns Ferry (3) 1.88+07 2.4E402 3.8E+01 6.2E+01 1.26-02 1.85-02 3.08-02
& Bruasvick (2) 5.8E+06 2.3€+01 1.88+01 4.08+01 3.48-02 3.08-02 6.0E-02
$. Cooper (1) 3.8E+06  <B 4E+00 4.5E+00 <1.3E+01 1.9€-02 1.06-02  2.5£-02
6.  Dresden 2-3 (2) 8.6E+06 6.0E+00 3.28402 3.28402 6.18-03 3.28-01 3.38-01
7. Jemes Fitzpatrick (1) 4.8E+06 4. 1E+00 6.6E+00 1.1E+01 7.58-03 1.26-02 2.08-02
8. Edwin I. Katch (2) 1.28+06 2.1E+01 9.6E+00 3.0E+01 2.58-02 1.26-02 3.78-02
9. lLaCrosse (1)* 2.4E+05%  7.7Ee01% 2.3E+01% 1.0E+02 1.8E+00* 2.58-01% 3.7E+00%
10. Millstose-1 (1) 2.58+06 2.6E+400 9.5E+01 9.7E+01 9.1£-03 3.38-01 3.42-01
11. Moaticello (1)* 3.38406%  6.2E-03* 1.1E+02% 1. 102 1. 1E-05* 3.0F-Q1% 3 0E-00*
12. Nioe Mile Potat (1) 3.3E+06 $.0E+00 6.38401 6. 8E+01 1.38-02 1.78-01 1.88-01
13. Oyster Creek (1) 2.68+06 2.78401 3.28+00 3.08+01 2:7€-02 3.26-03 3.0E-02
14, Peach Bottom 2-3 (2) 9.8E+06 3.76+01 2.88+01 6.58+01 3.38-03 2.6E-02 $.9E-02
15. Pilgrim (1) 3.4E+06 3.4E+01 7.6E+01 1.1E+02 8.78-02 1.92-01 2.88-01
16. Quad Citles (2) 9.5E406 1.28+01 8.6E+01 9.85401 1.1E-02 7.98-02 9.0E-02
17. Vermont Yenkee (1) 368406 3.7€-01 2.0E+01 2.0E+01 9.1E-04 4.88-02 4.9E-02

[Ci/reactor-y] 10. £ 0.4 38. t 2.4
i Al i s e ke e A A
(TBg/reactor-y) 0.38 £ 0.02 1.4 £ 0.1

0.022 £ 0.002 0.098 £ 0.009C.12 £ 0.01{Ci/MW(e)-y]

0.81 £0.06 3.620.3 44204 [GBq/MW(e)-y]

1 Arksnsas Kuclear Ome (2) 9.28+06 €.98+92 1.38+02 8.1E+02 6.5E-01 1.28-01 7.78-01
2.  Beaver Valley (1) 4. TE+06 1.4E+02 9.5€-02 1.4E+02 2.6E-01 1.86-04 2.66-01
3. Calvert Cliffs (2) 1.28+07 1.0E+0) 5. BE+00 1.0E403 7.66-01 4. 4E-03 7.78-01
4. Dossld C. Cook (2) 1.38+07 9.26+02 5. 5E+00 9.28+02 6.18-01 3 6E-03 6. 18-01
S.  Crystal River (1) 4.0E+06 2.76%02 1.6E+01 2.98+02 5.9€-01 3.48-02 6.38-01
6. Davi.-Beuse (1) & 4Ev06 1.6£+02 8.6E+00 1.78402 3.28-01 1.78-02 3.38-01
7. Jaseph Failey (2) S SE+06 8.08402 1.98+02 9.9E+02 1.4E+00 3.0E-01 1.6£+00
8. Fert Calboun (1) 2.26+06 2.42+02 8.77401 3.26402 1.0E+00 3.38-01 1.3E+00
9.  Pobert E. Ginaa (1) 3.3E+06 2.4E+02 7.0E401 3. 18402 6.3E-01 1.8€-01 8.28-01
10. Heddem Neck (1) & iE+06 5.36403%  8.6E+01* S 4EOY* L1Es01*  gp.01# 1. 16401
11, Mdien Point (3) 6. 1E406 8.8E+02 7.9E+00 8.36402 1.38+00 1.18-02 1.3E+00
12, Kewaunee (1) 3.8E+406 2..2402 3.8E+00 2.68402 5.8£-01 8.82-03 5.9£-01
13. Maine Yaokee (1) 5.20406 2.28402 4.5E+00 2.26+02 3.78-01 7.7E-03 3.88-01
14, MeGuire (1) 1.9E+04%  6.2E400*  6.5E-02* 6.38001% 2.9E400% 4 op-g2% 2.9E400%
15. Millstome-2 (1) 5. 17406 1.76+02 1.48402 5. 18402 5.3E-01 2.08-01 7.4£-01
16. Worth Ancs (2) 1.08+07 136403 3.1E+01 1.3E403 148400 3 5.02 1.18+00
17. Oconee (3) 1.48+07 5. 18402 5. 8E+01 5. 6E+02 3.7£-01 3.78-02 3.6E-01
18, Palisedes (1) 1.5E+06 2.88+01 6 .4E+00 2.8E402 7.08-01 1.68-02 7.28-01
19. Poist Beach (2) 6. 38406 6.56+02 &.8E+02 1.1E+03 9.0E-01 6.6E-01 1.6£-01
20. Prairie lsland (2) 6.9E+06 5.6E402 7.4E401 6. 4E+02 7.1E-01 9.08-02 8.0E-01
21. Rancho Sece (1) 2.6E+06 7 _4E+01 1.4E8+02 2.28+02 2.8E-01 4.7E-01 7.58-01
22. N. B. Robinsen 2 (1) 3.58406 1.98+02 1.1E+01 2.08402 4.78-01 2.6E-02 4.98-01
23. Salém (2) 7.3E+06 1.3E+03 3.9E+00 1.36403 1.5E+00 4.0E-03 1.58+00
24. Sen Owefre (1) 7.88405 B.0E+02%  1.2B401% 3. 1Es01% I.3B¢00% | gpoor* 3.5E+00*
25, Sequoysh (1) 2.56+06 7.6E+01 9.28-01 7.78401 2.62-01 3.26-03 2.76-01
26.. St. Lucie (1) 5.0E+06 %.2E+02 3. 78402 7.08+02 5.8E-01 6.6E-01 1.2£+00
27, Surey (2) 7.58+06 5. 36402 6.36+01 §.9E402 6.28-01 7.28-02 6.9£-00
28, Three Mile Ioland (2)* B T.28¢0'* 6.5E+01* 7.384+01% e - -
29. Trojsa (1) 6. 4E+06 1.0E+02 4.0E+01 1.48+02 1.4£-01 5.5£-02 2.08-01
30. Turkey Poiat 3-4 (2) 5. 4E+06 2.08+02 6.92-01 2.08402 3.28-01 1.18-03 3.28-01
3. Yeskee (1) 8.8E+05 1.08+02 3. 18400 1.0K+02 1.0E+00 3.18-02 1.08400
32. Ziea (2) 1.18407 8 TEe02 R P 6.78-01 - -
s S (Ci/reactor-yr) 302 ¢ 4. a7, t 2, 350 ¢ 4. C.65%0.01 0.12%0.01 0.78 £ 0.02 [Ci/Mi(e)-y]
(TBq/reactor-yr) 11201 1.72007 1326.2 20204 46203 29206 [CBg/m(e)-y]
111, WIGH-TEMPERATURE GAS
~COOLED REACTOR
Fort St. Veate (1), 7.68+05 2.28402 1.4E401 2.384 2.58-01  1.62-02 2.78-01

i Heddem Neck, Sen Ounofre)
* pot facluded {a averages because of stypical desige (Latrosse, Moaticello, Big Rock Poiat, .
son-operstion (Three Mile Island), or low power production (McGuire) but facluded ia total-relesse.

(o) geners snd activit lesse dats is taken from J. Tichler and C. Beske itz, "Radicactive Naterials
.l:::";d l_‘:lut Pover P{.':. - Aanual report™ NRC Report WUREG/CR-2907 vel. 2 (Jume 1984) for 1981 relesses.

o) Colculated from the reported released sctivity (columes 3-3) divided by the ¢ ergy geseration (columa 1) coaverted
te W(e)-y.

\
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TRITIUM DGSES IN LWRs

Peterson and Baker

dispersion models. Tritium concentrations in
vegetation and animal food products are
determined from the calculated tritium
specific activity (S.A.) in atmospheric
moisture. The specific activity of
atmospheric moisiure is calculated as:

(s.;\.).ir = [X/Q (r,0]Q/H

where H is the absolute humidity (taken to be
0.008 kg water/m® air) and [X/Q(r,8)]Q gives
the atmospheric tritium concentration
(activity/ m®) at point r,0.

The specific activity in vegetation is
estimated to be oae~half (0.5) of the tritium
specific activity in atmospheric moisture.
Recently this assumption has been challenged
by Murphy'® who indicated that a value of 0.8
might be more appropriate. Dinner et al.!$
show that this value is dependent upon the
type of vegetation; the factor of 0.5 being
the mean for vegetation, but a factor of 0.8
would be sore appropriate for leafy vege-
tables. Using the factor of 0.5 and an
assumed average vegetation composition of 75%
water, the transfer factor from air to
vegetation is given bhy:

o o T =0.5(0.75kg water/kg plant)
tir-te-plaat (0.008kg water/cu. meter air)

= 47 gg(u! =47 m?,
Bq/m kg

Long-term transfer of tritium into meat
and milk is calculated using tritium transfer
factors which relate the concentration in the
food product to the activity ingested by the
animal. These factors are:

TT.uk = 0.01 Bq/L per Bq/day (=day/L)

TF-“t = 0.012 Bq/kg per Bq/day (=day/kg).

Doses are calculated for the average
individual (adu't) inhaling 8 x 10® m® of air
per year, drinking 110 L of milk wnd 370 L of
water and consuming 190 kg of pruduce, 95 kg
of meat and poultry, 6.9 kg of fish and 1.0 kg
of seafood per year. The whole body dose
factors are based upon a quality factor (Q.F.)
of 1.7 and are:

2.8 x 107! Sv/Bq (1.04 x 1077 mrem/pCi)
for ingestion and

4.3 x 10" Sv/Bq (1.58 x 10”7 mrem/pCi)
for inhalation.

