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TRITIlmt PRODUCTION, REIE.ASES AND POPULATION .

DOSES AT NUCLEAR POWER REACT 0stS* *
*

Harold T. Peterson, Jr. David A. Baker
Nuclear Regulatory Commission Pacific Northwest I.aboratory**
Washington, D.C. 20555 Richland,' WA 99352 '

(301) 427-4578 (509) 375-3809

ABSTRACT results in a total annual production of
approximately 600 TBq (16,000 curies) per year

Tritium is produced in light-water for a 3,000 MW(t) (1,000 MW(e)] reactor
-cooled reactors as a product of ternary operating for 300 full power equivalent days.
fission and by nuclear reactions with the
coolant and with neutron-absorbing materials
used for reactor control. Pressurized water The amount of ternary fission-product
reactors (PWRs) have greater amounts of tritium which is released to the environment
tritium produced in or released into the depends upon the fraction which escapes from
coolant than boiling water reactors (BWRs). the fuel rod into the reactor coolant. This
Consequently, tritium releases to the fraction is affected by the materials used for
environment from PWRs [29 GBq/MW(e)-y (0.73 the fuel rod cladding and its integrity. The
C1/MW(e) y)] are about 65 times greater than zirconium alloy (Zircaloy) fuel rad cladding
from BWRs 14.4 GBq/HW(e) y (0.12 Ci/HW(e) y)). used in most current light-water reactors

Most of the tritium released from PWRs appears exhibits greater retention of tritium than the
in the liquid effluent (about 851), whereas stainless steel cladding used in early
75% of the tritium released from BWRs is as reactors. Stainless steel is highly permeable
airborne effluents. Radiation doses from to tritium. Early boiling water reactors

iJqMarWJW3m these tritium releases are small; the average (BWRs) with stainless steel cladding had
site collective (population) dose in 1981 was normalized tritium releases between 0.02 to
less than 0.002 person-sieverts per year (0.2 0.03 TBq per electrical megawatt year. (0.5
person-res/ year). The total collective dose to 0.8 Ci/MW(e)-y)8; whereas a zirconium-clad
from all tritium releases was 0.08 person- BWR had tritium releases of 0.0015 to 0.0026
sieverts (8 person-res). TBq/HW(e)-y (0.04 to 0.07 Ci/MW(e)-y)a. This

improved retention appe'rs to be due to thea

formation on the surface of the zirconium
I. TRITIIRf PRODUCTION IN LIGHT-WATER cladding of a hydrogen- impermeable oxide

sREACTORS layer.4s Approximately half of the total
tritium inventory in the fuel may be bound to

A. Fission- the cladding *.
Tritium was identified as a product of.

the ternary fission of uranium-235 in 1959 B. Boron Reactions
and subsequently has been identified as a
product of the fission of most fissile

. Boron is a neutron absorber and is used +

in several forms in LWRs for control.. In*'
' materials. A nominal fission yield of 1 General Electric boiling water reactors and
; triton per 10,000 8880 fissionsa would produce Combustion Engineering pressurized water

.approximately 14 terabecquerels (380 curies) reactors boron carbide (BaC), is used in
; of tritium per metric ton of fuel having a moveable control rods. (Most PWRs use AgInCd
'

burnup of 30,000 megawatt (t)-days. Fissions control rods which are not a source of .

occurring in plutonium-239 and uranium-238 tritium.) Boron is also used in the form of
raise the total production to about 19 TBq either a, borosilicate. glass (Westinghouse) or
(515 curies) per metric ton of fuel. 'This'' Bec (Babcock & Wilcoz and Combustion

' Engineering plants),in fixed " burnable"
V .

*

* '
absorbers to compensate for fuel depletion and

*Th. ,s pr.. asetas. rt. th.
fission-product " poison" buildup. Pressurised

per t ,s .cthe . eta.c. aa.a.t water reactors also use a solubl.e boronre...rsa e.pr et the eerses : p star
.c ta. sect seset.t y c s a . the ',J ** aper.t.4 for th. s. pert = t et amersy tr-

P.ettle s.rth t 1.heret.sy .e the the s ttelt. M rtet le.titet.. ,

superta mt .e s rsy. -
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Peterson and Baker TRITIUM DOSES IN LWRs

compound in the primary coolant to compensate The oli reaction has a considerably larger *

for fuel depletion and, by changing the neutron absorption cross-section for tritium .
concentration through removal or addition of production than 7Li. The eLi thermal neutron {
boron, to make changes in power levels. cross-section is approximately 9.5E-26 ma (g$o ,

ba rns) .10 The 7Li reaction has a 3-MeV T
The primary boron reactions which yield threshold and a cross-section of about 8.6E-30

(0.086 barns).tritium are: a

8 (n,c) 7Li (n, no) 8H, Commerciallight-waterreactorshaveemployed f80

lithium salts which are enriched to 99.9% Li o
'toB (n. 2a) 8H, and in order to reduce tritium production. The

lithium used for pH control yields
stb (n, n2a)8H. 8Pproximately 0.3 TBq/W(e)-y (0.01

C1/W(e)-y) in an equilibrium fuel cycle.s
The 10 7B reaction yielding Li is the primary
neutron absorbing reaction having a thermal D. Deuterium Activation
neutron absorption cross-section of Deuterium (8H or D) occurs naturally,
approximately 3.8 E-25 m2 (3,800 barns). The comprising approximately 0.015 per cent of
other two reactions have small cross-sections natural hydrogen. Tritium can be formed by
(less than IE-30 m8 or 0.1 barns.) The 11B neutron activation of deuterium by the
reaction has a threshold of 14 MeV. It is not reaction: *

an important source of tritium due to the

small number of high-energy neutrons present 8H (n, y)3H
in light-water reactors as well as its small -

reaction cross-section. with'a thermal neutron cross-section of 4.6
-E-32 m8 (0.46 millibarns).10 Although this
reaction is the major source of tritium in-

The amount of tritium produced by - heavy-water moderated reactors, the low '

reactions with boron (B C) in the moveable natural abundance of deuterium and its small4
control rods of a 1,000 W(e) boiling water activation cross-section make this a minor
reactor is relatively large, about 115 TBq source in light-water reactors with an
(3,100 Ci).s Due to differences in the use of estimated production of 0.2 TBq (sli2htly less
the control rods (differences in the time the than 10 curies) per year in a 1,000 W(e)
rods are kept in the reactor core) Combustion reactor.10

M@ M19 Engine 9 ring PWRs produce less tritium in the
B C control rods ~ 33 TBq/y (~ 900 Ci/y).s4
About 37 TBq (1,000 curies) of tritium are E. Sunusary of Tritium Production
produeed per year in the fixed absorbers and Estimates of the tritium production rates
11 18.5 TBq (300-500 Ci) of 8 H are produced by- in 1;000-W(e) light-water-cooled nuclear
the boron in the coolant of PWRsasseses see, power reactors are summarized in Table 1. As

indicated in the table, a boiling water
reactor is estimated to produce slightly (101)

All of the tritium produced by reactions more tritium than an equivalent pressurized
with soluble boron is produced directly in the water reactor. However, due to production of '
coolant. Only about 0.2% of the tritium tritium from baron in the coolant, pressurized,

'

generated in the Bec control water reactors are estiisated to have morebe released to the coolant.s. rods appears to7 Releases from tritium available for releases to.the
fixed absorbers using B C are also less than environment.4
11.. Borosilicate glass absorber plates appear
to have less retention and releases have been
estimated to be between 10 and 50% of the II. TRITItRi RELEASES TO THE T.NVIRONMENT
production s,o,'

C. . Lithium Reactions The amount of tritium released to 'the
Lithium salts are added to the coolant of environment from commercial light-water

pressurized-water reactors to control acidity reactors'is highly variable as.the data in
-(pH). 'In operation the 1.ithfus concentration, / Table 2 indicate'. " Typically.. pressurized .

in the coolant varies between 0.2 and 2 parts. ; water reactors had tritium releases' between
per million. - Natural li'thium has an ' isotopic 0.011to. 0.055'TBq per electrical megawatt year
composition of 7.'4% eLi and 92.6%'7Li. (0.3' to 1.5 Ci/W(e)-y). Boiling water '

Tritium is proddced by neutron capture ' reactors had lower releases 0.74 GBq to 0.013
reactions with both isotopes: TBq per W(e)-year (0.02 to 0.34 Ci/W(e)-y).

This variation reflects not only differences
eLi (n, a) 8E and in reactor type, design and materials of

construction; but also differences in power
7Li (n, na)sH. generating history and waste management

FUSION TECIINO1;OGY VOL. 3 SEP.1985 q ' - 2545 M
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ja/actices at individual sites. The higher
9

released at a typical BWR site but only alputltium release from pressurized water
15% of the tritium released from pressuriatdeactors laverages 0.029 TBq/W(e)-y (0.78

j 1/W(e)-y)) compared to boiling water water reactors, the remaining 85% being i

reactors laverage: 4.4 GBq/W(e)-y (0.12 released with liquid effluents.,

C1/MW(e) y)) reflects the greater tritium
production in and release into the coolant of The release mode for tritium can bePVRs. The higher tritium releases through modified to accommodate local environmenta'l
stainless steel clad fuel is evident from the conditions of the site such as the av41-normalized (C1/W(e) y) data for the Lacrosse ability of dilution water for liquid
BWR and the Hadden Neck and San Onofre PWR effluents. Thus, it is possible to have BWRs
lP ants. 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- *

ronment as well as the magnitude of activity
released is highly variable from site to site
and differs between pressurized water and III. RADIATION DOSES FRoit TRITIUM RELEASES 70boiling water reactors. The total tritium THE ENVIRONMENT

release to the environment from U.S. BWRs in
1981 was approximately 44 TBq (1,200 curies). The models used for th'e dose calculations
Of this total, approximately 10 TBq (280 CL) have been described elsewhere.ss,sz The total
were released as liquid effluents and 34 TBq population doses from releases of radionu-
(920 Ci) were released as airborne effluents. clides in 1981 have also been published s;
Pressurized water reactors released approxi* however, the doses from tritium were not
imately 768 TBq (20,710 C1) of tritium; 690 evaluated separately in that report.
TBq (18,600 C1) as liquid effluents and 78 TBq
(2,110 C1) as discharges to the atmosphere.
The activity of tritium per unit energy A. Methods '

production released as airborne emissions from % e specific activity approach is used to
the two reactor types is similar (about 3.7 estimate the long-term concentrations of tri-
GBq/MW(e) y (~0.1 Ci/MW(e)-y). However, the tium in vegetation, and animal food products.
airborne releases comprise 80% of the tritium The tritium concentrations in water and in the

atmosphere are estimated using established
NJpmuwai

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

-

(1,OJO MW(e) plant operated for 300 full power equivalent daysf

Reactor type Amount of Tritiumand Tritium Amount ReleasedProducedsource to Reactor Coolant
1 ofTBg Ci_ TB_g CJ production_

.Boiling Water
Reactor (BWR)

.

ternary fission 600 16,000 3.7 100 0.6 -
~

encapsulated boron 115 3,100 0.4 - 10 0.3deuterium activation 0.4 < 10 0.4 < 10 100-715 19,100 G 120 0.6

Pressu'rized We'ter
i Reactor (PWR)
I

!
ternary fission 600 16,000 3.7 100 0.6encapsulated baron 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 100j
650 17,400 30 800 51

*

f

| M
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Table 2. Reported Tritime Releases to the Eavireement le 3941 free'Neciese Power Reactere
k
a

3* '* S. 6. *
peacter Ty and Site g, gy , 7. 3.

(member of sette) Ceneret te tRITItat RELEASES ,

IMW(e)-h) Activity (certes)I*# Activity per Electrical Metewett (Ci/MW(e)-T

f. Bolf.INC VATER REACTORS 1.ieeld Ai rberse Tet e t Llevid Ai rtrerne Tot al
1. Deane Areeld (1)* 2.2E*06 0.0E*00* NR* -* 0.0E+00* ** ~~

2. Bit Rock Point (I)* 4. 7 E+0S 3.lE*00* <l.0E*0l* < l . M +0l* $ . 8E-02* (1.9E-01 < 2. 4E-O l *
3. Breves Ferry (3) 3.88+07 2.4E *02 3. SE*01 6.21*01 1.2E-02 1.8E-02 3.0E-02
4 Breeswick (2) 3.8E*06 2.3E+48 8.81*05 4.0E+01 3.41-02 3.0E-02 6.0E-02
S. Ceeper (1) 3.aE+06 (8.4E+00 4.SE*c0 (1. 3E*0 3 3.9E-02 1.0E-02
6. Dresden 2 3 (2) 8.6E*06 6.0E*00 3.2E+02 3.2E*02 6. l E-03 3.2E-01

, 2.9E-02
3.3E-05

7. James Titapatrick (t) 4. 8E+06 4.IE+00 6.6E*00 1. lE+01 7.SE-03 1.2E-02 2.0E-02
8. Edwie 1. Betch (2) 7.2E*06 2.lE+01 9.6t+00 3.0E*01 2.SE-02 1.2E-02 3. 7E-02
9. LaCrease (1)* 2.4E+03* 7. 7E+0l* 2.3E*0l* 8.0E+02 2.8E+00* 2.SE-Cl* 3. 7E*00*
30. Millstaae-l (t) 2.SE+06 2.6E+co 9.SE*01 9.7t+0! 9. I E-03 3.3E-01 3.4E41
II. Meeticelle (I)* 3. 3E+06* 4. 2E-0 3* I.lE*02* 3. I E+02 1. lt-OS* 3.0E-el* 3.0E-00*
$2. Nine Mile Potet (1) 3.3E*06 S.0E+00 6.3E+01 6. EE+0 E 1.3E-02 8. 7E-01 5.8E-0 8
53. Oyster Creek (1) 2.6E+06 2.7E+01 3.2E+00 3.0E+01 2.*71-02 3.2E-03 3.0E-02
14. Peach Bettee 2-3 (2) 9. gE+06 3.7E*01 2.8E+41 6.SE*01 3.3E-03 2.6E-02 S.9E-02
15. Filgrie (1) 3.4E *06 3.4E+01 7.6E+01 1. lE+02 s.7E-02 1.9E-01 2.8E-01
16. Quad Cities (2) 9.SE*06 1.2E+01 8.6r+01 9.8E*0 8 8. lE-02 7.9E-02 9.0E-02
87. Vereest Tankee (t) 3.6E*06 3.7E-41 2.0E +0 8 2.0E*01 9.11-04 4.8E-02 4.9E-02

,

(Ct/reacter y] 10. t 0.4 38. 1 2.4 48. 1 2.4 0.02210.002 0.09810.009 0.1210.01(C1/MW(e) yj
Mene 1 3.E.

(TBq/reacter yj 0.38 2 0.02 1.4 1 0.8 1.810.1 0.81 1 0.06 3.610.3 4.410.4 (CBq/tfW(e)-yl
.

II. PRIsst!Rl!ED WATER REACTORS

1. Arkeassa Nuclear One (2) 9.2E+06 6.9E*02 1.3E*02 8. lE+02 6.SE41 1.2E-08 7 M-032. beaver Valley (t) 4.7E+06 3.41*02 9.SE-02 1.4E*02 2.6E-Ol I.8E-04 2.6E-013. Calvert Cliffe (2) 1.2E+07 1.0E+03 S.8E*00 1.0E*03 7 6E-03 4.4E-03 7.7E*034. Desaid C. Ceek (2) 1.3E+0F 9.2E+02 S .SE+00 9.2E*02 6.1E-01 3.6E-03 6. lE-01
S. Crystal Diver (I) 4.0E*06 2. 7E *02 8.6E+01 2.9E+02 5 9E-03 3.4E-02 6. M-0 34M$iOF@. 6. Davie-Besse (1) 4.4E+06 5.6E*02 S.6E+00 1.7E*02 3.2E41

4 7E-02 3. 3E-017. Jgseph Perley (2) $.SE+06 8.0E*02 1.9E*02 9.9E+02 1.4E*00 3.0E-01 1.6E +00
8. Port Calheme (1) 2. 2E*06 2.4E+02 8.2E+03 3. 2E*02 I* '" 3.3E-03 1.3E+00

6."M-019. Robert E. Cines' (1) 3.3E*06 2.4E+02 7.0E+0 8 3. IE +02 3 sg.01 8.2E-01
10. Naddem Neck (1) 4.lE+06 S.3E+03* 8.6E+0l* $ . 4E*0 3* I * IE''I* I 9E-Ol* l lE*0l*
11. Phdian Potet (3) 6. l E*06 8.8t+02 7.9E+00 8.9E+02 1.3E+00 1,1E.02 1.3E+00
12. Revennee (l) 3.gE+06 2.SE*02 3.8E+00 2.6E+02 I 8E-03 8.8E43 S.9E-Ol
13. Melee Tankee (1) $.2E*06 2.2E+02 4.SE+00' 2.2E+02 3.7E-03 7.7E-03 3.8E-01
84.- McGuire (1) 3.9E+04* 6.2E+00* 6.SE-02* 6.3E+0le 2. 9Em* 3.0g.02*
IS. M111stese-2 (l) 6.lE+06 3.7E*02 1.4E*02 S.lE+02 S.M-O l 2.0E-41

~2.9E+00*
7.4E-01

16. Werth Amee (2) 1.0E+07 I.3E*03 3.lE+0I I .M+03 1. * 2.7E-02 3.lE*003."H-0117. Oceaee (3) 1.4E+07 S.lE+02 S . 8E *01 S .6t+02 3. 7E.02 3.6E-01
18. Palisedes (1) 3.SE+06 2.8E+08 6.4E+00 2.8E*02 7.0E-03 1.6E-02 7. H-01
19. Pelet Beach (2) 6.3E+06 6.St+02 4.st+02 1. lE+03 0.0E*01 6.6E41 1.6E-01
20. Protrie teleed (2) 6.9t+06 S .6E*02 7.48*01 6.4E+02 7 lE-03 9.0E-02 8.0E-0 5
23. Ranche Sece (I) 2.6E*06 8.4E*01 5.4E*02 2. 2E *02 2.8E-0 8 4. 7g.0 g 7.5E-01 -
22. E. B. Bettesee 2 (1) 3.SE*06 3.9E*02 3.lE+01 2.0E+02 4 7E43 2.4E-02 4.9E-01
23k Sales (2) 7.8E*06 n.3E+03 3.9E+00 1. 3E +03 3. SE +00 4,0E.03 1.SE*00
24 See Onofre (1) 7.5E *05 3.0E*02* 3.2E+0l* 3. lE+0 l* 3 38 * * 3.4E-Ol* 3 SE*00*
25. Segeoyah (1) 2.SE+06 7.6E*01 9.1E-01 7.7E+03 2. H-01 3.2E-03 2. n-01
26.. St. Lecle (1) S.0E*06 3.2E+02 3.7E*02 7.0E+02 S.0148 6.6E-Ol 1.H+00
27. Sorry (2) 7.SE+04 S.3E+02 4.3E+0B S.9E+02 6 H45 7.2E-02 6.9E40
28. Three Mile teleed (2)* 7.2t+0l* 6.SE*0l* 7. 3E +0l*

*
* *.

29. Trojen (1) 6.4E+06 1.0E+02 4.0E*01 1.4E +02 3- 43 S.h-02 2.0E-0I
30. Turkey Potet 3-4 (2) 5.48*06 2.0E+02 6.9E-03 2.0E+02 3.2E-01 1 lg.43 3.1E-01
St. Tankee (I) s st+0S 3.0E+02 3. lE +00 3.0E+02 1.0E +00 3,lg.02 1.0E600
32. Eles (2) 3.IE+07 8.7E+02 pH . 6. M-01 . .

*

[Ci/reacter-yr| 302 2 4 47. t 2. 35024. 0.45 1 0.01 0.1220.010.7410.02 (C1/tr'(e) yl 'heen i S.E.
(T3q/reseter yr| Il 2 0.1 8.7 1 0.07 13 t 6.2 2420.4 4.620.3 29 t 0.6 (CEq/MW(e)-yl.

w4 ,,

RICW TEMPERA _TURE GAS
,

Ill. 1
-Co0 LED REACTOR -

t[4s*03 2. M +at 2.Sa -0 3 1.u-02 2.nal7.6E*0$ 2. H +02Port et, viste,(1),
* met imeleded te' averages becease of atyyttel desige (Lat.sesse, Meeticelle, Big Rech Petet, Raddeo Meck, See Ouef re)

ese-ePerettee (1bree Mile telead), or lee remer Production (Mccetre) het f acloded te totet-release.

Emergy generaties and actietty rolesse data is tekee free J. Tichter med C. Beekevits. *Badioactive Materiale*
teleased free Declear Power Fleete Anemel repert" pWC Report WUBE0/CR-2907 vol. 2 (June 1984) for 1988 rolesees.

(6) Calculated free the reForted released eettetty (cetaene 3-5) divided by the emergy generettee (celone 1) coeverted
'

to MW(e) y. *

\
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Peterson and Baker TRITIUM DOSES IN LWRs

dispersion models. Tritium concentrations in .

B. Results'
.vegetation and animal food products are'

determined from the calculated tritium Thecalculatedcollective(populatiop
specific activity (S.A.) in atmospheric radiation doses resulting from tritium
moisture. The specific activity of - releases from nuclear power reactors are s'hown
atmospheric moisture is calculated as: in Table 3. The principal parameters that

determine this dose are: the activity and mode
(S.A.),g, = (X/Q (r,0]Q/H .of tritium releases to the environment, the.

h amount of dilution available from atmospheric
where H is the absolute humidity (taken to be dispersion and water bodies receiving-liquid1

! 0.008 kg water /m3 air) and (X/Q(r.0)]Q gives effluent discharges, and the size and distri-
the atmospheric tritium concentration bution of the population in the vicinity of
(activity / m ) at point r,0. the reactor site.3

i The specific activity in vegetation is The total collective dose from tritium to!' estimated to be one-half (0.5) of the tritium . the population residing, within 80 kilometers
specific activity in atmospheric moisture. (50 elles) of nuclear power reactors is small,
Recently this assumption has been challenged 0.083 person-sieverts (8.3 person-res). Most84by Murphy who indicated that a value of 0.8 (93%) of this total is contributed by pres-might be more appropriate. Dinner et al.as surized water reactors. The highest site
show that this value is dependent upon the collective dose of 0.048 person-sieverts (4.8'

type of vegetation; the factor of 0.5 being person-rem) may be high due to a possible
. the mean for vegetation, but a factor of 0.8 underestimation of the available dilution!

would be more appropriate for leafy vege. water flow. This value accounts for almosttables. Using the factor of 0.5 and an 60% of the U.S. total collective dose. Ifassumed average vegetation composition of 75%
water, the transfer factor from air to this single value were neglected, the total

i vegetation is given by: dose at PWR sites would be 0.028 person-
sieverts (2.8 person-rem) or 82% of the revised4

total of 0.034 person-sieverts (3.4 '

TF,g ,,g,,pg,,g @(0.008kg water /cu
".m.Mka water /km Mand

. meter air) The highest site collective doses, 1.4 1-

0.2 (S.E.) person-millisieverts (0.1420.02
3 47 B k a 47 as

#N", Bq/m G*
~ person-rem) occurred at PWR sites located on' ~ "

i
1akes and impoundments. Over half (~ 55%) of
this dose was received from drinking water'

Long-term transfer of tritium. into meet ingestion. The smallest doses occurred at'

and milk is calculated using tritium transfer boiling water reactor sites also located on
factors which relate the concentration in the lakes or impoundments, (4.710.2)E-02 person-i food product to the activity ingested by the millisieverts or (4.710.2)E-03i animal. These factors are person-rem.

