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DAS VERHALTEN VON KRYPTON-85 IN DER UMWELT UND DESSEN DOSIMETRIE

KURZFASSUNG

R ̂
Obwohl Kr bei der Erzeugung elektrischer Energie aus nuklearen

Anlagen nur eine relativ geringe Rolle in Bezug auf die Strahlen-

belastung der Menschheit spielt, ist dessen Überwachung vor

allem bei der Wiederaufarbeitung nuklearer Brennstoffe von Be-
85

deutung. ?ur Abschätzung der Strahlenbelastung durch Kr wird

zunächst ein Überblick über die vorhandenen Krypton-Quellen ge-

geben und deren mögliche zukünftige Entwicklung abgeschätzt.

Eine Betrachtung über das Verhalten des abgegebenen Kryptons
85

zeigt, daß nur die Verteilung und damit Verdünnung des Kr

in der Atmosphäre einen wesentlichen Effekt auf die jeweils

auftretende Strahlenbelastung verschiedener Bevölkerungsgruppen

hat. Bei der Aufnahme in den Körper hat sich gezeigt, daß Kryp-

ton verschieden lang in verschiedenen Körpergeweben verweilt.

Die maximale Dosisbelastung tritt dabei durch die Betastrahlung
85

des Kr auf, die für Haut und Lungen die größte Wirkung auf-

weist. Abschätzungen über die Gesamtstrahlenbelastung der Welt-

bevölkerung zeigten, daß die lokale Strahlenbelastung aus Wieder-

aufarbeitungsanlagen ohne Krypton-Rüchhalteeinrichtungen den

größten Beitrag für die Einzelperson leisten, während für die

Gesamtweltbevölkerung die Belastung durch global verteiltes
o c
Kr den Hauptbeitrag der Strahlenbelastung bedeutet.
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ABSTRACT
Q C

Although Kr has only small influence on the total radiation

burden to man, monitoring and safety considerations have to be

done, especially regarding the operation of fuel reprocessing
p c

plants. The natural, military and civilian sources of Kr are

discussed and a survey is given on the possibilities of Krypton

removal from off-gas streams. Regarding the environmental

behaviour of the released Krypton-amounts it was shown, that



II

only the atmospheric dispersion is of influence to the succeed-

ing irradiation of the population. Krypton is transferred to

man only by inhalation and remains with different halflives

in the human body. The highest absorbed dose is caused by

beta-rays to the skin and in the airways of the lungs. While

the highest dose equivalent rates to the most exposed

individuals are reached by local sources from fuel repro-

cessing plants, the highest collective effective dose
p C

equivalent commitment is reached for global dispersed Kr.
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1. Introduction

(1) In the nuclear fuel cycle the release of fission noble

gases can occur mainly at two steps; at their production during

reactor operation or during the dissolving steps at reprocess-

ing plants. In the latter case only Krypton-85 is present as a

radioactive isotope, all other fission noble gases have de-

cayed or are present as non radioactive isotopes.
o c

(2) Releases of ° Kr into the atmosphere deserve special

attention because of the inherent difficulty in their control

and the essential nonreactive and mobile nature of Krypton. In

most countries discharge limits for radioactive noble gases

have been established in accordance with the ICRP regulations,
o c

but in the case of Kr these limits are normally not met.
85

Although Kr is one of the most non-dangerous radioisotopes

for environmental pollution} Kr has to become evaluated

according to the growth of nuclear power industry and related
o r _

increased production of Kr.

1.1. PhY§ical_and

(3) Krypton is the element number 36 in the periodic table.

It belongs to the group of inert gases together with Helium,

Neon, Argon, Xenon and Radon. It was discovered in 1898. It
— 6

occurs in the atmosphere to an estimated extent of 1 : 2.10
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and can be isolated from the other air components by

cryogenic destination.

1.1.1. Chemical properties

(4) Krypton is colourless, tasteless and in general chemically

inert. Inspite of this inert nature in recent years investigat-

ions have shown the capability of Krypton of entering into

ionic and covalent bondings with highly reactive elements as

Fluorine, oxygen /1-4/ and organic radicals. A lot of studies

on the behaviour of Kr in the reactions with several

polymers have been done especially by Slovenska Vysoka Skola

Technicka at Bratislave, CSSR /5-9/. Recently precise studies

of diatomic heteronuclear noble gas moleculs were published

/10/. Also the usefulness of Krypton compounds for laser

techniques is under investigation /11,12/„

(5) Noble gases, including Krypton, have been shown to enter

into compounds called clathrates /13,14/ in which the noble

gas atoms are physically entrapped in molecular cages of

hydroquinoae, or other organic material. In addition, the

noble gases have been shown to be highly soluble in nonpolar

solvents with this solubility increasing with decreasing

temperature /15/. The solubilities of the various noble gases

are related as Rn > Xe > Kr > Ar > Ne > He. The formation

of solid compounds with water under high pressure was recommend-

ed for the fina!

sea /16,17,18/.

n c

ed for the final disposal of concentrated Kr in the deep

1.1.2. Physical data

(6) The following values for physical constants of Krypton

are given in /19/

atomic number 36

atomic weight of naturally occuring Krypton 83,3

melting point 116,6'K (= -156,6°C)

boiling point 120,85 K (= -152,3°C)

triple point 116,0 K (= -157,2°C)

at 73,1 kPa (= 548 mm Hg)
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critical point 209,4°K (= --63,8°C)

at 5,5 MPa (= 53,8 atm.)

density gas 3,7 g/1 at STP

liquid 2,15 g/cm3 at 120°K

solid 3,4 g/cm3 at 0,2°K

solubility in water 11 %vol at 0°C

6 %vol at 25°C

4,7 %vol at 50°C
o

Atomic radius 4 A = 0,4 urn.

(7) The naturally occuring stable Krypton isotopes and their
78

atom percentages of natural abundance are: . . Kr (0,35 percent)
8°Kr (2.27 percent), 82Rr (11,56 percent), 83Kr (11,55 per-

84 86
cent), Kr (56,9 percent), Kr (17,37 percent). The radio-

active isotopes of Krypton include mass numbers of 74-77, 79,79m,

81, 81m, 83m, 85, 85m, 87-95, and 97. Some of these occur

naturally in insignificant traces due to cosmic ray induced

reactions of stable Krypton isotopes and spontaneous fission

of natural Uranium.

1.1.3. Radiological properties

Q C

(8) The radioactive isotope Kr is produced in nuclear

fission and is, facing its halflife, the most important

gaseous fission product. The fission yields are showing

medium values and differ about a factor of 4, depending on

the type of fission in uranium or Plutonium; ^Table 1)

Table 1; Fission yields of Krypton-85
/20/

Nuclide
(neutron energy)

U ( thermal )
239J3Pu (thermal)
235U (fast)

Pu (fast)
2380 (fast)
232Th (fast)
933J U (thermal)
233u (fast)
241

'Pu (thermal)

Fission yield

1,32

0,558

1,33

0,62

0,74

4,14

2,28

2,12

0,09
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13-3
Although the fission yield for _ Xe is much higher

(about 6,77), this fission gas has nearly no influence on

the longtime radiation burden, because of its short halflife

and the fact, that it is mostly retained inside the power-

plant on adsorption columns until its decay. For short time
8S-

evaluations the part of •' Kr in effective dose equivalents

is less than that of the other noble gases /21/„
o c

(9) Kr has a half-life of 10,7 years. Its decay scheme

is rather simple, in that only two beta rays and a single

gamma photon are emitted.

Fig. 1 shows the production and decay scheme of

Table 2 lists the transition energies /22/„

85
Kr ,

85Br(172 s)

Fig. 1a;

(stable)

'Kr (10,73

Production scheme of Krypton-85

85
36Kr 10,73 y ß*

0,514

stable 3Rb

Fig. 1b; Decay scheme of Krypton-85
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Table 2: Transition energies of Krypton-85

Radiation
type

"T
e~2

Y1

e~- K

e~- L

x-ray L

x-ray K „

x-ray Ka1
x-ray KA

Auger L

Auger K

Energy
(keV)

max . 173,0
avg. 47,5

max. 687,0
avg. 251,4

513,990

135,980

149,115

1,6

13,3

13,4

15

1,68

11,4

Intensity

0,437

99,563

0,434

3,02

0,340

0,1

0,59

1,1
0,3

3,7

1,0

Equilibrium
dose constant
(g rad/yCi h)

0,0004

0,533

0,0048

0,0087

0,0011
AI /*\
'"U W

0,0002

0,0003

'V 0

0,0001

0,0002

1.1.4. Biological properties

(10) Being chemically inert, Krypton and other inert gases

are not usually involved in biological processes. They are,

however, absorbed into the tissues of the body via inhalation

and dissolution in body fluids and tissues. Krypton is charac-

terized by low blood solubility, high liquid solubility, and

rapid diffusion in tissue /23/. Exceptions to the biologically

inert characterization of inert gases have been noted by nume-

rous studies and have been listed /23/, although these pheno-

mena are not generally understood. A comparatively high uptake

of Krypton by the adrenal gland has been reported but can be

interpreted in the light of more recent work as a transient

phenomenon resulting from the short exposure time employed /23/,
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2. Sources and release of Krypton-85

(11) Krypton-85 is produced in a natural way, as fission pro-

duct in power reactors and at nuclear explosions. The main re-

lease source is the dissolution step in reprocessing operation.