The population is assumed to be comprised
solely of adults but the population
distributions and sizes for the individual
sites eare used, '3

" would cost between $30-$50 per cubic meter® to

B. Results

The calculated collective (popul.tloﬂ)
radiation doses resulting from tritium ;
releases from nuclear power reactors are shown
in Table 3. The principal parameters that
determine this dose are: the activity and mode
of tritium releases to the environment, the
amount of dilution available from atmospheric
dispersion and water bodies rec "iving liquid
effluent discharges, and the size and distri-
bution of the population in the vicinity of
the reactor site,

The total collective dose from tritium to
the population residing within 80 kilometers
(50 miles) of nuclear power reactors is small,
0.083 person-sieverts (8.3 person-rem). Most
(93%) of this total is contributed by pres-
surized water reactors. The highest site
collective dose of 0.048 person-sieverts (4.8
person-rem) may be high due to a possible
underestimation of the available dilution
water flow. This value accounts for almost
60% of the U.S. total collective dose. If
this single value were neglected, the total
dose at PWR sites would be 0.028 Person~
sieverts (2.8 person-rem) or 82% of the revised
total of 0.034 person-sieverts (3.4
person-rem).

The highest site collective doses, 1.4 %
0.2 (S.E.) person-miliisieverts (0.14%0.02
person-rem) occarred at PWR sites located on
lakes and impoundments. Over half (~ 55%) of
this dose was received from drinking water
ingestion. The smallest doses occurred at
boiling water reactor sites also located on
lakes or impoundments, (4.7$0.2)E-02 person-
millisieverts or (4.7%0.2)E-03 persoa-rem.
However, there was no reported drinking path-
way at these sites, the uoses being primarily
from airborne emissions.

IV. SUMMARY AND NEED FOR ADDTI1ONAL TRITIUM
CONTROLS

The collective dose from tritium released
to the environment totalled 0.083 person-
sieverts (8.3 person-rem) in 1981. The
average collective dose was 4.3E-04 person-
sieverts (0.043 person-rem) at BWR sites and
2.6E-03 person-sieverts (0,26 person-rem) at
PWR sites. The Nuclear Regulatory Commission
has a cost-effectiveness criterion cf $1,000
per man-rem reduction ($10° per person-sievert
reduced) for requiring additional radioactive
effluent treatment at light-water reactors.l®
Using that criterion, no treatment to retain
tritium would be indicated as there are no
processes which could reduce tritium releases
and cost less than $300 per site. Existing
tritium concentratior processes (electrolysis,
distillation, hydrogen distillation, etc.)

process the 3,000 m® (100,000 ft3) of coolant
or liquid wastes at large power reactors. The
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Table 3. Colculated Collective (Population) Whole-body Noses from Tritium Relesses from Nucleur Power Resctors in 1981

| 2. 3. L S. 6. ?. ..
Reactor Type sod Site Collective Dose (petsoa-rem) Perceatage of Total Tritium Doee  Percestage of Total
from: Dose Contributed
Liquid Afrborne Total Drioking Aquatic Airborne by Tritfue
Effluents Effluents Water Foods Releases
I. BOILING WATER RFACTORS
1. Dusne Arnold - - - - - - -
2. Big Rock Poimt* 3.8E-05% 1.28-03* 1.25E-03* 0.16% 2.5 ¢ 9.7 ¢ 0.0 *
W Browns Ferry 6. BE-04 1.0E-02 1.1E-02 5.3 1.0 9. 0.3
L Brunswick 6.8E-05 1.5€£-03 1.5£-03 o 0.4 ~100. 0.01
S. r 8.4E-08 3.5E-04 3.5E-04 o 0.02 ~100. 2.2
6. Dresden 2-) 0.0E+00 2.86-01 2.8E-01 [ o ~100. 0.08
7. James Fitzpatrick 3 9E-04 9.3E-04 1.3-03 29 0.2 70. 0.02
8. Edvin Hatch 1.28-04 1.1E-03 1.28-03 o 10. 99. 0.05
9 Le Crosse* 3. 4E-04 & SE-o 4. BE-03* [ 7 ¢ 3. * 0.085%
10. HMillstone-l 4.28-07 3.8E-02 3.3E-02 o < 001 ~100. 9.
11. HMonticello* 1.28-05* & 9E-02* 4.9E-02¢% 0 14* < 0.01 ~100. ~100. -
12. Nine Mile Point 2.5E-03 8.9€-03 1.1E-02 22. ~ 0.08 8. o.18
13. Oyster Creek 2.0E-04 2.06-03 2.28-03 e 9. 9. 0.01%
14. Peach Bottom 2-) 9.72-02 &.5E-02 1.4E-01 68. <« 0.01 32. 5.2
15. Pligrim 1.56-05 3.18-02 3.1E-02 ° < 0.05 ~100. 3.
16. Quad Cities 4280 2.0£-02 2.48-02 18, . 0.14 92. n.
17. Vermont Ysakee 1.8E-05 2.26-02 2.28-02 o 0.01 ~100. 0.0%
BWR Total (person-rew) .10 0.46 0.56 - & o .
(person-mSv) 1.0 L6 5.6 - - - - <
EWR Average (u.l.).
(persca-rem) (8.122.0)E-€3 (3.520.6)E-02 (4.3%20.6)E-02 10. 1.5 LN =
(person-uSv) (8.1%22.0)E-02 (3.5%0.6)E-01 (4.3%0.6)E-01 - » =
11. PRESSURIZED WATER REACTORS
1. Arkansas Nuclear One (2) 3.9E-04 1.26-02 1.2¢8-02 o 3.2 9. 0.3
2. Beaver Valley (1) 1.57 -02 1.5E-04 1.6E-04 9. 0.1 0.9 92
3. Calvert Cliffe (2) 3.78-02 3.48-03 4.0E-02 0. 92. L) 6.2
4. Domald C. Cook (2) 9.3E-02 9.42-04 9.3%-02 9 0.6 1.0 19.
5. Crystal River (1) 42500 8.9E-04 4.28-01 0. ~100. 0.2 2.1
6.  Davis-Besse (1) 8 4E-03 2.2¢-03 1.1E-02 17. 3.0 20. ).4
1. Joweph Farley (2) 2.08-03 3.4E-02 3.6K-02 0. 5.6 9. 0.9
8. Fort-Calhoun (1) 4 BE+00 1.5€-02 4 BE+0O ~100 <01 0.3 9.
9.  Robert E. Gisas (1) 7.58-02 1.78-02 9.28-02 . 0.3 18. 60,
10, Haddew Neck (1) 7.0E-03* 1.4E-01% 1.4E-01% 0. * LN 9. * 42. -
11. leadisa Point (3) &.9E-04 3.9-02 3.98-02 ° 1.2 9. 0.45
12. Kewsunee (1) 3. 1e-01 1.0£-03 . 3.1E-01 Lad 0.9 0.3 17.
13, Malne Yenkee (1) 1.5€-04 2.0E-0) 2.18-03 0. 7.1 93 25.
14, PMeGuire (1) 7.3%6-02% 2.88-05* 7.3%E-02% ~49. ¢ - 1.0% 0.04% “%0. -
15. Millstone-2 (1) 6.3E-05 5.5e-02 5.5k-02 0. . 0.1 ~100. 90.
16. North Aans (2) 1.4E-02 5.%£-0) 2.08-02 0. 70. 30. 0.38
17. Oconee (3) 1.0E+00 1.58-02 1.0E+00 ”. c.3 1.5 6.6
18, Palisedes (1) 2.22-02 1.1E-0) 2.3€-02 87. L 4.3 14.6
19. Point Beach (2) 2.78-02 9.78-02 1.28-01 22. < 0.1 78. 60.
26. Prairie Isleond () 3.1E-03 3. &E-02 3.7%-02 ~0. 8.4 92. 8.
21. Ranche Secn (1) 6.9E-04 5.9¢-02 6.08-02 - 0. 1.1 ~100. 2.7
22, K.B. Robissca-2 (1) 1.4E-02 2.4E-03 1.6€-02 0. 9. 1. 0.9
23, Salem (2) 5.3E-03 2.5E-03 7.98-03 0. 68. 32. 0.9
24, Sen Omofre (1) 1.0E-02% - - 0. * - - 1.2
25. Sequoysh (1) 4.0E-02 S.ZE-04 4.0E-02 9. 0.1 1.3 5.9
26, St. hecie (1) 6.28-05 7.6E-02 7.68-02 9. <01 ~100. 17,
27. Serey (2) ' 4.58-03 3.5¢e-02 4. 0B-02 0. 1. 8. 2.1 9
28. Three Mile loland (2) 2.18-03* 1.08-01% 1.0E-01 2.0% ~0,1* 2. * 3. -
9. Trojen (1) 6.6E-0% 1.88-02 1.88-02 <0.1 0.3 ~100. 7.8
30. Turkey Polat 3-4 (2) 1.78-04 1.28-04 2.9E-04 0. 9. a1 0.3%
3. Yackee (1) 5.28-04 1.8£-03 7.08-03 ~ 0. 22. 78, 1.9
32. Ziem (2) 6.36-05 2.18-02 2.18-02 0.3 0.1 ~100. 6.2
PVR Total (person-rem) 1.0 0.7 7.8 - - - -
(persen-uSv) " 1.9 " - - - -
re .
e ';:',"".(::" 0.25 £ 0.003 (2.0 % 0.09)E-02 0.26 £ 0.03  30. 20. s0. —
(person-ubv) 2.5 ¢ 0.0 0.20 ¢ 0.01 2610
.
Grend Total (person-rem) 3.3 HeS . L. 19.4

(pereon-uSv) n 12. L - o 5
*Net f(ecluded {0 aversges becsuse of atypical design (LaCrosse, Moaticello, Big Rock Point, Heddem Neck, San Owefre),
son-eperstion (Three Hile Island), or low Power production (McGuire), but imcleded in total collective dose.

* Arithaetic mesn sod st dard error of the collective tritium doses at fndividusl sites. The steadard error {a

cal ulated from the varistions sbout the mesn snd does mot inclede the uncerteinties which might be fohecent ia the
eavirommentsl tLrsnsport, setabolic and dosimetric wodels.
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resaltant cost of $90,000 - $150,000 per site
per year is clearly not comwensurate with the
small collective doses that result from these
tritium relesses. According to one study®,
even existing controls on tritium production
such as the use of zirconium cladding,
enriched "Li, and zirconium tritium "getters"
would exceed the NRC's cost-effectiveness
criterion (based upon their use only for
tritium control). Reduction in liquid
effluent releases by evaporation and release
as airborne effluents would produce only sm.ll
dose reductions and would be ranked low in
tewms of cost-effectiveness. The use of
enriched 7Li is most cost-effective (about
$5,000 per person-rem reduced)® and is
currently used.
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Abstract

ENVIRONMENTAL TRITIUM CONTAMINATION FROM INCREASING UTILIZATION OF NUCLEAR
ENERGY SOURCES. Tntium 18 produced in nuclear reactors by teroary fission and by neutron capture
reactions in "8, "'B, SLi, "Li, "N and 'H. The expanding use of nuclear teacton for powet production
will contribute additional amounts of tritium to the existing background levels due to atmosphieric testing
of nuclear devices and namral production by cosmic-ray interactions in the upper atmosphere .

