
M»*9ooi7.9 

KJELLER REPORT 

ACCIDENT ANALYSES 
PERFORMED FOR 
THE NORWEGIAN GOVERNMENT 
COMMITTEE ON NUCLEAR POWER 

Ulf Tveten. Dag Thomassen 
and Erik Kvaal 

KR- , s & 

I N S T I T U T T F O R A T O M E N E R G I 
Kjel ler • Norway 



INSTITUTT FOR ATOMENERGI 

KJELLER, NORWAY 

ACCIDENT ANALYSES PERFORMED FOR 

THE NORWEGIAN GOVERNMENT COMMITTEE ON NUCLEAR POWER 

by 

Ulf Tveten, Dag Thomassen and Erik Kvaal 

February 1979 



CONTESTS 

P a9 e 

1 INTRODUCTION I 
2 CHOICE OF EXAMPLES OF REACTOR SITES 1 

3 PROGRAM MODIFICATIONS 2 

•t NORWEGIAN DATA 2 
5 RELEASES 3 
6 ATMOSHPERIC DISPERSION MODEL 8 

7 TIME-VARIANT CALCULATION OF DISPERSION PARAMETERS .. 10 
8 METEOROLOGICAL DATA FOR THE TWO SITES 14 
9 DISPERSION PARAMETERS USED IN THE PRESENT 

CALCULATIONS 17 
10 CORRECTION FOR RELEASE TIME 20 

11 RAIN 20 

12 DRY DEPOSITION 23 

13 POPULATION DISTRIBUTION 24 

14 FRACTION OF HABITABLE LAND AND FARM LAND 28 

15 CALCULATION OF DOSES 28 

16 CHRONIC EXPOSURE MODEL 31 

17 INGESTION OF RADIOACTIVE MATERIAL 33 

18 EVACUATION 43 

19 DOSE FROM INHALATION OF RADIONUCLIDES ,.. 45 

20 HEALTH EFFECTS 4 5 

21 CALCULATION OF ECONOMIC CONSEQUENCES 58 

22 RESULTS 73 

REFERENCES 82 



ACCIDENT ANALYSES PERFORMED FOR 
Till: NORWEGIAN GOVERNMENT COMMITTEE ON NUCLEAR POWER 

by 

Ulf Troten and n.ig Thomassen 

1 INTRODUCTION 

As part of the work performed for the Norwegian Government Committee 
on Nuclear Power, risk calculations were carried out for two examples 
of possible reactor sites in Norway. The calculations were performed 
with the computer program COMO (or CRACK), which was also used in the 
American reactor safety study (WASH-1400). In connection with the 
Norwegian calculations some modifications were done to the program, 
and relevant data for Norwegian conditions were introduced. 

These modifications as well as all input data specific for the 
Norwegian calculations are thoroughly described in the present report. 
In this report is also collected relevant material from the Government 
Committee report, including material from Part II of the report. 

For aspects that are not changed from WASH-1400 (Ref. 1), the de
scription in the present report is usually kept at a minimum, and a 
reference is given to that report. 

Presentation of results from the calculations have in the present 
report been extended compared to the Government report, to include 
a more detailed break-down of the results. 

2 CHOICE OF EXAMPLES OF REACTOR SITES 

The two sites for which calculations have been performed, are not 
suggested sites for planned nuclear reactors in the respective areas. 
The choice has partly been based upon criteria completely different 



from the ones that muse bo applied when a real site shall be 
ova luatod. 

It is natural to choose a site in the Oslo Fjord area as one of the 
examples. In no other area in Norway could the consequences of a 
postiulted lame release of radioactive materials be larger. There 
arc of course extreme combinations of release and weather conditions 
that may be exceptions, but generally the Oslo Fjord .example will 
represent a maximum case for Norway. One further criterion for 
choosing a site was a suitable distance from Oslo. This distance has 
been chosen at a probable minimum, considering current siting 
practices. 

For the second example to give additional information, it must be a 
site in a significantly less densely populated area. Such sites are 
abundant in Norway. One more criterion must however be satisfied. 
Satisfying meteorological data on the site must be available, for the 
calculations to be meaningful. The choice of the site in the Lista 
area as the second example was based solely upon this last criterion? 
availability of meteorological data. 

3 PROGRAM MODIFICATIONS 

The program modifications performed in connection with the Norwegian 
calculations a^e, in order to avoid duplication, described in the 
various parts of the present report where the relevant aspect of the 
computer program is described. 