2.1. Natural_sgurces

85
(12) Kr is present to a small degree in the natural environ-

ment due to the mechanisms of spontaneous and neutron-induced

fissions of natural Uranium and due to neutron capture react-
84

ions from cosmic ray neutrons interacting with atmospheric Kr .

Recently the expected steady-state environmental inventories of
85 85
Kr from these sources were calculated with equilibrium Kr_

activities due to spontaneous fission of natural Uranium 74 G Bq

(2 Ci) of approximately in the upper 3 meters of the total

land and water surface. Neutron-induced fissions were found to
_5

contribute equilibrium activities of about 937 MBq (10 Ci)
85

in the oceans. The equilibrium activity of atmospheric . .Kr due

to cosmic ray neutrons was calculated to be about 0,37 T Bq

(10 Ci) /24/. These estimates serve as interesting comparisons
85

with estimates of man-made sources of Kr that will follow,

but are negligible in any total analysis of the world's total

Kr inventory.

2.2. Nuclear_weap_gns

85
(13) Since . Kr is produced during fission it has been gene-

85
rated by nuclear weapon tests. The total inventory of Kr now

present in the environment can be evaluated in two ways:

combining fission yield and amount of exploded material, the
85

total generated ..Kr was assumed to be approximately

1,9 . 10 TBq (5 MCi). Calculating the decay and a uniform

dilution in the earth's atmosphere the current inventory of
4 35

about 7,4 . 10 TBq (2 MCi) weapon Kr can be converted to

a concentration 0,018 Bq/m (0,5 pCi/m ) /24,25/. On the other
g r

hand the amount of weapon Kr car. be calculated over the
85" QO

ratio of Kr / Sr fission yield of about 0,22 /20/.
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The great deal of measurements of fall out activity, which has

been conducted, generated a lot of data which have been report-

ed and discussed in each report of UNSCEAR /27-33/. Correspond-
5 90

ing to 6.10 TBq (16,2 MCI) weapon-produced Sr through 1976

/34/ a total amount of approximately 7,5 . 10 TBq (20 MCi)
90 5
Sr can be estimated, corresponding to about 1,6 . 10 TBq

85
(4,4 MCi) Kr totally produced. The difference between these

two calculations is mainly based on the uncertainties in the
2 o c 238

unknown U/ U ratio in the tested weapon material.
85

(14) Another source of Kr in military operations is the Pu

production in military breeding reactors. The amount of releas-

ed _ Kr was assumed to be two times higher than that from the

weapon tests /24/. Naval propulsion reactors also contribute
85

to the Kr inventory. It has been estimated, that the annual
4

contribution from this source is 1,1 - 1,9 . 10 TBq
p C

(0,3-0,5 MCi) /26/. Nevertheless the amount of Kr produced for

military purpose is rather small in comparison to the prospect-
Q C

ive future generation of Kr by the nuclear power industry.

2.3. Peacef ul_uses_of _nuclear_explosives

Q C

(15) An additional source of potential Kr exposure may exist

in the future due to the utilization of nuclear explosives for

peaceful purposes. It has been suggested that nuclear explosives

could be of use in large-scale excavation projects and in the
85

stimulation of oil and gas reservoirs. The production of Kr

from these sources should be relatively small as comapred to the

production from the high yield nuclear weapons tested or from

the nuclear power industry, simply because of the small size of

the explosives that would be employed and the low ratio of
p C

fission to fusion in the used devices. The estimated total Kr

generation from these test explosions will be 13,7 TBq and

35,5 TBq (370 and 960 Ci) , respectively, fairly insignificant
Q C

amounts when compared to the Kr generated by nuclear power

reactors. However, the total amount generated by an active

program could be much larger, depending on the scale of the

program /35/. The estimated detonation of 370 explosives per
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year for gas well stimulation would result in a steady state

release of Kr amounting to 3,1 . 104 TBq /y (O,85 MCi/y)
O C

and worldwide buildup of Kr from this source would rise

to 4,8 . 105 TBq (13 MCi) /36/.

2.4.

O r
(16)- Kr is produced by fission in the nuclear fuel of re-

actors, in the moderators or in the coolants because of the

contamination with fissile material. The rates of production

are related to the installed capacity and the used type of fuel,

so that production and emission rates may be conveniently

normalized to unit electrical energy generated (for power re-

actors) or electrical energy generated by the reactors servic-

ed (for fuel reprocessing plants) .

(17) The presently common reactor types include the pressuriz-

ed water moderated and cooled reactor (PWR) , the boiling water

modere '-.ed and cooled reactor (BWR) , the gas cooled, grafite

moderated reactor (GCR) , (parted in Magnox reactor (MGR) and

advanced typed (ACR) especially in the UK) , water cooled

grafite moderated reactors (LWGR) , the heavy water moderated

reactor (HWR) which may be cooled by heavy water, light water

or gas, the high temperature reactor (HTR) , moderated by the

grafite fuel matrix and cooled by Helium and the fast breeder

reactor (FBR) , cooled by sodium (LMFBR) or Helium (GFBR) . In

/37-39/ an exceeding survey is given on the development of

nuclear power, regarding the operating plants and those still

under construction. While in 1976 188 nuclear reactors with a

capacity of about 80.000 MW were in operation /40/, in 1978

206 powerstations showed a capacity of 109.000 MW increasing

to 214 powerstations with a capacity of 116.500 MW in 1979 /38,39/.
Q C

(18) The amounts of Kr produced depend on the degree of

fuel burn-up achieved and to some extent on the type of fuel

used, according to the neutron spectrum in the reactor. A

high burn-up enhances the fission gas release, due to higher

cladding porosity /47/. However, for all thermal reactors

an intermediate value within the ranges of estimates will be
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85
11,1 - 14,8 TBq (300 to 400' Ci) ~~Kr/MW. .y. For FBRs the

significant values will be about 25 % smaller /41-44/, for

THTGRs 50 % higher /45/. A production rate of 14 TBq (375 Ci)
Q C

Kr/MW, >y was correlated with some measurements in repro-

cessing plants /46/ and this value could be taken best for

all theoretical evaluations. Table 3 lists measured and
85

evaluated values of Kr production by nuclear power stations

/48/.

Table 3: Production rates of Krypton-85

USA
COMECON
Rest
Total

Energy

generated

in 1979 GWh

274,000
52.900
275.800
602.900

Total life-

time energy

generated TWh

1.529
235

1.629
3.393

Krypton-85 produced

in 1979

MCi 105TBq

11,7 4,3
2,3 0,9

11,8 4,4
25,8 9,5

total

MCi 105TBq

65,5 242
10,1 37
69,7 258
145,3 538

(19) The quantity of radioactive gases released from reactors

or reprocessing plants depends on the reactor type and on the

specific waste processing resp. gas holdup system, used in

the facility. The fission noble gases are found in the air-

borne effluents together with activation gases, Tritium,

halogens and particulates.

(20) In PWRs the primary coolant is maintained in a sealed

loop, which is opened only infrequently. Therefore, much of

the short-lived noble gas activity decays before venting.

Short-lived noble gases originate mainly from water that has

leaked from the primary coolant system. A side stream of the prim-
ary coolant in PWRs is continually diverted into a subsystem

(primary coolant letdown) for control of chemical content and

and for coolant purification. The gaseous waste effluents

from this system are compressed into tanks or adsorbed on

charcoal filters and held for a period of 3O-120 d for decay
133

of medium and short-lived isotopes, especially up to Xe.
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Other gaseous effluent streams in PWRs originate from the main

condenser exhaust, secondary coolant blow-down, reactor build-

ing ventilation including containment purges (̂  4 times a

year), and turbine and auxiliary building ventilation /49/.

The normalized releases of PWRs vary between 37O and 740 GBq

(10 and 20 Ci)/MW, .y for all noble gases.

(21) In BWRs continuous removal of non-condensable gases in

the steam flow occurs via the main condenser air-ejector

system. The noble gases enter the gaseous waste stream primar-

ily at this point. Secondary pathways include the turbine

glandseal system, the condenser mechanical vacuum pump, and

any leakage of process fluids to ventilated building spaces

/SO/. The normalized releases for all noble gases vary from

less than 3,7 TBq (100 Ci) to more than 37O TBq (10 000 Ci)

per MW y. The value representing the overall operating

experience has declined from about 55 TBq (1500 Ci) per
MW. .y in 1970 to 37 TBq (1000 Ci) per MW(e)y in 1974. The

release composition of noble gas isotopes from BWRs varies

somewhat, dependent on the specific hold-up time. The hold-

up times range from 20 to 30 min for older BWRs to 2 h or

more for more recently designed hold-up systems. Modern

european plants are showing hold up times of 2,6 days for

Krypton and 65 days for Xenon /51/.