Production processes, both in the environment and in nuclear and thermonuclear energy sources are
reviewed. US power reactor experience indicates that the primary source of tritium production in boiling
light-water reactors is temary fission, while neutron capture reactions in '°8 and 'Lt are the principal
sources in pressurized-water reactors employing chemical shim. Tritium from deuterium activation in
heavy-water moderated rgacrors far exceeds the production of tritium by temary fission. Environmental
surveillance data show no apparent increase of tritium concentrations in water sources (n the vicinity of
light~water reactors. Due to tritium retention by the fuel cladding, a major portion of the tritium produced
by temary fission will be released during processing of the spent reactor fuel, Estimated releases from
fuel reprocessing plants are compared with discharge data from operating plants.

Forecasts of future tritium production from nuclear reactors are provided up until the year 2000,
These estimates are compared with evisting equilibrium levels of naturally=occurring tritium and with
the decreasing inventory of tritium ining from pheric nuclear testing. The implications of these
projections are evaluated from a public health viewpoint. A discussion o' the possible impact of new
thermonuclear energy sources on environmental tritium concentrations is atso included.

1.0 INTRODUCTION

Tritium i{s a radionuclide on which attention is currently beiug focused
because of {ts radiological characteristics and its appreciable production
by an expanding nuclear power industry, This industry results in tritium
releases to the environment as a consequence of normal operation of both
nuclear power reactors and fuel reprocessing plants, The purpose of this
paper {s to discuss the production of tritium by several sources and to
examine the environmental consequences of this production relative to the
nuclear power industry,

Although tritium {s generally considered to be one of the least hazardous
radioisotopes (1), its long radioactive half-1ife (approximately 12 years)
means that tritium discharged into the environment will accumulate over a
relatively long period of time, Since tritium closely follows the reactions
of ordinary hydrogen, it assimilates readily into water and into biological
media,
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36 PETERSON et al.

The importance of tritium as an environmental contaminant is related
to the development of nuclear power. Figure 1 shows current predictions of
the growth of nuclear electricity in the United States and compares it with
total generation both in the United States and the world (2), In the United
States, the Atomic Energy Commission has estimated that 120-170,000 megawatts
of electricity will be generated by nuclear reactors by the year 1980 (3),
This estimate will represent about 25% of the total electrical power generated
in that year, By the year 2000 the total {nstalled nuclear capacity in the
U. S. may be as high as 1,000,000 megawatts (4).
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2.0 TRITIUM PRODUCTION IN NUCLEAR REACTORS

Tritium may be procuced in nuclear reactors by several mechanisms some
of which are shown schematically in Figure 2, These sources include:

1. Ternary fissior having a triton a- one of the fission
fragments;

2, . Neutron capture reactions with coolant additives such as
boron, lithium and ammonia;
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3. Activation of naturally occurring deuterium in light- and
heavy-water moderated reactors;

4, Neutron capture reactions with poison material used in
control rods and plates,

TRITIUM PRODUCING REACTIONS
IN A NUCLEAR REACTOR
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FIG.2, Schematic diagram of writium production processes,

Other reactions with nitrogen, helium-3 or structural material may also
produce tritium but the contribution to the total production rate from these
reactions appears to be slight (5, 6), The relative importance of a given
reaction wechanism for tritium production will depend upon the reactor type,
design characteristics, operating history, and materials of construction,
The manner in which tritium {s released tu the environment will also be a
function of these parameters,

2,1 Fission Product T itium

The discovery of tritium as a fission product was initially reported
by Albenesfus (7), and has since been verified by several investigators (8, 9).
Measured tritiu: fission yields from thermal neutron induced fission of
enriched or natural uranium range from 0,3 to 1,0 tritium atoms per 10%
fissions (7-9), ‘l‘%g;etlcnl fission yields have been calculated for other
materials and for by Dudey whose results are shown in Table I (10),
Measurements of the tritium nlznud in fuel reprocessing indicate that the
theoretical estimate of 1.3x10"" {s the most accurate (11),

Dudey has also estimated the tritium content of various reactor fuels
as shown in Table II. Based upon these values we have calculated the tritium
production rates shown in the last column of Table II, Since fuel burnups
of 30,000 and 40,000 MW(th)-day/tonne have been forecast for replacement
fuel loadings in proposed reactors and advanced reactors (3), we have
extrapolated oroduction rates for these burnups., These values are also
contained in Table IT.
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TABLE 1

ESTIMATED YIELD OF TRITIUM FROM FISSION (10)

Material Neutron Energy Atoms H Produced per
(MeV) Fission
235, Therma l 1.3x10-4
1.0 1.2x10"4 -
3.0 8.2x10"3 (
.
238, Thermal 2.6x10-%
2.5 1.4x10-4
239p, Thermal 2.3x10-4
1.0 2.5x10%

Light-water nuclear reactors produce about 16,4 millicuries of tritium daily
per megawatt of thermal energy. Fast reactors should produce more fission-
product tritium than thermal reactors since the fission yield of plutonium-239
is higher than uranium-235 (2.5x10-% and 1.3x10-% atoms per fission,
respectively) (10), These estimates yield tritium production rates of
18.7 Ci/yr-Md(e) for thermal reactors and 26,2 Ci/yr-MW(e) for plutonium-
fueled fast reactors.

2.2 Deuterium Activation

Tritium can be formed by neutron activation of deuterium which represents
about 0,015% of the at of hydrogen in nature (12), The thermal cross-
section for the 2H(n,y) H reaction is 0.5 millibarn (13). Deuterium activation
has been estimated to produce tritium in a 3295 MW(th) boiling-water reactor
at a rate of about 0.15 uCi/sec or 4.45x10"7 Ci/MW(e)-yr. By comparison, the
tritium production rate from fission was calculated to be 540 uCi/sec (14). .

Because of the retention of fission-product tritium in the fuel element,
the importance of tritium from deuterium activation &8 an environmental
contaminant will be higher than its relative production rate would indicate,
1f only 0,17 of the fission-product tritium escaped from the fuel then
deuterfum activation could contribute over 27% of the activity discharged
to the environment from a boiling-water reactor, In a pressurized-water
reactor other sources contribute considerably greater amounts of tritium,
thus deuterium activation is negligible by comparison,

In heavy-water reactors the wmoderator and coolant can consist of
99.75% deuteriuw oxide, For this reason, deuterium activation represents
a greater source of tritium than does fission, A comparison of the primary
coolant tritium concentration for several types of reactors is shown in
Table ITI. These data show that the tritium activity in heavy-water reactors
is considerably greater than in light water reactors, Based upon the ratio
of the deuterium content in light- and heavy-water, the tritium production
rate in a heavy-water reactor would be about 30 Ci/MW(e}-yr,

BT e
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ESTIMATED FISSION-PRODUCT TRITIUM CONTENT IN VARIOUS REACTOR FUEL MATERIALS (10)

TABLE 1I

Reactor Type Fuel Material Fuel Burnup Rate Tritium Content Tritium Production
(MW(th) -day/Tonne) (Ci/Tonne) Rate*
(mCi/MW(th) -day)
Light-Water 235y 20,000 327 16.4
30,000 490*
Light-Water 239, 20,000 540 27.0
30,000 810*
Light-Water 1/2 U- 1/2 Pu fuel 20,000 440 22.0
40,000 BEO*
LMFBR** 235y 100,000 1510 15.1
LMFBR 239, 100,000 3150 31.5
LMFBR 239p,,.235py core and 40,000 1900 47.5

blanket

* Estimated by the Authors

** [MFBR - Liquid Metal Fast Breeder Reactor

BL/LIT-NS
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TABLE 1II

MEASURED TRITIUM CONCENTRATIONS IN REACTOR PRIMARY COOLANT WATER (20)

Reactor Type Tritium Concentration
uCi/ml

Boiling Water 0.015

Pressurized Water 1.5

Heavy Water 7200

2.3 Tritium from Boron Reactions

Boron-10 {s used in some nuclear reactor control elements due to its
large neutron absorption cross-section of 3840 barns (13), Both natural
boron which contains 19,77 boron-10 and boron which is enriched in this
isotope may be used, Boron carbide (B4C) is usually used in boiling-
water reactors (BWR) and some BWR plants in operation may contain over 20
kilograms of boron-10 in this form, Additional boron may be used as a
burnable poison in the initial cores of BWRs to offset the buildup of
neutron absorbing fission-products. The amount of boron-10 present in this
form could be about 24 kilograms in a 1000 MW(e) reactor. This boron, in
the form of borated stainless steel curtains, {s removed after the initial
fuel cycle burnup when fission-product poisons are near equilibrium in the
reactor core,

Pressurized-water reactors (PWR) do not routinely employ control rods
having an appreciable amount of boron in them and usually use an alloy of
silver, cadmium and indium for the neutron absorber, Boron may be present,
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FIG.3. Variation of boron concentration over the fuel lifetime in a pressurized water reactor (16].
The regions indicated correspond to major changes in the removal rate.
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TABLE IV

ESTIMATED TRITIUM PRODUCTION FROM BORON REACTIONS IN
A 3391 MW(th) PRESSURIZED WATER REACTOR(17)

Source

10
Amount of % (grams)

Reaction Annual Tritium Production (Curies)
Initial Cycle Equilibrium Cycle
Poison Plates ~ 3530 "G(n, 200 M 800 Not Used
1%(n,0) 7Lt
1500 Not Used g
MLi(a,n o) -
3
&
Chemical Shim 23400 (initial) 10g¢n, 200 M 1100 780
23150 (equilibrium)
l°B(n,a)7l.t
}; not estimated not estimated
Mi(n,n ) M
(~2100)* (n14650)*
* Estimated by authors from ratio of production in poison curtains.
-
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however, in the form of boric acid dissolved in the coolant (chemical shim)
or as poison plates in the initial core loading. The chemical shim is used
to provide a more uniform power distribution throughout the reactor core
and to compensate for long-term changes in reactivity such as the depletion
of uranium or the accumulation ¢f fission-product poisons (15). The boren
concentration is not maintained .onstant but decreases over the operating
life of the fuel as shown in Figure 3,

Tritium may be formed directly from boron-10 by the 10B(n,2x)3H
reaction or by the 108(n,»)7Li(n,n ) H reactions, Estimates of the tritium
production rate for a PWR employing ~hemical shim are shown in Table IV,
Based upon the production of 2300 cur'es per year from the 3.4 Kg of boron-10
in the poison plates we estimate that the 20 Kg of boron-10 in a 700 MW(th)
BWR would produce 13,000 curies of tritium annually, or about 21,500 curies
of tritium per year by a 1000 MW(th) BWR plant, Smith has estimated a
production rate of 20,000 curiee of tritium per year {or a comparable plant (18).

