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CONSIDERATIONS IN SITING LONG-TERM RADIOACTIVE
NOBLE GAS STORAGE FACILIT!ES.
J. J. Cohen and K. R. Peterson

Lawrence Livermore Laboratory, University of California
Livermore, California

INTRODUCTION

Of those noble gases producad in nuclear reactor operations, only 85!1-

is considered to have significant long-t health eoff: b of its

chemical stability, long half-1ife, high production rate, and its relative
hazard. Figure 1 gives the projected production rats and total
scoumulation for SKr through the remminder of this century (ORNL, 1970).
In normal operations, only minute quantities of 8"‘l(r are released at
the reactor itself. Almost all of the a!-'K'r is released at nuclear fuel

reprocessing plants during the chopping and dissolving ap ions, At p

essentlally all of this gas is rel d to the . . Flgure 2 shows

the projected individual doss rates for both akin and whole body resulting
from exposure to accuzulated ssl'r. assuming present practices of

herie are d. At levels of resctor operation,

this practice 1s considered to be acceptable; however, based upon picjections

for futurs reactor usage and resultant cxposures, it sppears to be the

genoral chat the p ice cannot be allowed to continue
indofinitely. Figure 3 shows the projected warld-wide population dose based

——
Work performed undar tha suspices of the U.S. Atomic Energy Commission.
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on datp from the previous figure plus predicted world populatiom growth (U.N.,
1966). The point at which measures to prevent the releas: will become
necessary has not as yet been defined, but it appears reascnable to assume
that sooner or luter routine release of B‘r'l(r to the atmosphere from fuel

reprocessing plants will be prohibited,

QOST-BENEFIT ANALYSIS

The application of cost-benefit analysis can be used to gain some
insight into the advisebility of instituting preventive measures. Table 1
glves some data on the effects of Bsxr atrmospheric releases. These data
heve been derived by assuming the following:

(1) Concentration-to-dose conversion factors have been calculated from
(]

date given by Dunster and Warmer {1970). These are 1.4 x 10" and

2.1 % 10° yensyr por Ci/n> for whole body snd skin, respectively.
{2) The mass of the atmosphere is taken Co be § x 1021 gm, which at
conditions of dard p re and p occupies a volume

of 4.2 = 1018 n® (uses, 1967).

{3) For this cost-benefit analysis we assume that the released ”sxr
mixes inatantanecusly with the entire atmasphere to a uniform
concentration, The significance of atmospheric diffusion of
roleased gas to the point of wniform mixing will be discussed

latey in this paper.



=3

(4) The only p by vhich pheric Jevels of e axe diminished

13 by radi ive decay. Therefory, the mean atmospheric residence

cime for S¢r 4s ossantially its sean radlological llfe, spproximately
15.5 yr. This laplies chat there s no sink in nature that removes
Sxr nd renders 1t biologleally unavasisbls,
It can be detsrmined from chese data that the total whols body dose
resulting from sach curle of Skr released to the stsosphare vi11 aversg

3
4 Tem-n'
1.4 = 30
CIT 15,5 yr = 5.2 = 1071 rewsct.
4.1 = 10" »
Ou fon sf total pop ion doss i3 based on an assumed uniferm

expasure to the antive world population taken as 3.5 blllion people. Thare-
fors. the toral population dosw Integrated ro Infintte vime i3 1.8 x 10° wn.rem
por curie for vhnle bedy and 0,027 for shin.
The monstary cost for bielogical demage due to sadiation exposure has

Su4n estinated by various suthovs to bo somewhere in tha low hundreds of dollars
per man-rem (Coben, I973). Far guzposes af this veport we have asswmd & cost
of §250 par nm-ven for vhole bedy axp For skin exp this valua is

1 d st wpp Iy 340 par man-yves based on the matio (factor of 6)
Mtveen ths ICRP naximm psreissible dose (MPD) critaria for whole body and
skin {ICAP, 1966). This legllos that reughly squivalemt damage i3 done to sn

individua? by hia exposuse to MPD levals of sither 0.8 ren/rr Co the whole
bedy or 1.0 ren/yr ko the skin, Using these data, ona may sstinate the cost

for blologicsl Jumsge due to “l:t busad on sither vhole bodr or skin exposure
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to be roughly $0.05 or $1.00 per curie, respectively. Essencially this implies
that skin may be considered to be the critical organ for nsll- exposure. For
eath curie relessed to the stwosphorw, the resuttent biclogicsl damage cost to
all humanity over all time is spproximately one dollar. Expenditures for
Prevention of “Kr roleass in oxcess of this figure would therofore not be

cansidered to be cost effectivo.