(22) In GCRs, fission noble gas release is insignificant.

Gas-cooled reactors include the Magnox type, the advanced

gas-cooled reactor (ACR) and the high-temperature gas-

cooled reactor (HTGR). The Magnox type utilizes metallic

Uranium fuel and C02 coolant. Because of the Magnesium-

alloy cladding fuel-temperatures must be kept at less than

650 C, at which temperature the release of noble gases from

the fuel material is negligible.

(23) The AGR utilizes slightly enriched UO as fuel and C02
as coolant. The cladding is stainless steel. Somewhat

higher operating temperatures are reached, about 1300°C,

but noble gas release is still expected to be quite low.

Commercial ACRs have come into operation only recently.
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(24) The Helium-cooled HTGR utilizes graphite-coated, highly

enriched U0„ or UC„ as fuel. The prototype HTGRs thus far

constructed, AVR (Federal Republic of Germany), Dragon

(United Kingdom) and Peach Bottom (united States), have

utilized charcoal filters to retain the noble gases which

reach the primary coolant for long periods. The release
1 "5 *? o c

composition is thus primarily Xe and Kr. Noble gas re-

lease reported from Peach Bottom averaged about 185 GBq

(5 Ci) per MW(e)y for 1968-1973 /52,53/.

For the AVR reactor, the noble gas release has been 74-110 GBq

(2-3 Ci) per MW(e)y for 1969-1972 /54/. Larger HTGRs are ex-

pected to release noble gases at the rate of 37-110 GBq (1-3 Ci)

per MW(e)y /55/. In some cases, measurements at GCRs dxd not
41distinguish fission noble gases from Ar. Therefore, in

reports of release data from these reactors, the amounts of

fission noble gases are upper limits.

(25) In the reprocessing plant the spent fuel elements are

destroyed and the nuclear material is dissolved. The noble

gas inventory is liberated and according to the present state

of technology and licenzing discharged through a stack into

the atmosphere. In LWR- and FBR-fuel reprocessing plants

Krypton is liberated during chopping of the fuel elements

(10 % of the inventory) and during the dissolution of the

fuel. For an effective Krypton separation the purge gas from

the chopper is routed through the dissolver. At less restrict-

ive release limits it may be desirable to treat only the

dissolver off-gas during the first hours of a dissolution

batch.

(26) The activity releases of fission noble gases and also

of many other radionuclides were listed very detailed in
8 '-i

the 1977 report of UNSCEAR /33/. A summary of some Kr re-

leases compared with the total release of fission noble

gases from reactors and reprocessing plants is given in the

tanles 4 and 5 /56-60/.
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Table 4: Kr discharges by nuclear power plants

Reactor
type

PWR

BWR

PWR

BWR

PWR

BWR

Number of
reactors
reported

13

7

18

28

12

17

Brown ' s
Ferry 1,2,3

5

6

Electricity
generated

M W ( e ) y

5.700

2.4OO

5.O3O

13.300

4.120

7.400

460

3.20O

880

Tot. fiss
Noble Gas
release

kCi

99,5

2.760

6.400

141,3

805

2.100

80,5

9 ,4

4 ,4

85mKr
release

Ci

1 9 7 4

-

-

383. OOO

corresponding
to

1 9 7 6

-

-

99.10O

corresponding
to

-

1 9 7 7

-

—

85Kr
release

Ci

957
62.5OO

-

18,3

780

1 .6OO

-

4 , 7

7O.9OO

280

220

% of
total

1

2

6

3.10~4

0,6

0,2

4 , 7

2.10"4

88

3

5

Normalized activity release
Noble Gas

total
Ci/MWey

17,5

1.150

1.270

-

10,6

195

284

—

175

2,9

5,0

85Kr
Ci/MWey

0,17

26

76

4.10~3

O,06

0,4

13

6.10~4

460

0,1

0,25

Ci/reactor y

73,6

9. OOO

21.0OO

1

28

133

5.800

0,3

24.000

56

37



Table 4': 85Kr discharges by nuclear power plants

Reactor
type

PWR

BWR

PWR

BWR

PWR

BWR

Number of
reactors
reported

13

7

18

28

12

17

Brown ' s
Ferry 1 ,2 ,3

5

5

Electricity
generated

MW ( e ) y

5.700

2.400

5.O3O

1 3 . 300

4.120

7.400

460

3.200

880

Tot. .fiss.
Noble Gas
release

103 TBq

3,7

102

237

5,2

28

78

2,8

0,35

0,16

85mKr

release

103 TBq

1 9 7 4

-

-

14,2

x>rresponding
to

1 9 7 6

-

-

3,6

correspondinc
to

1 9 7 7

-

85Kr
release

TBq

35

2.300

-

0,7

28,9

59,2

-

0,17

2.6OO

10,4

8,1

% of
total

1

2

6

3.10~4

0,6

0,2

4 , 7

2. 10~4

88

3

5

Normalized activity release
Noble Gas

total
TBq/MW y

0,7

42 ,6

47,0

-

0,4

7,2

10,5

6,5

0,1

0,2

85K̂r
TBq/MW y

0,01

1,0

2,8

0,15.10~3

2 . 10~3

O,O15

0,5

2,5.10~4

17,0

4 . 10~3

9 . 10~3

TBq/reactor y

2,7

333

777

O,O4

1,0

4,9

215

0,01

888

2,1

1,4
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Table 5a

85
Krypton discharges from fuel reprocessing plants - I

„- . .. MWpy Release normalized release
Plant Year • j 10- ^-/»«T \-iserviced kCi Gi(MWey)

 L

M (U
cQ o '"""̂
<U i-( -r) <3
rH 0) > CO
Ü 3 (-1 D

3 CO

Windscale

La Hague
WAK Karls-

ruhe

1966
1967
1968
1969
1970
1971
1971
1976
1976

1976

210
900
530
830
660
720

2.500
3.200
930

230

77
328
193
300
180
221

1.000
1.200
350

86

367
364
364
361
272
307
400
375
376

374

Source: /46,94/

85

T a b l e 5b

Kr discharges from fuel reprocessing plants - II

Activity released ( kCi y~l)
Plant 1972 1973 1974 1975 1976

Eurochemic
WAK Karlsruhe
La Hague
Marcoule
Eurex
Windscale

200
68
240
47

1.200

220
25
230
130
4,7

800

100
85
720
110
4,3

800

...
43
660
100__ _

1.200

...
86
350
92_ _ _

1.200

Source: /94/

T a b l e 5c

85
Kr discharges from fuel reprocessing plants

Plant 1977 1978 1979

- Ill

Windscale
la Hague

1,0
0,67

1,0
0,79

1,0
0,64

.10°Ci

.106Ci

Source: /102,103/



T a b l e 5a'

8 5
Kr discharges from fuel reprocessing plants - I

Plant Year

M CU
CO Ü ̂
QJ rH 'H <J
rH 0) > CO

Ĵ £LJ QJ ̂ ^̂
Z co

Windscale

La Hague
WAK Karls-

ruhe

1966
1967
1968
1969
1970
1971
1971
1976
1976

1976

MWey
serviced

210
900
530
830
660
720

2.500
3.200
930

230

Release , . , ,
3 normalized release

2,85
- 12,14

7,14
11,10
6,66
8,18
37,00
44,40
12,95

3,18

13,6
13,5
13,5
13,4
10,1
11,4
14,8
13,9
13,9

13,8

Source: /46,94/

Table 5b

85
Kr discharges from fuel reprocessing plants - II

Plant
1972

Activity released (103TBq.y~1)
1973 1974 1975 1976

Eurochemic
WAK Karlsruhe
La Hague
Marcoule
Eurex
Windscale

7,40
2,52
8,80
1,74

44,40

8,14
0,93
8,51
4,81
o,17
29,60

3,70
3,15
26,64
4,07
0,16
29,60

• » «

1,59
24,42
3,70

44,40

«• « ••

3,18
12,95
3,40

44,40

Source: /94/

85

T a b l e 5c*

Kr discharges from fuel reprocessing plants - III

Plant 1977 1978 1979

Windscale

La Hague

3,70

2,48

3,70

2,90

3,70

2,38

TBq

. 104 TBq
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(27) It is shown, that there are very high differences in

the release values of several plants. The reported emission
Q C

for Kr in respect to the total gas release for the Browns

Ferry power plant is not explicable, although the total

normalized noble gas release is inside an average range. For

the modern nuclear power plants of the Fed. Rep. of Germany

(year 1977 in table 4) he reported release values are show-

ing the success of installing greater hold up tanks or

adsorption columns for the prevention of too high discharges

of noble gases to the en/ironment. Fig. 2 shows the composit-

ion of discharged noble gases as a function of decay time /61/.

o c
(28) All the discharged and released quantitites of Kr are

accumulated in the atmosphere and dispersed (see Chapt. 3.4).
p c

Some laboratories are determinating the Kr content in the

atmosphere. According to the decay of the weapon-Krypton and

the installation of retention devices in fuel reprocessing

plants and nuclear power stations (see Chapt. 2.6) the con-
8 S

centration of Kr in the atmosphere remains on an equal

level or decreases slightly. Values given for 1975 by
O C

D. Heller /62/ are showing, that the emission rate of Kr

has decreased and is still decreasing since 1975. A steady
p c

amount of Kr for the year 1975 was reported with about

700 decays per min per m mol Krypton. The value corresponds
or •}

to O,6 Bq (16 pCi) Kr per m air. Assuming that the con-
85

centration of Kr in the northern hemisphere according to

the release times is twice higher than in the southern one, /102/
Q c

the total inventory of Kr in the atmosphere of 1975 was

about 1,8 . 10 TBq (48 MCi). According to chapter 2.2 an

average amount of 6,4 . 10 TBq (17,5 MCi) of militarily
o c

produced Kr can be taken into account, so that about
r pq

1,2 . 10 TBq (30 MCi) of Kr has originated by releases

from civil nuclear power production.