However, there was no reported drinking path-s

TFg = 0.01 Bq/L per Bq/ day (= day /L) way at these sites, the doses'being primarilys

from airborne emissions.
,

TF = 0.012 Bq/kg per Bq/ day (= day /kg).
IV. SUMMARY AND NEED FOR ' ADDITIONAL TRITIUM

,

mg
CONTROLS

_ . . . Doses are calculated for the average
individual (adult) inhaling 8 x los s og air The collective dose from tritium releaseda

{ per year, drinking 110 L of milk and 370 L of to the environment totalled 0.083 person-
water and consuming 190 kg of produce, 95 kg sieverts (8.3 person-rem) in 1981. The

t
.

of meat and poultry, 6.9 kg of fish and 1.0 kg average collective dose was 4.3E-04 person-
| of seafood per year. The whole body dose sieverts (0.043 person-rem) at BWR sited and

factors are based upon a quality factor (Q.F.) 2.6E-03 person-sieverts (0,26 person-res) at| of 1.7 and are: PWR sites. The Nuclear Regulatory Cosssission;

has a cost-effectiveness criterion o.f $1,000| 2.8 x 10~11 Sv/Bq (1.04 x 107 mrea/pci) per man-rem reduction ($108 per person-sievert'

for ingestion and reduced) for requiring additional radioactive
effluent treatment at light-water reactors.to4.3 x 10*11 Sv/Bq (1.58 x 10'' area /pci) Using that criterion, no treatment to retain'

for inhalation. teitium would be indicated as there are no
The popula' tion is assumed to be comprised processes which could reduce tritium releases

! solely of adults but the population and cost less than $300 per site. Existing I

| distributions and sises for the individual tritium concentration processes (electrolysis.
| sites are used.as distillation, hydrogen distillation, etc.)

, would cost between $30-$50 per cubic meter * to
| process the 3,000 as (100,000 fts) og e g. g

.or liquid wastes at 1erse power reactors. The.

3
o

'
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.

Catestated Cetteetive (reputaties) Whel'e-body Deses free Tritime Beleases free Bacteer Pomer Reacters te Stat .

Table 3.

\
1. 2. 3. 4. S. 6. 7. S.

Reacter Type end Site Collective Dese (persea-ree) Fercenta8e of Total Tritime Dese Percentate of Total
free Deee Centributed

Ligeld Airkerne Total Driskiet Aqsatic Alchecae by Tritium
Effluente E f fleest a Water Teods Releasee .

I. BOILINC WATER SIACTURS

1. Duane Armeld - - - - - - -

2. Bit teck Pelet* 3.8E-0$* 1.2E-03* 1.2SE-03* 0.16* 2.5 * . 9.7 * 0.03 *
3. Sreene Ferry 6.8E-04 1.0E-02 1. l t-02 S.3 8.0 94. 0.34
4 Breaevick 6. 8E-OS 1.SE-03 1.SE-03 0 0.4 -100, 0.01
S. Ceaper 8.4E-04 3.5E-04 3.SE44 0 0.02 -100. 2.2
6. Dresdem 2-3 0.0Ee00 2.8E-05 2.8E-01 0 0 -100. 0.08
7. James Fitapatrick 3.9E-04 9. 3E-04 1.3E-03 29. 0.2 70. 0.02
8. Edwie Ratch 1.2E-04 8.lE-03 1.2E-03 0 10. 90. 0.05
9. La Creese* 3.4E-04* 4.SE-0 3* 4.8E-03* 'O * 7 * f f. * 0.085*10. Milletese-I 4.21-07 3.81-02 3.8E-02 0 < 0.01 -100. 96.
II. Meeticelle* 8.2E-OS* 4.9E-02* 4.9E-02* 0.14* < 0.01 ~100. -100. *
12. Nine Mile Feiet 2.SE-03 8.9E-03 3.IE-02 22. 0.04 78. 0.38-

13. Oyster Creek 2.0E-04 2.0E-03 2.2E-03 0 9. 91. 0.035
14 Peach Settee 2-3 9.7E42 4.SE-02 1.4E-01 64. < 0.01 32.

*

31. -
S.2

F11 tie S.SE-05 3. lE-02 3. IE-02 0 < 0 05 . -100.IS. 8
14. Quad Cities 4.2E-03 2.0E-02 2.4f-02 IS. e 0.14 92. 31~.
IF. Vermeet Tankee 1.8E-05 2.22-02 2.22-02 0 < 0.01 -800. 0.034 *kWE Total (persea-ree) 0.10 0.44 0.$6 - - = =

(persea-mSv) 1.0 4.6 S.6 - - - -
,

BWR Avere8e (13.E.)*
(persee-ree) (8.112.0)t-03 (3.Ste.6)t-02 (4.310.6)E-02 10. 1.$ 88.

12.8---
,

(persee-eST) ( 8. I t2.0)t-02 (3.St0.6)E-Ol (4.310.6)E-01 - - -

II. PRESSUp!EE0 WA7ER REACTOR $

l. Artenese Weclear Dee (2) 3.9E-04 1.2E-02 1.2E-02 0. 3.2 97. 0.32. Seaver Valley (1) 1.SE-02 1.SE44 1.6E-04 99. 0.1 0.9 92 .
3. Calvert Clif fe (2) 3.78-02 3.4E-03 4.0E42 c. 92. S.5 4.2
4 Desaid C. Ceek (2) 9.33-02 9.4E-04 9.3E-02 98. 0.6 1.0 19.
S. Crystal River (1) 4.2E-01 8.98-04 4.21-01 S. -800. 0.2 2.3.

3.YJfD,D, 4. Davie-tesse (I) 8.4E43 2.2E-93 1.lE-02 77. 3.0 20. l.4
7. Joseph Farley (2) 2.0E-03 3.4E42 3.6E-02 4. S.4 94 0.9
8. Fort-Catheon (l) 4.8E+00 1.5E-02 4.8E+00 -100 < 0.1 0.4 79.
9. Robert E. Cines (l) 7.SE-02 3.7E-02 9.2E-02 St. 0.3 18. 60.
10.. bedes Neck (t) 7.0E-03* l.4E-Ol* 3.4E-Ol* 0. * 4. 8 * 95. * 42. *
II. Iedlee Pelet (3) 4.9E-04 3.9E-02 3.9E-02 c. 1.2 99. .0.45
I2'. Eevannee (I) 3.1E-01 1.0E-03 3. lt-01 f9. 0.9 0.3 17.

II. Malee Tankee (1) 8.SE-04 2.0E-03 2.lE-03 c. 7.1 93. 25.
14 McCutre (I) 7.3E-02* 2. 8E45* * 7.3E-02* -99. * - 1.0* 0.04* '60. *
15. Milletaae-2 (t) 6.3E-05 S.SE-02 S.SE-02 9. 0.1 -100. 90.
16. North Ames (2) 1.4E-02 S .9E-03 2.0E-02 8.

,

70. 30. 0.38
17. Oceaee (3) 1.0E+00 8.SE-02 1.0Ee00 98. 0.3 1.5 6.6
18. Pellendes (1) 2.2E-42 3. lt-03 2.3E-02 87. 8.7 4.3 14.4

| 89. Pelet Beach (2) 2. 7E42 9.7E-02 1.2E-48 22. < 0.8 78. 60.'

20. Prairie Island (2) 3.1E-03 3.4E-02 3.75-02 - O. S.4 92. 89.
21. Baeche Sece (3) 6.9E-04 S .9E-02 6.0E-02 - 0. 1.5 -100. 2.7
22, B.B. Roblesee-2 (I) 3.4E-02 2.4E 03 8.6E-02 0. 89. 31. 0.9

i 23. Selee (2) S.3143 2.SE43 7.9E-03 c. 64. 32. 0.9
l 24 San Onofre (I) 3.0E-02* - - O. * 3.2 ** *

! 25 Sequeysh (l) 4.0E-02 S.2E-04 4.0E-02 99. 0.1 , 1.3 S.9
| 26. St. Lucie (1) 6.2E-OS 7.6E-02 7.6E-02 9. < 0.1 -100. Bl.
| 27. Sorry (2) 4.SE-03 3.SE-02 4.0542 6. II. 8'. 2.1 *

| 28. Three Mile Island (2) 2.lE-03* 1.0E-Ol* 3.0E-05 2.0* - 0. l* 98. * 37. *
| 29 Trojaa (l) 6.6E-OS 1.8E-02 8.8E-02 < 0.8 0.3 -100. 7.8.

| 30. Turkey Point 3-4 (2) 8.7E-04 1.22-04 2.9E-04 9. 59. 43. 0.39
' St. Taekee (t) S.2E-04 3.8E-03 7.0E-03 - S. 22. 78. .l.932. ties (2) 6.3E-05 2. lE42 2.1E-02 0.3 < 0.3 -100. 6.2

FWR Tetal (perees-ree) 7.0 0.79 7. 8 - - - -

(persee-e89) 70 7.9 74 - - - -

FWR Avere8e (tS.E.)* *

(p,,,,.., ) 0.25 2 0.003 (2.0 2 0.09)E 02 0.26 2 0.03 . 30. 20. 30.
-- - ------*** 19.6

(perece-esv) 2.S 9 0.03 0.20 1 0.08 2.610.3
%

Grohd Total (persee-ree) I+I I'I 83 '* * *

--- -..- -- - . = -. 39,4 ,

[ (,,,,,e.eg,) Il 82. 83 1" - *

* Wet lecteded te overeses because of etypical deaste (LeCreese, fleetteelle, BIS Beek Pelet. Baddee sect, see Onofre),
ese-operatise (fbree site Roland), or See Pomer predeetles (Mcemire), but tecloded te total cellective deoe.

* Arithmette mese med staedard error of the collective tritium desee et indiviesat estee. The standard error to
calculated free the vertattees ehest the mese med deee set imelede the uncertalettee skich might be inherest in the
eeviteemental treaeporte metebolie and desteetrie modele.
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resultant cost of $90,000 - $150,000 per site . . 8. 'J. H. IAC0 VINO, JR. , " Tritium Control
.

per year is clearly not cosusensurate with the Strategies in PWRs." Peper presented at
American Nuclear Society Winter Meeting. .{thesmall collective doses that result from these

stritium releases. According to one study , Washington. D.C. November 18, 1976. Abstract
.

even existing controla on tritium production in Trans Am. Nuct Soc., 24: 106-108 (Nov.
such as the use of zirconium cladding, 1976)
enriched 7Li, and zirconium tritium " getters"
would exceed the NRC's cost-effectiveness 9. J. LOCANTE, " Tritium in Pressuriied Water
criterion (based upon their use only for Reactors," Paper presented at the meeting of
tritium control). Reduction in liquid the American Nuclear Society Boston, Mass,
effluent releases by evaporation and release June 13-17, 1971. Abstract in Trans. Amer.
as airborne effluents would produce only small Nuct Soc., 14: 161-162 (1971)
dose reductions and would be ranked low in
terms of cost-ef fectiveness. The use of 10. J. IDCANTE and D. D. HALINOWSKI, " Tritium
enriched 7Li is most cost-effective (about in Pressurized Water Reactors" in Trititus
$5,000 per person-rem reduced)s and is (A. A. Hoghissi and H. 'W. Carter, eds)*

,

currently used. CONF-710809, Messenger Graphics, Las Vegas
(May 1973) pp. 45-57.

*
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2. H. KOUTS and J. LONG, " Tritium Production 1.109 Rev. 1 (Oct. 1977),
in Nuclear Reactors" in Tritium
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635-639
(October 1984).
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ENVIRONMENTAL TRITIUM CONTAMINATION,

i FROM INCREASING UTILIZATION
' OF NUCLEAR ENERGY SOURCES
I

. > II.T. PETERSON, Jr. , J.E. MARTIN, C.L. WEAVER,
E.D. HARWARD
Bureau of Radiologicalllealth,
Public licalth Service,,

US Departrnent of flealth, Education and Welfare,
Washington, D.C., United States of America

fresented by B.J. hson'

Abstract

| ENVIRONMENTAL TRITIUM CONTAMINATION FROM INCREASING UTILIZATION OF NUCLEAR
ENERGY SOURCES. Tritium as produced in nuclear reactors by temary fission and by neutron capture
reactions in "B. "B. 'LI. 'Li, MN and 8H. The expanding use of nuclear reactors for power production'

will contribute additional amounts of tritium to the existing background levels due to atmospheric testing
of nuclear devices and natural production by cosmic ray interactions in the upper atmosphere.

Production processes, both in the earnronment 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 "B and 'Li are the principal
sources in pressurized-water reactors employing chemical shim. Tritium from deutertum activation in
heavy water moderated reactors far exceeds the production of tritium by temary fission. Environmental
surveillance data show no apparent increase of trinum concentrations in water sources in 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 fuct. Estimated releases from
fuel reproccuing pfants are compared with discharge data from operating plants.

Forecasts of future tritium production from nuclear teactors are provided up until the year 2000
These enrimates are compared with existing equilibrium levels of nanarally occurring trittum and with
the decreasing inventory of tritium remaining from atmospheric nuclear testing. The implications of these

*
projections are evaluated from a ysblic health viewpoint. A discussion of the possible impact of new

hi M 8W8d@ M O 1!%$diMM ' thermonuclear energy sources on environmental tritium concentrations is also included.

I

1.0 INTRODUCTION

Tritium is a radionuclide on which attention is currently being focused
because of its radiological characteristics and its appreciable production

! by an expanding nuclear power industry. This industry results in tritium
j- releases to the environment as a consequence of normal operation of both
, nuclear power reactors and fuel reprocessing plants. The purpose of this
! paper is to discuss.the production of tritium by several sources and to
i 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 radioactive half-life (approximately 12 years)

means that tritium discharged into the environment will accurssiste over a
'

relatively long period of; time. Since tritium closely follows the reactions
of ordinary hydrogen, it assimilates readily into wate' .'and into biological* '

r
i ' media.
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'The ingsortance 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 Consnission 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 installed nuclear capacity in the
U. S. may be as high as 1,000,000 megawatts (4).
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2.0 TRITitM PRODUCTION IN NUCLEAR REACTORS
s .2 . . -

,

Tritium may be produced in nuclear reactors by several enchanisms soms -

,

of which are shown schematically in Figure 2 These sources includes.

1 Ternery fission having a triton as one of the fission
fragments;

, b ,2 Neutron captura reactions with coolant additives such as'

boron, lithium and 'amanonta g
'
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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

M
N _g g_

v -

-

/ g-

-, y-

FUEL FUEL | | |
PELLET CLADONG COOLANT CLADONG CONTROL

OR
2 (4'l POISONU(n.I)I

ROD"2 (*'IU"oc ,3,go ,O23
Pv(n.f)f

U(n.1)f B(n.2ali

8(n.m) tdgnali 10 7 ,

"B(n.n2csli"

6(n.n2a4i

rtG ?. Schematic diagram of tritium production pmcesses.

Other reactions with nitrogen, helium-3 or structural meterial 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.

W@WdQEDlWiWiMN!OlulECdill!MdION The manner in which tritium is released to the environment will also be a'"'
function of these parameters.

l 2.1 Fission Produce 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

4enriched or natural uranium range from 0.3 to 1.0 tritium atoms per 10
fissions (7 9). Tggreticalfissionyieldshavebeencalculatedforother
materials and for 11 by Dudey whose results are rhown in Table I (10).2

Measurements of the tritium relgased in fuel reprocessing indicate.that the
theoretical estimate of 1.3x10* is ' the 'sost' 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 coluem 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 burnupe, : These values are also
contained in Table II. * '
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TABLE I

ESTIMATED YIEIS OF TRITIUM FROM FISSION (10)
.

3Ma te ria l Neutron Energy Atoms H Produced per
(McV) Fis s ion

235 Thermal 1.3x10-4
U

e

1.0 1.2x10-4

3.0 8.2x10-5 (
.

238 The rmal 2.6x10-4g

2.5 1.4x10-4

239 The rna l 2.3x1L-4Pu

1.0 2.5x10-4

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 (2.5x10-4 aad 1.3x10-4 atoms per fission,
respectively) (10). These estimates yield tritium production rates of
18.7 Ci/yr-MW(e) for thermal reactors and 26.2 C1/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 atoms of hydrogen in nature (12). The thermal cross-

gmWWp%P.$8Wuumnvis&qW ? section for the 2 (n,y)3H reaction is 0.5 millibarn (13). Deuterium activationH

has been estimated to produce tritium in a 3295 MW(th) botting-water reactor
at a rate of about 0.15 uci/see or 4.45x10*3 Ci /MW(e)-yr. By comparison, the
tritium production rate from fission was calculated to be 540 pC1/sec (14). s

Because of the retention of fission-product tritium in the fuel element,
the importance of tritium from deuterium activation as an environmental
contaminant will be higher than its relative production rate would indicate.
If 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 tritium,
thus deuterium activation is negligible by comparison.

In heavy-water reactors the moderator and coolant can consist of .
99.75% deuterium 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 III. 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 ptoduction*

rate in a heavy-water reactor would be about 30 C1/MW(e)->r.

*
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TAB 12 II

.'.; . " #
.

ESTIMATED FISSION-PRODUCT TRITILM CONTENT IN VARIOUS REACTOR FUEL MATERIALS (10)
'

.

' Reactor Type Fuel Material Fuel Burnup Rate Tritium Content Tritium Production

.:" - /- - (MW(th)-day / Tonne) (Ci/ Tonne) Rate *
(mci /MW(th)-day)

. .

* Light Water 235g 20,000 327 16.4'

,

' . - . . -

30,000 490*-

?
',5

- Light-Water 239 20,000 540 27.0
.

g

.
- 30,000 810* ,

I~ . . -
'.:,' - Light-Wate'r 1/2 U- 1/2 Pu fuel 20,000 440 21.0 $f. ~ 4

$' 40,000 880*-

INFBR** 235g 100,000 1510 15.1
. , , . ' " *.

* ' + 'LMFBR 239Pu 100,000 3150 31.5'.
:s.

INFBR 239Pu 235Pu core and 40,000 1900 47.5
',

blanket. , . . ,
,,

.

.~;~ '' '* Estimated by the Authors

, , i .** .INFBR - L quid Metal Fast Breeder Reactor ]
'

i
' '
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TABl.E III

MEASURED TRITItM CONCENTRATIONS IN REACTOR PRIMAR1f C001 ANT WATER (20)

Reactor Type Tritium Concentration
pCi/ml

Boiling Water 0.01S

Pressurized Water 1.5 ,

Heavy Water 7200

e

2.3 Tritium from Boron Reactions

Boron.10 is 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

Boron carbide (B C) is usually used in boiling.isotope may be used. 4
water reactors (BWR) and some BWR plants in operation may contain over 20
kilograms of baron.10 la this form. Additional boron may be used as a
Narnable poison in the initial cores of BWRs to offset the buildup of
neutron absorbing tission. products. The amount of boron.10 present in this
form ceutd be about 24 kilograms in a 1000 MW(e) reactor. This boron, in
the form of barated stainless steel curtains, is removed af ter the initial
fuel cycle burnup when fission-product poisons are near equilibrium in tha
reactor core.

Fressurized. water reactors (PVR) do not routinely employ control rods
having an appreciable amount of boron in them and usually use an alloy of
silver, cadmium and indium fer the neutron absorber. Boron may be present,

..
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TABLE IV,

ESTIMATED TRITIUM PRC'RICTION FROM BORON REACTIONS IN
A 3391 MW(th) 1%I55t*RIZED WATER REACTOR (17)

Source Amount of B (grams) Reaction Annual Tritium Production (Curies)

Initial Cycle Equilibrium Cycle,

.

Poison Plates S3530 IS(n,2:2) hl. 800 Not Used

1%(n,a) 7Li
1500 Not Used e

f7Li(n.n a)3H
E
#

.

Chemical Shim %3400 (initial) I%(n,2a) ht 1100 780
. _ . , --- ,

.
<

%3150 (equilibrium)
I b(n,a) 7Li

not estimated not estimated

* *

(s2100)* (s1450)*

..* Estiasted by authors from ratio of production in poison curtains,

i

s

t
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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 shin 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 of fission. product poisons (15). n e boron
concentration is not maintained constant but decreases over the operating
life of the fuel as shown in Figure 3

Tritium may be formed directly from boron-10 by the 10 (n,2a)3HB

reaction or by the 10 (n.a)7Li(n,n a)3H reactions. Estimates of the tritiumB

production rate for a PWR employing 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 in a 700 MW(th) e

BVR 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 curles of tritium per year for a comparable plant (18).

.

2.4 Tritium from 1.ithium

6Li which has a thermalNatural lithium contains 7.42 percent of
cross-section of 675 barns for tritium production (13). One part per
million of natural lithium as an impurity in the cladding and primary
coolant of a small reactor could yield approximately 50 percent as such
tritium as produced by fission (6). Lithium may be intentionally added
to the coolant in the form of LiOH to control the acidity of the primary
system. It may also be present from ion exchange resins in Li+ form. The
importance of lithium se a source of tritium is vividly depicted in Figure 4
which shows tritium discharges from the Shippingport Atomic Power Station
in the Ur.ited States, n e tritium discharges were significantly reduced

7Li was substituted for natural lithium (19).when resin rontaining only

MONTHLY TRITIUM RELEASES FROM SHIPP1NGPORT
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Present reactor designs will employ 99.9% 7Li in the ion exchange resins
and L10H in order to minimise tritium production (17).

3.0 TRITitM RELEASES FROM NUCLEAR REACTORS

3.1 Retention of Fission-Product Tritium

Only a fraction of the fissien-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 (UO )2
fuel pellet and pass through the 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 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 mechanisms 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: , . , _

l. 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 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 that there may

wM@S$Wmw:AgdW!%N, be a three-fold difference in hydrogen retention between the two sitconium
alloys, aircaloy-2 and zircaloy-4 (21).

3.2 Operating Experience,

The majority of the tritium in the coolant, either from fission or boron
ond 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 c'urtains does not contribute appreciable amounts of
tritium to the effluent (20).

Liquid we'stes 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 -,

'

' radio' ctivity concentration' guide (17). Reactors which use cooling towersa
s
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TABLE V

TRITIUM RELEASED TO THE ENVIROST.NT

<

FROM OPERATING POWER REACTORS
.