4 NORWEGIAN DATA 

Input data specific to the Norwegian calculations are not presented 
in a separate chapter, but are presented, like all relevant data, at 
the places in the present report where the related aspect is discussed. 
A condensed, and accordingly partially incomplete presentation of data 
is found near the end of the report. This presentation also contains 
information upon whether data employed are identical to or different 
from the data used in the WASH-1400 calculations. 
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The release of radioactive materials to the atmosphere resulting 
fron an aeeident will differ from one accident sequence to another. 
The aeeident sequences are moreover characteristic of the construction 
e:" the particular reactor, so that the release characteristics will 
also differ from one reactor to another. 

The release characteristics used in our calculations are identical 
to the ones used in WASH-1400 for the PWR Surrey. Since this is not 
a new reactor, the characteristics will not be valid for an eventual 
:v.;elear power plant to be built in Norway. There are strong indi
cations that use of more up-to-date release characteristics will 
red :c the consequences and/or the probabilities, and accordingly 
lower the consequence-probability curves presented in the results. 

The important release characteristics are 

magnitude of release, and isotope composition 
probability of release 
duration of release 
delay (time period from accident initiating event to release) 
release height 
heat content of release. 

These- reloase characteristics are specified in tables 1 and 2. The 
releases as specified in table 1 are relative releases, meaning that 
the nur.bors are the fraction released to the atmosphere out of the 
amount in the whole reactor core of the particular element group. 
L:. -j. 9 n i of the noble gases in the reactor core will be released to 
t.nc atmosphere in a PWR1 accident. 

A great number of accident sequences have been investigated in WASH-
1400. Rather than specifying the release characteristics for each 
accident sequence separately, it was chosen in WASH-1400 to group 
ther. in release categories according to release magnitude. It was 
found possible to contain them in the nine categories specified in 
the tables. 
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The j roup i net In categories has been done for practical purposes. If 
.tlL sequences should be treated individually in the consequence cal
culations, the computing times would easily become prohibitive. 
Grouping has in some cases resulted in what seems like inconsistencies 
in the data given in the tables; and also in a certain degree of 
conservatism. If one release category consists of one sequence 
having a large release and a delay before release of e.g. three 
hours, and another sequence having a smaller release and a delay 
before release of e.g. two hours, the category will have the largest 
release and the shortest delay before release; which does not in 
fact represent a real accident sequence, but is worse than the ones 
it is meant to represent. 

Comparison of the times of release and warning time for evacuation 
seems for some of the categories to show some inconsistency. Cate
gories PWR6 and PWR7 have times of release of 12 and 10 hours 
respectively. Warning time for evacuation is however only one hour. 
In category PWR4 the time of release and warning time for evacuation 
are however identical. Both of these inconsistensies (one strongly 
conservative and the other moderately optimistic) are caused by 
the grouping. The warning time for evacuation is not however strongly 
coupled to the results, in the evacuation model used in the present 
calculations. As the evacuation velocity is only 2 km/hr, a few 
hours increase or decrease of the warning time will hardly be notice
able in the results. 

The isotope content of the reactor core must be specified, 
so that calculation of the absolute release magnitude will be 
possible. The isotope content is presented in table 3. This is 
isotope content immediately after the accident initiating event has 
taken place. This is the content in a 1000 MWe PWR, (3200 MWth), and 
containing three fuel regions of equal size and burnups of respect
ively 8.800, 17.600 and 26.400 MWdays per ton Uranium fuel. These 
numbers correspond to a reactor core near the end of a fuel cycle, 
and accordingly with nearly maximum content of radioactive fission 
products. 
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•-.L-io 1 Fraction of core inventory released and probability of release 

Probabi l i ty 
i per reac tor 
year! 

Fraction of core inventory relesMd 

Release 
c a t e 
gory 

Probabi l i ty 
i per reac tor 
year! 

Xe-Kr Organic I a ) J*» Cs-Rb Te-Sb Ba-«r «,"> u?> 

IWR 1 9 10 000 000 0,9 0,003 0,7 0,4 0,4 0,05 0,4 0,003 

PWR J fl 1000 000 0,9 0,007 0,7 0,5 0,3 0,06 0,02 0,004 

PWR 3 4 1000 000 0,8 0,006 0,2 0,2 0,3 0,02 0,03 0,003 

FWR 4 5 li> 000 000 0,6 0,002 0,09 0,04 0,03 0,00! 0,003 0,0004 

PWR !•> 7 10 000 000 0,3 0,002 0,0008 0,009 0,005 0,001 0,0006 0,00007 

FNR b fc I 000 000 0,3 0,002 0,0003 0,0008 0,001 0,00009 0,00007 0,00001 

F W R : 4 100 000 0,003 0,00005 0,00002 0,00002 0,00002 0,000001 0,000001 0,0000002 

PWR å 4. 100 000 0,000005 0,0001 0,0001 0,0005 0,000001 0,00000001 0 0 

PWR 9 4, 10 000 0,000003 0,000000007 0,0000001 0,0000006 0,000000001 0,00000000001 0 0 

aj Organic iodine is combined with elemental iodine in the calculations. Any error is negligible 
since its release fraction is relatively small for all large release categories 