2.4 Tritium from Lithium

Natural lithium contains 7,42 percent of €11 which has a thermal
cross-section of 675 barns for tritium production (13), One part per
million of natural lithium as an i{mpurity in the cladding and pric ry
coolant of a small reactor could yield approximately 50 percent as much
tritium as produced by fission (6), Lithium may be intentionally added
to the coolant in the form of LiOH to control the acidity of t‘t‘w primary
system. It may also be present from fon exchange resins in L{ form, The
{mportance of lithium a&s a source of tritium is vividly depicted in Figure 4
which shows tritium discharges from the Shippingport Atomic Power Station
in the United States, The tritium discharges were significantly reduced
vhen resin containing only 714 was substituted for natural lithium (19),

MONTHLY TRITIUM RELEASES FROM “HIPPINGPORT
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FIG.4. Trtium releases from a pressurized water reactor. The sharp decrease in the amount released
after natural lithium was removed i evident [18].
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Present reactor designs will employ 99.9% 7Li in the ion exchange resins
and LiOH in order to minimize tritium production n,

3.0 TRITIUM RELEASES FRUM NUCLEAR REACTORS

3.1 Retention of Fission-Product Tritium

Only a fraction of the fission-product tritium is released to the
environment from a nuclear reactor, In order to reach the reactor coolant
the tritium would have to diffuse out of the ceramic uranium dioxide (U0y)
fuel pellet and pass through che metallic fuel cladding as shown in Figure 2,
For this reason, the bulk of the tritium is retained in the fuel elements
and is not released until the elements react the fuel reprocessing plant,
Small amounts of tritium may also be produced from traces ot uranium on
the outer surfaces »f the cladding,

Although the purpose of the metal..c cladding around the fuel pellets
is to contain fission products, the retention mechanisms for tritium are
not well defined, These mechanisms may involve chemical reactions between
tritium and the cladding material as well as physical diffusion, Three
mechanisis have been proposed for the transmission of tritium through fuel
cladding:

1. Direct penetration of tritons (6);

2, Effusion of tritium through minute holes or defects in the
cladding material;

3. Diffusion of tritium atoms around grain boundaries and
through intact cladding,

Releases of tritium by direct penetration ol the cladding by tritons has
been shown to be negligible (6), thus this mechanism is not as important
as releases by effusion and diffusion processes,

The composition of the fuel cladding has been found to have an
appreciable effect on the amount of tri:ium retained in the fuel (18, 20).
Measurements of the tritium concentration in the coolant of boiling-water
reactors indicate that (he tritium release rate is approximately an order of
magnitude greater in reactors employiug stainless steel fuels than in those
employing zirconium alloy (zircaloy) clad elements (18, 20), A limited
amount of experience with zircaloy-clad fuels also indicates that there may
be a three-fold difference in hydrogen retention between the two zirconium
alloys, zircaloy-2 and zirealoy-4 (21), .

3.2 Operating Experience

The majority of the tritium in the coolant, either from fission or boron
and lithium reactions, is released to the environment with the liquid waste
discharge, Table V shows amounts of tritium released from several pressurized-
water (PWR) and boiling-water reactors (BWR) in the United States, The
appreciable difference between the releases from PWR's and BWR's is believed
to be due to the presence of boron in the primary coolant of the PWR (18, 20),
Tritium release rates and tritium concentrations in the coolant of the
boiling-water reactors indicate that boron present in clauded control rods
or alloyed in poison curtains does not contribute appreciable amounts of
tritium to the effluent (20),

Liquid wastes from reactors are discharged into the condenser cooling
water which provides a large amount of dilution, For typical 1000 #MW(e) PWR
plants releasing 5000 Ci/yr of tritium the resultant concentrations in these
discharges which reach the general public would be less than 0,2% of the
radioactivity concentration guide (17), Reactors which use cooling towers
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TABLE V

TRITIUM RELEASED TO THE ENVIRONMENT

FROM OPERATING POWER RE/CTCRS

Reactor Fuel Cladding Power Capacity Tritium Release

MW(e) (22) Factor(22) Estimated Rate

Annual Ci/Mi(e)-yr
Curies (22)
Boiling Water Reaciors :
Big Rock Point Stainless steel 50 0.45 20 0.89
Humboldt Bay Sta‘aless steel, 52 0.30 20 0.50
Carcaloy

Elk River St’ inless steel 24 0.70 10 0.60
Dresden - I Zirca oy - 2 200 0.65 5-10 2.037-0.074
Pressurized Water Reactors
Indian Point - I Stainless steel 163 0.50 500 6.1
Yankee Stair .ers steel 185 0.70 1300 10.0
Connecticut Yar'.ee S ainless steel 482 0.71} 17551 5.1

ldlta from Connecticut Yankce monthly operating reports for 1968 (21).

vy
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TABLE VI

S, COMMERCIAL

NUCLEAR FUEL REPROCESSING PLANTS

Plant Capacity Estimated Fuel Tritium Content® Design Annual Average Release Rate
(Tonnes /day) Burnup of Fuel From Stack
Design Actual (MWd/Tonne) (Ci/Tonne) (Ci/day)
Nuclear Fuel \
Services, West 1 1 22,000 200 50
Valley, New York 130%* (37)
Midwest Fuel¥*
Recovery Plant 1.4 | 0.82 NS 200 432 (38)
Morris, Illinois
Barnwell Nuclear*
Fuel Plant, 6 5 35,000 400
Aiken, South 40,000 500 1,640 (39)
Carolina

* Under construction
** Released as liquid waste to stccrage lagoon

NS NOT SFECIFIED
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have a smaller dilution capacity than those that use once-through condenser
cooling, Under certain conditions extra care in discharging tritium may
be required to insure that concentration limits are not =xceeded,

Atmospheric release of tritium from light-water reactors.with gaseous
wastes has not been extensively studied but does not appear to be appreciable,
The Bureau's Nuclear Engineering Laboratory has made some measurements at a
BWR which indicate that atmospheric tritium releases may be less than 0.5
curies per year. By comparison, proposed BWR's are using a hypothetical
estimate (based on considerable fuel cladding defects) of approximately 0,03 to
30 ci/yr (24-27). Gaseous tritium releases from the Yankee pressurized-
water roactor are less than 100 Ci/yr (28), or approximately 6% of the
total tritium discharged from the plant,

In the United States, there has not been any development of large
heavy-water reactors because of the availability of enriched uranium,

Canada and several other countries, however K use this concept because natural
uranium can be used without enrichment (29), Tritium concentrations in the
primary coolant of heavy-water reactors could be about 10-20 mCi/g after
long-term operation, Past experience at heavy-water reactors indicates that
D20 losses can approach several Kg/day although there is an important
economic incentive to retain this material (30-35). Holmquist has stated
that no heavy-water reactor can be assumed to have a lower D20 leakage

rate than 2-3%/yr or 6 Kg/day (36). The production reactors at the Savannah
River Plant in the United States are estimated tu release between 1,000

and 10,000 curies of tritium per month to the atmosphere from a D0 leakage
rate of 2-3%/yr (36), Based upon the leakage experienced at Canada's

200 MW(e) Douglas Point Nuclear Station (4 Kg/day) (34), a heavy-water
reactor could release over 15,000 curies of tritium per year to the environment

4.0 TRITIUM RELEASES FROM FUEL REPROCESSING PLANTS

The largest localized concentrations of tritivm in the environment will
be in the vicinity of fuel reprocessing plants where 68-99 9% of the fission-
product tritium will be available for release when the fuel eclements are
processed, Table VI lists estimated tritium discharges for three commercial
fuel reprocessing plants in the United States (37-39).

Several possibilities exist for the disposal of tritium from fuel
reprocessing (40), These are as follows:

1. Disposal into ground water,

2, Dilution and disposal directly to surface water,
3, Distillation and release to the atmosphere, and
4, Concentration and storage with high level waste,

4,1 Ground Water Disposal

Disposal into ground water through seepage basins or wells has been
pursued for several years at the majr= ", S, plutonfum production sites,
Disporal into ground water requires hydrological and geological studies
to determine the direction and rat: of ground water movement and extensive
wonitoring programs to assure that off-site drinking water supplies are not
contaminated

4.2 Surface Water Disposal

The Nuclear Fuel Services commercial reprocessing plant at West Valley,
New York disposes of tritium by a combination of surface water releases and
atmospheric releases. Release rates of tritfum from this plant have been

-
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estimated to be 50 Ci/day up the stack and 130 Ci/day to storage lagoons
which are eventually pumped into surface waters (37), These estimated
releases are considerably higher than measured discharges as shown in

Tabie VIT,

TABLE VII
ANNUAL TRITIUM RELEASES IN LIQUID WASTE FROM
A COMMERCIAL FUEL REPROCESSING PLANT (1)

Data for 1967

Measured Tritium Releases to Storage

Lagoon (Ci) 4200
Tonnes of Uranium Processed 136
Percent of Plant Capacity 37

Percent of Estimated Release of
130 Ci/day 9

Percent of Estimated Release
Corrected for Capacity 25

Surface water disposal requires considerable dilution and therefore
is practical only for sites on large rivers, Blomeke has estimated that a
least 18 million gallons of water per day would be required per ton of fuel
in order to dilute the released tritium to 10-3 uCi/ml or less (40), For
this reason this technique has limits? apeplicakilicy for plants with
capacities on the order of 5 MTU/day,

4.3 Atmospheric Disposal

The other two commercial fuel reprocessing plants shown in Table VI
are under construction in the United States, Both plants will discharge
only limited volumes of liquid waste thus the major means of environmental
tritium release will be from atmospheric discharges (38-39). The estimated
atmospheris tritium relesees from these plants are shown in Table VI to be
432 and 1,640 Ci/day. The annual average off-site air concentrations for
these plants are estimated to be less than 2% of the radiation concentration.
guide of 2x10-7 ,Ci/ml (38-39). Cowser, et.al,, analyzed the dose that
would be received from atmospheric releases from a plant reprocessing fuel
equivalent to 100,000 MW(th) of reactor operation, They found that the
annual dose received from released HTO would be about 7 mrem/yr (42),

4.4 High-Level Waste Storage

Retention of tritium in high-level waste storage tanks is dependent
on the process used, Plants that use the Purex process produce between
10 D00 and 100 000 pallone of 1iquid waste per ton of fuel (43), The Nuclear
Fuel Services plant, which uses the Purex process, is estimated to retain
about 107 of the tritium in long-term storage, The rest is disposed to
surface water (about 65%) or the atmosphere (about 25%) principally because
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of the large volume of liquid generated (37), Plants that use the fluoride
volatility process, produce approximately 25-250 liters of liquid waste per
ton of “:2]1 which may have tritium concentrations of 1-10 C1/1 (43). Tank
storage might be economically feasible for wastes of this activity,

5.0 TRITIUM ACCUMULATION IN BODIES OF WATER

5.1 General

All tritium, regardless of its mode of production or release, eventually
deposits in the nydrosphere. Localized sources of environmental tritium
such as reactors and fuel reprocessing plants may present certain public
health considerations because of exposure resulting from accumulation in
receiving waters. 1In general, these considerations are minor for streams
which have a fast flushing time and sufficient dilution capability to keep
concentrations low, This distinction, however, is not as apparent for
facilities on lakes or impoundments where slow flushing times may result in
a buildup of tritium

In the United States scme power r-actors are located on a smail lake
or a stream which has been impounded to produce a lake large enough to
provide sufficient cooling water. 1In some cases, several plants may be
sited on a single large lake such as Lake Michigan, Tritium buildup for
these two situations was examined in detail.