Reactor Fuel Cladding Power Capacity Tritium Release
, W(e)(22) Factor (22) Estimated Rate

Annual Ci/W(e) yr
Curies (22)

Boiling Water Reactors
m
0

Big Rock Point Stainless steel 50 0.45 20 0.89

Ilumboldt Bay Stainless steel , 52 0.80 20 0.50 z
Zircaloy 2

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 0.70 1300 10.0

I I
'Connecticat Yankee Stainless steel ' 483 0.71 1755 5.1

Idata from Connecticut Yankee monthly operating reports for 1968 (23).
.
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TABLE VI

ESTIMATED TRITIUM RELEASES FROM U. S. COMMERCIAL

NUCLEAR FUEL REPROCESSING PIAhTS

Plant Capacity Estimated Fuel Tritium Content Design Annual Average Release Rate
(Tonnes / day) Burnup of Fuel From Stack
Design Actual (mwd / Tonne) (Ci/ Tonne) (C1/ day)

Nuclear Fuel
'. Services, West 1 1 22,000 200 50

. Valley, New York 130** (37)
T

-
5

Midwest Fuel * 3
*

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)
Carolir.a

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

.NS NOT SPECIFIED

s
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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

y
be required to insure that concentration limits are not exceeded,

Atmospheric release of tritium from light-water reactors with gaseous
g

wastes has not been extensively studied but does not appear to be appreciable.
g 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 C1/yr (24-27) . Caseous 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 (29) . Tritium concentrations in the ,

primary coolant of heavy-water reactors could be about 10-20 aci/g af ter
long-term operation. Past experience at heavy-water reactors indicates that
D 0 losses can approach several Kg/ day although there is an important2
economic incentive to retain this material (30-35). Holmquist has stated
that no heavy-water reactor can be assumed to have a lower D 0 leakage2

| rate than 2- M/yr or 6 Kg/ day (36). The production reactors at the Savannah
j 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 D 0 leakage2;
- rate of 2-31/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 RELFASES FROM FUEL REPROCESSTNG PLANTS

The largest localized concentrations of tritium in the environment will
be in the vicinity of fuel reprocessing plants where 68-99.97, of the fission-
product tritium will be availtble for release when the fuel elements are
processed. Table VI Itsts estimated tritium discharges for three conumercial
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:

' D. I M MihP_" " ?"3 M}dM @H$1d 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

4.1 Cround Water Disposal

Disposal into ground water through seepage basins or wells has been
! pursued for several years at the major U. S. plutonium production sites,
j' Disposal into ground water requires hydrological and geological studies

to determine the direction and rate of ground vster movement and extensive
o

J
monitoring programs to assure that of f-site drinking water supplies are not>

contaminated,i 4

f

|- 4.2 Surface Water Disposal

The Nuclear Fuel Services commercial reprocessing plant at West Valley,* *

* - New York * disposes fof tritium by 'a combinatiort of surface water releases,and
4* atmospheric releases. Release rates of tritium from this plant have been-,.s,

i
'

',s ,

h

a -.

-m

t |

L
L

I



. _ .

. .

SMa119/78 47

estimated to be 50 C1/ day up the stack and 130 C1/ 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 ColHERCIAL FUEL REPROCESSING PIANT (41)
'

Data for 1967

'
Measured Tritium P.eleases to Storage

Lagoon (C1) 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/mi or less (40). Por
this reason this technique has limited applicability for plants with
capacities on the order of 5 MTU/ day.

4.3 Atmospheric Disposal

MMfMMIMMQ$pg@HjW;Nfcg. 1he other two consnercial 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 La
432 and 1,640 Ci/ day. The annual average off-site air concentrations for
these plants are estisated to be less than 2% of the radiation concentration
guide of 2x10-7 pC1/ml (38-39). Cowser, et.al., analyzed the dose that

*-would be received from atn'ospheric releases from a plant reprocessing fuel
equivalent to 100,000 MW(th) of reactor operation. They found that the
annual dose received from released 11TO would be about 7 mrem /yr (42).

4.4. Iligh-Level Waste Storage
.

Retesition 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 weste 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 st'orage. The rest.is, disposed..to,
~

, .

s'urface water (about 65%) or 'the atmosphere-(about 2$%)-' principally becau'se.''
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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 Ci/1 (43). Tank
storage might be economically feasible for wastes of this activity.

5.0 TRITIUM ACCtMUIATION IN BODIES OF WATER

5.1 ceneral

All tritium, regardless of its mode of production or release, eventually
deposits in the hydrosphere. Localized sources of environmental tritium p
such as reactors and fuel reprocessing plants may present certain public
health considerations because of exposure resulting from accumulation in
receiving waters.. In 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 takes or impoundments where slow flushing times iray 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 Butidup 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_, g , ,4 t *A "~~

C, e (1)C(t) +=
VA

where,
3the concentration (u i/cm ) at time t,cRPlW@!@$NdWi@MMDM$$$1NW C(t) =

the activity release rate (C1/yr) into a lake,R =
3the rate of water loss from a lake (cm /yr),r -

3the volume of the lake (cm ),V = *the radioactive decay constant for tritium (A =A =

0.0561 yr-I),
the initial activity present in the lake fromC, =

natural and fallout sources, and
'

A + r/V, the ef fective removal constant for bothA =

radioactive decay and the physical loss of water
from the lake,

t The average or'mean' residence time of' water in the Inke is defined by:

V/r. (2)t, =

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

*
.

(3)
. _

.e: , 77c- ' 1/A' . . ,
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! 5.3 Tritium Buildup in small Lakes t

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 is reasonably typical for the United States. ' The volume of the lake

9' is approximately 1.34x10 cubic feet and the average discharge rate is
3169 ft /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 us Lng 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 I and II) accumulated tritium concentrations would not
exceed established concentration guidelines. Case III represents a hypo-

thetical maxim' m estimate. All calculations were conservative because wateru
'

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 Crest Lakes
in the United States is a good example uf 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 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-MW(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 IAke Michigan are shown r

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.

M $l@ MON $4l@M$44 M hWpMR The water retention time in Lake 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 of fset -
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 contentrations for Lake Michigan that
follow.

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

RP(t) (g,,-A) (4)A(t-1)e-A +A(t) =
A

where A is the removal constant, R is :he tritium release rate (R = 5
C1/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 isT

~

*

* ' '. estimated by,this equation to be'.about'seven mega,curiesf .

-
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TABLE VIII
.

TRITIUM ACCUMU1ATION IN A SMALL

MAN-MADE IAKE FROM A SINGLE

NUCLEAR PIANT

Case Outflow Volume Mean Residence Time Estimated h
Rate Water Tritium Equilibrium Tritium
3 3(ft /sec) (ft ) Days Days Concentration

(uCi/ml) .z'

."
71. Annual Average 169 1.34x109 92 90 7.1x10-5

II. Low Flow 21 1.34x10 740 664 1.8x10-49

III. No Outflow 0 1.34x109 = 6510 1.8x10-3
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FIG. 5. Nuclear power reactors at present planned for operation on Lake Michigan.

.

.

11%Ligdf*"%8:nHgipn@mhjsdyg Tritium buildup in the Lake was calculated using equation (4) to
' - - ~ ~

account for d varying production rate due to increases in nuclear generating
capacity. The concentration was calculated from:

C(t) A(t)/kV ($)=

where C(t) is the average tritium concentration in the Lake, k is the
i

| 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 ($) for two conditions: 1) mixing with the total lake volume of

34781 km , and 2) mixing with 36.5 percent of the lake volume (~1780 km3),
y a value estimsted by Stiga11 from fallout data on 90Sr as the effective
; dilution volume. The results of this calculation are shown in Figure 7
j-, These data show that although the estimated tritium activity accumulated

in the Lake by year 2000 is over'seven megacuries, the concentration inr
*

the Lake would be .less than 0.27. of the radioactivity c' ncentration limit
^

o- ' '

of 3x.10-3 uCi/m1'used b.y the United States Atomic. Energy Conunission.,(46). '
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6.0 PROJECTED ENVIRONMENTAL TRITILH LEVELS*

6.1 Ceneral

The buildup of tritium in the environment from the nuclear power
industry will be superimposed on tritium already present from natural
production precesses and frms s.tmospheric testing of therrennuclear weapons.
The relative contribution by the power industry in the United States is

ggg g>ppgggggg 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 environraent 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

principalreactionswhichproducetritiug2are hig energ{O(E >100 MeV)IO (n,t) C and O(n,t) N reactions with 'proton spallation. reactions and N

secondary neutrons from cosmic radiation (47-52).
Nir, et.al., reviewed all previous calculations of tritium production

2and estimated that the average production rate is 0.19 +0.09 3H atoms /cm -sec
3 2and that the total decay rate is 0.5 * 0.3 H atoms /cm -sec (50). This

latter value corresponds to, a. total, equilibrium ac.tivity inventory of, s,

approximately 69 megacuries of tritium. . Estimates of the rate of production, .
t

. . ,
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vary considerably, ranging from 0.09 - 2.0 3H atoms /cm -sec. This variation2a

corresponds to equilibrium levels of 12 and 275 megacuries, respectively,,

as shown Ln 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
curies per kiloton of TNT explosive yield. Small amounts of tritium may
also be formed by neutron interactions with nitrogen and oxygen (53). The g
largest source of tritium in the environment at the present time is from the

detonation of thegmonuclear (fusion) weapons in which tritium was produced2 (n,y)3H and Li(n,0)3H reactions with lithium deuteride in the devices.by H
,

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.
curiem 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 ind.icated by the curves in Figure 8 .Cowser's,epti-;*, ,

i mate ( A ) of worldwi' e reactor production ,(56) is lower than the. total U, .S; -d

estimate (2),shown by the three curves in,'the Figure. The curyes of U. S. '
,

production in Figure 8 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. L- -
An increase in the utilization of large heavy-water power reactors

could substantially increase environmental tritium levels. _It has been
estimated that the tritium inventory would be doubled if 10% of the power
production was from heavy-water reactors (57). Development of thermonuclear

tfh8 & M W pim & g W y n W % power sources could also increase tritium levels in the environment. The-
tritium production rate from a thermonw lear reactor has been estimated toa

be over 100,000 times greater than in a fission reactor (57); however, most
of this material would be contained in the reactor for use as fuel material, a

Present informstion is insufficient to project tutere estimates of tritium

from this source.

7.0 PUBLIC HEALTH SIGNIFICANCE

The principal form of tritium in reactors is 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 ROC of tritium is 10-3 pCi/mi and because
of.its short biological half-life (12 days), its low disintegration energy,|

-

' and uniform distribution in the. body...its relative health sign.ificance is "
*

smaller than'for other' fission p'roducts sue,h'as 90Sr and 137 s.C

.
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The estimated tritium release from a 1000 MW(e) pressurised-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 1.5x10 5 ed per year and the resulting concentration1

would be about 5x10-6 pCi/ml os 0.5% of the RCG for exposure of the general
population (10-3 uCi/ml). The volume of water discharged from reactors
employing cooling towers is considerably smaller and may be only 2000
grilons 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,

t 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,

g results reported by this network are published periodically (59-62).
1 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 RCC 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 nC1/1, most of which will be contributed by the reactors on the
Lake. Continuous consumption of this water for a fif ty-year period would
result in a total integrated dose of only 350 arem, which is considerably
less than that from natural radiation sources.

'
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DISCUSSION
.

J. TADlt!OR: I 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. l'arker indicates that tritfum waste from
reactors of this type would p' resent a major problem from a disposal
point of view. .

,

Another remark I 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 depos'ition of
tritium in the neighbourhood of the release point . llave you any comment
to make on this problem of fog formation?

H.J. AIASON: 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
At r. Parker's paper.

With regard to the fog question, I have no comment to make, but I 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.

S.O.W. BERGSTROAt:
g1 gt&tryg;gj4ggd A tritium release of 1,5 000 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 C1/ AlW(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

' 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. A1ASON: 15 000 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. A1IETTINEN: 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 nC1.T 0/ litre, part of this tritium2

will be present in ' lankton and fish, for example in the form of tritiatedp

._ -



. *

G0 PETERSON a.t 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 IP homogeneously distributed in the body water.

,

Ilave 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. I' vans, at the Savannah River plant, has indicated

that the dose calculations based upon ICitP recommendations should be
increased by a factor of 1.4 because of tissue-bound tritium. I agree with

Oyou that some effort must be made to take this tissue-bound tritium
into consideration.

A . l.AFONTAINE: 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 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 f.1r. 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 plar.ts.
B.J. MASON: All I can say is that I agree with you.
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TABLE IV ,
,

.

ESTIMATED TRITIUM PRODUCTION FROM BORON REACTIONS IN n
A 3391 MV(th) PRESSURIZED WATER REACTOR (17) $g

?E
10

Source Amount of B (grams) Reaction Annual Tritium Production (Curies) gg;

Initial Cycle Equilibrt's Cycle *b
l Poison Plates $3530 I S(n,2a) 311 80t' '.510) Not Used

,

H
14(n,0)7Li oH'

-

ghE%1500(960) Not Used
[ gOg7Li(n.n a)3H

. r

NE EOi o
bChemical Shim 43400 (initial) 1%(n,20)ht 1100(346) 780(480) P,

t*
%3150 (equilibrium) *

1 %(n,a) 7 Lie 88 8.8 C
:: ::iir u+d : :::irr:3 m

* 7Li(n,n O)3 M 8.8 8.8 k*
H o

m e. m - m z
"6Li(n.m) 3HM8 .

en

+ L01=0;d by 0;;hes; 's;.. 0010 Of ;;da;;icn ' p ! n -arte.inc.
'

*7LI concentration confroned to less than 2.2 ppm *O
$*

#86Li Impurity in 99.9'/o 7Li g

**$*
NOTE: Westinghouse hos advised the authors that o design change is presently being made which will redqce o.
triflum production to the values shown in parenthesis in the table. These values would also change the text in
Sec. 2.3

:
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Table VI d
* :

Plant Capacity p.

(Tonnes / day) '

,

Design Actual -

t
i

Nuclear Fuel - I

{.Services, West 1 0.82
Valley, New York ;

',

!

Table VII >

,

Percent of Plant Capacity M

~
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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: Tritu.un in the Enviroinuent. . .

'

: Froin Nuclear Powerolants1.

i

' .

.

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 an expanding nuclear power industry on en-
Tatomic mass number of three,is produced in

:'
vironmental tritimn levels indicates that future

g

nuclear reactors in substantial quantities. Al- tritium releases from reactors and spent fuel
though tritium is one of the least hazardous ra- processing plants may surpass the quantity of; ,

dioactive nuclides,its continued production and tritium remaining from nuclear weapons tests.
. long half-life for radioactive decay may lead to The Burean of Radiological Health's en-

increased levels in the enviromnent. Because vironmental surveiHance activities provide a
tritimn is an isotope of hydrogen, it can be continuing source of data on tritium concentra-

,

metabolized in the form of tritiated water and tion in rivers on which nuclear facilities are lo-
incor > orated into body fluids and tissues. This cated. There is, however, a need for more spe-
source of population exposure requires that cific source-oriented information on tritium,
public health agencies be cognizant of the and its potential for becoming a publie health*'

significance of tritium as an environmental problem. This paper is intended as a general in-
contaminant. fonnation guide on tritium for persons engaged'

The nuclear power industry has expanded in Federal, State, county, and local public health*

rapidly during the past few years, and the U.S. activities. The various sources and mechanisms*

Atomic l'nergy Commission predicts that this for release of tritium and its pathway f rom nu-
high rate of growth will continue during the clear facilitics to the enviromnent are described.
next decade. Nuclear power reactors and fuel re. This information is ecsential in assessing the re-*

processing plants release tritium to the environ- quirement for environmental surveillance and.

ment under normal operating conditions. in evaluating, from a public health viewpoint,
Dan to the strato:pheric fallout from previ- the upward trend of tritium levels in thei

ous atmospheric testing of nuclear weapons, environment.
measurablelevels of tritium are already present
in the enviromnent. An analysis of the c1Tect of Radiological Characteristics of Tritium

,

Because of its relatively sholt biological-

Mr. IT'earer is chief, Division of Enrironmental half-time (19 days) combined with a relative-
Radiation, Mr. Ilarward is chic /, and Mr. Peterson ly low disintegration energy, tritium is one of

,

is a nuclear engineer with the NucIcar facilit es the least hazardous radionuclides produced int

Branch, Bureau of Radiologica! 1/calth, Enriron. nuclear reactors. A single ingestion of tritiated
mental Control Administration, Consumer Protec. water having an activity of 1 microcurie will
tion and Enrironmental llealth Service, Public produce a total dose to the body tissues of 0.01

,

1/calth Service. millirems (nurm). Continuous ingestion of
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|I water having a specific activity of 1 microcurie from the enviromnent by radioactive decay
;. of tritium per milliliter will produce a dose rate equals the rate of tritium production. Since-

1j of 170 rem per year to body tissues. From this the earth is several billien years old, this
'!* value the annual average discharge concentra- equilibrium rate has existed for some time

' .. tion limit for tritium in water can be calculated and the amount of trititun present from nat-
b to be 3x10' microcuries per milliliter. This ural sources is essentially constant.
I quantity is the concentration limit for tritium Kuclear tccapon.s tests. Past tests of nuclear

in radioactive waste discharges to the environ- weapons in the atmosphere are the greatest;'
ment contained in the Code of Federal Regu- single source of tritium present in the environ-s

i lations (1). ment today. Tests by both the United States'

'! Tritium decays by the emission of a beta and the Union of Soviet Socialist Republics,
i, particle and an anti. neutrino to form stable before the Atmospheric Test Ban Treaty in
j helium 3. The half-life for this process is 4,500 1902, greatly increased the amount of tritium
; p. days or approximately 12 years (2). The beta in the environment. Thermonuclear (fusion)

i- particle nnd the neutrino carry varying frac- weapons produce tritium from neutron inter-
tions of the energy liberated by the disintegra- actions with lithimn and deuterium with a*

v' tion. When there are many tritium atoms production rate of GJ megacuries of tritium

! present, this process produces a continuous per megaton of fusion yield (4). This source
spectrum of beta particle energies. contributed about 1,700 megacuries of tritium..

j The maximum energy of the beta emitted to the environment compared with an equilib-

:? by tritium is 18.0 kilo-electron volts (Kev) rium value from natural sources equivalent
Ii and the average energy is 5.G Kev. These ener- to approximately G0 megacuries.

gies are considerably lower than those of most A large fraction of the tritium produced by
other beta emitters which are usually about these detonations was injected into the strat-

,

-

100 times greater. osphere. This part of the atmosphere does.

41 not mix rapidly with the lower portion of the
Sources of Env.ironmental Trih.ump7 atmosphere; therefore, the tritium is intro-

Naturally occurring tritium. Tritium is one duced into the troposphere over many years.,

*y of the three isotopes of hydrogen. Normal hy' Tritium in the lower atmosphere is rapidiv
drogen consists of approximately 00.0 percent removed by precipitation. Tritium remove'd**
protium (hydrogen-1) and 0.015 percent of from the atmosphw by precipitation will ac-

,

' deuterium (hydrogen-9),although variations in cumulate in the surt' ace layers of the oceans
isotopic concentration can exut m natural and inland waters. Rainfall that follows pc-
sources. Unlike protium and deuterium, tritium riods of nuclear testing has several hundred

'

(hydrogen.3) is unstable became of radioac- times the tritium content normally present from'

,,

tive decay and occurs naturally only in trace natural tritium. The estimated time for these
'

'

amount s. processes to remove half of the tritiated water.-

Naturally occurring tritimu is formed prin- from the lower atmosphere is 35 to 40 days (3).*
.

cipally by the interaction of cosmic radiation-

with oxygen and nitrogen atoms in the upper4
Tritium from Nuclear Reactors'

atmospliere. Tritium produced by cosmic-ray:
interactions prior to 1952 contributed to en- Tritium may be produced in nuclear reac-'

vironmental concentrations ranging between tors by the following five mechanisms: (a)i
1Gio05 picoeuricsof tritium perliterof wateror fissioning of uranium, (b) neutron capture re-'"

5 to 10 tritium units (3) where 1 tritium unit actions with boron and lithium added to the;
is equivalent to 1 atom of tritium per 10" reactor coolant, (c) neutron capture reactionsr

atoms of normal hydrogen. Because of a con- with boron in control rods, (d) activation of
stant rate of production, the tritium from nat- deuterium (hydrogen-9) in water, and (c)
ural processes will accumulate until an equi- high energy neutron capture reactions with

,

librimn condition is reached. This condition is structural materials.
achieved when the rate of removal of tritimn The relative magnitude of tritium produc-
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tion by these sources is influenced by the formity in manufacturing, damage during ship-i

|j; reactor type, operating history, design charac- ment or handling, or as a result of unequal:
'

,f(* teristics, and materials of construction. The corrosion rates or temperature gradients, the

amount of tritium and manner in which it is cladding develops pinhole failures or defects

released to the environment will also be af- through which fission products such as tritium{

3' fected by these parameters. may escape.

During the processing of spent reactor fuel,
All new water-cooled power reactors being,

'

tritium, which has been produced in the fuel
built in the United States are using zirconium-

i.
rods, is released to the environment and may clad fuels; however, several older reactors use'

stainless steel clad fuel. Stainless steel is being
be a significant source of environmental tritium

- .

? contamination. A detailed discussion of this
replaced by zircaloy cladding because of the in.i

creased corrosion resistance and more favorablesource, however, is not within the scope of''
nuclear pmperties..

iI this report.
1I Finion-product tritium. During the fission Experience has shown that the fraction of

J' process the uranium mielens usually splits into
tritium escaping imm fuel which is clad with

.[ two more or less equal fragments plus several zircaloy-9 is significantly less than that escap-

ii
neutrons. About once in every 10,000 fissions, ing from stainless steel clad fuels. This loss of

hmvever, the nucleus is split into three portions tritium may be due to fewer defects in zirco-

.1 (ternary fission) one of which may be a tritium
nium cladding or the ability of zirconium to

nucleus. It requires 3.1 x 10 " fissions per second combine chemically with hydrogen, thus limit-
ing ditiusion through the cladding and, conse-

i to produce a power level of 1 megawatt of ther-
quently, limiting the release of tritium to the

,.

T' mal energy (Mwt).
Most nuclear powerplants generate electricity coolant.

nt a rate of approximately one-third of the Tritium produced by activation. Tritium is,

thermal energy production rate. Therefore, ap- produced in water reactors by the activation of
!

['
proximately 10" fissions per second are re- the naturally occurring deuterium present int,

quired to produce 1 megawatt of electrical en- the cooling water. Beenuse of the small amount
of deutalum in water and the low probability

ergy (Mwe). This production rate corresponds
, '

a/ to the production of about 10" atoms of tritium of its capturii.g a neutron to form tritium, this

per second or 50 millicuries of tritium per day
source of tritium in light water reactors is in-

for each megawatt of electrical energy gener- significant. In heavy water reactors which are
*

ated. This tritium normally remains in the fuel cooled or moderated with deuterima oxide

la unless it difuses through the cladding material (D 0), however, activation is the major source
-

2

of tritium. IIcary water reactors for power
or a leak occurs.

: A second source of fission product tritium in production are not used in the United States at

; - nuclear reactors is due to traces of uranium on
the present time but may be developed at sonm

*

the outer side of fuel elements which remain
time in the futmc. There are, however, several

'.
from the fuel fabrication process. This " tramp" heavy-water plutonium production reactors and

~ , ' uranium may be only a few micrograms per small heavy-water moderated research reactors

,' square inch of fuel surface, but because of the in operation.

large surface area provided by the many fuel A comparison of the tritium concentrations
<

rcds in a reactor it can produce detectable fis- in the primary coolant of light and heavy water

L. sion product concentrations in the coolant.
reactors is shown in the following table:

The reactor fuel is usually uranium oxide and Truium concentration~

I is contained in tubes made of stainless steel or #*'" '# I '" '" "'"" '" """' #d
an alloy of zirconium (zircalov). The primary

'

function of the cladding material is to prevent I$"|]'"y-[,|gg
---

,

the escape of fission products from the fuel ele- no__,,..,____________________ .u
no____________._______.______ .onment. These fission products would otherwise^

leak from the fuel and contaminate the primary Niung watn wacta___ _______._ .m

coolant. Sometimes, because of a lack of uni- sornem reference .",.

363
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Tritium is also the product of neutron captum trace amoutvs'ia the inliuin coolant. The fol-:

reactions in boron-10, boron-11, lithium-7 at d Jowing table shows tlk estimat'ed tritium pro-,

| : litliium-G. Lithium-7 is usually formed by tln ducti3n wtm in n. ?.20 Mwt 'aihhi reactor,

'.