OVERALL RADIOACTIVITY
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2.5. Estimates

(29) It was shown in the previous chapters that the prevail-
8 "5

ing part of Kr is produced by nuclear electric energy
generation and the percentage will still arise. To estimate

85the future production of Kr one has to estimate the

increase of installed nuclear power but any long-term pro-

jection of a world civilian power economy is speculative at

brut, especially in the view of the environmental movements.

In the NCRP report Nr. 44 /64/ some good summaries of future

power requirements are given in the light of the years 1970 -

1971. Compared with earlier assumptions from 1965 /65/ it is

to mention that the values predicted in 1971 for 1980 are
reached or passed over (see table 6) .

Table 6; Predicted and really installed nuclear electic

Capacity in the world (QW ) /37-39, 63-6S/

Year: Africa

1978a

1980b

2000b

1,5

0

45

_ . c Latin
Asia , .

America

15,0

11

355

6

6

210

Eastern
Europe

11,7

5,5

185

North
America

232

155

1220

Western
Europe

128,3

1OO

910

USSR

37,5

43

805

others

22,0

24

530

total

452

345

4260

a) Reactors in operation, under construction and ordered plants
b) predicted by /63/

c) excluding mainland China, Turkey included with eastern Europe
d) Australia, Japan, New Zealand, South Africa

(30) The future increase of nuclear power from the temporary

view of sight will sure bring a reduction of the predicted

growth of the 1970's and a return to the predicted figures of

the 1960's /65/. In the light of these facts a possible annual
7 R^iproduction of about 3,7 . 10 TBq (1000 MCi) Kr can be
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estimated, leading to an accumulated amount of about 2.10 TBq

(6000 MCi), based on a production rate of 14 TBq (375 Ci)
85Kr/MWey.

2.6 KrY2ton_removal /66/

(31) As mentioned in the introduction, inspite of the little
o r

contribution of Kr to the radiation burden of man, many

countries had set up discharge limits for Krypton, especially

related to the effects of punctual releases in the surround-

ing of the releasing site. Regarding the ALARA-principle,

more stringent limits have been established in some countries,

particulary in the FRG and the USA. The efforts not to reach

these limits forced as well designers of new plants as runners

of existing ones to install Krypton retention units, above

all in fuel reprocessing plants.

(32) At present, Krypton is not retained at plants within the
Q C

European Community and there is even a shortage of Kr for

experimental purposes . On a small scale the retention of

Krypton-85 will be demonstrated in a few years at the German

reprocessing plant WAK. As regards future large reprocess-

ing plants, Kr-retention has been required and planned for

the German project, and its development and, if development

proves successful, its incorporation in the THORP has been

recommended in the United Kingdom and this recommendation

has been adopted by the Governement. It appears from this

that Kr is likely to be retained in the future in spite of

a recent tendency to place less weight on the skin dose .

(33) The enrichment and purification units have to separate

the Kr from the other off-gas-components. Several processes

are available or under development. From the technical point

of view the

- cryogenic destination process

- liquid absorption process and

- charcoal adsorption process
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have proved to be of special interest. Some other processes
of minor technical importance have also been proposed, like
the use of porous membranes, to separate Krypton from air
and Xenon. T

(34) Normally during the enrichment steps also Xenon is
enriched. A separation of Krypton and Xenon may be of
interest with regard to the storage of the radioactive gas.
In all cases a reliable operation of the process requires
a more or less extensive prepurification of the off-gas.

2.6.1. Cryogenic Distillation Processes

(35) Cryogenic processes are favoured in most countries
because the cryogenic technology is a well-proven one. It is
generally considered to be available for commercial applicat-
ion. Special attention must be paid to the explosion hazard.
Experience with industrial air separation plants has shown
that nitrogen oxides in the ppm range in the presence of
oxygen can cause severe explosions. Radiolysis enhances
this hazard. Also hydrocarbons, mainly methane, which are
present to a small extent in the effluents of a catalytic
hydrocarbon converter, can result in destructive explosions
in the presence of oxygen. To prevent the possibility of
explosions, NOx and hydrocarbons must be removed to a very
high degree and the formation of ozone must be excluded.
Other contaminations such as iodine, carbon dioxide and
water must be removed down to a level of about 1 ppm or
lower, in order to prevent freezing and plugging of the
system.

2.6.2. Liquid Absorption Processes

(36) Liquid absorption processes are also well known in

chemical technology. Several solutes have been considered for
the removal of noble gases from the off-gas. However only
one process, using FREON is presently under development,
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and seems to have reached the possibility of industrial

use, especially for reprocessing off-gas decontamination /67/,

(37) The main advantage of this process is its high versatil-

ity. An efficient operation is possible over a wide range

of conditions and with different feed-gas compositions. In

addition the process is not very sensitive to impurities.

The disadvantage however is the radiolysis of the solute

as well as the corrosion of the construction material by

the radiolysis products and the expensive make-up of the

solute. An appreciable secondary waste streamresults from

corrosion and make-up.

2.6.3. Charcoal Adsorption Processes

(38) Charcoal adsorption processes are widely used in

reactor technology. Mostly the charcoal beds are used as
or

delay beds. The short-lived isotopes decay, whereas Kr

breaks through and is discharged into the atmosphere

(see also fig. 2). However it is also possible to isolate
85Kr and Xenon by a cyclic sorption/desorption operation

of parallel charcoal beds.

(39) The cyclic operation can be achieved by adsorption

at ambient or reduced temperature, respectively, and de-

sorption at higher temperature or by the so-called pressure-

swing method. The advantage of the charcoal method is its

very simple operation, so that most of the modern power

reactors use charcoal beds. In reprocessing plants,

however, the high NOx content of the off-gas would result

in a high fire hazard, therefore other processes are

preferred here.



2.6.4. Krypton storage and disposal

o r

(40) Kr poses special storage problems, because of the

impossibility of converting this gas into a solid chemical

compound and because of its significant decay heat pro-

duction of 0,046 W/TBq (1,7 W/kCi).

(41) The storage of Krypton in pressurized cylinders is

being developed at the KFA Jülich (FRG) /68/. This work

comprises the design of a storage facility for the Krypton

arising from reprocessing of 1400 t/a of light water reactor

fuel during 15 years and experiments on particular aspects

such as heat transfer, corrosion of cylinder materials by

the decay product Rubidium and the use of adsorbants to

increase the Krypton density within the cylinders. The con-

cept of the Krypton store is a strong walled concrete build-

ing held at subatmospheric pressure and containing shielded

cells in which the Krypton cylinders are stored in vertical

position. The cylinders are cooled by natural convection of

the air enclosed within the cells, whereas the cells are

cooled by natural convection of ambient air.

(42) Basic aspects of the storage of Krypton adsorbed on

active charcoal in pressurized cylinders have been studied

at the CEN/SCK, Mol (Belgium) /69/. The adsorption of Krypton

on various commercial types of charcoal has been measured

and dense beds of charcoal have been prepared and their

thermal conductivity has been determined. The use of charcoal
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would result in a substantial reduction of the pressure in

the storage cylinders, in particular if small cylinders are

used. Whether this advantage would allow great simplificat-

ions in the design of a storage facility has still to be

assessed.

(43) The incorporation of Krypton into a metal matrix is

being developed at the AERE Harwell (United Kingdom) /7O/

and Pacific Northwest Laboratory USA /71/. The process con-

sists of alternate ion implantation of Krypton and sputtering

of metal, using a glow discharge. A thick layer of matrix

ds built up on the used target. The Krypton is dispersed

throughout the matrix in the form of bubbles of diameter

less than 2 nm with a concentration of 170 litres STP of gas

per litre of metal. Copper and other metals have been

studied as candidate matrix materials. No Krypton is released

from Copper up to 500°C.