5.2 Tritium Buildup in Lakes

The tritium accumulated in a lake can be estimated by a model which
assumes a constant outflow rate and a constant volume, The equation which
governs this process is:

R At -] -At
Cle) w» By [ 1 -e ¥ C_e 1
() i f ¢))
where,

C(t) = the concentration (uct/c-3) at time t,

R -~ the activity release rate (Ci/yr) into_a lake,

r = the rate of water loss fr:g a lake (emd/yr),

v = the volume of the lake (em’),

X - the radioactive decay constant for tritium (} =

0.0561 yr-1y,
C, = the initial activity present in the lake from

natural and fallout sources, and

A -~ 2 4+ r/V, the effective removal constant for both
radioactive decay and the physical loss of water
from the lake.

The average or mean residence time of water in the lake is defined by:
T = V/r (2)
w

while the mean residence time for tritium in the lake is given by:

o= LA ¥EY
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5.3 Tritium Buildup in Small Lakes

An American power company is constructing a 700 MW(e) PWR nuclear
power plant on a small lake created by impounding a natural creek, a site
that i{s reasonably typlcs! for the United States. Ti« volume of the lake
is approximately 1,34x10” cubic feet and the average discharge rate is
169 ft3/sec. Annual discharges of tritium are estimated to be about
3820 Ci/yr. It was assumed that the plant would operate 40 years and that
this would be equivalent to an infinite operating time, a conservative
assumption,

Tritium buildup for three conditions was examined using the model
represented in equation (1). The results of these calculations for these
three conditions are shown in Table VIII. It is apparent that for realistic
conditions (cases T and IT) accumulated tritium concentrations would not
exceed established concentration guidelines. Case II1 represents a hypo-
thetical maximum estimate., All calculations were conservative because water
loss by evaporation was omitted,

5.4 Tritium Accumulation in a Large Lake

Large lakes have a considerable dilution capacity for tritium released
to them. However, this capacity may not be sufficient if several nuclear
power plants are located on one lake. Lake Michigan, one of the Great Lakes
in the Unfted States is a good example of this situation, As shown in
Figure 5 there will be seven nuclear power sites on the Lake by 1973 com-
prising some ten reactors, or about 7030 MW(e), The total U. S, generating
capacity provided by nuclear power is scheduled to be 45,600 MW(e) by 1973;
thus about 15% of this total will be located on Lake Mi-higan. Most of this
capacity will be furnished by PWR's, a situation not typical of the national
trend which tends to be an even distribution between BWR and PWR plants,

The tritium release rate into Lake Michigan is assumed to be 5 Ci/yr-MuW(e)
because of this preponderence of PWR plants. This value was obtained using
the average release shown in Table V and an average generating capacity
of 70 percent of the design value.

Estimates of nuclear generating capacity on Lake Michigan are shown
in Figure 6., The nuclear capacity in the United States in the year 2000
will be about 1,000,000 MW(e); about 18 75% of this capacity is assumed to
be located on Lake Michigan,

The water retention time in Lake Michigan hac been egtimated by
Rainey (44) and Stigall (45) to be 30.5 years and 75 years, respectively,
The mean-1ife of tritium is 17 .8 years, which is short enough to offset
variations in these values, consequently the mean residence time for tritium
in the Lake only varies between 11.2 and 14.5 years, The latter value was
used in the projecticns of tritium concentrations for Lake Michigan that
follow,

The activity of tritium in the Lake at time t 6 A(t), is given by:

ACt) = A(t-1)e"A + L"}Q (1-e"h) (4)

where A is the removal constant,6 R is the tritium release rate (R = 5
ct/MW(e)-yr), V is the lake volume, and P(t) is the anticipated power
generation rate (MWe) estimated at midyear intervals, The first term
accounts for the decay and removal of tritium produced during the previous
year; the second term represents tritium produced during the year under
consideration. The total tritium activity in the Lake in the year 2000 is

" estimated by this equarion to be about seven megacuries,
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FIG.5. Nuclear power reactors at present planned for np'eratum on Lake Michigan,

‘ A1 s 3 s s Tritium buildup in the Lake was calculated using equation (4) to
T account for a varying production rate due to increases in nuclear generating
capacity. The concentration ' *s calculated from:

c(t) = A(t)/wv (5)

where C(t) is the average tritium concentration in the Lake, k is the
! fraction of the Lake volume available for dilutfon, and V is the total
volume of the Lake.
| The resulting tritfium accumulation in Lake Michigan was determined by
: equation (5) for two conditions: 1) mixing with the tutal lake volume of
4781 kn3, and 2) mixing with 36 .5 percent of the lake volume (~1780 I:.-3),
a value estimated by Stigall from fallout data on 90sr as the effective
dilution volume, The results of this calculation are shown in Figure 7.
These data show that although the estimated tritium activity accumulated
in the Lake by year 2000 {s over seven megacuries, the concentration in
the Lake would be less than 0.2% of the radioactivity concentration limit
of 3Ix1073 uCi/ml used by the United States Atomic Energy Commission (46).
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FIG.&. Comparison of tritium activity from: (2) natural production (wide range = all estimates;
narrow range = most probable estimate);  (b) residual weapons fali=our; (c) US reactor production;
and (d) world=wide reactor production (4) estimated in Ref,[56).

6.0 PROJECTED ENVIRONMENTAL TRITIUM LEVELS

6.1 General

The buildup of tritium in the environuent from the nuclear power
industry will be superimposed on tritium already present from natural
production processes and from atmospheric testing of thermonuclear weapons,
The relative contribution by the power industry in the United States is

s R R R compared to these other sources in Figure B, At present the nuclear power
AR QR s industry production is small compared to the other two soucrces and will
not reach natural production levels until about 1985, The major source of
tritium in the environment is from past nuclear weapons tests., This will
continue to be the case up until about 1995 at which point reactor production
will become the predominant source if the present trend continues and there
are no further thermonuclear explosions,

6.2 Tritium Production in Nature

The production of tritium in nature is caused by cosmic-ray interactions
with nitrogen and oxygen in the upper portion of the atmosphere, The
principal reactions which produce tritiup are hi‘g energy (E >100 MeV)
proton spallation reactions and l“ll(n,t) % and O(n,t)‘“ﬂ reactions with
secondary neutrons from cosmic radiation (47-52),.

Nir, et.al,, reviewed all previous calculations of tritium production
and estimated that the average production rate is 0,19 0,09 34 atoms/cm?-sec
and that the total decay rate is 0,5 ¢ 0,3 atoms/cm’-see (50), This
latter value corresponds to a total equilibrium activity inventory of
approximately 69 megacuries of tritium, Estimates of the rate of production
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vary considerably, ranging from 0.09 - 2.0 34 atoms/cm?-sec. This variation
corresponds to equilibrium levels of 12 and 275 megacuries, respectively,

as shown in Figure 8, Other natural processes such as spontaneous fission
in thorium and uranium and reactions with boron, lithium, deuterium and
helium-3 also produce tritium but the production rate is insignificant
compared to the oxygen and nitrogen reactions (51-52),

6.3 Tritium from Nuclear Testing

Tritium is formed from fission in atomic weapons at a rate of 0.7
curicra per kiioton of TNT explosive yield, Small amounts of tritium may
also be formed by neutron interactions with nitrogen and oxygen (53), The .
largest source of tritium in the environment at the present time is from the
detonation of thermonuclear (fusion) weapons in which tritium was produced
by (n,7)3ll and gL'i’(ﬂ,r!)’!l reactions with lithium deuteride in the devices,
The yield of these reactions is estimated to be 6.7 megacuries per megaton
equivalent of TNT (54). Nuclear testing has contributed about 1700 mega-
curies of tritium to the environment (55), This contribution is considerably
higher than the equilibrium value from natural production which is about
69 megacuries (see Figure 8),

6.4 Tritium from Nuclear Energy

Projections of the environmental inventory from nuclear energy sources
are dependent upon forecasts of power consumption rates and developments in
reactor technology as indicated by the curves in Figure 8, Cowser's esti-
mate (A ) of worldwide reactor production (56) is lower than the total U, S,
estimate (2) shown by the three curves in the Figure, The curves of U, S,
production in Figure B represent the contribution from fission (lower curve),
fission plus soluble boron in PWR reactors (middle curve), and fission plus
total boron in all reactors (upper curve), Boron control rods and curtains
should not represent an appreciable source of tritium in the environment
since the fraction of tritium which escapes from encapsulated boron is
small and these elements are generally disposed intact as high-level solid
waste

An increase in the utilization of large heavy-water power reactors
could substantially increase environmental tritium levels, It has been
estimated that the tritfum inventory would be doubled {f 10% of the power
production was from heavy-water reactors (57), Development of theruonuclear
power sources could also increase tritium levels in the environment, The
tritium production rate from a thermonuclear reactor has been estimated to
be over 100,000 times greater than in a fission reactor (57); however,K most
of this material would be contained in the reactor for use as fuel material, .
Present information {s insufficient to project future estimates of tritium
from this source,

7,0 PUBLIC HEALTH SIGNIFICANCE

The principal form of tritfum in reactors is tritiated water and
conventional concentration processes such as ifon exchange and evaporation
do not remove appreciable amounts of tritium from liquid effluents, For
thie reason tritium may comprise between 50 and almost 100% of the total
activity in reactor discharges to the environment (20), The Radioactivity
Concentration Guide (RCG) for tritium, however, is much higher than for
most common fission products, The RCG of tritium is 10-3 yCi/ml and because
of its short biologfical half-1ife (12 days), its low disintegration energy,
and uniform distribution in the body, its relative health significance is
smaller than for other fission products such as 90Sr and 137cs, ;
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The estimated tritium release from a 1000 MW(e) pressurized-water
reactor is approximately 7000 curies per year (average of Table V), Plants
employing single-pass condenser systems to remove excess heat have circu-
lation rates of about 1, 5x1015 per year and the resulting concentration
would be about 5x10°° yCi/ml or 0,5% of the RCG for exposure of the genera!
population (10-3 yC{/ml). The volume of water discharged from reactors
employing cooling towers i{s considerably smaller and may be only 2000
gallons per minute. Under these circumstances the effluent concentration
could approach 20% of the guideline value, Under certain circumstances
it may be necessary to restrict discharges or to provide supplementary
dilution for these plants,

The Public Health Service operates a tritium surveillance network in
the United States to provide information on nationwide trends and tritium
concentrations in water downstream from large nuclear installations, The
results reported by this netwo k are published periodically (59-62),
Present levels are 0,2-10 nCi/1 and the dose contribution from the maximum
concentration has been estimated to be less than 1.6 mrem/year (62),