28B(n,a)'I.A reaction when boron is used in , @) . ,

t
-

( ,nuclear reactors for reactivity control, , ,,i
In the past, lith, m-G was used , the coolant

for pII control or in coolant purification demin- 'rernary mstonJ - n_ __ (drica per year)N
-)m m source, '

'' CO'

eralizers. This use of lithimn-G resulted in the 'ne activation in caoiant_ t __- ________ 91
~

production of elevated tritium concentrations'

in the primary coolant. Tot al, ____ _ __ - __ ___ ___ u 90.
,. t ,

,
s s act: reference 5. ('The use of lithium.G has been abandoned for
'

this reason and replaced by ammonia or lith. Tritium rSlease mechadsu The tritium' c

,

ium-7. Tritium may also be formed by the concentratirn in the primary'wdfant, system is ,,;
:

2*N(n,T)"C reaction with ammonia in the strengly dependent upon tho' coolant mnkeup * .

f-

.' coolant or nitrogen in the containment atmo , rate or residence time of thego6r.nl in the re-' 3

sphere. The magnitude of these sources has not actor. The edect of the a erage residence time i
; of the coolant in the reactor system on coolant

.

been fully assessed. ,

'

>

In boiling water reactors (BWR) boron is tritium concentrations is shown 5)r boiling w'a-
'

. ' ' used for control in the form of bcron carbido ter reactors in table 9 and for pressul-ized water

I, either as cruciform control rods or as absorber reactors in' table 3. In both tables, the contribu-

|, plates (curtains). Weaver rand IIarward (C) tion of fission-product tmh.n' es shown as a
describe the differences in design hetween this function of the fractis J the tritium which
reactor and a pressurized reactor. The revk are passes through the idei cladding. The tritium3

movable and function to control the powerlercl produced by activation of the boron encased iv.
. %

of the reactor. Boron absorber ciniains are gen- the control rods of a boiling water}vactor:

|' erally used during the first fuel cycle to com- (BWR) has been asstuned tdramainhithin the
pensate for the lack of buildup of neutron ab- rod and does not contribute to tritiu'm leicis in
sorbing fission products (poisons) and are then the conlant (7). The tritium lerel from the use 3

,

.

removed. of bcDon in a PWR varies with (Unoron ? men-
,

**

Both the absorber plates and the fuel % are trnNn in the coolant and consequentlj Inows y
,,

clad in similar fashion so that tritium which is a $9erable range as shown in table 3. i

formed from the boron must escape thr<mgh th 4 Tw. 4 shows tritiun levels in the prim.cy '['

claddmg by the same mechamsm as the fiss_on- coolant of scretal opsat.mglightwatq reactois.i t 1'

.

These measurcments we obtained by the staf n
I ssuriz d ater re'tetors (PWR) use boron '

,' ' for reactivity control in the form of boric acid
f the Northeastern Radiological IIealth Lab;

'

dissolved in the primary coolant. This chemical Table 'I'./ Tritium production rates in a-

- shim is used to obtain a more uniform power 1,000 ht Jight water nucicar yactor
' '

2

distribution and to compensata for long term s
i

changes in fission product poison buillup, ura. T;itium produedd:ur[y)
.

nituu burnup, and changen in neutron flux Irradiation time Activ:nion Ternary Boron'
,,

of esion and +

levels. The initial concentration of boron ranges deuter.ium littuum
g,

,

i

' ' from several hundred to several thousand ppm , in coolant reacdons8 y

and decreases during the operating life of the
- '

,s., ,

J 0 600b b 13 P
fuel. Tabic i shows estimated t ritium production 1 (iay;- - - - - _- - - - - -

;

4t'v -'

I wee k . . _ . . . _ _ . _ .002 * 00 > p
1,600 7rates.m a typ.ical ',000 Mwt light water reactor 1 mon t h _ _ _ _ . . . . . . . AOS , 400

|5,000 po,000.}~I J'S' ------------ .09
for variousirradiation times (7). "

The production of tritium can also occur in ( Referenec 7. [ '

.

high temperature gas-cooled reactors by ternary 8 These estimates represent upbr limit production
raus auuming boron control rod,, boren chemletdys

fission and by activation of helium-3 found in shun, and lithium-6 purification rer , t

/' t 3

rode neani, neports366
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f Table 2. Calculated tritium concentrations in the coolant of a 1,000 Mwt holling water,,

5e 4 'n: actor 2, d...
> . .

' 'I i, j* M Coolant tj tium concentrations GCi per liter)O
.t t ,.

' Residence time of coolant From From ternary fission 81- <

,
g . 'I ''

deuterium
100 ercent 10 pertent * I percent 0.1 pe centactivation 1

-

1 ,.

Iday.................................... O.002 70 7 0. 7 0. 07
Iweek.................................. . 01 500 50 5 .5,.,

1 month . . . . . . . . . . . . . . . . . . . . . . . . . 4 . 04 2,000 200 20 2..... ,

30; 1 year...........................Q..... .5 30,000 3,000 300 i

*

8 Adapted from table II, reference 7.
^

'
. N%

t s 1
* )8 As a function of percent tritium leakage through cladding. -

g

!.7 k.
.

+',x - 3;.
. .

<i Tahle 3. Calculated tritium, concentrations in the coolanf c: a 1,000 Mwt pressurbed water
)' reactor 2 \#

*. y ;- e -

{ y, V * 'n "t s >

, )'
,.

%' (
. .,

"# D ' Coolant tritium concentra$ns 4Ci per liter) ' d ,,,,

, id /,
Residence time ofIootnt , Fr.m Froh ternity fise o4 * N ' From boron in OI

' ~

'E 3:.hcrium
' '

coolant a5- "b -

=ti y .

/,| } ) ectivation 100 percent 10 pNA.st 1 percent 0.1 percent
*

'fyr, . , , , , .

v t
tn

o y n,, 'Iday..,......u....{.N ' O. 00't 70 7 0. 7 C.07 3-300i j,
V 1 week. .. , . . . . . . . . . . . . . . 01 500 50 5 .5 200-2,000 +t';4 s

. ., % . ) 1:nontb'...............\ . 01 2,000 200 20 , 2 800-S,000
_ .R ) 4> year.' . . . . . . . . . . . 3. . . . .

.5 30,000 3,000 300 . f 30 t r., 10,000--100,000
V ) ;.,$n p

\ ,

I
||\ '. 8 Adapted from tabla II, reference 7. f

8 As a function of preent ratium leaMge tbrough cladding. A'*

i. * Varies with bda Q' oncentration which ddicases with time since last refueling. I" "1,1_ r.'g j p
'

q/ b < ,
,

:h , oratory of the Bureau of RadiologicMWe.dth. Discharges From Nuclear Powerplants

If the data for' ti.e three boigng wated sic' tors Tritium which has enteYed the#coolan$ h n,H ' ' s** ,

[[ ' Y are compared wig,the calcuMtstritiumjnn- n'uclear reactor can reach thd environment by
gf f Il y' cent %tions showspi table 2 gof 1 ironth, it can be estin*,Nr a. esidence time fseveral pathways. The number"of pathways,

ated that approx 1, t ' avaihble and the relative amount of tritium
f< -

,

mately1!)percentoebe fis'sior-producttritiud ' dis /Aarged by each route depend u1 r.ahe re-N
*'

1 ,n diffuseFehrough the Mainless steel cladding, actot design and tractor type. >['
'

'f wherer{only sbout o.1 pegenidiffused through folling teater reactors. In a Mling, water
,y the zircomum claddmgo n ( reactor the primary coolant flows through the, .

<P . A sivil.;tr comparisondtTe reimary coolant reactor core,is converted to dry sism ud then
"

.

tritiun?Wtivities in PW yks shown in is fed to the turbine generdto pWdcoper.% . j
bi 'E table 5 witMhc calcula'tgiafs in table 3 indi- The coolant is returned t3 6e reac'tpf through n

uiappears to be the couleme which removes ,th: excess hat, stillcates th;c yton in tgapql.i"cun m the primary6,.
g.?,

s

.mmqr sourcef't remaining in tho' team. The c1 denser coolina
pred;l Based on a resid$ce-the of approxi . nier and the rhetor codie.nthre in close pox $wete,

,

4y p 3 mately 1;IXonth, the, only othergource which imity in tI4e condenser. T$is ilter face is main.

<could pr{h elera the observed levels would have tP
tdined under a vacune so $1nt ahy leakagel' f) } |, .,

' beIcakag ilmost nit the fission-produy trit. trould be into the n% tor anAnot to the en-s '

,J 4 S- 4q . , ium from th fuel. There is' no apparent basis
.rorra.p. ,AireNetors on tho Ander$tkemove the oxy-

., ,

\ >for assum'ag'c bigher tritism !cak rw t.odi the j
* *

J.& / fuel of a 'preslyized waternactor than' that gen and hf. rogen$roduced by the dissociation
" *

of Mtar iii the renew, air which has leakedestimated for a boiling water reactor.- .

& y
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into the condenser, and residual water vapor. tors and returns it to the reactor. The steam:'

I. The air 'and non:ondensable gases are dis- generator consists of rows of U-shaped tubes
ji charged to the plant stack through the off-gas through which the heated primary coolant

iit system. Tritima in the form of elemental hy- passes. Surrounding the tubes is the secondary
i drogen gas may be discharged thrench the air coolant.

4. ejector but, a major part of the tritiated water Because of a pressuce difreience between ther

vapor will be wmoved b condensation. Because primary and secondary system (2,000 pounds.[ 3

of the long radio?ogical half. life of tritium,its per square inch in the primary as opposed to
concentration in the gaieous stack efiluent is not about 1,000 pounds per square inch in the sec-*

,

reduced by the 30-minute delay of waste gases ondary) it is possibic to convert the secondary*
,

-! in the system. coolant into steam. The secondary system then
Pressurized > cater reactors. A pressurized follows a path similar to the primary coolant of

,,

. water reactor consists of two coolant systems, a BWR going through turbines and the
The primary system conducts superheated condenser.

} {..(, water through the reactor core to steam genera- An important difference between boiling and
.

4~ Table 4. Tritium in operating power reactors 2

-1
' Tritium conecntration uCi perliter;
.

Power Type of fuel Boron

',i
Reactor and type level cladding used in Primary Secondary Discharge

(.Tlwt) coolant coolant coolant canal*

) water
e n

A. Pressurized water reactor. . ... 600 Stainless st eel.. . .. Yes...... . . 1,560 0.41 0.024
H. Pressurized water reactor..... 5S5 . . . . . d o. . . . . . . . . . . No 8 . . . . . . 2-44 (8) .007*

,
C. Pressurized water reactor..... 80 . . . . . d o. . . . . . . . . . . N o 8. . . . . . . 145 (8) (s)

,

.' , D. Pressurized water reactor..... 50 Alu minu m.. . . . . . . No. . . . . . . 116 .45 .019
E. Hoiling water reactor. .. . . . . . . 250 Stainless st eel. . . . . No. . . . . . . . 8. 8 (*) .009- *

i- F. Hoiling water reactor. . . .. . . .. 24 0 . . . . . d o. . . . . . . . . . . No . . . . . . . . I3. 3 (*) .002
G. Hoiling water reactor...... ... 700 Zirconiu m. . . . . . . . No. . . . . . . . * 1. 6 (5) 8.0006

, , .
*

*
. ,

e. 8 Data from Northeastern Radiological Health 8 Not applicable.
Laboratory, Hureau of Radiological llealth. * Data from Nuclear Engineering Laboratory, Bureau

8 Converted in late 1965 to a stainless steel fuel with of Radiologicalllealth
full chemical shiin (boron in coolant). NOTE: J. C. Drobinski, Jr., and E. J. Troianello of'

the Hureau's Northeastern Radiological llealth Labora.
* i oro$ 1 for shutdown bu not during routine t ry analyzed the tritmm samples.

'

*

-
operation.*-

-

5

: Table 5. Liquid radioactive waste discharges from operating power reactors
,

'. Total annual Condenser Fraction of AEC*

discharge cooling discharge limit
(curies) water concentrations (percent) 8~.

Heactor and t,s pe2 aVailable
Gross for dilution

activity Tritium (gallons per Gross Tritium *
.

less minute) activity 8*

tritium

A. Pressurized water reactor. .. .......... O. 01 1,300 14,000 0.001 -0.13 0.16
H. Pressurized water reactor. ...... ...... I1.1 500 260,000 . 03 -4.7 . 03

0 , E. Holling water rea ct or... . . . . . . . .. .. . . . . 01 10 2S,000 .0002 .0*> .00G,

'' F. Hoiling wat er reactor.. . . . . . . . . . . . . . . . 1. 3 20 100,000 .3 -1.2 .0035
G. Holling wat er reactor.. . . . . . . . . . . .. .. . 4.1 5-10 167,000 .3 -3. S . 001

8 Reference 8. tures for radionuclides averaged over 12 months was
'

. s Correrponds to reactor designations In table 4. 10-'uCi per ml.,.

'

8 Reference 1. * Applicable limit is 3 X 10-8pCi per ml.
8 Applicable limit for continuous discharge for mix.
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f - pressurized water reactors for consideration of water is added to the reactor cavity to provide
.

tritium releases is that in a PWR, leakage be- radiation shielding and heat removal for the'

<

tween the primary and secondary coolants must spent fuel elements as they are transferred'

][;
;

occur befom the secondary system will be con- from the reactor to the spent fuel storage pit.
taminated by trititun or other fission products. The refueling water can mix freely with the

;

.

As shown in table 4, the tritium concentration reactor coolant and before startup this excess

_;7 in the secondary coolant of pressurized water water must be drained from the tudor vessel.
;

; '? reactors is only a small fraction of the primary This excess water represents a considerable
*

if coolant concentration. Thus, a much smaller volume of theliquid processed by the radioactive
amount of the tritium will be discharged in the waste system.It atso contains considerable boron'

C, form of elemental hydrogen through the con- and, therefore, leads to additional tritium pro-
, ,

.' denser air ejector of a PWR as compared with a duction after startup of the reactor. Liquid dis-

|_ BWR, placed by expansion of the reactor coolant as

jI Release of pascous tritium. The amount of the plant power level increases during startup

:0 tritium discharged from both boiling and pres. is also carried over to the waste processing

J'~ surized water reactors in a gaseous form is only system.
'

,y about I percent of the total tritium discharge If the radioactivity level is sufficiently low,

j; (7). Most of the tritium is released as tritiated
as determined by radiochemical analysis, the-

.

water together with the liquid radioactive waste. purified coolant may be discharged to the
.,
,?- In.both types of reactors, a small part of the environment with the condenser cooling water.

j primary coolant wateris continually drawn off, Liquid radioactive wastes consisting of purified

?. depressurized, cooled, and purified to remove reactor coolant, laundry wastes, and leakage,

'' fission and activated corrosion products. from pumps and valves are stored in holding

The coolant stream is purified by filtration tanks before treatment. Treatment processes
s

TT. and demineralization which remove insoluble may include filtration, demineraliiation, or

i; and soluble radionuclides. Gaseous activity, evaporation.

T'*
mainly nobic gases and coolant activation prod. Although these processes are effective in

ucts, is removed during coolant depressuriza- reducing the concentration of other radio-

f' tion and then transferred to the gaseous radio- nuclides by several orders of magnitude, gen-

r .' active waste processing system. Traces of erally they have no effect on tritium removal.

tritiated water vapor and gaseous tritium are The tritium is discharged to the condenser cool-
-

released from the coolant during this process. ing water at almost the same concentration as
*

Release of tritium in liguld teastes. Because in the reactor coolant except for a small amount

I.' tritium is in the form of tritiated waf er,it is not of dilution by nontritiated wastes. The efiluent
.

concentrations are much lower, however,
) removed from the coolant by either filtration or
!; ion-exchange. The purified water containing because of the large amount of dilution pro-

vided by the condenser cooling water.
g - tritium may be transferred back to the reactor*

Table 5 shows annual liquid radioactive
coolant system, stored for future use, or trans.*

ferred to the liquid radioactive waste procesFing waste discharges for several operating nuclear.

reactors. Tritium may comprise between 50 and[, system.
.~ The primary coolant is not continuously dis. almost 100 percent of the total amount of radio-

L
charged to the waste disposal system. Leakage active material discharged as liquid waste.I
of the coolant from reactor coolant pumps and Tritium discharge concentrations, however, are

L other components, however, can occur. This usually much less than 1 percent of the dis-
waste will be collected by the plant drainage sys- charge limit as specified by the Code of Federal

,.
tem which drains to the liquid holdup tanks of Regulations (1).*

,

the waste processing system. Tritium Detection
The largest discharge of primary molant t Tritium is undetectable by conventional

the waste treatment facility usually occurs
.C after the reactor has been sl$ut down for fuel

niethods of gross rad.ioactivity analysis. Be-

reloading or maintenance. During fuel loading, cause tritium is usually in the form of tritiated'
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water, it is usually evaporated during the pro. Projected cumulative activity of tritium pro-,

/ cedures used to prepare water samples for- duced in power reactors in the United States
;: radioactivity analysis. In addition, because of
,11 the low energy of the beta particle emitted ' O' -

! ! during the decay of tritium, it is not detected,

| by conventional gross beta counting tecimiques y,,;,,,,,,gg,,;,,,,,,,,,,,,, ,

or In-hne plant momtors. 80'- fiuion plus "8(n.a)'U(n na)T /
,'

,,
As a result of these limitations, special ana- r. action /,

g lytical techniques such as liquid scintillation 7 '
#counting must be used to measure tritium. 'sjo,_

/ Miai=vm pr'dic' ion

8

A' Limits for the discharge of unidentified mix- j
'[ tures of radionuclides cannot be correctly ap- ? / 0''" 'Y U"i'" *"M

plied to tritium and due to the lesser biological i',~ f
i g
i hazard resulting from tritium, would be un- I
|f necessarily restrictive. The analytical techniques j /r

I ti- USed to Incasure the activity of these mixtures in,,,..a;o,. .or.. inci.aino ,.p,. n,o,i..

usually include gross beta analysis, and since j108- production by "B(ri, a)'ti(n,n a)f reactiont-

p4'' this technique is insensitive to tritium it would j ia p''aur 2'd "a''"'oc'*' co*'aa'

!~. not be detected. Tritium may be separated from /
. j. most other radionuclides by distillation of trit- io. _f
{ iated water. Tritium analysis can be made on
y* the distillate using liquid scintillation counting.
!8 Conventional gross beta counting techniques can i I I I |g

be used for the residue. The discharge limit can 1960 1970 1980 1990 200o

l- be calculated by ratioing the measured concen- * * '
'

. trations to the appropriate discharge limits A ',*'NE.'b# *'I.'r.T[.'Y2.'' # ' '""
n ,.l3 (3 X 10-8pCi per ml. for tritium and 3X10-' Ci

P per ml. for unidentified activity measured by (0,10). A special project to study tritium in
'

',~ gross beta analysis) and summing them. The surface waters of the western States is currently
i .'' limit 3 X 10-'pCi per ml. may be raised to 10-' Ci being conducted by the Southwestern Radio-

per ml. if "' I, Ra, and "5 Ra are known to be logical ITealth Laboratory.
/ absent. If the sum of the ratios is less than 1.0, Enviromnental tritium concentrations re-

the mixture may be released to the environment. ported by the tritium sampling network fora

*

If greater than one, further analysis or dilution 1904-6G ranged between 2X10-8 and 2X10-5*

is necessary before the liquid can be released, m emcuries per milliliter (2-20 nC1 per liter)
~

-

<* (0,10). Population exposure rates from con-*| Tritium Surveillance by BRH tinuous ingestion of this water would range
Sinec 19G1, the Ra diation Su rveillance Bra nch from 0.33 to 3.3 mrem per year. The maximum

*
.

*

of the Bureau of Radiological IIenith has been concentration reported would contribute less
-

3

[" operating a tritium sampling network which than 3 percent of the normal average population
collects weekly samples of water for tritium exposure rate of 125 mrem per year from all,

; analysis from 10 locations throughout the natural sources of radioactivity (3).
United States. Eight stations are downstream The results obtained from this sar@Wg net-

L. from nuclear facilities, and the other two serve work indicated, with one exception,16.t waters
to establish baseline levels. Samples from this downstream from nuclear facilities did not show,

''

, network are analyzed monthly by the Bureau's any significantly higher tritium concentrations
Southeastern Radiological Health Laboratory. than streams which did not have operating nu-

Results of the analysis of samples from the clear reactors on them (9). The one exception

' . tritium sampling network are reported period- was a plantsite with several operating heavy-
ically in Radiological Health Data and Reports water moderated reactors on it. Releases of trit-

370 Pulific IIcalth Itcports

.

1

.

q .

__ j
. - _ -

_



7-
-

-- .-

*

{P
.. -. .. . , _ . _ .* *

i .- .

'p
%

' , ' ium in the liquid wastes from this plant did (2) International Commission on Radiological Pro-
tection : Report of committee It ICRP Pub.elevate tritium concentrations in the adjacent 11 atton No. 2, Pergamon Press, London,10,s., i ,,

i .f i river above background levels. Tritium con- (3) Unned Nau as scienune Comminee on the rf.
' I centrations, howerer amounted to less than 1 fects of Atomic Radiation: Report to the aeren-8<

.

, .) . percent, of the Atom.ic Energy Comm.ission's teenth session of the United Nations. United

i discharge li'mit of 3X10-8pCi per ml. Nauons Doc. Afs21G,New York,19G2.

'[ A study by the nuclear engineering depart- 4) Morgan, K. z.: Instory of damage and protee.
- tion from tonizing raatation. in Principles of

ment, of the University of Cincinnati, under a
,

radiati n protection-A textbook of health
b contract with the Bureau of Radiological physics, edited by K. Z. Morgan and J. E.,

1* Health, .is develop.mg projections of future Turner. John Wiley cod Sons, Inc., New York.
. .

-! radionuclide inventories based upon predicted IDG7, Ch.1, table 1-S, p. 3S.

} ; '' growth trends in the nuclear power industry (5) Weaver, C. L., and Stigall, G. E.: Public health
evaluation of nucteur power plants. Health

a ;, - (11). The estimated tritium activity produced Phys 13: 150-10G (IOGT).
? i' by increasing utilization of nuclear energy for (o Weam, C. L., and Harward, a n: Suminam
'I clectric powe: production forecast from this of nuclear power reactors. Public Health Rep
9i . .

study is shown .m the chart together with esti- sa: 809-912,octoberloGT..

mates made by the Oak Ridge National Labora- (7) Smith, J. M.: The significance of tritium !n, , _

';I tory (12). Based upen these projected levels, water reactora. General Electric Co., San Joie,
-

I Canf., Sept. Io, 20G7.the total tritium pruluced from nuclear power''
(S) BI meke, J. O., and Harrington, F. E.: Waste.

| j'' facilities in the year 2000 will be more than 10s management at nuclear power stations. Nuclear
;'- curies or approximately 5 percent, of the maxi- Safety 9: 23%243, May-June 10GS.

!
j ( ,. - mum trit. nun activity present m. 1903. At pres- (9) Chesnutt, M. W., Drobimki, J. C., Jr., and t, . ,

.
,

,

ent, trit,1um releases from operating power R. H.: Tritium in surface waters,10G4-1<
' reactors are only a small fract. ion of the dis- Radio 1 Health Data Rep C: 3TT-350, July 10GG.

| ' ;' charge concentrations permitted by the Code (10) Moghissi, A. A., and Porter, C. R.: Tritium in
..