b) Includes Ru, Rh, Co, Mo, Tc 

c) Includes Y, La, Zr, Nb, Ce, Pr, Nd, Np, Pu, Am, Cm 

Table 2 Release charac t e r i s t i c s 

Time of Dura
Warning 
time for 

Rol 3ase r e l e a s e t i on of evacua Release Heat 
ca tegor ' (delay) r e l e a s e t i on he igh t con ten t 

(hours) (hours) (hours) (m) (MW) 

PWR 1 2 . 5 0 . 5 1.0 25 6 and :.6D a ) 

PWR 2 2 . 5 0 . 5 1.0 0 5r 

PWR 3 5 .0 1.5 2 . 0 0 2 

PKR 4 2 .0 3 .0 2 . 0 0 0 . 3 

PKR 5 2 . 0 4 . 0 1.0 0 0 . 1 

PWR 6 12.0 10.0 1.0 0 -
PKR 7 10.0 10.0 1.0 0 -
PKR 3 b ) 0 . 5 0 . 5 0 0 -
PIM gb) 0 . 5 0 . 5 0 0 -

Accident sequences within PWR 1 category have two distinct heat 

contents that affect consequences. The PWRl category is subdivided 

into PWR1A with 6 MW and a probability of 4-10" per reactor-year and 

PWR1B with 160 MW and a probability of 5-10 per reactor-year. 

b) In these categories the reactor core does not melt. 



rable Core inventory at time of accident initiatinq event 

i 
Probable 

1 Contents of 
radioactive 

Isotope ' chemical Isotope materials in Half-life 
qroup form Isotope the reactor days 

core 
(million Ci) 

1 N'oble Elementary Krypton-85 0,56 3.950 
qases Krypton-85m 24 0,183 

Krypton-87 47 0,0528 
Krypton-88 68 0,117 
Xenon-13 3 170 5,28 
Xenon-135 34 0,384 

| 
2 Iialoqons iodine Iodine-131 85 8,05 : 

methyliodine Iodine-132 120 0,0958 ' 
ioa tes Iodine-133 170 0,875 i 
iodate ! Iodine-134 190 0,0366 | 

• Iodine-135 150 0,280 1 

3 Alkali, 
metals 

4 Tellurium 
Antimony 

oxides ' Rubidium-86 
hydroxides Cesium-134 

Cesium-136 
Cesium-137 

oxides 

5 Alkaline 
earths 

oxides 

Tellurium-127 
Tellurium-127m 
Tellurium-129 
Tellurium-129m 
Tellurium-131m 
Tellurium-132 
Aritimony-127 
Antimony-129 

Strontium-89 
Strontlum-9 0 
Strontium-91 
Barium-140 

18 ,7 
750 
13 ,0 

11.000 

0 391 
109 

0 048 
0 340 
1 25 
3 25 
3 88 
0 179 

52 1 
11.030 

0, 403 
12 8 



Table 3, cont. 

6 "Transition" 1 Elementary Cobalt-58 0,78 71,0 
qroup oxides Cobalt-60 0,29 1.920 

hydroxides Molybden-99 160 2,8 
! molybdates Technetium-9 9m 140 0,25 
i pertechnates Ruthonium-103 110 39,5 
I Rutheniura-105 72 0,185 
1 Ruthenium-106 25 366 

Rhodium-105 49 1,50 

7 Metals oxides Yttrium-90 3,9 2,67 
nitrates Yttrium-91 120 59,0 

Zirconium-95 150 65,2 
Zirconium-97 150 0,71 
Niobium-9 5 150 35,0 

Lantanides Lanthan-140 160 1,67 
Cerium-141 150 32,3 
Cerium-143 130 1,38 
Cerium-144 85 284 
Praseodymium-143 130 13,7 
Neodym-147 60 11,1 

Actinides Neptunium-239 1.640 2,35 
Plutonium-238 0,057 32.500 

8,9 -10* Plutoniura-239 0,021 
32.500 
8,9 -10* 

Plutonium-240 0,021 2,4 -10° 
Plutonium-241 3,4 5.350 . 