The buildup of tritium in small confined bodies of water may approach
concentrations approximately 20% of the RCG which suggests that environmental
surveillance would be indicated to monitor this accumulation, Our predictions
for Lake Michigan show that the tritium concentrations in the Lake will be
about 40 nCi{/1, most of which will be contributed by the reactors on the
Lake, Continuous consumption of this water for a fifty-year period would
result {n a total integrated dose of only 350 mrem, which is considerably
less than that from natural radiation sources,
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DISCUSSION

J. TADMOR: 1 should like to ask whether the figures presenting the
projection of tritium production in nuclear reactors up to the year 2000
include possiole future fusion reactors,

A recent study made by F .1, Parker indicates that tritium waste from
reactors of this type would present a major problem from a disposal
point of view,

Another remark | would like to make concerns the possibility of tritium
release into the atmosphere following the distillation of liquid waste, One
of the problems encountered in this method of disposal is fog formation due
to the large amounts of water distilled, and the consequent deposition of
tritium in the neighbourhood of the release point . Have you any comment
to make on this problem of fog formation”

B.J. MASON: In answer to your first question, | do not believe that
the possibility of the development of fusion reactors has been taken into
congideration, It would certainly not seem to be the case in the light of
Mr, Parker's paper,

With regard to the fog question, | have no comment to make, but | have
raised the matter of a 'rain-out' effect which | believe to be related to fog
in that either process would result in fairly high levels of tritium in local
environments, Apparently no consideration has been given to the possibility
of such localized concentrations,

$.0.W, BERGSTROM A tritium release of 15000 Ci/yr from heavy-
water reactors seems to be an upper limit, The A gesta heat and power
reactor has been operating for a long time with a tritium leakage of some
100 Ci/yr, This corresponds to 5-10 Ci/MW(e)/yr, a rate which it should
be possible to reduce in the case of larger reactors, The dominating scurce
of environmental tritium is therefore likely to be fractions other than those
from deuterium activation in cooling water, In the power plants the higher
water leakage rate from the light-water reactor results in tritium levels
which may in fact be in excess of those which will be caused by the heavy-
water type,

B,J, MASON: 15000 Ci/yr was an estimate of what could result from
the heavy-water reactor. The data used for the estimate are those available
from one particular Canadian plant,

J.K, MIETTINEN: | understand that when calculating the radiation dose
values for humans you used the biological half-life (12 days) given by . he
ICRP for tritiated wuter and & homogeneous distribution in the body,

In nature, in a lake containing 40 nCi T,0/litre, part of this tritium
will be present in plankton and fish, for example in the form of tritiated



PR it i

60 PETERSON et al,

amino acids, and will be taken up as such by people consuming fish. It
will then be built up into nucleic acids in the body and will certainly have
a much longer biological half-life and give a genetic dose several orders
of magnitude higher than if homogeneously distributed in the body water.

Have you calculated the contribution of this biologically bound tritium
to the radiation doses received by human beings?

B.J. MASON: The authors have not made this calculation since data
are not readily available, Evans, at the Savannah River plant, has indicated
that the dose calculations based upon ICRP recommendations should be
increased by a factor of 1,4 because of tissue-bound tritium, [ agree with
you that some effort must be made to take this tissue-bound tritium
into consideration,

A. LLAFONTAINE: In studying the problem of the radiological capacity
of rivers and lakes in respect of tritium provision must be made for an
adequate safety factor that allows for changes (i.e, an increase in strict-
ness) in the maximum permissible concentrations recommended by the ICRP .

The biclogical cycle of tritium does in fact appear to indicate that it
does not behave solely as an element of tritiated water, but that it can be
concentrated in certain clements of the biological cyele, as has been
indicated by Mr, Miettinen, Moreover, the distribution of tritium in the
body is not as regular as was believed

Account should also be taken of the possibility of tritium release partly
in the form of molecules different from tritiated water, notably in fuel
reprocessing plant.,

B.J. MASON: Alll can say is that | agree with you,
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Table VI
Plant Capacity
(Tonnes/day)
Design Actual

Nuclear Fucl |
Services, West 1 0.82
Valley, New York

Table VII
Percent of Plant Capacity 45

Percent of Estimated Release
Corrected for Capacity 20

Section 4.3 Atmospheric Disposal, last line

annual dose received from released HTO would be about
9 mrem/yr (42).
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RITIUM, an isotope of hydrogen with an

atomic mass number of three, is produced in
nuclear reactors in substantial quantities, Al-
though tritium is one of the least hazardous ra-
dioactive nuelides, its continued production and
long half-life for radioactive decay may lead to
increased levels in the environment. Becanse
tritium is an isotope of hydrogen, it ean Le
metabolized in the form of tritiated water and
incorporated into body fluids and tissues. This
source of population exposure requires that
public health agencies be cognizant of the
significance of tritim as an environmental
contaminant,

The nuelear power industry has expanded
rapidly during the past few years, and the U.S,
Atomic Energy Commission prediets that this
high rate of growth will continue during the
next decade. Nuclear power reactors and fuel ve-
processing plants release tritivin to the environ-
ment under normal operating conditions,

Due to the stratospheric fallout from previ-
ous atmospheric testing of nuclear weapons,
measurable levels of tritium are already present
in the environment, An analysis of the effect of

Mr. Weaver s chief, Division of Environmental
Radiation, Mr. Harward is chicf, and Mr, Peterson
is a nuclear engineer with the Nuclear Facilities
Branch, Bureau of Radiological Health, Environ.
mental Control Administration, Consumer Protee.
tion and Environmental Health Service, Public
Health Service.
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an expanding nuclear power industry on en-
vironmental tritium levels indicates that future
tritimn releases from reactors and speut fuel
processing plants may surpass the quantity of
tritium remaining from nuclear weapons tests.

The Bureau of Radiological Health's en-
vironmental surveillance activities provide a
continuing source of data on tritinm concentra-
tion in rivers on which nuelear facilitiez ave lo-
eated, There i, however, a need for move spe-
cific source-oriented information on tritium,
and its potential for becoming a public health
problem. This paper is intended as a general in-
formation guide on tritium for persons engaged
in Federal, State, county, and loeal public liealth
activitics, The various sources and mechanisms
for release of tritium and its pathway from nu-
clear facilities to the envivonment are described,
This information is essential in sssessing the re-
quirement for environmental surveillanee and
in evaluating, from a public health viewpoint,
the upward trend of tritium levels in the
environment,

Rodiological Characteristics of Tritium

Because of its relatively short biological
half-time (12 days) combined with a relative-
ly low disintegration energy, tritinm is one of
the least hazardous radionuclides produced in
nuclear reactors. A single ingestion of tritiated
water having an activity of 1 microcurie will
produce a total dose to the body tissues of 0.21
millivems  (mrem). Continuous ingestion of
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water having a specific activity of 1 microcurie
of tritium per milliliter will producc a dose rate
of 170 rem per year to body tissues, From this
value the annual average discharge concentra-
tion limit for tritium in water can be caleulated
to be 3x10° microcuries per milliliter. This
quantity is the concentration limit for tritium
in radionctive waste discharges to the environ-
ment contained in the Code of Federal Regu-
lations (7).

Tritium decays by the emission of a beta
particle and an anti-neutrino to form stable
helium-3. The half-life for this process is 4,500
days or approximately 12 years (2). The beta
particle and the neutrino earry varying frac-
tions of the energy liberated by the disintegra-
tion. When there are many tritium atoms
present, this process produces a eontinnous
spectrum of beta particle energies,

The maximum energy of the beta emitted
by tritium is 18.6 kilo-electron volts (Kev)
and the average energy is 5.6 Kev, These ener-
gies are considerably lower than those of most
other beta emitters which are usually about
100 times greater.

Sources of Environmental Tritium

Naturally occurring tritiwm. ‘Tritium is one
of the three isotopes of hydrogen. Normal hy-
drogen consists of approximately 90.9 percent
protinm  (hydrvogen-1) and 0015 percent of
deutevium (hydrogen-2), although variations in
isotopic concentration ean exist in natural
sources. Unlike protivm and denterium, tritivm
(hydrogen-3) is unstable becanse of radioac-
tive deeay and ocenrs naturally only in trace
amonnts,

Naturally ocenrving tritinm is formed prin-
cipally by the interaction of cosmie radiation
with oxygen and nitrogen atoms in the upper
atmosphers ritium produced by cosmie-ray
interactions prior to 1052 contributed to en-
vironmental concentrations ranging between
16 to 35 picocuries of tritinm per liter of water or
5 to 10 tritium units (2) where 1 trithum unit
i8 equivalent to 1 atom of tritium per 10
atoms of novmal hydrogen. Beeanse of a eon-
stant rate of produetion, the tritivin from nat-
ural processes will accumulate until an equi-
Jibrium condition is renched. This condition is
achieved when the rate of removal of tritinum

361

from the environment by radioactive decay
equals the rate of tritium production. Since
the earth is several billion years old, this
equilibrium rate has esisted for some time
and the amount of tritium present from nat-
ural sources is essentially constant.

Nuclear weapons tests. Past tests of 1. clear
weapons in the atmosphere are the greatest
single source of tritium present in the environ-
ment today. Tests by both the United States
and the Union of Soviet Socialist Republics,
before the Atmospheric Test Ban Treaty in
1962, greatly increased the amount of tritium
in the enviromment. Thermonuclear (fusion)
weapons produce tritinm from neutron inter-
actions with lithium and deuterium with a
production rate of 6.7 megacuries of tritium
per megaton of fusion yield (4). This source
contributed about 1,700 megacuries of tritium
to the environment compared with an equilib-
rium value from natural sources equivalent
to approximately 69 megacuries,

A large fraction of the tritium produced by
these detonations was injected into the strat-
osphere. This part of the atmosphere does
not mix rapidly with the lower portion of the
atmosphere; therefore, the tritinm is intro-
duced into the tropospliere over many years.
Tritium in the lower atmosphere is rapidly
removed by precipitation, Tritium removed
from the atmosphere by precipitation will ac-
emmulate in the surface layers of the oceans
and inland waters. Rainfall that follows pe-
riods of nuclear testing has several hundred
times the tritinum content normally present from
natural tritium, The estimated time for these
processes to remove half of the tritiated water
from the lower atmosphere is 35 to 40 days (3).

Tritium From Nuclear Reactors

Tritium may be produced in nuclear reac.
tors by the following five mechanisms: (a)
fissioning of uranium, () nentron eapture re-
actions with boren and lithium added to the
reactor coolant, (¢) neutron eapture reactions
with boron in eontrol rods, () nctivation of
denterimn  (hydrogen-2) in water, and (¢)
high energy neutron eapture reactions with
structural materials,

The relative magnitude of tritium produe-
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tion by these sources is influenced by the
r ctor type, operating history, design charac-
teristics, and materinls of construction. The
amount of tritium and manner in which it is
released to the environment will also be af-
fected by these parameters.