(44) Another process under investigation at Pacific Northwest

Laboratory for storing radioact: ve inert gases involves

dissolution and trapping in the very fine pores of a low

density glass matrixes /71/. This process yields up to 7 cm

of Kr STP/g of glass (^ 2 atom%) in glassy materials with

about 30 % open porosity, when loaded at about 35 MPa press-

ure. The required temperature is about 900°C. The release

rate measured yields about 1,8 % in the first 10 years at an

ambient temperature of 42O°C.

(45) The encapsulation of Krypton in zeolites is being

developed at the KFK (FRG) , with the objective of invest-

igating and optimizing material and process characteristics

/72/. The high termperature (650 C) and pressure (about

30 MPa) required for the encapsulation are a drawback, the

importance of which could only be assessed after a fv'.ure

design study.
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(46) Harmonized feasibility studies on the sea disposal of
o e
Kr in pressurized containers have been carried out at the

ECN Petten (Netherlands) /18 / and KFA Jülich (PRC) /16/.

As the transport of large quantities of a radioactive heat-

producing gas poses novel safety problems, a substantial

effort has been devoted to the design of containers. Spher-

ical doublewalled transport and disposal containers with

integrated shielding are proposed by the ECN, whereas cylind-

rical disposal containers with pressure equalisation and

reusable transport casks are studied by the KFA.

o c
(47) The radiological impact of Kr release at the deep sea

bottom should be small, because of the short half-life of
o c

Kr compared with residence times of deep ocean water.

Furthermore, disposal containers may be designed for a

lifetime sufficient for decay. In spite of these facts, a
85dumping of Kr into the deep sea is not possible at present,

The regulations of the London Dumping convention /73/ will
Q C

not allow sea disposal of Kr in the needed amounts. An

amendment of the situation can arise only in extending the

appendixes of the convention.

85
3- Kr in the environment

85(48) Kr discharged to the environment will disperse in

the atmosphere and reach other receiving bodies, such as

oceans and continents. It can become washed out by rain and

deposited in the earth or stored in the surface layers of
85the oceans. But all these processes act as a Kr sink for

only small portions of the total radioactive gas.

3.1. Wash3out_effects

(49) The low solubility of Kr gas in water limits its
85

sorption in rain water, while the solubility of Kr will

be simultaneously limited by the much greater aboundance of
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stable Krypton. In the environs of a reprocessing plant,
Q C

releasing 37 GBq/sec (1 Ci/sec) of Kr from a 200 m stack,
p r

the maximum concentration of Kr for average atmospheric
—9 3

conditions will be 2.10 g/m /74/, which is about six

orders of magnitude less than the amount of stable Krypton
-3 3in the atmosphere (7.10 g/m ). Using these numbers and an

average rainfall figure of about 4 mm/h, a washout coefficient
-11 —1of X =4.10 s arrives /75/. This would result in a

r n r
negligible depletion of Kr even from a relatively concent-

rated cloud, such as was assumed. This phenomenon can be

ignored in atmospheric dispersion calculations.

3.2. Deposition

Q r

(50) The maximum amount of Kr which can be deposited on the

soil via dry deposition will occur if the interaction process

between the soil and Krypton is irreversible, in which case

the flux to the surface would be independent of the amount

already deposited there. However, there are indications that

the soil-krypton interaction is not irreversible. The limit-

ing capacity has been estir

Krypton/g mantle rock. /64/

-9ing capacity has been estimated to be about 9.10 g

(51) If one assumes that the natural capacity of the mantle

rock for Krypton is 9.10 g Krypton/g mantle rock and that
Q r

diffusional penetration of Kr occurs uniformly throughout

its radioactive life, an effective diffusion coefficient of
2

0,05 cm /s would lead to an estimated mean penetration of
QC

Kr to a depth of about 60 m and a quantity of stable
1 2Krypton for mixing of about 8.10 g. This is about 0.05 per-

cent of the total Krypton in the atmosphere. The apparent
p r

deposition velocity of Kr to maintain steady state would

be about 3.10~ m/s.

(52) In /75/ and /64/ a lot of further datas are given on

deposition models, but each of them are proving that there

is no relevant capture of Krypton by the earth's surface.
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3.3. Theoceansasasink

' R R
(53) The efficiency on the oceans as a sink for Kr can be

determined by examining the natural Krypton contents of the

atmosphere, the mixed layer of the ocean, and the total

ocean. The relative amounts of Krypton in these bodies will

give an idea of the efficiency of the ocean as a Krypton sink,

with arguments generated in this manner easily extendible to
o r

Kr through specific activities.

(54) Compiling Krypton concentration, atmospheric volume and
1 6

density of Kr (STP) , a total mass of about 1,7.10 g Kr in

the atmosphere is obtained. This can be compared with the

amount of Krypton in the mixed layer of the ocean by assuming

that this layer extends down to 100 meters from the surface

of the ocean, using the measured average Krypton concentrat-
— 8ion value of 5.1O by volume in this layer of seawater /76/,

18 2and assuming a total ocean area of 3,6.10 cm . The result
1 2is a total mass of 6,7.10 g of Krypton in the mixed layer

of the ocean, or approximately 0.04 % of the atmospheric mass

of Krypton. Similarly, the total mass of Krypton in the

oceans as a whole can be compared with the total atmospheric

mass of Krypton by using an average concentration by volume

for Krypton in the oceans of 9.10 /76/, a total ocean volume

of 1,4.10 cm , and a Krypton density of 3,73.10~ g/cm at

STP. This calculation results in a total ocean inventory of
1 4about 4,7.10 g of Krypton, or approximately 3 % of the

atmospherical total Krypton. Clearly the percentage repre-

sented by these figures, relative to the atmospheric burden,

indicates that on the basis of any model's predictions, the
n c

oceans, will be only a trivial sink for the Kr discharged

into the atmosphere .
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3.4. Disgersign_in_the_atmgsp_here

(55) Material released to the atmosphere is transported down-

wind and dispersed according to atmospheric mixing processes.

The estimation of this dispersion is commonly approached by

solving the corresponding diffusion-transport-equation.

Several models have been developed for this purpose, using

a variety of boundary conditions and simplifying assumptions,

Most of them are based on the Gaussian plume diffusion model

/77,78/, and many reviews of experimental data have shown,

that this model can be used to describe favourably many

practical situatior.s. The Kr concentrations for a release at

a 30 m high stack are shown in table 7.

Table 7; Krypton-concentration in air for a release

at 30 m height (Bq m /Bq s~ ) (for Pasquill

category D) (= Ci m~3/Ci s"1) /78/

0

Distance m

85mKr

85Kr

103

4,78.10~7

4,83.10~7

104

1 ,15.10~8

1,26.10~8

105 106

1,86.10"'°

4,38.10"1° 3,19.10~11

(56) Concerning the prediction of dispersion on greater dis-

tance some shortcomings of the Gaussian equations are the

necessary assumptions for this model, that the meteorologic

conditions and the direction of the wind remain constant

throughout the transit of the plume. To overcome these

difficulties some new long-way-models have recently been

developed /79,80/, which follow the trajectories of masses

of air passing over the release point and take into account

the changing of the meteorologic conditions with the time.
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(57) A good survey on the several diffusion models and their

consequences is given in /81/, basic information and mathemat-

ical background is found in /82/.

(58) These mentioned atmospheric dispersion models apply only

to the first pass of the activity as it disperses downwind.

The activity remaining in the plume aft^r it has travelled

out of the release region will continue to disperse through-

out the troposphere and because of the sufficient long half-
Q C

life of Kr become globally distributed, thus leading to a

furtner exposure of the population in the release region. The
o c

models used to estimate the global circulation of Kr are

essentially those given in /83/ by Kelly et al. In each case

a compartment model is adopted for the evaluation of the

global Kr circulation.

(59) A general compartment model (Fig. 3a) and that used for

Kr are shown in Fig. 3b and seems to be a rather simple one.

The discharged Kr is assumed to be dispersed uniformly and

instantaneously throughout the troposphere and the northern

hemisphere which is assumed to have a height of 10 km and a
21mass of 1,9.10 g. Exchange takes place between the tropo-

spheres of the two hemispheres with a halftime of about
Q C

2 years. Within a few years the Kr becomes uniformly mixed

through the whole atmosphere and the only loss from the

system is by the radioactive decay /98, 102/„.



p. Compartment i

inventory Y.

. •
Jl

f. Compartment j

inventory Y.
Jl Compartment 1

inventory Y..

Pl

A!

Fig. 3a; General form of a compartment model.

This model for a dynamic compartment model shows that the transfer
rate of material between compartments is proportional to the
inventory of material in the source compartment. The relation-
ship can be generally represented by the equation

dY. n

dt
Y. - A.Y. + P

where and k..=0

and k. . and k., are transfer coefficients between two compartments

having inventories of Y. and Y.