'

|j[ of Federal Regulations and do not constitute surface waters of the United States, loGG.
Radiol Health Data Rep D: 337-330, July IDGS.

J( a danger to health. The Public Health Service
will continue to monitor the environment in the

(11) Mountain, J. E, Eckart, L. E., and I.conard,

J. H.: Sumy of individual radionuclide pro-.

$, vicinity of nucicar reactors and fuel reproc- ducu n in watm led react rs. Unimsuy of

.' essing plants and will evaluate any buildup of Cincinnati summary report, phases I and II of*'

trit.ium in terms of a future hazard to health. contract PH-So-Gi-21s, May 30.10Gs.
.

(12) Cowser, K. E., et al.: Krypton-55 and tritium in
REFERENCES an expanding world nuclear power economy..

(1) Concentrations in air and water above natural Oak Ridge National Laboratory, Health Physics
*'

background. Code of Federal Regulations, tlt.
.

Division Annual Report, ORNL-11GS, July10, pt 20, Standards for Protection Against* '

Radiation, aprendir B, table IL 19G7, pp. 30-13.,.
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TRIT 1UM PRODUCTION, RELEASES AND POPULATION 5'.

DOSES AT NUCLEAR POWER REACTORS * * I

|
,

Harold T. Peterson, Jr. David A. Baker
Nuclear Regulatory Consission Pacific Northwest Laboratory **
Washington, D.C. 20555 Richland, WA 99352
(301) 427-4578 (509) 375-3809

ABSTRACT results in a total annual production of
approximately 600 TBq (16,000 curies) per yearTritium is produced in light-water for a 3,000 MW(t) [1,000 HW(e)] reactor

-cooled reactors as a produrt of ternary operating for 300 full power equivalent days.fission and by nuclear reactions with the
coolant and with neutron-absorbing materials
used for reactor control. Pressurized water The amount of ternary fission product
reactors (PWRs) have greater amounts of tritium which is released to the environment
tritium produced in or released into the depends upon the fraction which escapes from
coolant than boiling water reactors (BWRs). the fuel rod into the reactor coolant. This
Consequently, tritium releases to the fraction is affected by the materials used for
environment from PWRs [29 GBq/HW(e)-y (0.78 the fuel rod cladding and its integrity. The
Ci/HW(e)-y)] are about 65 times greater than zirconium alloy (Zircaloy) fuel rsd cladding
from BVRs [4.4 GBq/MW(e) y ,(0.12 Ci/HW(e) y)]. used in most current light-water reactors
Most of the tritium released from PWRs appears exhibits greater retention of tritium than the
in the liquid effluent (about 85%), whereas stainless steel cladding used in early
75% of the tritium released from BWRs is as reactors. Stainless steel is highly permeable
airborne ef fluents. Radiation doses from to tritium. Early b,iling water reactors

him$Gi.e these tritium releases are small' the average (BWRs) with stainless steel cladding had
site collective (population) dose in 1981 was normlized tritium releases between 0.02 to
less than 0.002 person-sieverts per year (0.2 0.03 TBq per electrical megawatt-year. (0.5-
person-rem / year). The total collective dose to 0.8 Ci/MW(e)-y)8; whereas a zirconium-clad
from all tritium releases was 0.08 person. BWR had tritium releases of 0.0015 to 0.0026
sieverts (8 persou-rea). TBq/MW(e)-y (0.04 to 0.07 Ci/MW(e)-y)8 This

improved retention appears to be due to the
formation on the surface of the zirconium

I. TRITIUM PRODUCTION IN LIGHT-WATER cladding of a hydrogen- impermeable oxide
REACTORS layer.*s5 Approximately half of the total

tritium inventory in the fuel may be bound to
A. Fission the cladding ,s

Tritium was identified as a product of i

the ternary fission of uranium-235 in 19591 B. Baron Reactions
and subsequently has been identified as a Boron is a neutron absorber and is used

,

|
Product of the fission of most fissile in several forms in LWRs for control.. In !

materials. A nominal fission yield of I Cenetel Electric boiling water reactors and
triton per 10,000 assU fissionsa would produce Combustion Engineering pressurized water
approximately 14 terabecquerels (380 curies) reactors boron carbide (BaC), is used in
of tritium per metric ton of fuel ht-ing a moveable control rods. (Host PWRs use AgInCd
burnup of 30,000 megawatt (t)-days. Fissions control rods which are not a source of

.

occurring in plutonium-239 and uranium-238 tritium.) Boron is also used in the form of
raise the total production to about 19 TBq either a borosilicate glass (Westinghouse) or
(515 curies) per metric ton of fuel. This' BaC (Babcock f Wilcox and Combustion

Engineering plants) in fixed " burnable"
i absorbers to compensate for fuel depletion and

| * m es we empre..e4 se ths .erk are the fi881on Product " poison" buildup. Pressurized
| per east vsew of m .ethere end de met water reactors also use a soluble boron
' secessarily represent the official peetties
| ef the seclear segulatory Ceemissies, the ** operated for the Departmeant of seergy by,

i pacific serthwe.t laboratory er the the satte13e Meeertal testitete.
i cer.cs et of seersy.
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Peterson and Baker TRITIUM DOSES IN LWRs

compound in the primary coolant to compensate The 'Li reaction.has a considerably larger *

for fuel depletion and, by changing the neutron absorption cross-section for tritium

Li thermal neutron kconcentration through removal or addition of Production than 7Li. The 8
baron, to make changes in power levels. *** " ''* tion is approximately 9.5E-26 m2 (950 t

barcs).1o The 7Li reaction has a 3-MeV
The primary boron reactions which yield threshold and a cross-section of about 8.6E-30

(0.086 barns).tritium are: a

88
Commerciallight-waterreactorshaveemployLi8 (n,a) 7Li (n, no) 8H, ed ]lithium salts which are enriched to 99.9% p108 (n, 2a) 8H, and in order to reduce tritium production. The 4

lithium used for pH control yields
stB(n, n2a)8H. aPProximately 0.3 T3q/W(e) y (0.01

Ci/W(e)-y) in an equilibrium fuel cycle.s
The 80 7B reaction yielding Li is the primary
neutron absorbing reaction having a thermal D. Deuterium Activation
neutron absorption cross-section of Deuterium (aH or D) occurs naturally,
approximately 3.8 E-25 m2 (3,800 barns). The comprising approximately 0.015 per cent of
other two reactions have small cross-sections natural hydrogen. Tritium can be formed by
(less than IE-30 m2 or 0.1 barns.) The SIB neutron activation of deuterium by the
reaction has a threshold of 14 HeV. It is not reaction: *

an important source of tritium due to the

small number of high-energy neutrons present rH (n, y)8H
in light-water reactors as well as its small -

,reaction crces-sectioe. with a thermal neutron cross-section of 4.6
E-32 ma (0.46 millibarns).10 Although this
reaction is the major source of tritium in

The areount of tritium produced by heavy-water moderated reactors, the low '

reactions with boron (B C) in the moveable natural abundance of deuterium and its small
control rods of a 1,000 W(e) boiling water activation cross-section make this a minor
reactor is relatively large, about 115 TBq source in light-water reactors with an
(3,100 C1).s Due to differences in the use of estimated production of 0.2 TBq (slightly less
the control rods (differences in the time the than 10 curies) per year in a 1,000 MW(e)
rods are kept in the reactor core) Combustion reactor.10

P m W M W P Engineering PWRs produce less tritium in the
B,C control rods, ~ 33 TBq/y (~ 900 Ci/y).s
About 37 TBq (1,000 curies) of tritium are E. Summary of Tritium Production
produeed per year in the fixed absorbers and Estimates of the tritium production rates
11.18.5 TBq (300-500 Ci) of aH are produced by in 1;000-MW(e) light-water-cooled nuclear
the boron in the coolant of PWRsreses seses,

-

power reactors are summarized in Tsale 1. As
indicated.in the table, a boiling vater
reactor is estimated to produce siightly (10%)

All of the tritium produced by reactions more tritium than an equivalent prassurized
with soluble boron is produced directly in the water reactor. However, due to pr aduction of -
coolant. Oaly about 0.2% of the tritium tritium from boron in the coolant, pressurized
generated in the B C control rods appears to water reactors are estimated to have more4

be released to the coolant.ss7 Releases from tritium available for releases to.the
fixed absorbers using B C are also less than environment.4
1%., Borosilicate glass absorber plates appear
to have less retention and releases have been
estimated to be between 10 and 50% of the II. TRITIUM RELEASES TO THE ENVIRONMENT
production 5 ' 8. '

C. Lithium Reactions
, The amount of tritium released to theLithium salts are added to the coolant of - environment' from commercial light-water

pressurized-water reactors to control incidity . reactors is highly variable as the data. in .-
(pil). :In operation the lithium concentration ' - Table 2 indicate. Typically,' pressurize'd -,

- in the coolant varies between'O.2.and 2 parts water reactors had tritium releases' betweenper million'. Natural lithium Ms in isotopic 0.01 to 0.055 'TBq per, electrical megawatt-yearlccaposition of .7.4% *Li' and'92.6% 7Li. (0.3 to 1.5 Ci/W(e)-y). Boiling water
Tritium is proddced by neutron capture reactors had. lower releases 0.74 GBq to 0.013
reactions with both isotopes: TEq per MW(e)-year (0.02 to 0.34 Ci/MW(e)-y).

This variation reflects not only differences
sLi (n, e) 8H and in reactor type, design and materfals of

, construction; but also differences in power7Li (n, no)8H. generating history and waste managesent
,
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actices at individual sites. The higher .

released at a typical BWR site but only agoutitium release from pressurized water
15% of the tritium released from pressurizedeactors [ average: 0.029 TBq/W(e)-y (0.78

1/MW(e) y)) compared to boiling water water teactors, the remaining 85% being (-
reactors [ average: 4.4 GBq/NW(e)-y (0.12 released with liquid effluents..

C1/HW(e) y)) reflects the greater tritium
production in and release into the coolant of The release. mode for tritium can be ,PWRs. The higher tritium releases through modified to accommodate local environmental
stainless steel clad fuel is evident from the conditions of the site such as the ava.il-normalized (C1/MW(e)-y) data for the Lacrosse ability of dilution water for liquid
BWR and the Haddem Nee:k and San Onofre PWR effluents. Thus, it is possible to have BWRsplants- releasing 90% of the tritium via liquid

eifluents (Oyster Creek) and PWRs releasing
over 60% of the tritium via airborne effluents

The mode of tritium release to the envi-
ronment as well as the magnitude of activity
releised is highly variable from site to site
and dif fers between pressurized water and 111. RA3IAT10N DOSES FROM TRIT 1121 RELEASES TOboiling water reactors. The total tritium TIE ENVIRONMENT

release to the environment from U.S. BWRs in
1981 was approximately 44 TBq (1,200 curies). The models used for th'e dose calculations
Of this total, approximately 10 TBq (280 Ci) have been described elsewhere.stesa The total
were released as liquid effluents and 34 TBq population doses from releases of radionu-
(920 C1) were released as airborne effluents. clides in 1981 have also been publishedts;
Pressurized water reactors released approxi- however, the doses from tritium were not
instely 768 TBq (20,710 Ci) of tritium; 690 evaluated separately in that report.
TBq (18,600 C1) as liquid effluents and 78 TBq
(2,110 Ci) as discharges to the atmosphere.
The activity of tritium per unit energy A. Methods '

production released as airborne emissions from The specific activity approach is used to
the two reactor types is similar (about 3.7 estimate the long-term concentrations of tri-
GBq/HW(e) y (-0.1 Ci/HW(c) y). However, the tium in vegetation, and animal food products.
airborne releases comprise 80% of the tritium The tritium concentrations in water and in the

atmosphere are estimated using established
)Nigamm%

Table 1. Tritium Production in Light-Water-cooled
.

Nuclear Power Reactors-

[1,000 MW(e) plant operated for 300 full power equivalent daysf

Reactor type
Amount cf Tritiumand Tritium Amount ReleasedProducedSource to Reactor Coolant

% of_TB_g Ci TBg Ci production
Boiling Water .

Reactor (BWR)
.

ternary fission 600 16,000 3.7 100 0.6
~

encapsulated boron 115
i deuterium activation 3,100 0.4 ~ 10 0.30.4 < 10 0.4 < 10 100715 19,100

Pressu'rized Water
,

U 120 0.6

i Reactor (PWR)
!

ternary fission 600 16,000 3.7 100 0.6encapsulated boron 37 - 1,000 11 300 30boron / lithium in coolant 11-18 300-500 11-18 300-500 100deuterium activation 0.4 < 10 0.4 < 10 100
| 650 17,400 30 800 5

*

i

2546
i FUSION TECHNOLOGY ' VOL. 8 SEP.1985

.,2... . .. - - . ~

.

.

-- - - - - - - - - - - - - -- - - - - - - - , - m



-

i _ ,%_
.___m_ -

e,

+

.

PeterSon and Baker . TRITIUM DOSES IN LWRs
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Testo 2. R.perted Trittee setuen t. the Eeele.neens se 1981 tree'seetur P.ser se.ctere {
,

Tyh ud site toisy '' '' 5- '- . ' - ". 8 - .

'

Re.c t.

(number of salta) cenerette PRITILWI REI. EASES ,

[MW(e)-bl ' Activity (curies)I*I Activity per Electrices Megawatt (C1/MW(e)-T)

3. 90!LipC WATER REACTORS t.iemid Airborne Total Eteeld Airborne Total

I. Duane Areeld (t)* 2. 2E+M 0.0E+00* NR* "* 0.0E*00* ~ --

2. Big Rock Pedet (I)* 4.71+05 3.lE*00* <1.0E+0l* < l . 3E *0 t* 5.8E-02* ' <t.9E-01 42.4E-Ol*
3. Bressa Terry (3) 1.st+07 2.4E+02 3.st+03 6.2E+01 3.21-02 1.sE-02 3.0E-02
4. Breassick (2) 5. 8E+06 2.3E+01 3.8E+01 4.0E*05 3.4E-02 3.0E-02 6.0E-02
5. Cooper (I) 3.81+06 <8.4E*00 4.5E+00 < t . 3E *01 1.9E-02 1.0E-02 , 2.9E-02
6. firesdes 2-3 (2) 8.6E+06 6.0E*00 3.2E+02 3.2E*02 6.11-03 3.2E 43 3.3E-et
7. Jamee Fitzpatrick (B) 4. 8t+M 4.lE+00 6.6E+00 t . lE*0 3 7.5E-03 1.2E-02 2.0E-02
8. Edwie 3. Estch (2) 7.2E+M 2.1E+01 9.6t+00 3.0E+0 5 2.5E-02 1.2E-02 3. 7E-02
9. leCrosse (t)* 2.4E+05* 7.7E+01* 2.3E+0t* 1.0E*02 2.8E+00* 2.51-0t* 3.7E+00*
10. Milletese-1 (1) 2.5E+06 2.6E+00 9.5E*01 9.7E*01 9. t E-03 3.3E-0 8 3.4E-01
II. Meeticelle (I)* 3.3E+064 4.2E-03* 1.1E+02* 9. t t+02 1.IE-05* 3.0r41* 3JE-00*
II. Else Mile Point (1) 3. 3E+M 5.0E+00 6.3E+03 6.8E*01 1.3E-02 8.7E-03 1.8E-01
13. Oyster Creek (3) 2.6t+06 2.7E+08 3.2E+es 3.0E*01 217E-02 3.28-03 3.0E-02
14 Peach Betten 2-3 (2) 9.SE+06 3.7E+01 2.8E*01 6.5E*01 3.3E-03 2.6E-02 5.9E-02
15. Pilarte (1) 3.4E+06 3.4E+03 7.6E+01 1.1E*02 s.7E-02 1.9E-01 2.8E-01
16. Quad Cittee (2) 9.5E+06 1.2E+01 S.6E+01 9.81+01 1.1E-02 7.9E-02 9.0E-02
17. Verwent Tankee (t) J.6t+06 3.7E-01 2.0E*01 2.0E+0 8 9.tE-04 4.8E-02 4.9E-02

,

(Ci/reacter yl 10. t 0.4 38. 1 2.4 44. t 2.4 0.02210.002 0.098 2 0.009 C.12 2 0.01(C1/MW(e)*yl
***Meas t S.E.

|fSq/reacter yl 0.3410.02 1.4 1 0.1 1.820.1 0.81 1 0.06 3.620.3 4.4 2 0.4 (CBq/MW(e) y]
.

II, PRIsstlRIZED WATER Re. ACTORS

3. Arkanese pecteer One (2) 9.2E+06 6.9E+42 1. 3E +02 8.tE*02 6.5E-01 1.2E-01 7.7E-01
2. Beaver Valley (3) 4.71+06 3.4E+02 9.5E-02 1.4E*02 2.6E-01 5.48-04 2.6E-033. Calvert Cliffe (2) 1.2E+07 1.0E+03 5.SE+00 1.0E*03 7.6E-05 4,4g43 7.73 01
4. Donald C. Ceek (2) 8.3E+07 9.1E+02 5.5E+00 9.2E*02 6.lE-01 3.6E-03 6. lE 41
5. Crystal Biver (1) 4.0E+M 2.7t+02 3.6E*0 3 2.9E+02 5.9E-et 3,4g.02 6.3E-01&MWZCfM 6. Dawn.-Be.se (1) 4.4E*06 1.6E*02 8.6E+00 1.7t+02 3.2E-05 4 7E-02 3.3E-01
7. Jeseph Farley (2) 5.5E+06 e 0E+02 3.9E+02 9.9E+02 1.4E+00 3.0E-01 1.6E+00
s. Fort Catheus (t) 2.2E+06 2.4E+02 8.7t+03 3.2E+02 I .0E *00 3.3g.01 1.3E+00
9. Robert E. Cleas' (t) 3.3E+06 2.4E+02 7.4E*01 3.1E*02 6.3E-01 .g,gg.03 3.2E-01
10. Nadden peck (I) 4.1E+06 5.3E*03* 8. 6E+0 l* 5.4E*03* 3*II'0I* I JE-e t* 1.IE+0l*
18, . Indian Point (3) 6. lE*M S.SE+02 7.9E+00 8.9E+02 1.3E+00 3,3g-02 1.3E+00
12. Eeweveee (1) 3.4E+06 2.23+02 3.8t+00 2.6t+02 5.4E-01 ' 4.8E-03 5.9E-01
13. Malee Tankee (1) 5.2E+06 2.2E+02 4.5E+00* 2.2E+02 3 M*03 7.71-03 3.8E-01
14.- McCutre (I) 1.eE+04* 6.2E+00* 6.5E-02* 6.3E*01, 2.9E+00* 3,og.02* ,2.9E+00*
15. M111stene-2 (t) 6. I':+06 3.7E+02 1.4E*02 5.lE+02 S 3E*03 2.0E-01 7.4E-01
16. Secth Amme (2) 1.0E+07 1.3E+03 3.tt+01 1.3E,03 IME+00 2.71-02 1.tt+00
17. Oconee (3) 1.4E*07 5.1E+02 5.OE*01 5.6E*02 3 JE-01 3.7E-02 3.6E-01
14. Palleedes (1) 3.5E+06 2.8E+01 6.4E+00 2.81+02 I* 0E"0 3 3.65-02 7.21-01
19. Pelet Beech (2) 6.3E+06 6.5E+02 4.81+02 3.1E+03 9.0E-01 6.6E-01 1.6E-01
20. Freirie teland (2) 6.9E+06 5.6E+02 -7.4E+01 6.4E+02 7.1E-01 9.0E-02 8.0E-01
fl.' Baeche Sece (I) 2.6t+06 f.4E+01 3.4E+02 2. 2E+02 2.8E-01 4.yg.01 7.5E-01
22. E. B. Debiesee 2 (1) 3.5E+06 3.9E+02 5.1E+08 2.0E+02 4.7E-01 2.6E-02 4.9E-01
23k Salem (2) 7.4E+06 1.3E*03 3.9E+00 1.3E+03 1.5E+00 4.0E-03 1.5F*00
24. See Ometre (I) 7.8E+05 3.0E+02* 3. 2E+01* 3.st+0 e 3.3E+W g,4g.01* 3.5E*c0*
25. Sequeysk (1) 2.5E*06 7.6E+01 9.21-01 7.7E+0g 2.6E-01 3.2E-03 . 2.7E-01
26.. St. Imete (I) 5.0E*06 .9.2E+02 3. 7E +02 7.0E+02 S 88-03 6.6E-01 1.2E+00
27. Sorry'(2) 7.5E+06 5.3E+02 6.38*01 5.9E*02 6.2E-01 7.2E-02 6.9E-00
28. Three Mile teleed (2)* 7.2E+0?* 6.5E+0l* 7. 3E+0 t* - -*.

29. Trejse (1) 6. 4E +06 1.0E+02 4.0E+0! 1.4E*02 3. 'E-01
I* E-03 5.5E-02 2.0E-et

30. Turkey Point 3-4 (2) 5.4E+06 2.0E+02 6.9E-01 2.0E+02 2 3.tE-03 3.2E-01
St. Tankee (1) 8.8E*05 1.0E+02 3.1E+00 3.0E*02 I #E*" 3.lE*02 1.0E W
32, ties (2) 3.3E+07 5.7t+02 FR - O' M'03 * *

~

IC1/reacter yr) 302 2 4. 47. * 2. 350 t 4. C.65 t 0.03 0.1220.0: 0.78 0.02 IC1/MW(e) yl ,, ,,,,
'IT3 /reacter yr) It 2 0.1 8.710.07 1326.2 2420.4 4.610.3 29 t 0.6 |CBg/MW(e) yl1

,
?

111. RICM-TEMPERATURE GAS ~
~

-cooLEs BEACinn

Fort St. Tsete (1), 7.6t+05 2.2E+02 1.4E+48 2.3E+*t 2.55-01 3.6E-02 2.7E-et

* est locluded le~everages because of stypical deelge (Letresse, Meeticelle, Big Beck Point, Badden Beck, See Onef re)
een-operettee (Three Mile Islead), er low power producties (McGuire) but included is total-release.

Emer2r senerettee end activity release date le tekee free J. Tichter and C. Seeke+1ts " Red 1+ active Materiale
Released free Nuclear Power Pleste - Asenet report" BBC Beyert IREtEG/CR-2907 Vol. 2 (June 1984) for 1983 rolesees.

OI Calceleted from the reported released activity (celmas 3-5) divided by the eaerEy generaties (ceteen 2) coeverted
'

,
to Mw(e)-y.-

.