During the processing of spent reactor fuel,
tritium, which has been produced in the fuel
rods, is released to the environment and may
be a significant source of environmental tritium
contamination. A detailed discussion of this
source, however, is not within the scope of
this report.

Fission-product tritium. During the fission
process the uranium nucleus usually splits into
two more or less equal fragments plus several
neutrons, About once in every 10,000 fissions,
however, the nucleus is split into three portions
(ternary fission) one of which may be a tritinm
nueleus. Tt requires 3.1 10 fisgions per second
to produce a power level of 1 megawatt of ther-
mal energy (Mwt).

Most nuclear powerplants generate electricity
at a rate of approximately one-third of the
thermal energy production rate. Therefore, ap-
proximately 10V fissions per second are re-
quired to produce 1 megawatt of electrical en-
ergy (Mwe). This production rate corresponds
to the production of about 10" atoms of tritium
per second or 50 millicuries of tritium per day
for each megawatt of electrical eneryy gener-
ated. This tritium normally remains in the fuel
unless it diffuses through the cladding material
or a leak oceurs.

A second source of fission-product tritium in
nuclear reactors is due to traces of uranium on
the outer side of fuel elements which remain
from the fuel fabrication process, This “tramp”
uranium may be only a few micrograms per
square inch of fuel surface, but beeause of the
large surface area provided by the many fuel
rods in a reactor it ean produce detectable fis-
sion-product concentrations in the ecoolant,

The reactor fuel is usually uranium oxide and
is contained in tubes made of stainless stecl or
an alloy of zirconinm (zircaloy). The primary
function of the cladding material is to prevent
the escape of fission products from the fuel ele
ment. These fission products would otherwise
leak from the fuel and contaminate the primary
coolant. Sometimes, because of a lack of uni-
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formity in manufacturing, damage during ship-
ment or handling, or as a result of unequal
corrosion rates or temperature gradients, the
cladding develops pinhole failures or defects
through which fission products such as tritium
may escape.

All new water-cooled power reactors being
built in the United States are using zirconium-
clad fuels; however, several older reactors use
stainless steel clad fuel. Stainless steel is being
replaced by zircaloy cladding because of the in-
creased corrosion resistance and more favorable
nuclear properties.

Experience has shown that the fraction of
tritium escaping from fuel which is clad with
zircaloy-2 is significantly less than that escap-
ing from stainless steel clad fuels. This loss of
tritium may be due to fewer defects in zirco-
nium cladding or the ability of zirconium to
combine chemically with hydrogen, thus limit-
ing diffusion through the cladding and. conse-
quently, limiting the release of tritium to the
conlant.

Tvitium produced by activation. Tritium is
produced in water reactors by the activation of
the naturally securring deuterium present in
the cooling water. Because of the small amount
of deuterium in water and the low probability
of its capturing a neutron to form tritivm, this
source of tritium in light water reactors is in-
significant. In heavy water reactors which are
cooled or moderated with deuterium oxide
(D,0), however, activation is the major source
of tritinm. Heavy water reactors for power
production are not used in the United States at
the present time but may be developed at some
time in the future, There ave, however, several
heavy-water plutoninm production reactors and
small heavy-water moderated research reactors
in operation.

A comparison of the tritium concentrations
in the primary coolant of light and heavy water
reactors is shown in the following table:

Tritium concentration

Reaetor tppe (microcurie per milliliter)
Heavy Weterecoooconeoonvonncs conase 1200
Pressurized water peactor. ce.ceocves 15

P vncccscssccssnnsnschsnnnnas " ¢

I sunsoupsspanisss SRR 014
Boiling water reactor ... cacnmces 015

Sotrey ! reference b,
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Tritiun is also the product of neutron capture
reactions in boron-10, boron-11, lithium-7 and
lithium-6. Lithium-7 is usually formed by the
“B(n,)'Li reaction when boren is used in
nuclear reactors for reactivity control.

In the past, lithium-6 was vsed in the coolant
for pl contrcl or in coolant purification demin-
eralizers. This use of lithium-6 resulted in the
production of elevated tritium concentrations
in the primary coolant.

The use of lithium-6 has been abandoned for
this reason and replaced by ammonia or lith-
jum-7. Tritium may also be formed by the
“N (n,T}"C reaction with ammonia in the
coolaiit or nitrogen in the containment atmo-
sphere. The magnitude of these sources has not
been fully assessed.

In boiling water reactors (BWR) boron is
used for control in the form of boron earbide
either as cruciform control rods or as absorber
plates (curtains). Weaver and Harward (6)
describe the differences in design between this
reactor and a pressurized reactor. The rods are
movable and function to control the power level
of the reactor. Boron absorber curtains are gen-
erally used during the first fuel cycle to com-
pensate for the Jack of buildup of neutron ab-
sorbing fission products (poisons) and are then
removed.

Both the absorber plates and the fuel rods are
clad in similar fashion so that tritium which is
formed from the boron must escape through the
cladding by the same mechanism as the fission-
product tritium.

Pressurized water reactors (PIWR) use boron
for reactivity control in the form of boric acid
dissolved in the primary coolant. This chemical
shim is used to obtain a more uniform power
distribution and to compensate for long term
changes in fission-product poison buildup, ura-
nium burnup, and changes in neutron flux
levels. The initial concentration of boron ranges
from several hundred to several thousand ppm
and decreases during the operating life of the
fuel. Table 1 shows estimated tritium production
rates in a typical 1,000 Mwt light water reactor
for various irradiation times (7).

The production of tritium can also occur in
high temperature gas-cooled reactors by ternary
fission and by activation of helium-3 found in
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trace amounts in the helium coolant. The fol-
lowing table shows the estimated tritium pro-
duction rates in a 120 Mwt air-cooled reactor

4).
Production rate
Source (curics per year)

Ternary fission
'He activation in coolant.

SOURCE :

Tritium release mechanisms. The tritium
concentration in the primary coolant system is
strongly dependent upon the coolant makeup
rate or res'dence time of the coolant in the re-
actor. The effect of the average residence time
of the coolant in the reactor system on coolant
tritium concentrations is shown for boiling wa-
ter reactors in table 2 and for pressurized water
reactors in table 3. In both tables, the contribu-
tion of fission-product tritium is shown as a
function of the fraction of the tritium which
passes through the fuel cladding. The tritium
produced by activation of the boron encased in
the control rods of a boeiling water reactor
(BWR) has been assumed to remain within the
rod and does not contribute to tritium levels in
the coolant (7). The tritium level from the use
of boron in a PWR varies with the boron concen-
tration in the coolant and consequently shows
a considerable range as shown in table 3.

Table 4 shows tritium levels in the primary
coolant of several operating light water reactors.
These measurements were obtained by the staff
of the Northeastern Radiological Health Lab-

Table 1. Tritium production rates in a
1,000 Mwt light water nuclear reactor*

Tritium produced (curies)

Activation Ternary Boron
of fission and
lithium
reactions ?

Irradiation time

deuterinm
in coolant

50

400

1, 600
20, 000

1 month. .
) [ RN

! Reference 7.

? These estimates represent upper limit production
rates sssuming boron control rods, boron chemical
ghim, and lithinm-6 purification resins.
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Table 2. Calculated tritium concentrations in the coolant of a 1,000 Mwt boiling water
' reactor *

Coolant tritium concentrations (uCi per liter)
From ternary fission ! X
1 percent 0.1 percent

From
deuterium
activation

Residence time of coolant

100 percent 10 percent

7 0.07

.5

2, 2
30, 30

! Adapted from table I1, reference 7.

? As a function of percent tritium leakage through cladding.

Table 3. Calculated tritium concentrations in the coolant of a 1,000 Mwt pressurized water
reactor *

Coolant tritium concentrations (uCi per liter)

Residence time of coolant From

From ternary fission ?

From boron in
coolant *

cdeuterium

activation 100 percent

10 percent

1 percent 0.1 percent

2:
30,

0 07 3-300
.5 2C0-2, 000
2 800-8, 000
30 10, 000-100, 000

! Adapted from table 11, reference 7.

? As a function of percent tritium leakage through cladding.
% Varies with boron concentration which deercases with time since last refueling,

oratory of the Bureau of Radiological Health.
If the data for the three boiling water reactors
are compared with the calculated tritium con-
centrations shown in table 2 for a residence time
of 1 month, it can be estimated that approxi-
mately 1.0 percent of the fission-product tritium
diffused through the stainless steel cladding,
whereas only about 0.1 percent diffused through
the zirconium cladding.

A similar comparison of the primary coolant
tritium activities in PWR plants shown in
table 5 with the caleulated values in table 3 indi-
cates that boron in the coolant appears to be the
predominant source of tritium in the primary
water, Based on a residence time of approxi-
mately 1 month, the only other source which
could produce the observed levels would have to
be leakage of almost all the fission-product trit-
ium from the fuel. There is no apparent basis
for assuming a higher tritivin leak rate from the
fuel of a pressurized water reactor than that
estimated for a boiling water reactor.
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Discharges From Nuclear Powerplants

Tritium which has entered the coolant of a
nuclear reactor can reach the environment by
several pathways. The number of pathways
available and the relative amount of tritium
discharged by each route depend upon the re-
actor design and reactor type.

DBoiling water reactors. In a boiling water
reactor the primary coolant flows through the
reactor core, is converted to dry steam and then
is fed to the turbine generator to produce power.
The coolant is returned to the reactor through a
condenser which removes the excess heat still
remaining in the steam. The condenser cooling
water and the reactor coolant are in close prox-
imity in the condenser, This interface is main-
tained under a vacuum so that any leakage
would be into the reactor and not to the en-
vironment,

Air ejectors on the condenser remove the oxy-
gen and hydrogen produced by the dissociation
of water in the reactor, air which has leaked
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into the condenser, and residual water vapor.
The air and noncondensable gases are dis-
charged to the plant stack through the ofl-gas
system. Tritiwin in the form of elemental hy-
drogen gas may be dischavged through the air
ejector but a major part of the tritiated water
vapor will be removed by condensation. Because
of the long radiological half-life of tritium, its
concentration in the gaseous stack eflluent is not
reduced by the 30-minute delay of waste gases
in the system.

Pressurized water reactors. A pressurized
water reactor consists of two coolant systems.
The primary system conduets superheated
wate' through the reactor core to steam genera-

tors and returns it to the reactor. The steam
generator consists of rows of U-shaped tubes
through which the heated primary coolant
passes. Surrounding the tubes is the secondary
coolant.

Because of a pressure diflerence between the
primary and secondary system (2,000 pounds
per square inch in the primary as opposed to
about 1,000 pounds per square inch in the sec-
ondary) it is possible to convert the secondary
coolant into steam. The secondary system then
follows a path similar to the primary coolant of
a BWR going through turbines and the
condenser.