1,5 -10 3 Americium-241 0,0017 
5.350 . 
1,5 -10 3 

Curium-242 0,50 163 
Curium-244 0,023 6.630 

Comments: There are several reasons for claimina that 
the release data are conservative. 

As mentioned the release data used in the calculations are calculated 
for a reactor design different from the design of a reactor to be 
built now. The release data are directly related to the design. 
The data used here stricktly apply to the Surrey reactor, and a 
reactor with better or inferior design will have different release 
data. There is very reason to expect a newer design to have more 
favorable release data. An indication of this will be furnished by 
the German reactor safety study, which is being performed at present. 

As mentioned in the above there is a certain amount of conservatism 
resulting from the grouping of the accident sequences into release 



categories. In addition there is an intentional conservatism imposed 
upon the release categories. The probabilities as given in table 1 
are larger than the sum of the probabilities of all accident sequences 
belonging in each separate category. The reason for this is that 
the probability given in one category is the sum of the probabilities 
of all accident sequences belonging in that category plus ten percent 
of the sum of the probabilities of all accident sequences belonging 
in the category above plus ten percent of the sum of the probabili
ties of all accident sequences belonging in the category below. This 
conservatism is somewhat arbitrarily imposed, and seems un-necessary. 
It should be removed from future calculations. 

For a release of longer duration (more than one hour), there is a 
probability of the main wind direction changing completely. This 
probability will increase with increasing release duration. In this 
case the different parts of the plume will pass over entirely 
different areas, and all acute effects and land contamination will be 
reduced accordingly. Furthermore there will be very strong dillution 
of the radioactive materials in the period during which the wind 
turns. This effect is not taken into consideration in the calcula
tions, where it is always assumed that the wind direction is constant. 

6 ATMOSPHERIC DISPERSION MODEL 
Atmospheric dispersion is usually calculated using the so-called 
Gaussian dispersion model. The concentration distribution is then 
assumed to be Gaussian in the vertical as well as the horizontal 
direction normal to the wind direction. The concentration in a 
certain position is calculated according to the following formula: 

X< X'Y' Z> = 2H<yT 2u e X p 

1 p L Rrnnnfl r^-fl e*nti rins 

• d ) 

Ground reflections 
Concentra- Horizon- ' ,— -> 
tion of tal dis- Vertical distribution 
centerline tribution 

where x(x,y,z) is the concentration in a point (x,y,z), (Ci/m ) 
Q is the source, (Ci/s) 
H is the release height, (m) 
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oi a ar» the vertical and horizontal dispersion parameters, (m) 
u is the average wind speed (m/s). 

The concentration distribution is visualized in figure 1. 

Figure 1. Concentration distribution in Gaussian dispersion model 

The way the plume is drawn in figure 1, a certain plume rise is also 
shown, so that although the stack height is h, the effective height 
of release in H. 

In the COMO program a simplification is introduced in the dispersion 
model. In the horizontal direction normal to the wind direction it 
is assumed that the plume has a certain width (varying with distance 
from release point) and <-.hat the horizontal distribution within this 
width is flat. It is assumed that this width for every distance is 
3ov and the concentration at ground level is given by 

X ( x ) " Waz - 2
3 g y • u • e*P '" 5JJ-> ( 2> 

This type of concentration distribution is visualized in figure 2. 
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Figure 2. Concentration distribution in modified dispersion model 

7 TIME-VARIANT CALCULATION OF DISPERSION PARAMETERS 
The calculations are performed in time-variant meteorology, which 
means that the weather conditions, wind speed, atmospheric stability 
and precipitation, may change during plume passage. The wind direct
ion is however assumed to be constant. A tape containing hour-by-hour 
meteorological data for one full year is input data to the calculat
ions, and the meteorological conditions are changed from hour to hour 
according to the data. 

The meteorological data tapes for the two sites were prepared by 
NILU (Norsk Institutt for Luftforskning, Norwegian Air Research 
Institute). For each hour is given the atmospheric stability, wind 
speed and an indicator having value one if there is precipitation 
and zero if there is not. 

Tho calculation of the horizontal and vertical dispersion parameters 
proceed in a manner illustrated by figures 3 and 4. 