\̂. is an effective transfer coefficient from compartment i which
takes account of loss of material from the compartment without
transfer to another, for example, radioactive decay.
P. is a source of continuous input into compartment i . The
time integral of the inventory in any compartment is obtained as

t
Y. =

The time variation and time integrals of the respective invent-
ories are obtained by solution of the sets of simultaneous
equations described above.

Airborne
Discharge

Troposphere

N. Hemisphere

°e
0,5

Troposhere

S. Hemisphere

Fig. 3b; Compartment model used for global circulation
of Krypton - 85. The transfer coefficients are
given in units of y~l



(60) In that mixing time an activity distribution of 1 : 2

between the southern and the northern hemisphere is assumed,

because of the sole Kr release'in the reprocessing plants

of Europe, USA and USSR. Table 8 shows the time, integral of
O c

activity concentration of Kr in the atmosphere according

to its global circulation, evaluated for the continuous
— 1discharge of each nuclide at a rate of 1 Bq sec (0,1 yCi/b)

for one year.

Table 8; 85Kr-concentrations in the atmosphere according

to its global circulation (time integral)

Years to 50 y to 100 y to 50O y to infinity

1,31o10~10 1,36010~
10 1,36„10~10 1,36.10~10

pCi.y.kgair
-1 35.10 •10 37o10-10 37.10 •10 37.10 •10

It is shown, that after 100 years no change occurs in the act-

ivity concentrations of normally released Krypton, according

to its 10 years halflife. The correlated graph is shown in

Fig. 4.
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4. Transfer to man

(61) As it was shown in previous chapters only a very little
Q r

fracture of the released Kr is not immediately dispersed in

the atmosphere and is delayed in its transfer to man. Fig. 5
OC

shows a schematic diagram of the possible pathways of Kr

to man. Besides the possible external irradiation by the ex-

ternal cloud due to the different types of radiation a direct

transferof the gas to man is possible mainly only by inhalat-

ion followed by absorption in tissues.

4.1. Inhalation_and_distributign_in_tissues

or
(62) A person immersed in an atmosphere of Kr at a certain

concentration would rather quickly come into equilibrium

with it. Depending on Ostwalds dilution equation, the con-

centration in body tissues would be the concentration in air

multiplied by Ostwald's volumetric partition coefficient.

Thus

Ct = Ca . L (1)

where C. is the Krypton concentration in the tissue

C is the Krypton concentration in the air anda
L is Ostwalds coefficient

(63) After the intake of Kr gas it is distributed in the body

by blood and lymphs and absorbed in the various tissues,

always depending on the concentration. The depending part-

ition coefficients, which are now expressed as transfer

constants, reflect the rate at which tissue is perfused with

blood, the solubility of the gas in the several tissues and

the velocity of diffusion of the Kr across anatomical bound-

aries .



Atmospheric
Release

l
Cloud Dose

Atmosperic
Dispersion

Inhalation
Dose

Deposition Resuspension

External
ß, Dose

Population
Distribution
and Habits

Collective
Dose
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(64) A first approximation shows a difference in the absorpt-

ion behaviour of fat and non fat tissues, so that one has to

split the L-values into

tissue fat (1-Ffat}"•fat ^blood

where F is the fractional content of fat in the body /21,83/,

Other more differentiated models are using weighed related

coefficients whereat the density of the absorbing tissue is

taken into account. Table 9 summarises fat content and relat-

ed Ostwald coefficients for subdivisions of the human body

/64,84/.

Table 9; Percentage of separable adipose tissue and nonfat

tissue and the related Ostwald coefficient for

subdivisions of the human body.

separable Skeleton other
adipose tissue Bone + Marrow soft tissue

Total mass (kg)

Fat content (kg)

L (weight related)

uCi/g tissue •

12,5 10 47,5

1C 2 1,5

0,41 0,131 0,083

(yCi/g air)~1

yCitissue •

dyCi 85Kr/g air)"1

3,2 .10'

3,87.10

1,0 .10

9,28.10

64

2,35.10

On the basis of table 9 an average coefficient for the f.osorpt-
85ion of Kr in the body is obtained. However, the concentration

in the body will not be uniform, the concentration in the

adipose tissue being nearly 50 times higher than in other parts

of the body.
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4.2. E§tentign_half-times

(64) For more sophisticated evaluations, concerning dose

determination, the body is conceived as being composed of

multiple absorption compartments. The gas is taken up from

a closed rebreathing system in which the concentrations are

falling. The rate at which a tissue releases or stores an

inert gas is determined by the blood-tissue partition coeffi-

cient and the rate of the blood perfusion to this tissue /86/.

The Pick principle regulated the diffusion out of a single

tissue compartment, depending on a simple exponential decay;

C = C e"ktct SD e

where C is the concentration in tissue at the time t or

t = 0 and k the related Pick's coefficient.

(65) The total body retention is therefore the sum over all

partial retentions and the overall clearance behaviour of the

body is subjected to exponential analysis too. Individual

components of the exhalation concentration curves are associat-

ed with clearance rates of specific compartments. A recent

work has shown, that the Kr compartment model consists of

5 compartments (Fig. 6), resulting in 5 exhalation components.

The fastest component presents probably the clearance of

circulating blood, in particular from blood plasma

(t 1/2 = 21,5 ± 5,7 sec). The second component (4,74 ± 2 min)

appears to be representative for the hemoglobinclearance.
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L u n g

Blood

Non adipose
fat tissue

Adipose
tissue

Fig 6; Compartment model for transfer of to man

The next slower component is most likely related to the clear-

ance of Kr from muscle (19,8 ± 6,6 min). The two components

with the slowest clearance rates should be related to body

fat compartments. A half time of about 2,4 h would indicate

a substantial fat compartment not located in adipose tissue.

The retention half time of the adipose tissue for Kr is the

slowest component and is correlated significantly with the

total body fat content. The linear relationship is given with

t1/2 = 0,172fat% + 0,75 (in hours) (Fig. 7)

So the Kr-absorption in adipose tissue is the deciding factor

in the evaluation of the internal radiation exposure due to
p c
Kr content of a given atmosphere.

5. Dosimetry

(66) Radioactive Kr released to the environment causes radiat-

ion dose to man by external irradiation of the surrounding

semi-infinite cloud and by internal irradiation due to the

progress of the radioactive gas through the body. The organs

become irradiated both from the radiations resulting from

transformations occuring in the organ itself and from those

occuring in the surrounding organs.
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(67) There are four main steps necessary to estimate the dose

equivalents delivered in any organ from a given nuclide in

a chosen period of time /81/:

(a) The computation of the number of nuclear trans-

formations of the inhaled Kr in each of the
source organs, i.e. those through which the

radioactive gas passes.

(b) The preparation of the matrices, containing the

absorbed doses received by the target organs per

transformation in the source organs.

(c) The conversion of the absorbed doses in the

matrices evaluated in (b) to dose equivalents

according to the quality factors.

(d) The combination of (a) and (c) to obtain the dose

equivalent in each target organ from the inhaled

gas.

According to the new ICRP-26-recommendations /88/ about 30

organs are considered as sources and/or targets, but usually
o r

for the evaluation of doses generated by Kr 5 to 7 organ-

groups are considered: skin, adipose tissue, lungs, skeleton,

(red bone marrow) and gonads (ovaries and testes).

5.1. Radiation source

o r

(68) Due to the decay scheme of Kr six sources of radiat-

ion have to be considered /64/:

(a) photons and beta rays emitted in air
O r

related to the concentration of Kr.



(b'i Bremsstrahlung emitted in air including both
internal, emitted when the decay occurs, and

external, emitted when the electrons move

through the air.

(c) Bremsstrahlung produced by the beta rays as

they move through the skin and subcutaneous
tissues.

(d) Photons and electrons emitted generally in

the body due to Kr concentration in the body.

(e) Internal Bremsstrahlung emitted by the beta

rays as they pass through the tissues of the

body.

o c

(f) Photons and beta rays emitted by Kr present

in the air passages of the lungs.

5.1.1. External photons

85
(69) The primary photons from Kr decays occuring in air will

be scattered by the air, and thus a continuum of photons of

lower energies is produced. Since the cloud is assumed infinite

and the primary photons are distributed isotropically, all

subsequent generations of photons will also be distributed

isotropically. Thus, this energy spectrum of scattered photons

will have no angular dependence.In /89/ energy-spectra for

scattered photons have been calculated for several energies,
Q C

that of 500 keV suitable for the application of Kr photons.



(70) Actually one is concerned with a person on the earth's

surface, the ground effect has to be considered. For the cloud

of scattered photons the presence of the man on the ground

means, that essentially half of the source to which he could

be exposed (half the infinite cloud) is missing. This

assumes, that there are no surface or near-surface deposits
p e

of Kr, and these would be expected to be negligible in

reality (see chapter 3.2 ). Thus, one may use half the intens-

ity of the energy spectrum for photons without any great
Q C

errors in estimating the dose, received by external Kr

irradiation.