An important difference between boiling and

Table 4. Tritium in operating power reactors'

Tritium concentration uCi per liter

Power Type of fuel Boron
Reactor and type level cladding used in Primary Secondary Discharge
(Mwt) coolant coolant coolant canal
water
A. Pressurized water reactor. . .. 600  Stainless steel . ... Yes. .. 1,560 0. 41 0. 024
B. Pressurized water reactor . . 383 ..... D) i o 5 O 2 s o n T 2-44 ™ . 007
C. Pressurized water reactor. . . . RO ... d0...... o onray IUAT ATEs o anis 145 *) ¥
D. Pressurized water reactor . . 50 Aluminum........ No........ 116 .45 . 019
E. Boiling water reactor ve 256  Stainless stecl. L, | g 88 (%) . 009
F. Boiling water reactor __...... B 5y SR T, iieath - S 13. 3 (*) . 002
G. Boiliug water reactor.. .. ... .. 700 Zirconium...... . No. ‘1.6 (%) & 0006
! Data  from Northeastern Radiological Health % Not applicable,

Laboratory, Burcau of Radiologieal Health.

t Converted in Inte 1965 to a stainless steel fuel with
full chemical shim (horon in coolant),

¥ Not reported,

¢ Boron is used for shutdown but not during routine
operation.

-

¢ Data from Nuclear Engineering Laboratory, Bureau
of Radiological Health.

Note: J. C. Drobinski, Jr., and E. J. Troiancllo of
the Bureau's Northeastern Radiologieal Health Labora-
tory analyzed the tritium samples,

Table 5. Liquid radioactive waste discharges from operating power reactors '

Total annual Condenser Fraction of AEC
discharge cooling discharge limit
(curies water concentrations (percent) ?
Reacto. nd type? available
Gross for dilution
activity  Tritium (gallons per Gross Tritium *
less minute) activity ¢
tritium
A. Pressurized water reactor 0 01 1, 300 14,000 0 001 -0. 13 0.16
B. Pressurized water reactor .. . 1.1 500 260, 000 .03 -4.7 .03
E. Boiling water reactor. . o p il e .01 10 28, 000 L0002~ . 05 . 006
F. Boiling water reactor.. .. 1.3 20 100, 000 .3 =12 , 0035
G. Boiling water reactor. ... ... ....... 41 5-10 167, 000 .3 -3.8 L 001

1

! Reference 8.

? Corresponds to reactor designations in table 4.

¥ Reference 1

¢ Applicabls limit for continuous discharge for mix-

tures for radionuelides averaged over 12 months was
10 %uCi Iper ml,
8 Applicable limit is 3 X 107%Ci per ml.
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pressurized water reactors for consideration of
tritium releases is that in a PWRE, leakage be-
tween the primary and secondary coolants must
occur before the secondary system will be con-
taminated by tritium or other fission products.
As shown in table 4, the tritium concentration
in the secondary coolant of pressurized water
reactors is only a small fraction of the primary
coolant concentration. Thus, a much smaller
amount of the tritium will be discharged in the
form of elemental hydrogen through the con-
denser air ejector of a PWR as compared with a
BWR.

Release of gascous tritium. The amount of
tritium discharged from both boiling and pres-
surized water reactors in a gaseous form is only
about 1 percent of the total tritium discharge
(7). Most of the tritium is released as tritiated
water together with the liquid radinactive waste.
In-both types of reactors, a small part of the
primary coolant water is continually drawn off,
depressurized, cooled, and purified to remove
fission and activated corrosion products,

The coolant stream is purified by filtration
and demineralization which remove insoluble
and soluble radionuelides, Gaseous activity,
mainly noble gases and coolant activation prod-
uets, is removed during coolant depressuriza-
tion and then transferred to the gaseons radio-
active waste processing system. Traces of
tritinted water vapor and gaseous tritium are
relcased from the coolant during this process.

Release of tritium in liguid wastes. Because
tritiam is in the form of tritiated water, it is not
removed from the coolant by either filtration or
jon-exchange. The purified water containing
tritium may be transferred back to the reactor
coolant system, stored for future use, or trans-
ferred to the liquid radioactive waste processing
systen.

The primary coolant is not continuously dis-
charged to the waste disposal system. Leakage
of the coolant from reactor coolant pumps and
other components, however, can occur. This
waste will be collected by the plant drainage sys-
tem which drains to the liquid holdup tanks of
the waste processing system.

The largest dizcharge of primary coolant to
the waste treatment facility usually occurs
after the reactor has been shut down for fuel
reloading or maintenance. During fuel loading,
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water is added to the reactor cavity to provide
radiation shielding and heat removal for the
spent fuel elements as they are transferred
from the reactor to the spent fuel storage pit.

The refucling water can mix freely with the
reactor coolant and before startup this excess
water must be drained from the reactor vessel.
This excess water represents a considerable
volume of the liquid processed by the radioactive
waste system. It also contains considerable boron
and, therefore, leads to additional tritium pro-
duction after startup of the reactor. Liquid dis-
placed by expanzion of the reactor coolant as
the plant power level increases during startup
is also carried over to the waste processing
system.

If the radioactivity level is sufficiently low,
as determined by radiochemical analysis, the
purified coolant may be discharged to the
environment with the condenser cooling water.
Liquid radioactive wastes consisting of purified
renctor coolant, laundry wastes, and leakage
from pumps and valves ave stored in holding
tanks before treatment. Treatment processes
may include filtration, demineralization, or
evaporation.

Although these processes are effective in
reducing the concentration of other radio-
nuclides by several orders of magnitude, gen-
erally they have no effect on tritium removal,
The tritium is discharged to the condenser cool-
ing water at almost the same concentration as
in the reactor coolant except for a small amount
of dilution by nontritiated wastes. The eflluent
concentrations are much lower, however,
because of the large amount of dilution pro-
vided by the condenser cooling water.

Table 5 shows annual liquid radioactive
waste discharges for several operating nuclear
reactors. Tritium may comprise between 50 and
almost 100 percent of the total amount of radio-
active material discharged as liquid waste.
Tritium discharge concentrations, however, are
usualy much Jess than 1 percent of the dis-
charge Jimit as spacified by the Code of Federal
Regulations (7).

Tritium Detection

Tritium is undetectable by conventional
methods of gross radioactivity analysis. Be-
cause tritium is usually in the form of tritiated
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water, it is usually evaporated during the pro-
cedures used to prepare water samples for
radioactivity analysis. In addition, because of
the low energy of the beta particle emitted
during the decay of tritium, it is not detected
by conventional gross beta counting techniques
or in-line plant monitors.

As a result of these limitations, special ana-
Iytical techniques such as liquid scintillation
counting must be used to measure tritium.

Limits for the discharge of unidentified mix-
tures of radionuclides cannot be correctly ap-
plied to tritium and due to the lesser biological
hazard resulting from tritiwun, would Le un-
necessarily restrictive. The analytical techniques
used to measure the activity of these mixtures
usually include gross beta analysis, and since
this technique is insensitive to tritium it would
not be detected. Tritium may be separated from
most other radionuclides by distillation of trit-
iated water. Tritium analysis can be made on
the distillate using liquid scintillation counting.
Conventional gross beta counting techniques can
be used for the residue. The discharge limit can
be calculated by ratioing the measured concen-
trations to the appropriate discharge limits
(5x107°uCi per ml. for tritinm and 3 X 10-°xCi
per ml. for unidentified activity measured by

gross beta analysis) and summing them. The
limit 3X 10 %Ci per ml. may be raised to 107uCi
per ml if ' I, ** Ra, and *** Ra are known to be
absent. If the sum of the ratios is less than 1.0,
the mixture may be released to the environment.
If greater than one, further analysis or dilution
is necessary before the liquid can be released.

Tritium Surveillance by BRH

Since 1064, the Radiation Surveillance Branch
of the Bureau of Radiological 17ealth has been
operating a tritinm sampling network which
collects weekly samples of water for tritium
analysis from 10 locations throughout the
United States. Eight stations are downstream
from nuclear facilities, and the other two serve
to establish baseline levels, Samples from this
network are analyzed monthly by the Bureau's
Southeastern Radiological Health Laboratory.

Results of the analysis of samples from the
tritium sampling network are reported period-
ically in Radiological Health Data and Reports
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Projected cumulative activity of tritiuni pro-
duced in power reactors in the United States

10°—
Maoximum pudfeti.n from ternory

Fission plus "8(n, &) "Li(n, na)T
reaction

8

Minimum prediction
(ternory fission only)

Intermed.ate volve including representative
production by “8(n, a) "Li(n,n a)T reoction
in pressurized woter reactor coolant

Projected activity of tritium (curies)
3 3
{

—
o
-

| 2 1 1 1
1960 1970 1980 1990 2000
Yeor

Total free world activity predicted by Cowser
A ond co-workers, reference 12.

(9, 10). A special project to study tritium in
surface waters of the western States is currently
being conducted by the Southwestern Radio-
logical Health Laboratory.

Environmental tritium concentrations re-
ported by the tritium sampling network for
1964-66 ranged between 2X10¢ and 2X10-®
microcuries per milliliter (2-20 nCi per liter)
(9, 10). Population exposure rates from con-
tinuous ingestion of this water would range
from 0.33 to 3.3 mrem per year. The maximum
concentration reported would contribute less
than 3 perceit of the normal average population
exposure rate of 125 mrem per year from all
natural sources of radioactivity (3).

The results ohtained from this sampling net-
work indicated, with one exception, that waters
downstream from nuclear facilities did not show
any significantly | gher tritium concentrations
than streams which did not have operating nu-
clear reactors on them (9). The one exception
was a plantsite with several operating heavy-
water moderated reactors on it. Releases of trit-
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ium in the liquid wastes from this plant did
elevate tritium concentrations in the adjacent
river above background levels. Tritium con-
centrations, however, amounted to less than 1
t of the Atomic Energy Commission’s
discharge limit of 3x10-*Ci per ml.

A study by the nuclear engineering depart-
ment of the University of Cincinnati, under a
contract with the Bureau of Radiological
Health, is developing projections of future
radionuclide inventories based upon predicted
growth trends in the nuclear power industry
(11). The estimated tritium activity produced
by increasing utilization of nuclear encrgy for
electric power production forecast from this
study is shown in the chart together with esti-
mates made by the Oak Ridge National Labora-
tory (12). Based upon these projected levels,
the total tritium produced from nuclear power
facilities in the year 2000 will be more than 10°
curies or approximately 5 percent of the maxi-
mum tritiwm activity present in 1963. At pres-
ent, tritium releases from operating power
reactors are only a small fraction of the dis-
charge concentrations permitted by the Code
of Federal Regulations and do not constitute
a danger to health. The Public Health Service
will continue to monitor the environment in the
vicinity of nuclear reactors and fuel reproc-
essing plants and will evaluate any buildup of
tritium in terms of a future hazard to health.
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