RELEASE PREVENTION COSTS

Having estimated the effact of “lr relosse, ve shall next estimate the

cost of r-lease p ion. Continued h has been perforsed on methods

for “lr removal and storage. (ther papers given in this symposium desl
extansively with this topic. Ejstimates on ”lr treatoent costs have been
provided by Slansky st al. (1969), Davis (1973), and favis et a). (1973).
From thase data we shall conservatively assume that for a 1500 ton/yr fuel
reprocessing plant, .slr trastment facilities can be installed at a cspital
cost of 2,000,000 snd oporated at a cost of $200/ton of fuel processed.
Further, assusing a plant life of 20 yr, an intorest rate of 12, mnd a
contat of m‘ Ci of “lr per ton of spent fuel, we calculate a prorated
capital cost of spproximately 2¢/Ci and an operating cost of 2¢/Ci, giving

Ser relanse prevention, Using this astimate, ve

a totsl cost of d¢/CL for
hava performed the cost benefit aralysis shown in Table 2. Coeparing
eatioazed blalogical damage costs opalnst reloase prevention costs, we
derived a cosi beneflt ratio of roughly 25. This analysis also allows us

to sstimata tho cost effectiveness for "n ¢reatoent to be $220/oan-vem
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of whole tody dosa averted, or roughly 51.50 for asch mai-rem of skin esposure
svarted. To gain some perspective on the significonce of thase figures, we
may copare them with cost estimates for other sctivitiss. Ay proviously
discussed, a suggested guideline for cost effectivencss 1 conpidored to ls
$250/nan-rem of uhole body dose avarted and $40/man-rom of skin dose averted.
ull (1972) das estimated a cost of between 31,000 and $1,000,000/nan-res
svorted as the cost for complisnce with the currently propossd light-water

dard: It fron thess figures that, man undar present

v

conditions, 1¢ would be ble o requive 1wpl fom of
ta prevent the yelease of Sy trom fun) Teprocessing plants. Such a
1 1y seens ! with "low as practicable” guidelines,

fally vhen cospared to the p d dards for light-water reactors.

r

STORAGE OPTIONS

©

In eny svent, whenever pre jon of ph leas

s requirement, same optlens for the plish of this objective must be
evaluated, These are disgraamed in Fig. 4. Having decided to rotain
rather than releass “l.r. we mist considor whethsr to do so in some con-
centrated form or to retsin tho entlre offgas volume in which it is carried.

her option is whether or not to stors the gases at the surface

or st an underground storage facility. The main tradeoff hore is botwsen
greater assurance of retentlon plus easier survefllance at surfaco facllitles
83 opposed to lawer cost for wmderground storage.

Finally, wo sust declde whathar to store the retained gas at the point

of collection or to transport it to s contrallized facility spocifically



designad for long-term storage. Selection of the best options will depend on
pravailing costs snd policical attitudes at the time the decision i3 made. At
such time, s thorough cost-benefit analysis of the various options should, of

tourss, be sade. Ma shall not attempt such an snalysis here. For purpases

of thls study we shall assume that .slir is extractad from fucl reprocessing
offgas and dinp {zed tanks at a centralized fachlicy
fer the axtendsd periods of time ¥ to allow for decay to innocuous

levels. This assuaptien would sppear to bo conslstent with present AEC
philosophy 83 exprested in its nuclear wasto msnagement policy, in which
storage of solidified high-level waste at centrslized repositories is
mequired (Fad, Reg., 1970).