'
t
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dispersion models. Tritium concentrations in B. Resulta' '

vegetation and animal food products are .

determined from the calculated tritiu" Thecalculatedcollective(populatiof)
specific activity (S.A.) in atmospheric radiation doses resulting from tritium
moisture. The specific activity of - releases from nuclear power reactors are s'hown
atmospheric moisture is calculated as: in Table 3. The principal parameters that

determine this dose are: the activity and mode
, (S.A.) = [X/Q (r,0]Q/H .of tritium releases to the environment, the
| amount of dilution available from atmospheric

where H is the absolute humidity (taken to be dispersion and water bodies receiving -liquid
air) and (X/Q(r,0)]Q gives effluent discharges, and the size and distri-0.008 kg water /m3 ,

the atmospheric tritium concentration bution of the population in the vicinity of
(activity / m ) at point r,0. the reactor site.3

The specific activity in vegetation is The total collective dose from tritium to
estimated to be one* half (0.5) of the tritium the population residing,within 80 kilometers
specific activity in atmospheric moisture. (50 miles) of nuclear power reactors is small,
Recently this assumption has been challenged 0.083 person-sieverts (8.3 person-rea). Most
by Murphy" who indicated that a value of 0.8 (93%) of this total is contributed by pres-might be more appropriate. Dinner et al.as surized water reactors. . The highest site
show that this value is dependent upon the collective dose of 0.048 ferson-sieverts (4.8type of vegetation; the factor of 0.5 being Person-rem) may be high due to a possible
the mean for vegetation, but a factor of 0.8 underestimation of the available dilutionwould be ,more appropriate for leafy vege. water flow. This value accounts for almosttables. Using the factor of 0.5 and an 60% of the U.S. total collective dose. Ifassumed average vegetation composition of 75% this single value were neglected, the totalwater, the transfer factor from air to dose at PWR sites would be 0.028 person-vegetation is given hy: sieverts (2.8 person-ren) or 82% of the revised

total of 0.034 person-sieverts (3.4 '
person-rea).TF = 0.75kg water /kg M ant)

air-to plant (0.008kg water /cu. meter air)
The highest site collective doses, 1.4 i-

0.2 (S.E.) person-millisieverts (0.1410.02
= 47 B k * 47 m3

, . Bq/m G* person-rem) occurred at PWR sites located on
1akes and impoundments. Over half (- 55%) ofMM~, % '

this dose was received from drinking waterLong-term transfer of tritium.into mest ingestion. The smallest doses occurred atand milk is calculated using tritium transfer boiling water reactor sites also located on
factors which relate the concentration in the lakes or impoundments, (4.720.2)E-02 person-food product to the activity ingested by the millisfeverts or (4.720.2)E-03 person-rem.animal. These factors are: However, there was no reported drinking path-,

way at these sites, the coses'being primarily-

TFg = 0.01 Bq/L per Bq/ day (= day /L) from airborne emissions.
TF = 0.012 Bq/kg per Bq/ day (= day /kg). IV. SUMMARY AND NEED FOR ' ADDITIONAL TRITIUMmeat

CONTROLS
Doses are calculated for the average

, individual (adult) inhaling 8 x 103 3m of air The collective dose from tritium releasedt per year, drinking 110 L of milk sad 370 L of to the environment totalled 0.083 person-
water and consuming 190 kg of produce, 95 kg sieverts (8.3 person-rem) in 1981. The .

of meat and poultry, 6.9 kg of fish and 1.0 kg average collective dose was 4.3E-04 person ,of seafood per year. The whole body dose sieverts (0.043 person-res) at BWR sites and
factors are based upon a quality factor (Q.F.) 2.6E-03 person-sieverts (0,26 person-reh) atof 1.7 and are: PWR sites. The Nuclear Regulatory Commission

has a cost-effectiveness criterion o.f $1,0002.8 x 10 11 Sv/Bq (1.04 x 107 mrea/pci) per man-res reduction ($10s per person sievert*

for ingestion and reduced) for requiring additional radioactive
effluent treatment at light-water reactors.ts |

-

4.3 x 10 as Sv/Bq (1.58 x 10'? aree/pci)
'

Using that criterion, no treatment to retainfor inhalation. tritium would be indicated as there are no
The popula' tion is assumed to be comprised

processes which could reduce tritium releases
and cost less than $300 per site. Existing;solely of adults but the population tritium concentratioe. processes (electrolysis,

distributions and sizes for the individual distillation, hydrogen distillation, etc.)sites are used.88 would cost between $30-$50 per cubic meters to
process the 3,000 ma (100,000 3ft ) of coolant
or liquid wastes at large power reactors. The

..
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.

Catcalated Cellutt,e (e.,etati.e) m!'e-6edy no.e free Trittee sete..
free uncle-r reser meecters is 1998 . :

Tante 3.

\
'1. 2. 3. 4 S. 4. 7. s.Beacter Type and site Cettective Deee (pet ee-ree) Fercentage of Total Trittee Doee Perceetase of Total

fromt Dese Ceetrtheted
Liquid Airborne Total Drieklet Agostic Airborne by Tritten
E f fleesta E f fluent e Water Feede Seleasee .

f. BOILING WATER BFACTORS
.

1. Desse Armeld = = * - - - - -

2. Bit Rock Pelet* 3.8E-0$* 1.2E-03* t.2SE-03* 0.16* 2.5 *. 9.7 * 0.03 *
3. Breves Ferry 6.8E-04 1.0E-02 1.lE-02 S.3 1.0 94 0.34
4 Brunswick 6.8E-05 3.SE-03 1.SE-03 0 0.4 -100 0.08
S. Ceaper 8.4E-04 3.SE-04 3.SE-04 0 0.02 -300. 2.26. Dresdes 2-3 0.0E+00 2.8E-03 2.8E-01 0 0 -100. 0.08
7. James Fitzpatrick 3 9E-04 9.3E-04 1.3E-03 29. 0.2 70. 0.02
8. Edwie Ratch 1.28-04 1.18-03 3.2E-03 0 10. 90. 0.059. Le Cressee 3.4E-04* 4.SE-0J* 4.6E-03* 't * 7 * 91. * 0.085*

'

10. Milletese-I 4.25-07 3.8E-02 3.4E-02 0 < 0.01 al00. 96.
St. Montice t te* 1.2E-OS* 4.9E-02* 4.9E-02* 0.14* < 0.01 -100. ~100. *
12. Nine Mile Pelet 2.SE-03 8.9E-03 1.lE-02 22. - 0.08 78. 0.18
13. Oyster Creek 2.0E-04 2.0E-03 2.2E-03 0 9. 91. 0.013
14. Peach Setten 2-3 9.7E-42 4.SE-02 1.4E-01 68. < 0.01 32. 5.2
IS. Filgrie t.SE-05 3.1E-02 3.18-02 0 < 0.,05 . -100. *

31. -
16. Quad Cities 4.2E-03 2.0E-02 2.4E-02 18. * 0.14 92. 3 t'.
17. Vereest Tankee 1.8E-05 2.2E-02 2.25-02 e s 0.01 -100. 0.036

BWR Total (persee-ree) 0.30 0.46 0.56 - - - -
'

(persee-a$v) 3.0 4.6 S.6 - - - -
,

BWR Averese (is.t.)*
(pereen-ree) (8.112.0)E-C3 (3.310.6)E-02 (4.3fe.6)t-02 10. 1.5 88.

12.8*
,

(persee-use) (8. 312.0 )E-02 (3.510.6)E-01 (4.310.6)E-01 - - -

!!. FFESStNt!1En WATER REACTORS

1. Arkanen Detteer one (2) 3.9E-04 1.25-02 1.2E-02 c. 3.2 97. 0.3
2. Seever felley (t) 8.SE 02- I.SE-04 1.6E-04 99. 0.1 0.9 92 .
3. Calvert Cliffe (2) 3.7E-02 3.4E-03 4.0E-02 c. 92. B.S 6.2
4 Donald C. Ceek (2) 9.3E-02 9.42-04 9.3E 02 95. 0.6 1.0 19.
S. Crystal River (I) 4.2E-Ol 8.9E-04 4.22-01 c. -100. 0.2 2.3$NEYb 4. Davis-Desse (t) 8.4E-03 2.2E-03 1.tE-02 77. 3.0 20. 1.4
7. Joseph Farley (2) 2.0E-03 3.4E-02 3.6E-02 0. S.6 94. 0.g
8. Fort-Cathese (1) 4.aE+00 1.SE-02 4.8E+00 -100 4 0.1 0.3 79.
9. Robert E. Cines (1) 7.SE-02 1.7E-02 9.2E-02 St.. 0.3 18. 60.
le., Esedes Neck (1) 7.0E-03* 1.4E-Ol* 1.4E-Ot* 0. * 4. 8* 15. * 42. *
18. ledian Pelet (3) 4.9E-04 3.9E-02 3.9E-02 9. 1.2 99. .0.45
12'. Eevessee (t) 3. lE-01 1.0E-03 . 3.18-01 99. 0.9 0.3 87.
13. Maine Tankee (1) 3.SE-04 2.0E-03 2.lE-03 c. 7. 5 93. 25.
14 McGetre (1) 7. 3E-02* 2.SE-OS* * 7.3E-42* -99. * - 1.0* 0.04* ''40. *
IS. M111steme-2 (1) 6.3E-05 S.SE-02 S.SE-02 c. c. I -100. 90..
16. perth Anne (2) 1.4E-02 S.9E-03 2.0E-02 c. 70. 30. 0.38
17. Ocemee (3) 1.0E+00 3.SE-02 1.0E+00 9P. 0.3 1.5 6.6
18. Felisedes (1) 2.2E-02 1.lt-03 2.3E-02 87. 8.7 4.3 14.4
19. Feiet teach (2) 2.71-02 9.7E-02 1.2E-03 22. < 0.1 78. 60.
20. Pretrie tolaed (2) 3.1E-03 3.4E-02 3.7E-02 - O. S.4 92. 49,
21. Baeche Sece (t) 6.9E-04 S.9E-02 6.0E-02 - O. 1.1 -100. 2.7
22 E.B. Sebtesee-2 (t) 1.4E-02 2.4E-03 3.6E-02 -O. 89. 11. 0.9
23. Salem (2) 5.3E-03 2.SE-03 7.9E-03 c. 68. 32. 0.9i

| 24. Ese Onefre (1) 1.0E-02* ' - O.*- - - 1.2 e
i 13 Segeeyah (1) 4.0E-02 S.2544 4.0E-02 . 99. 0.1

.

. 1.3 S.9
26. St. Lecie (3) 6.2E-05 7.6E-02 7.6E-02 4. < 0,1 -100. St.
27. Sorry (7) 4.5E-03 3.SE-02 4.0E-02 0. it. 87. 2.3 *

28. Three Mile Inteed (2) 2.lt-03* 3.0E-0l* 3.0E-03 2.0* - 0.l* 98. * 37 *
29 Trejse (3) 6.6E-05 1.8E-02 3.8E-02 < 0.1 0.3 -100. 7.3,

30. Turkey Potet 3-4 (2) 8.7E-04 1.2E-04 2.9E-04 8. S9. 41. 0.39
St. Taekee (1) 5.21-04 1.8E-03 7.0E-03 - c. 22. 78. .t.9
32. Eles (2) 6.3E-05 2.lt-02 2.1E-01 0.3 < 0.1 -100. 6.2

FWR Total (pereom-ren) 7.0 0.79 7.8 - = = =

-- .-

(persee-ede) 70 7.9 7s - - - -

rWe Averese (ts.t.)* *

(persee-ree) 0.25 2 0.003 (2.0 2 0.09)E-02 0.26 2 0.03 30. 20. 50.
19.6

(pu ,, ,g,) 2.5 2 0.03 0.2010.01 2.620.3
4

Orebe Total (pusee-ree) 7.1 1.2 8.3 ' - - -

19.4 .
(puw) 71

.

12. 83 . _ .= - *

* Wet lectoded to evereses necease of styyttet dessen (LeCrocee, seseticette, Bit Beck Potet, Bedden Beck, see Ometre),
ese-operettee (Three Mile 2elead), er les Power producties (Mcomise)e but incteded is total tettective deoe.

* Arithmette mees and standese error of the collective tritiene desee et individual sites. The steederd error to
retrolated free the veristfees about the mese med does met factode the encertataties which eight be Reiserest in the
emet. -1 treespect, metabelle med desteetrie sedele.
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Peterson cnd Bakar TRITIUM DOSES IN LWRs

resultan't cost of $90,000 - $150,000 per site ' 8. 'J. M. IACOVI'NO, JR., " Tritium Control
*

per year is clearly not comeensurate with the
American Nuclear Society Winter Meeting, ,{the
Strategies in PWRs." Paper presented at

small collective doses that result from these '

stritium releases. According to one study , Washington. D.C. November 18, 1976. Abstract
even existing controls on tritium production in Trans Am. Nucl Soc., 24: 106-108 (Nov.
such as the use of zirconium cladding, 1976)
enriched 7Li, and zirconium tritium " getters"
would exceed the NRC's cost-effectiveness 9. J. LOCANTE, " Tritium in Pressurized Water
criterion (based upon their use only for Reactors," Paper presented at the meeting of
tritium control). Reduction in liquid the American Nuclear Society Boston, Mass.
effluent releases by evaporation and release June 13-17, 1971. Abstract in Trans. Amer.
as airborne effluents would produce only sm.ll Nuct Soc., 14: 161-162 (1971)
dose reductions and would be ranked low in
terms of cost-effectiveness. The use of 10. J. LOCANTE and D. D. HALINOWSKI, " Tritium
enriched 7Li is most cost-effective (about in Pressurized Water Reactors" in Tritium
$5,000 per person-rem reduced)s and is (A. A. Noghissi and M. N. Carter, eds)
currently used. CONF-710809, Messenger Graphics, Las Vegas

(May 1973) pp. 45-57.
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Part 50 Appendix I," N.R.C. Regulatory Guid2
2. H. KOUTS and J. LONG, " Tritium Production 1.109 Rev. 1 (Oct. 1977).
in Nuclear Reactors" in Tritium
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ENVIRONMENTAL TRITIUM CONTAMINATION
FROhI INCREASING UTILIZATIONt

' OF NUCLEAR ENERGY SOURCES
I

- li.T. PETERSON, Jr., J.E. MARTIN, C.L. WEAVER,
E.D. IIARWARD
Bureau of Radiological llealth,
Public Ilealth Service,,

US Departrnent of Health, Education and Welfare,
Washington, D.C., United States of America

Ibesented by B.J. hson

Abstract

| ENVIRONMENTAL TRITIUM CONTAMINATION FROM INCREA$ LNG UTILIZATION OF NUCLEAR

| ENERGY SOURCES. Tntium is produced in nuclear reactors by ternary fission and by neutron capture
scactions in "B, HB, 'Li, 'Li, '*N and * H. The expanding use of nuclear reactors for power production'
will contribute additional amounts of tritium to the existing background levels due to atmosphenc 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 sources are
reviewed. US power reactor experience indicates that the primary source of antium production in bolling
light-water reactors is temary fission, wlu;le neutron capture reactions in l'B and 'Li are the principal
sources in pressurized water reactors employing chemical shim. Tritium from deutenum activation in
heavy-water moderated reactors far exceeds the production of tntium by temary fission. Environmental
surveillance data show no apparent increase of tntium concenuations in water sources in the vicinity of
light-water reactors. Due to tritium retention by the fuel cladding, a major portion of the tritium produced -
by remary 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 tntium production from nuclear teactors are provided up until the year 2000.
These estimates are compued with erlsung equilibrium levels of naturally-occurring tritium and with
the decreasing inventory of tritium remaining fiorn atmospheric nuclear testing. The implications of these
projecuans are evaluated from a public health viewpoint. A discussion of the possible impact of new

y %jdfM580$H M $ % M 88&OdlMs g g thermonuclear energy sources on environmental tritium concentrations is also included,

i

1.0 INTRODUCTION

Tritium is a radionuclide on whteh attention is 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.

j" paper. is to discuss the production of tritium by several sources and to

i eiramine the environmental consequences of this production relative to the
f nuclear power industry.
| Although tritium is generally considered to be one of the least hazardous
'

radioisotopes (1), its long radioactive half-life (approximately 12 years)
' means that tritium discharged into the environment will. accumulate over a
j , relatively long period of time. Since tritium closely follows the reactions,,

,

,
4 of ordinary hydrogen, it assimilates readily.into water and into biological

. k. ' media.
'
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36 PETERSON st 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 Commaission 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 257. of the total electrical power generated
in that year. By the year 2000 the total installed nuclear capacity in the
U. S. may be as high as 1,000,000 megawatts (4).

.
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2.0 TRITIIM PRODUCTION IN NUC1. EAR REACTORS

| ' ' Tritium may be' produced in riuclear reactors by several mechanisms some
*

l of which are shown schentatically in Figure 2 These sources include:+
I 1. . Ternary fiestor. having a triton se one of the fission!

fragments;
2. . Neutron captura reactions with coolant additives such as

.

boron,' lithium and'aussonia;- -
'
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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

P aN _O o- _
g_

O - - O --

-/{ j
~ #.s

v
g

FUEL FUEL i 1 |
PELLET CLADDING COOLANT CLADDING CONTROL

OR
235 D O(gr)TDO POID2

23 H O(g r)DHO(nr) HO ROD
Pv(n.f }T 2

U(n.lli B(n.2a}f

B(n.m) Li(n.na4T 10 7

L (n.alf 1I

6(gn2a4T

MG 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,

WMfMfGE!!!$Wi!!$@ddil<TdiWRM
design characteristics, operating history, and materials of construction.
The manner in which tritium is released to the environment will also be a
function of these parameters,

i 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 tritius fission yields fro:n thermal neutron induced fission of
enriched or natural uranium range from 0.3 to 1.0 tritium atoms per 104
fissions (7-9), ggreticalfissionyieldshavebeencalculatedforother
materials and for . U by Dudey whose results are shown in Table I (10).J

Measurements of the tritium relgased in fuel reprocessing indicate that the
| theoretical estimate of 1.3x10* is 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 colunn of Table II. Since fuel burnups

I
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

, _ '.extrapolat'ed'productitni rates' for thes'e burnups. .These values .are also
contained in Table II.
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.

TABLE I

ESTIMATED YIELD OF TRITIUM FROM FISSION (10)
.

3Ma te rial Neutron Energy Atoms H Produced per
(MeV) Fission

235 Therma 1 1.3x10-4g
'

1.0 1.2x10-4

3.0 8.2x10-5 (,

238 Thermal 2.6x10-4g

2.5 1.4x10-4

239 Thermal 2.3x10-4Pu

1.0 2.5x10-4

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 (2.5x10-4 and 1.3x10-4 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 0.0157. of the atoms of hydrogen in nature (12). 'Ihe tt;ermal cross-

ut%f M k @l@ M b w< W :AM. ' " section for the 2 (n,y)3H reaction is 0.5 millibarn (13). Deuterium activationH

has been estimated to produce tritium in a 3295 MW(th) l' oiling-water reactor
at a rate of about 0.15 uC1/sec or 4.45x10-3 Ci/MW(e)-yr. By comparison, the
tritium production rate from fission was calculated to be 540 pCi/sec (14). 4

Because of the retention of fission-product tritium in the fuel element,
the importance of tritium from deuterium activation as an environmental
contaminant will be higher than its relative production rate would indicate.
If only 0.17. of the fission-product tritium escaped from the fuel then *

,

deuterium activation could contribute over 277. 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 moderator and coolant can. consist of
99.757 deuteriuu oxide. For this resson, deuterium activatica 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 III. 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-;snd heavy-water, the. tritium production ;
rate in a heavy-water reactor _ would .be about 30 C1/MW(e)-yr. -
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- TABLE II

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

. .
s

.

Reactor Type Fuel Material Fuel Burnup Rate Tritium Content Tritium Production
- (MW(th)-day / Tonne) (Ci/ Tonne) Rate *.

(mci /MW(th)-day)
,

', Light-Water- 23Sg 20,000 327 16.4
,,

'
30,000 490*

' '

Light-Water 239 20,000 540 27.0
. ,,

- g,

,

, '
, . 30,000 810* ,

E
Light-Water 1/2 U- 1/2 Pu fuel 20,000 440 22.0 $

*
.

t~^ ' ,

. 40,000 880* $

k
'

'INFBR** 235g 100,000 1510 15.1

'

~

LMFBR 239Pu 100,000 3150 31.5.

. f
d -1NFBR 239Pu,235Pu core and 40,000 1900 47.5. .

. . ' . .

*
blanket

. . -

_. Eatimated by the Authors*.-

. ** DEBR - Liquid Metal Fast Breeder Reactor

.
.

.

.

.
- ea.

.s.
s

ee 8

.

.

'

(.



_ _ _ _ _ _ - _ _ _

. .

40 PETERSON s t (1.

TABLE III

MEASURED TRITIUM CONCENTRATIONS IN REACTOR PRIMARY C001 ANT WATER (20)

Reactor Type Tritium Concentration
p Ci/ml

Boiling Water 0.015

Pressurized Water 1.5 ,

Heavy Water 7200

e

2.3 Tritium from Boron Reactions

Boron-10 is used in some nuclear reactor control elements due to its
large neutron absorption cross-section of 3840 barns (13). Both natural
baron which contains 19.77, baron-10 and boron which is enriched in this

Baron carbide (B C) is usually used in boiling-isotope may be used. 4
water reactors (BWR) and some BWR plants in operation may centain 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 MV(e) reactor. This boron, in
the form of borated stainless steel curtairs, is 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 TRITI'JM PRODUCTION FROM BORON REACTIONS IN
A 3391 MW(th) PRESSURIZED WATER REACTOR (17)

' Source Amount of B (grams) Reaction Annual Tritium Production (Curies)

. Initial Cycle Equilibrium Cycle

-Poison Plates S3530 3%(n,20)3 800 Not UsedH

I4(n,0) 7Li
1500 Not Used a

f7Li(n.n a)3H
E
3

Chemical Shim %3400 (initial) I S(n,20) 3:1 1100 780
_. , -

%3150 (equilibrium)
1%(n,a) 7Li

not estimated not estimated

7Li(n n a)3H,

(%2100)* (%1450)*

* Estimsted 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, ne 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 of fission-product poisons (15), n e boron
concentration is not maintained c 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 10 (n,2a)3HB

10 (n o)7Li(n n o)3H reactions. Estimates of the tritiumreaction or by the B

production rate for a PWR employing chemical 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) e

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).

e

2.4 Tritium from Lithium

6Li which has a thermalNatural lithium contains 7.42 percent of
cross-section of 675 barns for tritium production (13). One part per
million of natural lithium as an impurity in the cladding and prit ;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 the primary
system. It may also be present from ion exchange resins in Li+ form. The
importance of lithium as 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

7Li was substituted for natural lithium (19).when resin containing only

MONTHLY TRIT 1UM RELEASES FROM GHIPPINGPORT
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, Present reactor designe vill employ 99.9% 7 Li in the ion exchange resins
and LiOH in order to minimise tritium production (17). '

<

3.0 TRITItSt RELEASES FRGt NUCLEAR REACTORS

3.1 Retention of Fission-Product Tritium
4

Only a fraction of the fission-product tritium is released to the
environment from a nuclear reactor. In order to reach the reactor coolant4

a

the tritium would have to diffuse out of the ceramic uranium dioxide (UO )2fuel pellet and pass through the 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 reach the fuel reprocessing plant.

Sus 11 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
|

i

; not well defined. These mechanisms 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:,

1 Direct penetration of tritons (6);
2 Effusion of tritium through minute holes or defects in the,

cladding materia 11,

"

3. 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 effusien and diffusion processes,
t. 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 greatet in reactors employing stainless steel fuels than in those
| employing sitconium alloy (zircaloy) clad elements (18, 20). A limited
j amount of experience with aircaloy. clad fuels also indicates that there may
AmH$fMh4Mtf**,AW1WWf%8 be a three-fold difference in hydrogen retention between the two airconium

,

alloys, strcaloy-2 and zirealoy.4 (21). '

I

! 3.2 Operatina Experience,
a

d 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
i teolling-veter reactors indicate that boron present in clauded control rods
i' or alloyed in poison curtains does not contribute' appreciable amounts of.
7- tritium to the effluent (20).

.