5.1.2. External beta rays

(71) Beta rays coming in contact with the bodys surface are

effecting the skin. The skin will be considered for dose cal-

culations as consisting of an epidermal layer (including the

stratum corneum, appr. 10 % dead tissue) and a deeper layer -

the dermis. The thickness of the skin layers are described

in a lot of references, it varies between 30 to 80 ym /BO/.

A calculation of the depth dose in skin and subcutaneous

tissue from beta rays in an infinite cloud has been made by

/85/ and /91/. A graph of the depth dose is shown in fig. 8.
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5.1.3. Lung doses
Q C

(72) A certain amount of Kr will be present in the lungs

of a breathing person, according to the lung's volume and the

Kr concentration in the breathed air. Having reached the

equilibrium, the person receives a bräta dose from the decay-

ing Kr atoms and the corresponding gamma dose, the latter

being approximately 3 orders of magnitude less, due to the

low gamma yield and the small absorbed fraction.

5.2. Dose_factors_and_radiation_doses

(73) Table 10 summarises the equilibrium absorbed dose rates

to body organs per unit air concentration for immersion in a
Q C

semi-infinite cloud of Kr. For comparative purposes since

the quality factor of dose absorption equals one in this

model, the absorbed dose in "rads"equals the dose equivalent

in,'terns". The dose received by the eyes will not originate

from betas, emitted in air. The lenses of the eyes would be

at a depth of 3 - 4 mm and thus the dose rate would be expect-

ed to be much the same as the average dose rate to the skin

due to photons in air and bremsstrahlung i.e. 4,9 Gy.y *

(GBq m"3)~1 /I ,8.10~2 rady"1. (yd m"3)J. The total body ab-
-1 -3-1 /"" -2 -1sorbed dose rate is 4,1 Gy.y .(GBq m ) /1,5.10 rad y

— 3 —I?(yCi m ) /. This implies a yearly radiation burden of about
-73.10 Sv (0,03 mrem) for each person in the northern hemi-

Q C

sphere generated by the Kr, present in the atmosphere

(see § 28).

(74) To compute the radiation burden of the population living

in the immediate surrounding of an emitting plant one has to

take into account dose factors according to the different

weather conditions and release heights. Table 11 gives air

concentrations, effective cloud gamma dose rates and the

external dose rates in skin for normalized releases from a

30 m high stack for Pasquill category D. Fig. 9 shows the

connexion between dose rates in skin and gonades and source

distance for a 100 m high stack, Fig. 10 shows the variation

of air concentration with distance for Kr, due to the influence

of release height and dispersing conditions, assuming uniform

wind rosa.



T a b l e lo'

Equilibrium absorbed dose ratfi to body organs per unit air concentration

from immersion in a semi-infinite cloud of ̂ Yx Gy m3(GBq y)

Source O r g a n

01 j Adipose T Red Bone _, , . „ . _, . TotalSkin .̂ r Lungs Skeleton Ovaries Testes , ,tissue ö marrow body

o t;
Kr in air 4,1 E+0 3,2 E+0 3,0 E+0 3,8 E+0 4,1 E+0 1,3 E+0 3,5 E+0 3,2 E+0

Photons in air
Betas i n a i r 4 , 9 E+2 - . _ _ - _ _

Bremsstrahlung in air 8,6 E-l 5,7 E-l 5,1 E-l 9,7 E-l 1,1 E-fO 3,0 E-l 6,8 E-l 6,2 E-l

Brems Strahlung in skin 1,5 E-2 1,8 E-3 1,1 E-3 1,0 E-3 3,0 E-3 5,7 E-4 2,7 E-3 2,5 E-3

85
Kr in the body

Photones in the body 5,9 E-4 6,2 E-4 5,9 E-4 6,5 E-4 6,2 E-4 7,6 E-4 8,4 E-4 6,2 E-4

Betas in the body 1,0 E-l 3,0 E-l 1,0 E-l 2,1 E-l 1,0 E-l 1,0 E-l 1,0 E-l 2,0 E-l
Bremsstrahlung in the. ^ ß_4 ̂  ß_4 ^g £_4 ^Q £_4 2^ £_4 2^ £_4 2^ ̂  2^ ß_4

Betas i n airways o f lung - - 4 , 9 EH-0 - - - - -

Total 4,9 E+2 4,1 E+0 8,4 E+0 4,9 E+0 5,1 E+0 1,7 E+0 4,3 E+0 4,1 E+0



T a b l e 10.

Equilibrium absorbed dose rate to body organs per unit air concentration
from immersion in a semi-infinite cloud of85Rr rad m̂ ( .uCi y)-l

Source

i

O r g a n

Skin Adipose ,, , r Lungstissue & Red bone skeleton ovaries Testes
marrow

Total
body

8 Kr in air
Photones in air 1,5 E-2 1,2 E-2 1,1 E-2 1,4 E-2 1,5 E-2 4,7 E-3 1,3 E-2 1,2 E-2
Betas in air 1,8 E+0 - - - •
BremssStrahlung in air 3,2 E-3 2,1 E-3 1,9 E-3 3,6 E-3 4,0 E-3 1,1 E-3 2,5 E-3 2,3 E-3
BremsStrahlung in skin 5,8 E-5 6,9 E-6 4,0 E-6 3,7 E-6 1,1 E-5 2,1 E-6 9,9E- 6 9,1 E-6

Kr in the body

Photones in the body 2,2 E-6 2,3 E-6 2,2 E-6 2,4 E-6 2,3 E-6 2,8 E-6 3,1 E-6 2,3 E-6

Betas in the body 3,7 E-4 1,1 E-3 3,7 E-4 7,7 E-4 3,7 E-4 3,7 E-4 3,7 E-4 7,3 E-4
Brems s Strahlung in the 4jQ E_? 7j? E_? ^^ E_? ̂  £_6 g ̂  E_? ?>? E_? Q^ £_? ?j? £-7

Betas in airways of lung - - 1,8 E-2 -

Total 1,8 E+0 1,5 E-2 3,1 E-2 1,8 E-2 1,9 E-2 6,2 E-3 1,6 E-2 1,5 E-2



Q C

Table 11: Concentration and dose rate of Kr in dependence of source distance

Source distance (m) 10 10 10 10

-3 -1 -1Air concentration Bqm (Bq s )
85mKr

85Kr

Effective cloud gamma dose rates

SV y~1 (Bq s~1)"1

85mKr

85Kr

External beta dose rates in skin

Sv y (Bq s )

85Kr

4,78 E-O7 1,15 E-O8 1,86 E-1O O

4,83 E-O7 1,26 E-O8 4,38 E-1O 3,19 E-11

7,28 E-14 2,86 E-15 4,37 E-15 O

8,65 E-16 3,56 E-17 1,36 E-18 1 ,O1 E-19

O,21 E-12 O,51 E-14 O,82 E-16 O

O,19 E-12 0,49 E-14 O,17 E-15 O,12 E-16

Values given for a release height at 3O m and Pasquill category D



T a b l e 11*

Concentration and dose rate of Krypton - 85_in deoendence_of source_distance

Source distance (m)

Air concentration Ci

Ci m"3 (Ci s'1)"1

85m..Kr
85VKr

Effectice Cloud gamma dose
rate _i /_. -lv-1r em y L (Ci s )

85mKr
85Kr

External beta dose rates

in skin rem y . (Ci s )
85mKr

85Kr

103 104

4,78 E-07 1,15 E-08

4,83 E-07 1,26 E-08

26,93 E-02 10,58 E-O3

32,00 E-04 13,17 E-04 .

0,77 E+00 1,88 E-02

0,70 E+00 1,81 E-02

io5 io6

1,86 E-10 0

4,38 E-10 3,19 E-ll

16,16 E-O4 0

5,03 E-06 3,73 E-07

3,03 E-04 0

0,62 E-03 o,44 E-04

Values given for a release height at 30 m and Pasquill category D
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(75) The dosimetric quantity of interest for the individual

is the maximum effective dose equivalent rate to the most

exposed individual, that results from the world wide operat-

ion of nuclear power plants and reprocessing plants. The

maximum dose rate curve may have its peak somewhat in the

future and is composed of three components: doses from

emissions from a local installation daring its operation,

doses from emissions from installations in the nearer region

that contribute to the first pass of the irradiating cloud,

and doses from globally dispersed emissions from the world

wide installations.

(76) In estimating the local component of maximum effective

dose equivalent rate for the most exposed individual

(H _ , , „ ) estimations for the sice of the localmax, Ind., loc.
installation are necessary. In /92/ for a power reactor a

production of 1 GW . y of electric energy and 60 GW . y

of serviced produced energy for a reprocessing plant was

assumed for dose calculations.