SITING CRITERIA

Anticipating the need for somo centrslized radipactive ncble gas

storag® facility, we have reviswed some of the factors that might be considered

in lopl i siting critoria, Tho facility wo envision will be

Yilg Oop

used for the receipt snd long-tewm age of p tanks of

noble ges that have been collected at varlous fuel reprocessing plants

throughout the countuyy end perhaps the world. From the work of Dunszer
and Namer (1970) and from varlous other considerations, it would scen

reasonable to sssume that each tank or contsiner of gas would inictially

“lr. On this basis, roughly 20 containors

contain spproximately 1 MCl of
per yoar would bo generated at present, and by the turn of the century
thls Zigure would rise to approximately B0 containers per year. At

1 MCL per container, the output of decay heat would be no more than
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1.6 k¥, vhich should prove to be quite mensgoable, with cooling stcomplished
efehor by sub: ion of the In water or by maintmining sufficient

air flow in the storsge aros to dissipste this heat by convection.

In deteymining ssfety criteria for siting the atorage faciiity, we
have assumed that in normal operation there would be no routine releases of
radioactive gas. The only assumed mechanism for release would be from
accidental or inadvertent contsinment failure.

With the possible excoption of ssbotage, we do not consider the
simultaneocus leskage of more than ohe contsiner to be credible. 1f massive
sulticontainer leakage werc a major concermn, then the entire concept of
cantralized storsge would not be prudent, sined this would constitute a
policy of “putting all one’s eggs in one basket." For purposes of
sadistion safety, therefore, tho siting criteria that we have selected
assume the leakege of L WCL of uu over & relatively short poriod of time.
The siting objectives are twofold: firse, to assure that In the event of such
loaksge, no individusl st or noar the fence line veceives o dose in oxcess
of WPC standaxds and, second, 1o minimize resultant total population doses,

MAXIMES ACCIDENT DOSES

To svaluate fence-line dose criteria, ve have caiculated the toral
leskage required to exceod waximm permissible Jose criteris for both
sccident and youtine conditfons, conaervatively assuming s ditution factor
(/Q) of 10°* sec/a? batween the point of releise and the fence line. The
results of these cslculations ave glven in Table 3. From these data we

canclude that oven for routine yelosse conditions one may ralesase as much



as 45 MCL without exceeding the 3 rem skin dose at the fonce line. Thereforn,
our d i capacity of 1 NCi appsars to be well within

thess limits,

POPULATION DOSE CONSIDERATIONS

Qur sccond radistion safaty criterion 13 that in the event cf leakage,
totzl population dose (man-rom} will be minimized. With this objective
in mind, geographic siting b critical. A maber of factors, all of

which are to some extent interrclated, determine the type of storage site
that will sinimize population dose in the event of an sccidental release.
These are:
1. Matsorology
Mateorclogy — or, more precisely, the diffusion climatology of the

arma ding the ge site —d the rate of dilution

and the mesultent affluent concentratioms 33 a fimction of tine
and distance from the rolease site. Rapid diffusion accompanied
by lowar individual doses is favored by thoae locations experlencing
s cosbination of the following factors:
{a) Strong surface winds, Tolatively variable in direction.
{b) Strong dayrime hasting rosulting in neutral or unstable
toRpaTaturs lapse rates,
{c) A relative absance of night-time tezperature inversians.

(¢} A sito thar is alsvated with respect to surrounding locations.
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2. Geography
Geographic factors that would tend tc affect patential populstion
dose aye:
(o} The distridution of populscion with respect to the storsg
sits,
() Topographical features that sould affect the rate of dilation
of -efflusnts prior to their i at por i
POTENTIAL SITES
Fren these conaiderations we hsve ch to idar five hypothstical

stovege sites within the jurisdiction of the Unlted States. Thase sites are
evalusted on the ‘asvusption that a 1 HCi Telesse of 84y oczurs over a period

of a fow doys or lras, It iy further d shat the ref occurs at a
time vhen the surface wind direction is the most probahle ons for that
particular site. The hypothetical sites asl d for ion ars:

1. A Resote Tsland Site
BSecsuse of its relatively low populatlon snd distance from any majer
populstion » Jok Tsland, h of Hawaii, was chosen
a5 & hypethetical sits. The Marshall Islands, over 1000 km distant,
are the mast Likely point of Fivet expocure, since surfaca winds in
this aves blow conaistently towards the west. In cur analysis we
sssume that befoe resching the Marshall Islands, the plume of ks
would 100p into the middle-latitude westerlies and then move

tovand the east,
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A Coastral Site

Cspa llatteras, North Carolina has been selected as o hypothetical
site since the prevailing winds at this location are ususlly
offshoro, but are not as directionslly persistent as those at
Johnsten Island., Although our primary evaluation is based on most
probable meteorological conditions, we have in this case also
performed a caleulation assuming enshore winds,

A Rarote Desort lnland Site

The Fort Imwin Milizary Reservation in the Mcjave Desert of
California was seiected a2 a hypothetical aite in this category.
Thare are no population conters within 150 km in a!l directions.
The average winds are toward Nevada; a “worst case" would soccur
with winds toward Los Angeles. Dose estimates are presented

for both cases.