- Liquid westes from reactors are discharged into the condenser cooling
| water which provides a large amount of dilution. For typical 1000 MW(e) PWR
I

. plants releasing $000 Ci/yr of tritium the resultant concentrations in these
discharges which reach, the general public.would. be less than* 0.2% of .the

R'eact' ors whi'h use cooling towers,
' ;radioactivity concentration' guide.(17).'-

c ~
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TABLE V

TRITIUM RELEASED TO THE ENVIRONMENT

FROM OPERATING POWER RE/CTORS
.

Reactor Fuel Cladding Power Capacity Tritium Release

MW(e)(22) Factor (22) Estimated Rate
Annual Ci/MW(e)-yr

Curies (22)

B'iling Water Reactors fo
,

U
' Big Rock Point Stainless ateel 50 0.45 20 0.89

llumboldt Bay Staialess steel , 52 0.80 20 0.50 z

.
Zircaloy a,,

Elk River St''nless steel 24 0.70 10 0.60 .E

Dresden - I Zircaloy - 2 200 0.65 5-10 0.037-0.074

Pressurized Water Reactors

-Indian Point - I Stainless steet 163 0.50 500 6.1

Yankee Stair.ers steel 185 0.70 1300 10.0

1 1
Connecticut Yar'.ee S.teiniens steel 433 0.71 1755 5.1

Idata frcm Connecticut Yankee monthly operating reports for 1968 (23) .
.
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TABIE VI

ESTIMAT'S TRIT *UM RELEASES FROM U S. COF0ERCIAL

NUCLEAR FUEL REPROCESSING PLAhTS

. Plant capacity Estimated Fuel Tritium Contert 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) .

*

.T.
ti.

. Midwest Fuel * b
"

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 stcrage lagoon
NS NOT SIECIFIED

.

h
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~ ,

have a smaller dilution especity 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 from light-water reactors.with gaseous .

.g westes 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 stuospheric 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 reactor 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, use this concept because natural
uranium can be used without enrichment (29). Tritium concentrations in the i
ptimary coolant of heavy water reactors could be about 10-20 nC1/g af ter
long-term operation. Past experience at heavy water reactors indicates that
D 0 lesses can approach several Kg/ day although there is an inportant2
economic incentive to retain this material (30-35). Holmquist has stated

*

that no heavy-water reactor can be assumed to have a lower D 0 leakage2

| rate than 2 3%/yr or 6 Kg/ day (36). n e 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 D 0 leakage2

' 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 REI. EASES FROM FUEL REPROCESSING PLANTS.

The largest localized concentrations of tritita in the environment will
be in the vicinity of fuel reprocessing plants uhere 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 consnercial
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:

b. MWMHiiGilMIMN10$hW@$Udl 1 D1sposal into ground weter,
2 Dilution and disposal directly to surface water,

3. Distillation and release to the atmosphere, and
4 Concentration and storage with high level waste. 8

4.1 Ground Water Disposal

Disposal into ground water through seepage basins or wells has been
1 pursued for several years at the may- U. S. plutonium production sites,
j Dispoeal into ground water requires hydrological and geological studies' .

| 6 to determine the direction and rate of ground water movement and extensive
t monitoring programs to assure that of f-site' drinking water ' supplies are not

-i+ . contaminated. - ' ' *

) .

| 4.2 Surface Water ' Disposal
r De Nuclear Fuel Services coassercial reprocessing plant at West Valleyi

.

*j
, New York di,sposes of , tritium by a' combination of . surface' water, releases and .
atmospheric; releases. Release. rates of tritium from t'nia plant have'bgen *

*
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estimated to be 50 C1/ 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 COM(ERCIAL FUEL REPROCESSING PLANT (41)

'

Data for 1967

'

Measured Tritium Releases to Storage
Lagoon (C1) 4200

Tonnes of Uranium Processed 136

*Percent of Plant Capacity 37

Percent of Estimated Release of
; 130 C1/ 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. Biomeke 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 gCi/ml or le'ss (40). For

' ~ this reason this technique has limited applicability fer plants with
capacities on the order of 5 MTU/ day.

4.3 Atmospheric Disposal ^"

pggggggpg;9g;. 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 seans 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 be
432 and 1,640 C1/ 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 pCi/ml (38-39). Cowser, et.al., analyzed ti.e 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
10 000 and 100,000 ga11ons of liquid waste per ton of fuel (43). The Nuclear3

~

. Fuel Services plant, which uses the Purer process, is estimated to retain
. about '10%* of the trit.ium in long-term storage. The rest is disposed .to,
. surface water (about. 65%) or the atmosph'ere: (about 25%) principall'y 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 Ci/1 (43). Tank
storage might be economically feasible for wastes of this activity.

5.0 TRITIIM ACCUMULATION IN BODIES OF WATER

5.1 Generet

All tritium, regardless of its mode of production or release, eventually
deposits in the hydrosphere. Localized sources of environmental tritium p

such as reactors and fuel reprocessing plants may present certain public
health considerations because of exposure resulting from accumulation in
receiving waters., In 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 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:

f

C, e'A " (1)3- 1-e +C(t) =
VA

-

where,-
3the concentration (uci/cm ) at time t,MMQ$$di$$$Wi$$A$idN1 ~ C(t) =

the activity release rate (Ci/yr) into a lake,R =
3the rate of water loss from a lake (cm /yr),r =

3the volume of the lake (cm ),V = *
the radioactive decay constant for tritium (A =A =

0.0561 yr-I),
the initial activity present in the lake fromC, -

natural and fallout sources, and
A + r/V, the ef fective removal constant for bothA =

radioactive decay and the physical loss of water
from the lake,

The average or mean residence time of water in the la'ke is defined by:

V/r (2)T, =

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

' (3) -T''*' I/A ' "
? <t;> T ;

,
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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 tapounding a natural creek, a site
that is reasonably typical for the United States. Ihe. volume of the lake

9is approximately 1.34x10 cubic feet and the average discharge rate is
169 ft3/sec. Annual discharges of tritium are estimated to be about
3820 C1/yr. It was assumed that the plant would operate 40 years and that
this would bc equivalent to an infinite operating time, a conservative
assumption.

Tritium butidup 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 I and II) accumulated tritium concentrations would not
exceed established concentration guidelines. Case III represents a hypo.
thetical maximum estimate. All calculations were conservative because water
loss by evaporation was omitted,

5.4 Tritium Accumulation in a Large Lakea

Large lakes have a considerable dilution capacity for tritium released
ito 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 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 15% of this total will be located on Lake Mithigan. 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 Laks Michigan is assumed to be 5 C1/yr-MW(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.

* "" *# #* " " " " I"* I" * * * ## *" **@OIM@@l%@ MMH?d$MWNNsj4
Rainey (44) and Stiga11 (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 nean 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:

RP(t) (g,,-A) (4)A(t 1)e~A +A(t) -
A

where A is the removal constant, 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 OTWe) 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 daring the year under
-consideratLon. The total tritium. activity in the Lake in, the year 2000 is

estimated by this .equ.ati' n- to'be; about seven megacur.ies.
' ~
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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 t-A s calculated from:

C(t) - A(t)/kV (5)

where C(t) is the average tritium concentration in the Lake, k is the
g 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

3 ~

34781 km , and 2) mixing with 36.5 percent of the lake volume (~1780 km ),
,e a value estimated by Stiga11 from fallout data on 90Sr as the effective

'

dilution volume. The results of this calculation are shown in Figure 7
i- These data show that although the estimated tritium activity accumulated

* in'the Lake by. year 2000 is over'seven megacuries, the concentration in -.

the Lake would be less than 0.27. of the radioactivity-concentration limit.'

of 3x10~3|pC1/mi used by,the United States Atomic Energy Conunission (46), * *
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FIG .8. Comparison of antium activity frorn: , a) natural production (wide range = all estimates;(s
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narrow range = most probable estimate)t-(b) residual weapons fall-our;' (c) US reactor productions
and (d) world-wide reactor production ( A) estimated in' Ref.[56].

6.0 PROJECTED ENVIRONMENTAL TRITIUM 1.EVELS

6.1 Ceneral

The buildup of tritium in the environr.ent 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

df?QN$dl!$Idf$hflE@M$N!ii$N@ig Compared to these other sources in Figure 8 At present the nuclear power
industry production is's_ mall compared to the other two sources and will

not reach natural production levels until about 1985. ne 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 tritiu are hiCandpenergy(E>100HeV) ,

O(n,t)'ON reactions withI4 (n,t)proton spallation reactions and N
secondary neutrons from cosmic radiation (47-52).

Nir, et.al., reviewed all previous calculations of tritium production
2and estimsted that the average production rate is 0.19 *0.09 3R atoms /cm -acc

3 2and.that the total decay rate is 0.5 i 0.3 11 atoms /cm -sec (50). This
- latter, value porresponds'to a total , equilibrium activity inventory of

approximately 69 megacuries of tritium. -Esitimates of the rate of production~

s

s
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3H atoms /cm -sec. This variation2vary considerably, ranging from 0.09 - 2.0
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
curing per kiloton of TNT explosive yield. Small amounts of tritium may
also be formed by neutron interactions with nitrogen and oxygen (53). The g
largest source of tritium in the environment at the present time is from the

detonation of thegmonuclear (fusion) weapons in which tritium was produced2 (n,y)3H and Li(n,a)3H reactions with lithium deuteride in the devices.by H *

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 regacuries (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 indicatedfby'tbe 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 th'e three curves in the Figure. The curves of U.' S ,
production in Figure 8 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 trititm which escapes from encapsulated boron is
small and these elements are generally disposed intact as high-level solid
waste.

An increase in cl.e utilization of large heavy-water power reactors
could substantially increase environmental tritium levels. It has been
estimated that the tritium inventory would be doubled if 10% of the power
production was fran heavy-water reactors (57). Development of thertonuclear

%wwymMg,g; mew @ 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, most
of this anterial would be contained in the reactor for use as fuel material. 9

Present information is insuf ficient to project future estimates of tritium

from this source.

7.0 PUBI,1C HTAI,1H SIGNIFICANCE

The principal form of tritium in reactors is trittated water and
conventional concentration processes such as ton exchange and evaporation
do .not remove appreciable amounts of tritium from liquid ef fluents. For..
this reason tritium may comprise between 50 and almost 100% of the total.
activity in reactor discharges to the environment (20). The Radioactivity -
Concentration Cuide (RCC) fcr tritium, however, is much higher than fcr
most common fission products- .The FCC of tritium is 10-3 pCi/ml and because,

of its short biological half-life (12 days),' its low disintegration energy,
and uniform disttibution in the body, its relative health significance'is., '
smaller than for other ; fission p' oducts ench as 90 r and 137 s.r S C 'v

- . , .
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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 1.5x10 5 cm31 per year and the resulting concentration
would be about 5x10-6 uCi/mi or 0.5% of the RCC for exposure of the general
population (10-3 uC1/ml). The volume of water discharged from reactors
employing cooling towers is considerably smaller and may be only 2000
gallons per minute. Under these circuratances 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.

I The Public IIealth 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,

g results reported by this network are published periodically (59-62).
1 Present levels are 0.210 nci/1 and the dose contribution from the maximum

concentration has been estimated to be less than 1.6 mrem / year (62).
The butidup 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 nC1/l, most of which will be contributed by the reactors on the
Lake, Continuous consumption of this water for a fif ty-yest 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. TADMOH: I should like to ask whether the figures presenting the
projection of tritium production in nuclear reactors up to the year 2000
include possiale future fusion reactors.

A recent study made by F.I.. l'arker indicates that tritium waste from

reactors of this type would present a major problem from a disposal
point of view.

Another remark I 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 rnethod 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 . llave you any comment
to make on this problem of fog formation 9

II.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

M r. l'a rker's paper.

With regard to the fog question, I have no comment to make, but I 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.

S.O.W. IIEltGSTitOM: A tritium release of 15 000 Ci/yr from heavy-
WWe@ # 7 W s W S G;M.! W ; 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 510 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

' 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,

ll.J. MASON: 15 000 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 MICTTINEN: I understand that when calculating the radiaticn dose

values for humans you used the biological half-life (12 days) given by .he
ICitl' for tritiated water and a homogeneous distribution in the body.

In nature, in a lake containing 40 nCi T 0/ litre, part of this tritium2

will be present in plankton and fish, for example in the form of trillated

. . .
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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 if homogeneously distributed in the body water,

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

II.J. MASON: The authors have not made this calculation since data
are not readily available. Evans, at the Savannah Iliver plant, has indicated
that the dose calculations based upon ICitI' recommendations should be
increased by a factor cf 1.4 because of tissue-bound tritium. I agree with

Uyo2 that some effort must be made to take this tissue-bound tritium
into consideration.

A. I.AFONTAINE: 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 changas (i.e. an increase in strict-
ness) in the maximum permissible concentrations recommended by the ICIll'.

The biological 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 elements of the biological cycle, 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 forrn of molecules different from tritiated water, notably in fuel

reprocessing plant;,.
II.J. AIASON: "All I can say is that I agree with you.

..
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ESTDMTD TRITItM PRODUCTION FRCM BCR0!f REACTICNS IN $
A 3391 W(th) PRESSURIZD EATER REACTCR(17) g$

?EB<10
Source Asount of R (grass) Reaction Annual Tritium Production (Curies) c4 g

Initial Cycle Equilibrium Cycle *$*

H

Poison Plates S3530 15(n,b) ht 800(510) Not Used N
H- 14(n.o)7tt oH

ghENI1500(960) Not Used
11(n.n a)% ggOg, ,

' . -
- ?? 58

pbbChemical Shim %3400 (initial) 14(n,b) % 1100(346) 780(480),

t* $f
'

s3150 (equilibrium) * Pe

-
3 %(n,0) 7 Lie 88 8.8 Cg:: :;f.r2::' ::: :::i 2::d g, .

li(n.n a) %.* 8.8 8.8 < o
g'

W+ (->'50 F 2
6U(ng)3 an y'8H M

=8+ ;;;_;;; ij:_:t--; ';_. ::::: c f j;_ ?__ :1-- : ;-.:::: ;- :-:::. . c:.
O AS .

*70 concentret:cs coa.froned to less then 2.2 ppm O
'

$**6 7LiLI Impurity in 99.9'/. g

"n
-

a
NOTE: Wesnnchouse hos cdvised the authers that o design change is presently beine mode which will reduce o.tritium production to the votees shown h parenthesis in tne table . These values would also change the test in
Sec. 2.3
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Table VI

Plant Capacity
(Tonnes / day).

Design Actual ,

i
fNuclear Ft:cl -

Services, West 1 0.82 4

'
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 itTO would be about
9 mrem /yr (42) .
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4:
i

. rpitITIUM, an isotope of hydrogen with an an expanding nuclear power industry on en-
.L atomic mass number of three,is produced in vironmental trititun levels indicates that future'

j.

- nuclear reactors in substantial quantitics. Al- tritium releases from reactors and spent fuel

j though tritimu is one of the least hazardous ra- processing plants may surpass the quantity of
,

dioactive nuclides,its continued production and tritium remaining from nuclear weapons tests.
long half life for radioactive decay may lead to The Ilureau of ]!adiological Health's en-

.

increased levels in the environment. Ilecauce vironmental surveillance activities provido a
tritium is an isotope of hydrogen, it can be continuing soureo of data on tritium concentra-j ;
metabolized in the form of tritiated water and tion in rivers on which nuclear facilitie3 nre 10-;

incorporated into body fluids nnd tissues. This cated. There is, however, n need for more spc-
;

Fource of population exposure requires that ciIlo Source-oriented information on tritium,
; ,

public health ngencies be cognizant of the and its potential for becoming a public health**
significance of tritium as an environmental problem. This paper is intended as a general in.

contaminant. formation guide on tritium for persons engaged'

The nuclear power industry has expanded in Federal, State, county, and local public health*

rapidly during the past few yeare, and the U.S. nctivities. The various sourecs and mechanisms'

' . . Atomic Energy Commission predicts that this for release of tritium and its pathway from nu.
high rate of growth will continue during the clear facilitica to the environment nre described.*

*

next decade. Nuclear power reactora and fuel re- This information is casential in assessing the re.*

,

processing plants release tritium to the environ- quirement for environmental surveillance and-

ment under normal operating conditions. in evaluating, from a public health viewpoint,
Duo to the stratospheric fallout from previ- the upward trend of tritium levels in the

i

atmospheric testing of nucient weapons, environment.out
,

measurable levels of tritimn are already present', in the enviromuent. An analysis of the ef!'ect of Radiological Characteristics of Tritium

llecause of its relatively shott biological-

Afr. Weaver as chief, Division of Fnrironmental half time (IS days) combined with a relative-
Radiation, Alr. //arnard is chief, and Mr. Pcterson ly low disintegration energy, tritium is one of-

is a nuclear engineer trith the Nucicar racilities the least haznrdous radionuclides produced in
Branch, Bureau of Radiological //calth, /|nriron. nuclear reactors. A single ingestion of tritiated
rnental Control .4dministration, Consumer Protec- water having an activity of 1 microcurin will
sion and 1:nnironmental llealth Service, Public produce a total dosc to the body tinues of 0.?!

,

//calth Serrice. millirems (mrem). Continuous ingestion of

Vol. lit, No. .f April IW,9 3(>3

'.

W



7
- - - . . _ .

.

.

7[< ..

c. .

t

i water having a specific netivity of 1 microcurie from the environment by radioactive decayI

;7 of tritium per milliliter will produce a dose rate equals the rate of tritium production. Since

1( of 170 rem per year to body tissues. From this the earth is several billion years old, this
value the annual average discharge concentra- equilibrium rate has existed for some time'r

'. tion limit for tritium in water can be calculated and the amount of tritium present from nat-
I- to be 3X10-8 microcuries per milliliter. This ural sources is essentially constant.
'I quantity is the concentration limit for tritium Nticlear tceapons tests. Past tests of r clear
,' in radioactive waste discharges to the environ- weapons in the atmosphere are the greatest
,

ment contained in the Code of Federal Regu- single source of tritium present in the environ-#

i' lations (1). ment today. Tests by both the United States
Tritium deenys by the emission of a beta and the Union of Soviet Socialist Republics,

'_ ! particle and an anti neutrino to form stable before the Atmospheric Test Ban Treaty in
i, helium 3. The half-life for this process is 4,500 1902, greatly increased the amount of tritium

7

|r days on approximately 12 years (2). The beta in the environment. Thermonuclear (fusion)
si particle and the neutrino carry varying frac- weapons produce tritium from neutron inter-
'e tions of the energy liberated by the disintegra- actions with lithium and deuterium with a
i* tion. When there are many tritium atoms production rate of G.7 megacuries of tritium

! *. present, this process produces a contimtous per megaton of fusion yield (4). This source
,j- spectima of beta particle energies. contributed about 1,700 megacuries of tritium

{ The maximum energy of the beta emitted to the environment compared with an equilib-
by tritium is 18.0 kilo-electron volts (Kev) rium value from natural sources equivalent*

-

(8 and the nyerage energy is 5.0 Kev. These ener- to npproximately GO megacuries.
gics are considerably lower than those of most A large fraction of the tritium produced by

.; * 'other beta emitters which are usually about these detonations was injected into the strat.
,

100 times greater. osphere. This part of the atmosphere does
t n t mix rapidly with the lower portion of the*

Sources of Environmental Trlijum atmosphere; therefore, the tritmm is mtro-'

Naturally occerrrig tritierm. Tritium is one duced into the troposphere over inany years.
of the three isotopes of hydrogen. Normal hy- Tritimn in the lower atmosphere is rapidly'

,

drogen consists of approximately 00.0 percent removed by precipitation. Tritium removeil
,

**

protimn (hydrogen 1) and 0.015 percent of from the atmosphere by precipitation will nc-
,

,

deutermm (hydrogen 2),nithough var,ations in cumulate in the surface layers of the oceansi

isotopic concentrat on con exist m natural and inland wMers. Rainfall that follows pe-
sources. Unlike prot {mm nnd deuter, m, tritium

,

'

riods of nuclear testing has several hundredm
(hydrogen 3) is unstable because of radioac- times the tritium content normally present from

*

,.

tive decay and occurs naturally only in trace natural tritium. The estimated time for thesc
'*
.,

; amounta, processes to remore half of the tritiated water.

'. Naturally occurring tritium is formed prin- from the lower atmosphere is 35 to 40 days (3).
cipally by the interaction of cosmic radiation-

with oxygen and nitrogen atoms in the upper6

Trillum From Nuclear Reactorsatmosphere. Tritium produced by cosmic-ray;

interactions prior to 1952 contributed to en- Tritimn may be produced in nuclear reac-'

vironmental concentrations ranging between tors by the following five mechanisms: (a)
i

1G to 05 picoeuries of tritium perliter of water or fissioning of uranium, (b) neutron capture re-''

5 to 10 tritimn units (3) where 1 tritium unit actions with boron and lithium ndded to the|
is equivalent to 1, atom of tritium per 10" reactor coolant, (c) neutron capture reactions-

atoms of normal hydrogen. Because of a con- with boron in control roda, (d) nctivation of
stant rate of production, the tritium from nat. deuterium (hydrogen 2) in water, and (c)

~, ,
ural processes will necumulate until nn equi- high energy neutron capture reactions with
librimu condition is reached. This condition is structural mnterials.
nchiered when the rate of remoral of tritium The relative magnitude of tritium produc-

Stil l'ulelic IIcalili lleporte
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f, tion by these sources is influenced by the formity in inanufacturing, damage during ship-
,

ri .ctor type, operating history, design charac- Inent or handling, or as a result. of unequal

'; ;( teristics, and materials of construction. The corrosion rates or temperature gradients, the

amount of tritimn and manner in which it is cladding develops pinhole failures or defects

released to the environment will also be af- through which fission products such as tritium3

,
fected by these parameters. may escape.

During the processing of spent reactor fuel, All new water-cooled power reactors being,

'

tritium, which has been produced in the fuel built in the United States are using zirconium-
L

rods, is released to the environment and may clad fuels; however, several older reactors use'

be a significant source of enviromnental tritium
stainless steel clad fuel. Stainless steel is being,

,

contamination. A detailed discussion of this replaced by zircaloy cladding because of the in-..
'

|. source, however, is not within the scope of creased corrosion resistance and more favorable,

nuclear properties.,' I this report.
Fission-product tritium. During the fission Experience has shown that the fraction of

process the uranium nuciens usually splits into
tritium escaping from fuel which is clad with..

''

two more or less equal fragments plus several zircaloy 9 is significantly less than that escap-
.T
i neutrons. About once in every 10,000 fissions, ing from stainless steel clad fuels. This loss of

however, the nucleus is split into three portions tritium may be due to fewer defects in zirco-

, '- (ternary fission) one of which may be a tritium
nium cladding or the ability of zirconium to

I, nucleus. it requires 3.1 x 10 " fissions per second combine chemically with hydrogen, thus limit-

| to produce a powerlevel of 1 megawatt of ther- ing ditiusion through the cladding and. conse-
quently, limiting the release of tritium to themal energy (Mwt).''

Most nuclear powerplants generate electricity coolant.
, at a rate of approximately one-third of the Tritium produced by actiration. Tritium is

thermal energy production rate. Therefore, ap- produced in water reactors by the activation of

;' proximately 10" fissions per second are re- the naturally vcurring deuterium present in.

quired to produce 1 megawatt of ciectrical en- the cooling water. Because of the small amount
of deuterium in water and the low probability

ergy (Mwe). This production rate corresponds

./ to the production of about 10" atoms of tritium of its capturing a neutron to form tritium, this

per second or 50 millicuries of tritium per day source of tritium in light water reactors is in-

for each megawatt of electrical energy gener- significant. In heavy water reactors which are
ated. This tritium normally remains in the fuel cooled or moderated with deuterimn oxide
unless it diffuses through the cladding material (D,0), however, activation is the major source

.

of tritium. Ileary water reactors for power.

or a leak occurs.
A second source of fission product tritium in production are not used in the United States at

nuelcar reactors is due to traces of uranium on
the present time but may be deseloped at some..