(77) Calculations by /93/, using different types of weather

and their frequency of occurance for the dispersion model and

taking into account the Kr-distribution in the released plume

lead to dose equivalent rates per unit emission rate of

1,6.10~9 Sv.y~1(TBq.y~1)~1

/5,9.10~9 rem. a'̂ Ci .a"1 )~J for the skin

and an effective dose euqivalent rate per unit emission of

5,4.10"11 Sv.y"1(TBq.y"1)"1

/ 2,0.10 rem.a . (Ci.a~ ) ~" / for the local surrounding

Including the weighed skin dose a dose equivalent rate H _ , ,
max,Ina,loc



per unit emission rate of

7,0.10 Sv.y" (TBq.y ) fpr a single individual

2 , 1n-!()„„, -1 ,_. -1. -I/ is obtained.,6.10 rem.a .(Ci.a )

2̂
It is clear that for the local component the contribution from

a reprocessing plant is the greatest, compared with that of a

powerreactor. The combination of the above mentioned values

will give

Ömax,lnd,loc = plant size-unit emission-ömax,Ind,loc,unit

The values obtained are listed in table 12.

(78) The estimation of the regional component Öl „ ,_;, _._.
luciX f J.I1Q f JTGy

presents much greater difficulties in general because of the

regional differences in the used models. According to the

regional population distribution different results will be

obtained for equal plant sizes and distribution. In /92/ a

population-distribution within about 200 km distance of a

postulated site in the Fed. Rep. of Germany was considered.

The results of the regional estimations are also summarised

in table 12.

QC

(79) To evaluate global radiation burdens by Kr one has to

calculate the distribution of the released radioactive gas

in the worldwide atmosphere. From the simplest models of
18 3uniform mixing in 4.10 m of atmospheric air /46/ to more

85
complicated models which assume concentration of Kr being
uniform around specified latitude bands and diffusion takes

places only in certain directions, the results, obtained are

similar /83, 93, 95, 96, 97/. However, the Kr becomes uniform

ly mixed over the troposphere in about two year?»
after its release and the values of the collective dose

commitments calculated with this various methods range to

about * 30 % about the value obtained with the simplest

method. The values are listed in table 12.



Tafale 12; Dose equivalent rates and dose commitments for
"~~~~~~~~~~~ 85Kr-discharges

Dose equivalent rate to skin
per unit emission rate

rem.a (Ci.a )

•vrnax
skin, unit

Effective dose equivalent rate
per unit emission rate *max

E,unit,loc

Dose equivalent rate
per unit emission rate

•max
Ind,unit,loc

5,9 E-09

2,0 E-10

2,6 E-10

Sv.a (TBq.a )

1 , 6 E-O9

5,4 E-11

7,0 E-11

man rem.Ci-1 man Sv.TBq-1

Collective effective dose
equivalent commitment per unit S ,.
emiss. for reg. population '

Collective dose equivalent
commitment per unit emiss .
for reg. population

Collective effective dose
equivalent commitment per
unit emiss. rate for global

global collective dose
equivalent commitment per
unit emission

Ind, unit, reg

E, unit

Ind, unit, gloh

3,8 E-O5

7,3 E-05

6,5 E-O4

>. 1 ,6 E-O3

Dose equivalent rates (including weighed skin dose)
to the most exposed individuals *max «

Ind. rem.a

Local, water-reactors

Local, AGR's

Local, Fuel repr. Plants

Regional, reactors + FRP

Global, reactors + FRP

Collective dose commitment
per unit activity

Total collective dose
equivalent commitments per
11 n 1 f* a 1 or»+-r"i /-• i +-tr r*i>-/-\/-liir»ö*'3

'max
Ind,loc
'max
Ind,loc
'max
Ind,loc
'max
Ind, reg
'max
"lnd,glob

7,8 E-O8

2,8 E-O8

5,9 E-O3

2,5 E-O5

2,7 E-05

1 ,0 E-05

1 , 8 E-05

1 ,8 E-04

3,9 E-09

Sv.a"1

7,0 E-10

2,8 E-10

5,9 E-05

2,5 E-O7

2,7 E-O7

man rad Ci~ man Gy.TBq

SCunit, glob 2,4 E-04 6,5 E-05

man rem. (MW y) ~ ,man Sv. (MW y)

SCbtotal 0,53 5,3 E-03
1

Sources: /92,46/



(80) The maximum dose equivalent rates to individuals from
QC •

the global dispersion of Kr (H _ , alou) from all emitted

amounts of Kr may be estimated from the collective dose

equivalent commitments, using a similar transformation as in § 77

plant sice.unit emission
Hmax,Ind,unit,glob = population n ^ m b e ^ ' Smd, unit, glob

The unit emission rates for the values, given in table 12, were

taken from a mixture of 10 % HWR, 45 % PWR and 45 % BWR to-

gether with an associated FRP, thus to be dominated by the

emissions of the FRP.

5.3. Cost_benefit_considerations_>for_KrYgton_retention

(81) If the emission of a radionuclide is reduced to zero from

its original value and then is isolated from the biosphere

for a certain period of time, then the health detriment so

saved can be expressed in monetary values. Local, regional

and global components for a particular installation could be

defined separaterly, but in practice one uses the total detri-

ment, expressed as complete or incomplete collective dose

equivalent commitment.

(82) According to the methods now generally used and describ-

ed in detail in /88, 99/ the net benefit B in running a

nuclear establishment, which is linked with a radiation ex-

posure, should be a maximum. This net benefit was defined as:

B = V- (P + x + Y)

where V is the gross benefit from the introduction of the

practice,

P is all production costs excluding radiation protection

costs,

X is the cost of achieving a selected level of protection

and

Y is the cost of detriment associated with that level of

protection.



The cost of detriment can be expressed as

Y = a

where a is the monetary cost assigned to the unit of effect-
fi

ive collective dose equivalent and S„ . is the associated

commitment. An average value for a used mostly for first cal

culation is about 100 $/manrem (1975-$) .

(83) In /92/ the costs of the only method that is currently

available for Krypton retention in large scale, the cryogenic

destination was analyzed. Table 13 summarizes these values.
_ -i

The values were calculated for a 60 GW y servicing FRP

(about 2.000 tons/y) , with an amortization time of about ten

years for the capital.

(84) The values of cost-effectivness for Krypton control at

FRPs are insensitive to site-dependent parameters since most

of the collective dose commitment is delivered to the global

population. Systems with a decontamination factor of 10 or

100 are showing similar values of cost-effectiveness.

(85) Another study /100/ has shown, that the capacity of a

reprocessing plant and the value for a have the same influence

on the obtained results of cost-benefit considerations:

The larger the annual throughput and the higher the values

for a are chosen, the higher will be the saved detriment.

For a 4,4.10 TBq (12 MC) release per year, according to

about 1400 t/y serviced fuel only values of 180 $/manrem will

result in a demand for Krypton retention due to cost-benefit

analysis. For a 7,4.10 TBq/y (20 MCi/y) release (1800 t/y

fuel) a monetary value of 110 $/manrem will be sufficient for

Krypton retention.
8 "5

A 2000 ton/y facility with a consecutive Kr release of about

9,1.10 TBq (25 MCi) results in a demand for Krypton removal

with an a of 75 $/manrem.

This values are listed in table 14.
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2,1

1,9

Retention by

Pressurized

cylinders

Pressurized
cylinders
plus
sodalite
zeolite

Pressurized
cylinders
plus outer
containers

Pressurized
cylinders

Pressurized
cylinders
plus
scdalite
zeoloite

Pressurized
cylinders
plus outer
containers

•*

0,19

0,13

*

0,17

0,12

Disposal

Sub-surface shafts

Sea - bed

Engineered facility

Geologic

Sub- surf ace shafts

sea bed

engineered facility

geologic

Sub surface shafts

geologic

Sub- surf ace shafts

sea - bed

Engineered facility

Geologic

Sub- surf ace shafts

sea - bed

Engineered facility

geologic

Sub- surf ace shafts

geologic

.

0,11

0,06

10

0,25

0,11

0,06

10

0,25

0,11

0,25

0,10

0,05

9,4

0,23

0,11

0,05

9,4

0,23

0,10

0,23

Total

2,2

2,1

12

2,4

2,4

2,4

12

2,6

2,3

2,5

2,0

1,9

11

2,1

2,2

2,1

11

2,3

2,1

2,3

Costs k$

(GWe.y)"
L

37

36

200

40

40

40

200

43

38

42

33

32

180

35

37

35

180

38

35

38

85Table 13; Costs of capture, retention and disposal of Kr in emissions

from fuel reprocessing plants.
Source: /10V

•ft Costs of retention are included in capture costs

$ = 1975-Dollars



QC

Table 14; Costs of Kr retention in a fuel reprocessing

plant according to plant size

Plant size (tons/year) 1.400 1.800 2.000

Q C

Kr amount to be
released or retained

total collective dose^

equivalent commitment

Sg total

a-$/manrem (Dekontamin.

Factor = 100)

10° TBq
(MCi)

man Sv

man.rem

4,4(12) 7,4(20) 9,1(25)

1,7 E+02 2,8 E+02 3,5 E+02

1,7 E+04 2,8 E+04 3,5 E+04

180 110 75

(86) For other removal processes, especially for the liquid

adsorption processes (see § 36) no cost-values or estimates

were available,
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