A Hamtain Top Site

Mr. thitney, Califormnia was sclacted as a hypothetical site in this

category. Ne have d that an all her road could be built
to the sumait snd that the storsge facility could be sited there

at an

ion of app 1y 4400 m. The advantage of an
elevated aite, of courss, i3 that it would elinw for maximm turbulent
wixing of an effluent plume prior to its arrival at any population
centor, Aversgo and 'worst case” winds are similar to those for the
Mojave Desexrt, due to their proximity. Both cases have been

Included in doss calculations.
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S. A Metropolitan Site
Although it is not considered credible that the storage facility
would actually be locatad within a major population center, we
shall svaluate such m site to determine an upper limit to man-rem
estimatss. For this purpose, an analysis has been performed
for a facility located in downtown Chicago, lllinois.

CALCULATIONS

The hypothetical sites snd their pravailing wind directions are shown
in Fig. S, The calculational model used to determine population dose was
developed by Knox and Peterson (1972). The model has been sdopted for
use in this stuiy according to the following assusptions:

1. The release occurs at an elevation of 10 m zbove ground.

2. The afflusnt stresa is eventually disperted over the entire

troposphere of tho Northern Hemisphere with a depth of ahout
15 km. (The modsl used is applicable only to a hemisphere).
Since the North F about 90\ of the world

population, the ealculatod population doses will therefors be
consarvatively large. Pop ion iatics were cbtained from
1970 cansus figures,

Calculation of doses within 1000 km followed tho mathod of Knox (1971}

in which functional relationships with distance were developed, except
that winds were sector-averaged over 22.5 degrees. The closc-in equation

for man-Tem, D’. is
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n/8
DP.. -L [ D° R(r) prdrdo,
o

where

Dc = individusl dose at L Q1 km), rem,
R(r) = matio of dilution factors at » to Tgs expressad as functional
atios [see Xnox (1971) for full discussien],
p = population denaity, pecple/kn,
r = distance downwind, km,
v, = di to sits boundary, km, and

[
0 = arimuthal angle, radians.

Values of R{r) and population density used in this analysis are shown in
Table 4.

Beyond 1000 km, Knox et al. (1972) developed an intermediate-range
solution. It is assumod that the 85yr offluent is transported at 40 km/hr,

preading ug! the p horizontally at a rate of 220 km/day
1/2

(half-width) for the first few ways and then at a rate proportional to t
If IJ° is tihe site boundary dose, then the total dose is

1
D,
o =D, (F:') (l sete R e'"k)

b, W
i
=D, (Fn-) (15.5),

1
D,
1) is the firat-year individual dose.
5
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Table 5 providas swmary values of population dozes to 1,000 kn and
for three continents. Llong-renge Nerthern Hemisphers populaticn doses cut
to infinite time are alsc given. These calculaticia assume a uniform mass
concentration of 2kr in the atmosphere and a momn residence time of 15.5 yr.

It is appsrent that the worldwide population dose is rather insensitive
to storage site. The largest Nerthern Hemisphere dose (for & Chicago
location) is sdout 1-1/3 times ths smallest dose (for a remots island site).
The only isportant siting criterion appears to be the avoidsnce of a location
where a large mumber of pecple residing nearby might receive larje individual
doses.

SUMMARY AND CONCLUSIONS

1. Cost-benefit snalysis indicates that it would be prudent policy
to require the prevention of .sn relense from fuel reprocsssing plants
at the present tine, sssuming this can be accomplished at a enst amsunting
to less than §1.00/Ci.

2. We have discussed options for accompiishment of 25kr release
prevention from fusl reprocsising plants. No value judgments have been
stteapted 1. evaluating these options. However, it has been sssumed that »
policy of concentrating effluent noble gases, ining thes in p zed
storege tanks, and storing them for lomg periods at some centralized facility
will be edopted, Such a policy would sppear to be consistent with current
AEC pollcy on hllh-hnl waste management.