'. the outer side of fuel elements which remain
time in the future. There are, however, several

*

from the fuel fabrication process.This" tramp" heavy-n ater phitonium production reactors and

uranium may be only a few micrograms per small heavy water moderated research reactorss

square inch of fuel surface, but because of the in operation.,

large surface area provided by the many fuel A comparison of the tritium concentrations'

rods in a reactor it can produce detectable fis- in the primary coolant of light and heavy water

sion product concentrations in the coolant.
reactors is shown in the following table:'

The reactor fuel is usuallv uranium oxide and NH""s e necntranon~

I is contained in tubes made of stninless steel or "** *#" * ""M
an alloy of zirconima (zircalov). The primary

"

function of the cladding mate:Ilal is to prevent 3'""',T [ tin ~tIr"r7a~cEr.T.T..... .s, ur
the escape of fission products from the fuel ele- g,,_,______.._.__..__. .n

tio ............................. .on
ment. These fi<sion products would otherwise'

leak from the fuel and contaminate the primary nomng water reactor................ .ois

coolant. Sometimes, because of a lack of Uni- 8oracu reference $.
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f( Tritium is also the product of neutron capture trace amounts in the helium coolant. The fol-
A reactions in boron-10, boron-11, lithium-7 and lowing table shows the estimated tritium pro-
j

j{} lithium-0. Lithium-7 is usually formed by the duction rates in a 120 Mwt, air-cooled reactor

i s'B(n,a)'Li reaction when boron is used in (6).
(, nuclear reactors for reactivity control. Prodsef fo'n rotc

|( In the past, litlnum-G was used in the coolant source (curies per year)

for pli contrcl or in coolant purification demin- Ternary assion .e'
_

i. eralizers. This use of lithium-G resulted in the 'ne acuration in coolant........ si

production of elevated tritium concentrations'
Total . - ......... eso*

,

-;e in the primary coolant.
.-'

s vacs: reference s.
The use of lithium-G has been abandoned for*'

{i' this reason and replaced by ammonia or lith. Tritium release mechanisms. The tritium

?
inm-7. Tritium may also be formed by the concentration in the primary coolant, system is

1 !,' 2*N(n,T)2'O reaction with ammonia in the strongly dependent upon the coolant makeup

.' coolant or nitrogen in the containment atmo- rate or res*dence time of the coolant in the re-'

. ; sphere. The magnitude of these sources has not actor. The effect of the average residence time

i! been fully assessed, of the coolant in the reactor system on coolant

*: In boiling water reactors (BWR) boron is tritium concentrations is shown for boiling wa-

g/' used for control in the form of boron carbide ter reactors in table 2 and for pressurized watei-

either as cruciform control rods or as absorber reactors in tab!c 3. In both tables, the contribu-
4

I, plates (curtains). Weaver and IIarward (6) tion of fission-product tritium is shown as a,.

describe the differences in design between this function of the fraction of the tritium which
reactor and a pressurized reactor. The rods are passes through the fuel cladding. The tritium,

L.
movable and function to control the power level produced by activation of the boron encased in''

'

!. of the reactor. Boron absorber curtains are gen- the control rods of a boiling water reactor

}* crally used during the first fuel cycle to com- (BWR) has been assumed to remain within the
pensate for the lack of buildup of neutron ab- rod and does not contribute to tritium levels in

i, sorbing fission products (poisons) and are then the coolant (7). The tritium level from the use
, ,

removed, of boron in a PWR varies with the boron concen-* '

Both the absorber plates and the fuel rods are tration in the coolant and consequently shows
,

clad in similar fashion so that tritium which is a considerable range as shown in table 3.'

formed from the boron must escape through th Table 4 shows tritium levels in the primary'

claddmg by the same mechamsm as the fission- coolant of several operatinglight water reactors.
, ,

' ''

These measurements were obtained by the stafiP "
p: r ssuri 1 ater reactors (PWR) use boron f the Northeastern Radiological Health Lab-

* - for reactivity control in the form of boric acid
,

'. dissolved in the primary coolant. This chemical TWe 1. Trittum production rates in a
shim is used to obtain a more uniform power 1,000 Mwt light water nuclear reactor 2

,

distribution and to compensate for long termi
Tritium produced (curies)

changes in fission product poison buildup, ura..

nium burnup, and changes in neutron flux Irradiation time Activation Ternary Boron'

d
levels.The initial concentration of boron ranges y, 6881on u5 n

i

from several hundred to several thousand ppm in coolant reactions ''

!' and decreases during the operating life of the
fuel.Tablo 1 shows cstimated tritium production I dag7 y,7 Ojjj3 y 4j5

'
,

rates in a typical 1,000 Mut light, water reactor 1 month. .. . . . . . . . . . oos 400 1,600
.m 5, a 20, m1 7'*'---""--.for variousirradiation times (7).

, . - The production of tritium can also occur in , neterence 7.
high temperature gas-cooled reactors by ternarv 8 These estimates represent upper limit prodnetton

.'$', ,*Mt$t on 6 pSr[f$c"ation rcYlIs.
''

ifission and by activation of helium 3 found in
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:. - Table 2. Calculated tritium concentrations in the coolant of a 1,000 Mwt boiling water
i reactor 2*

*.

Coolant tritium concentrations (pCi per liter)

) Residence time of coolant From From ternary fission 8
- deuterium
4- activation 100 percent 10 percent I percent 0.1 percent

.4
o

. I day.................................... O.002 70 7 0. 7 0. 07
i Iweck................................... . 01 500 50 5 .5

,

I mo n t h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 04 2,000 200 20 2
.,

1 year................................... .5 30,000 3,000 300 30*

't
,' 8 Adapted from table II, referenec 7.
fg : As a function of percent tritium leakage through cladding.

Table 3. Calculated tritium concentrations in the coolant of a 1,000 Mwt pressurized water
'' 2reactor.

i
{' Coolant tritium concentrations (pCi per liter)

- Residence time of coolant From From ternary fission 8 From boron In
?- deuterium coolant s

{. activation 100 percent 10 percent 1 percent 0.1 percent
,e

je 1 day.................... O.002 70 7 0. 7 0. 07 3-300
' I w eek . . . . . . . . . . . . . . . . . . . . 01 500 50 5 .5 200-2.000

Imonth................. .01 2.000 200 20 2 800-S.000'

j. 1 year................... .5 30,000 3,000 300 30 10,000-100,000
.

'

'g 8 Adapted from table II, reference 7.
8 As a function of percent tritium leakage through cladding.

i' Varies with boron concentration which decreases with time since last refueling.

$,, oratory of the }}ureau of l!adiological }Icalth. Discharges From Nuclear Powerplants
,

If the data for the three boiling water reactors Tritium which has antered the coolant of a**

am compared with the calculated tritium con- nuclear reactor can reach the environment by
.' centrations shown in table 9 for a residence time several pathways. The number of pathways
: of 1 month, it can be estimated that approxi- available and the relative amount of tritium
'

mately 1.0 percent of the fission product tritium discharged by each route depend upon the re-
*

diffused through the stainless steel cladding, actor design and reactor type.*
, . , .

whereas only about 0.1 percent diffused through Rolling icatcr reactors. In a boiling water*'

the zirconium cladding. reactor the primary coolant flows through the,
,*

_
A similar comparison of the primary coolant reactor core, is converted to dry steam and then

* tritium activities in PWit plants shown in is fed to the turbine generator to produce power.-..

table 5 with the calculated values in tabic 3 indi- The coolant is returned to the reactor through ai

cates that, boron in the coolant appears to be the condenser which removes the excess heat, still,

predominant source of tritium in the primary remaining in the steam. The condenser cooling
'

water. Ilased on a residence time of approxi- water and the reactor coolant are in close prox.,

mately 1 month, the only other source which imity in the condenser. This interface is main.*-

could produce the observed icvels would have to tained under a vacuum so that any leakage;
be leakage of almost all the fission. product trit- would be into the reactor and not, to the en-,

,

ium from the fuel. There is no apparent basis vironment.
for assuming a higher tritimn leak rate from the Air ejectors on the condenser remove the oxy-
fuel of a pressurized water reactor than that gen and hydrogen produced by the dissociation,.

'

estimated for n boiling water reactor. of water in the reactor, air which has leaked*
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* ' into the condenser, and residual water vapor. tors and returns it to the reactor. The steam
i The air and noncondensable gases are dis. generator consists of rows of U-shaped tubes,

y, charged to the plant stack through the off-gas through which the heated primary coolant
t i system. Tritium in the form of elemental hy- passes. Surrounding the tubes is the secondary

> drogen gas may be discharged through the air coolant.
.i ejector but a major part of the tritiated water Because of a pressure difference between the

,

- [ vapor will be removed by condensation. Because primary and secondary system (9,000 pounds
of the long radiological half. life of tritium,its per square inch in the primary as opposed to
concentration in the gaseous stack efiluent is not about 1,000 pounds per square inch in the sec-'

,

M* reduced by the 30-minute delay of waste gases ondary) it is possible to convert. the recondary
in the system. coolant into steam. The secondary system then2 *

Pressterized teater reactors. A pressurized follows a path similar to the primary coolant of
'

,

BWR going through turbines and theii water reactor consists of two coolant systems. a

I |.. The primary system conducts superheated condenser.

.i d
water through the reactor core to steam genera- An important difference between boiling and

e

i1 |-
Table 4. Tritium in operating power reactors 2

; Tritium conecntration uCi perliter
Power Type of fuel Horon. ~

*{ Reactor and type level cladding used in Primary Secondary Discharge
. ' (51wt) coolant coolant coolant canal*

) water
8e.

A. Pressurized water reactor. .... 600 S t a inless s teel. . . . . Yes. ... . . . . 1,560 0.41 0.024<

H. Pressurized water reactor..... 585 . . . . . d o . . . . . . . . . . . N o '. . . . . . . 2-44 (') .007*

C. Pressurized water reactor..... 8 0 . . . . . d 0. . . . . . . . . . . N o 8. . . . . . . 145 (*) (8)
;. D. Pressurized water reactor..... 50 Alu minu m.. . . . . . . No. . . . . . . . 116 .45 . 019

| E. Hoiling water reactor. ..... . .. 256 Stainless steel. . . . No.. . . .. . . 8. 8 (*) .009>

; F. Iloiting water reactor. .. ...... 24 0 . . . . . d o. . . . . . . . . . . N o . . . . . . . . 13.3 (*) .002
G. lloiling water reactor...... . .. 700 Zirconiu m. . . . . .. . No. . . . . . . . 81.6 (*) s.0006,

4

i Data frmn Northeastern Radiological llealth * Not applicable.
e ~ Laboratory, Hureau of Radiological llcalth. * Data from Nuclear Engineering Laboratory, Bureau>

8 Converted in late 1905 to a stainless steel fuel with of Radiological llealth
ful,I chemical chim (boron in coolant). Norc: J. C. Drobinski, Jr., and E. J. Troianello of

*

*ioro i for shutdown but not during routine the Hureau's Northeastern Radiological !!calth Labora.*
* t ry analyzed Ge trWum samples.*

, . operation.
,

." Table 5. Iquid radioactive waste discharges from operating power reactors *

'. Total annual Condenser Fraction of AEC'

discharge cooling discharge limit
(curies) water concentrations (percent) :'

Heneto. nd type available
Gross for dilution

activity Tritium (gallons per Gross Tritium 8,

less minute) activity *'

tritium
a
'

A. Prenurised wat er reactor. . . . .. . . . . .. . O. 01 1,300 14,000 0.001 -0.13 0.16
11. Pressurized water reactor. . ... . . ...... I1.1 500 260,000 . 03 -4.7 . 03'

,'. E. Iloiting water reactor.. . . . . . . . . ... . . . . 01 10 28,000 .0002 0*> . 00Ga

/ F. Holling wat er rea ct or.. . . . . . . . . . . . . . . . 1. 3 20 100,000 .3 -1. 2 0035
G. Hoiling wa t er tea et or. . . . . . . . . . . . . . . . . 4.1 5-10 1G7,000 .3 -3. S . 001

8 Referenco 8. tures for radionuclides averaged over 12 months was
> 8 Corrc< ponds to reactor designations in table 4. 10-*uCi per ml.

8 Reference 1. 8 Applicable limit is 3 X 10-s Ci per ml.*

8 Applicahh limit for continuous discharge for mix.
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pressurized water reactors for consiileration of water is added to the reactor cavity to provide
;,

tritium releases is that in a PWR, leakage be- radiation shielding and heat removal for the
4

j[ tween the primary and secondary coolants must spent fuel elements as they are transferred

1j; occur befom the secondary system will be con- from the reactor to the spent fuel storage pit.
taminated by tritium or other fission products. The refueling water can mix freely with the

1 As shown in table 4, the tritium concentration reactor coolant and before startup this excess
4
/ in the secondary coolant of pressurized water water must be drained from the reactor vessel.

reactors is only a small fraction of the primary This excess water represents a considerable'

coolant concentration. Thus, a much smaller volumeof theliquidprocessedbythe radioactive
.

.

amount of the tritium will be discharged in the waste syst em. It also contains considerable boron'
.,

, form of elemental hydrogen through the con- and, therefore, leads to additional tritium pro-
denser air ejector of a PWR as compared with a duction after startup of the reactor. Liquid dis-T

|.
BWR, placed by expansion of the reactor coolant as

jI Release of gaseous tritium. The amount of the plant power level increases during startup

;I tritium discharged from both boiling and pres- is also carried over to the waste processing

')' surized water reactors in a gaseous ferm is only system.

. [ about 1 percent of the total tritium discharge If the radioactivity level is sufficiently low,

[: (7). Most of the tritium is released as tritiated
as determined by radiochemical analysis, the

water together with the liquid radioactive waste. purified coolant may be discharged to the
-

.

A- In both types of reactors, a small part of the environment with the condenser cooling water,

j ,. primary coolant water is continually drawn off, Liquid radioactive wastes consisting of purified,

i depressurized, cooled, and purified to remove reactor coolant, laundry wastes, and leakage

t' fission and activated corrosion products, from pumps and valves are stored in holding

The coolant stream is purified by filtration tanks before treatment. Treatment processes

i7 and demineralization which remove insolubic may include filtration, demineralization, or

;; and soluble radionuclides. Gaseous activity, evaporation.

mainly noble gases and coolant activation prod. Although these processes are effective in*

ucts, is removed during coolant depressuriza. nducing the concentration of other radio-'

I' tion and then transfermd to the gaseous radio. nuclides by several orders of magnitude, gen-

active waste processing system. Traces of erally they have no effect on tritium removal.'

tritiated water vapor and gaseous tritium are The tritium is discharged to the condenser cool-,.

released from the coolant during this process. ing water at almost the same concentration as
-

Release of tritium in liguld teastes. Bacause in the reactor coolant except for a small amount

i .' tritium is in the form of tritiated water,it is not of dilution by nontritiated wastes. The efiluent
.

concentrations are much lower, however,removed from the coolant by either filtration or
;; ion-exchange. The purified water containing because of the large amount of dihttion pro..

vided by the condenser cooling water.
.t tritium may be transferred back to the reactor Table 5 shows annual liquid radioactive*; coolant system, stored for future use, or trans.

f' ferred to the liquid radioactive waste processing
waste discharges for several operating nuclear~

reactors. Tritium may comprise between 50 and
; system.
' The primary coolant is not continuously dis- almost 100 percent of the total amount of radio.

I charged to the waste disposal system. Leaknge active material discharged as liquid wasto,
,

of the coolant from reactor coolant pumps and Tritium discharge concentrations, however, are

! other components, however, can occur. This usually much less than 1 percent of the dis-
waste will be collected by the plant drainage sys- charge limit as specified by the Code of Federal
tem which drains to the liquid holdup tanks of Regidations (1),,

*

the waste processing system. Tritium Deteclion
The largest discharge of primary coolant t Tritium is undetectable by conventional

the waste treatment facility usually occurs methods of gross rad.ioactivity analys.ts. Ec.
after the reactor has been shut down for fuel
reloading or maintenance. During fuel loading, cause tritium is usually in the form of tritiated..

'
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, , ' , water, it is usually evaporated during the pro- Projected cumulative activity of tritium pro.
:i cedures used to prepare water samples for duced in power reactors in the United States
I'- radioactivity analysis. In addition, because of
fik the low energy of the beta particle emitted 'O' -
I! Y during the decay of tritium, it is not detected,

''

by conventional gross beta counting techniques y,;, ,,,g , g,, ,,,,,, ,or In-line plant momtors. lo'' *

finion pfva %(n,a)'Li(n,na)T /
/I As a result of these limitations, special ana- r. action '

'
;' lytical techniques such as liquid scintillation 7 #counting must be used to measure tritium. jio _

/ Minia=a p'*dic'ioa

8 r
'

Limits for the discharge of unidentified mix- }
'

I'

tures of radionuclides cannot, be correctly ap- :i / I'''" 'F b"'*" '"'YI
ii, plied to tritium and due to the lesser biological i

_ f
j! hazard resulting from trition, would be un- y
.

/.r necessarily testrictive.The analytical techniques j
k A' uSed to Incasure the activity of these mixtures ; in,,,,n.a;o ., r,. iactedino reprei ato'ive"

usually include gross beta analysis, and since i10'- productica by %fa. a)'ti(a.a aji r.oci; n,.

ji; this technique is insensitive to tritium it. would j ia p""''iad *a*"' '''' '' ' a' '

! not be detected. Tritium may be separated from /
;. most other radionuclides by distillation of trit- io. -f

f inted water. Tritium analysis can be made on
*

)i*
the distillate usingliquid scintillation counting. '

Conventional gross beta counting techniques can i i i i ig,
be used for the residue. The discharge limit can i96o 1970 198o 199o 2000

*"'';o be calculated by ratioing the measured concen-
.' trations to the appropriate discharge h. .ts A .nd ..-w.,k.r,, , rerenc. r 2.

1.tal free w.rld activity predicted by C.wser.

mi
;I (3 X 10-8pCi per ml. for tritium and 3X104 Ci
'

per ml. for unidentified activity measured by (0,10). A special project to study tritium in
j ,' gross beta analysis) and summing them. The surface waters of the western States is currently
; .' limit 3X104gCi per ml. may be raised to 10-'pCi being conducted by the Southwestern Itadio-

per ml. if m I, *:S Ita, and *" Ra are known to be logical Health Laboratory.
absent. If the sum of the ratios is less than 1.0, Enviromnental tritium concentrations re-'

tho mixture may be rcleased to the environment. p rted by the tritium sampling network for4

J 1961-60 ranged between 2X104 and 2X10-8If greater than one, further analysis or dilution*

is necessary before the liquid can be released. microcuries per milliliter (2-20 nC1 per liter)-

;, (0,10). Population exposure rates from con-
-

Tritium Surveillance by BRH tinuous ingestion of this water would range,.

e. Sinec 1001, t he ltadiat ion Su rveillance Bra nch from 0.33 to 3.3 mrem per year. The maximum,

of the Bureau of Radiological jr lth has been concentration reported would contribute lessea
''

operating a tritium sampling network which than 3 perceht of the normal average population'
collects weekly samples of water for tritium exposure rato of 125 mrem per year from all

'. analysis from 10 locations throughout the natural sources of radioactivity (3).
United States. Eight stations are downstream The results obtained from this sampling net-

L from nucicar facilities, and the other two serve work indicated, with one exception, that waters
to establish baseline levels. Samples from this downstream from nuclear facilities did not show,

*

network are analyzed monthly by the Bureau's any significantly Mgher tritium concentrations.

Southeastern Radiological IIcalth Laboratory. than streams which did not have operating nu-
Results of the analysis of samples from the clear reactors on them (0). The one exception

tritium sampling network are reported period- was a plantsite with several operating heavy.'

ically in RadiologicalIIcalth Data and Ryorts water moderated ranctors on it. Releases of trit-
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itun in the liquid wastes from this plant did (2) Internadonal Commission on Radiological Pro-2*
tection : Report of committee II. ICRP Pub-

I elevate trit.ium concentrations in the adjacent licati n N . 2, Pergamon Press, London,10*,s.
f .| ,i river above background levels. Tritium con- () aned au ns enunc Commlue on the Ef.

i.} centmtions however, amounted to less than 1 fects of Atomic Radiation: Retert to the seven.6 8 .

J. percent of the Atom.ic Energy Comm.ission's teenth session of the United Nauons.1:nited

*t discharge limit of 3x10-'pCi per ml. Nauons Doc. A/5210, New York,19G2.

?,' A study by the nuclear engineering depart- (4) 11 organ, K. z.: 311 story of damage and procee-
tion from ionizing radiation. In Principles of,

ment of the University of Cincinnati, under a F8diati n protection-A textbook of health
contract, with ' the Bureau of Radiological physics, edited by K. Z. 3Iorgan and J. E.s'

#

Health, is develop.mg project. ions of future Turner. John wiley and Sons, Inc., New York,
.

.
,*
4

'|
radionuclide inventories based upon predicted 10GT, Ch.1, tablo 1-8, p. 38.

,! , growth trends in the nuclear power industry (5) Weaver, C. L., and Stigall, G. E.: Public health
evaluation of nuctent power plants. IIealth

it (11). The estimated tritium activity produced Phys 13: 159-10G (1907),
(' by increasing utilization of nucicar energy for (6) Weam, C. I , and Harward, E. D. : Sunculamu
iI electric power production forecast imm this of nuclear power reactors. Public IIealth Rep

study is shown in tho chart together w.th est,i- S2: 800-912, October 1007.?* . .

i

.

fj mates made by the Oak Ridge National Labora- (7) Smiti, J. 3L: The signincance of tricum in
water reactors. General Electric Co., San Joic,

tory (12). Based upon these projected levels,i C8Hf, Sept- 19, 2007.
-

the total tritium produced from nuclear power*

(s) RI meke, J. o., and IIarrington, r. E.: waste
facilitics in the year 2000 will be more than los "* "8 8'**"t * * ""C3''' P **" t*" "' N "Cl""'''

4

curies or approximately 5 percent of the maxi- ''r
'

f ', e
mum trititun activity present in 19G3. At pres- (9) C1eso t robinsk , J. C. ., and Gorrie,-

,

ent, tritnun releases from operating power R.IL: Tritium in surface waters, 20G4-1003.

' Y,- reactors are only a small fraction of the dis * RadioI IIealth Data Rep 6: 377-350, July 1000.

charge concentrations permitted by the Code (10) 3Ioghissi, A. A., and Porter, C. R.: Tritium in!

of Federal Regulations and do not constituto surface waters of the 1:nited States, 20cc.,

: t Radiol IIealth Data Rep 0: 337-330, July 100s.
a danger to health. The l'ublic Health Service
will continue to monitor the environment in the

(if) SIountain, J. E., Eckart, L. E., and Leonard,;-

J. H.: Suney f indiddual radionucHde pro.'
..

vicinity of nuclear reactors and fuel reproc- dueu n in watm ted naeors. rnimsur of
essing I>1 ants and will evaluate any buildup of Cincinnati summary report, phases I and II of

,

*'
trit.tum in terms of a future hazard to health. contract PII-SG-CT-21S,3f ay 30,10GS..

(12) Cowser, K. E., et al.: Krypton-85 and tritium in,
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