3, Criteria for siting a long-tera noble gas storsge facility should
includo assurance that in the event of a containwent failure:
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(a) Maximum permissible dose guidelines (0.5 rem/yr for whole
body and 3.0 ram/yr for skin) are not exceeded.
{t) Resultant population doses (man-rem) are minimized.

4. Tivd hypothetical sites have been evaluated to sstimate population
doses in the ovent of leaksge. From this analysis it appears that geographic
siting ==y be sonsidsisd rolatively vnicportant.

5. Site selection ahould be based on cost-benefit studies considering:

(a) Transportation and handling costs.

(b) Msintenance and surveillance costs.

(c) Resultant health benefits derived in terms of potential
population dose averted.
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Table 1. BEKr exposure data.
Whole body Skin Units
c ion - dose canversion 1ax10®  21%10° rennd
factor Ci-yr
Total individual dose due to s2x 107 7.8x 10 ren/ci
atmospheric
Total populatien dose duo to 1.8 x 107 0.027 man-ren/Ci
atmospheric ®Skp (lorad
population = 3.5 x 107)
Maximm permissitle dose 0.5 3.0 rem/yr
Cost of biological damage 250, 40. $/man-ren
Estimated biological damage cost 0.05 1.00 $/ci

por unit release

T Assumptions:
1. uniforn pheric mixing
2. AtnvVol = 4.2 % 108 23
3. Morld populaticn (1970) = 3.5 x 10°

4. Mean atm residence time (*okr) = 15.5 yr
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Table 2. Cost-benefit anslysis.

1.

Estimated cost for ssxr extraciion and storage:
$0.04 /Ci

85gr release averted:

$1.00 /Ci

Estimated benefit due to

Benefit/cost ratio:

Cost effectiveness for exposure prevention:
For whole body:

$0,04 /Ci x ——1——_3 Ci/man-rem 3 $220 /man-rem averted

1.8 x 10

For skin:

wu 04 fCi x 3%2-7- Ci/man~rem 7 $1.50 /man-rem sverted
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Table 3. s5)(:- accidental release.”

Maximum allowable container

Maximum ailowable capacity (106 Ci) - (assume
"Fenceline* dose fenceline -5- - 1076 ua:/m3
25 rem  (whole body) 56,000,

0.5 rem (whole body) 1,100,
i50 rem  (skin) 2,250,

3 rem (gkin) 45,

"assume the entive contents of one container is released,
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Table 4, Population densities and functional relationships R(r) for calculating
population doses to 1000 km.
1970 populstion density (paoplelkmz)
Island| Coast . Desert Mountain City
Distance Most Most [Worst| Mast ({Worst] Most |[Worst] Most
(km) R(r) | probable|probable{case |probable|case |probable|case |probable

1-3 1 0 0 7 5 5 o 0 2500
10 |Gr/n? 0 0 7 5 5 0 ol 2s00
10-20 (31-0/:-)2 0 0 7 10 10 0 o 2200
20-100 0.4 rolr 1] L] 20 15 25 15 25 200
100-1000 {0.4 rolr ] ] 70 50 200 40 200 70




“21le

Table 5. Population whols body doses for a 1 MCi release of B5¢s.

Papulation whose body dose (man-rem)

Johnston Is.| Cape Hatteras |Mofave Desert [ Mt Whitnay Chicago

Distance or MHost Most [Worst| Most |[Worst| Most {Worst] Most
Continent probable | probable[case probable|ease |probable|case |probable

1 to 1000 km ] 0 45 31 120 26 120 210
North America 40 40 40 40 40 40 40 a0
Europc 92 92 az 92 92 92 92 92
Asia 460 460 460 460 460 460 460 460
Northern 590 590 637 623 7n2 518 712 802
Hemisphexe

total
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FIGURE CAPTIONS

Fig. 1. Projected worldwide 85

Kr production, Data from Ref. 1.

Fig. 2. Projected worldwide individual dose due to atmospheric asxr.
Fig. 3. Projected worldwide population dose due to atmospheric asxr.
Fig. 4. ssxr treatment options.

Fig. 5. Potential storage sites; arrows indicate prevalling wind directions.
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