In figure 3 the reactor building is indicated as a short line at x . 
The reactor building is a rather large building, and a release from 
the building will have a strong initial dillution due to the turbu
lence around the building. This is taken account of in the calcula
tions by giving the plume an initial width equal to the horizontal 
building dimensions (A). The plume width is defined as 3a , so that 
the horizontal C:. version parameter is 

a y(x Q) = A/3 (3) 
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. WINO OIRECIION 

Figure 3. Calculation of horizontal dispersion parameter 

The horizonta: dispersion parameter for all subsequent distances is 
calculated according to the formula 

o (x) 
y 

(4) 

where a and p are parameters having specific, constant values for 
each one of the atmospheric stability classes (numerical 
values given in table 8). 
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According to this formula the dispersion parameter is zero at the 
release point, while we have defined it in the above as being one 
third of the horizontal building dimension. This conflict is solved 
by applying the socalled "virtual source" approach. The release is 
given a virtual point release position at o', which is at the correct 
distance for giving it the right width at x , and as long as the same 
atmospheric stability prevails, the calculations are performed as if 
the release was point release at position o'. This approach is as a 
rule used in such dispersion situation, and is not especially develop
ed for use in the COMO program. 

In the case shown in figure 3 the same stability situation (perhaps 
Pasquill F) lasts until the plume reaches the distance 2 but here 
the stability changes (to e.g. Pasquill C). The plume has grown to 
a certain dimension at this distance. A new virtual point source 
is postulated at point 2'. This point is chosen so that if -he 
release had been a point release at 2' during Pasquill C conditions, 
the plume would have grown to the right dimension at distance 2. 
Then, as the stability stays unchanged out to distance 4, the dis
persion parameter is calculated in stability C until this distance 
is reached. At distance 4 a new virtual source point must be defined, 
since the stability changed back to Pasquill F. This virtual source 
point is at 4'. And in this way the calculations proceed. 

The calculation of the vertical dispersion proceeds in much the same 
manner, but there is one complicating aspect, namely the presence of 
an inversion layer. In the model the radioactive materials are not 
permitted to penetrate the inversion layer, so that all mixing will 
accordingly take place underneath the inversionlayer. For this reason 
the height of the inversion layer is often referred to as the mixing 
height. In the model there is assumed that an inversion layer is 
always present, and the mixing height has two possible values; one 
for use with stable weather conditions and another for use with un
stable weather conditions. Mixing heights are given for the four seas
ons of the year. 

In figure 4 the reactor is placed at x . In the case of the vertical 
dispersion parameter, just like for the horizontal dispersion para
meter, initial spread of the plume due to turbulence around the 
building is taken into account. The vertical dispersion parameter 
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is given the following initial value: 
o z = H/2.15 

where H is the height of the reactor building. 

(5) 

The virtual source point is then determined and used for calculating 
the vertical dispersion parameter, using the expression 

b • x^ o,(x) (6) 

where b and q are parameters having specific, constant values for 
each one of the atmospheric stability classes (numerical 
values given in table 8). 

0.465 MH-
nonst. 

0.465 MHr-
st. 

Reactor 
2 Xmax.1 Xmax.2 2 > W3X.1 2 x m a x . 2 

Figure 4. Calculation of vertical dispersion parameter 
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This expression is however used only out to a certain distance, 
because the inversion layer should be taken into account. The verti
cal dispersion parameter is calculated by this formula until a 
becomes .465 of the mixing height. In figure < this happens at 
distance x_ ,. From this point linear expansion of o is assumed, 
ending at the distance 2 • x__„ ,, where a is assumed to be equal 

max .j- z 
to the mixing height. From here on the vertical dispersion para
meter is assumed to be constant and the vertical distribution uni
form. In the case illustrated in figure 4 the stability changes 
however before the distance 2-xm_„ .is reached. A vertical source 

max. 1 
point for the new stability is found. In the figure the stability 
changes from stable to unstable, and the mixing height is increased, 
as shown. Calculation proceeds using equation (6) until a becomes 
.465 of the new mixing height, at distance x »• Then once more 
linear expansion until next stability change at Xj. Here is shown a 
change back to stable conditions, and it can be seen from the figure 
that o is actually larger than the mixing height for stable. It is 
then kept constant, but not decreased. Finally there is a change back 
to unstable, and linear expansion of the vertical dispersion parameter 
until it reaches the value for the mixing height. The slope of the 
expansion is the same as in the previous region of unstable weather. 

8 METEOROLOGICAL DATA FOR THE TWO SITES 

Site-specific meteorological data are of three ty~es: 
Mixing heights 
Wind direction distribution 
Hour-by-hour wind speed, stability and rain. 

The mixing heights for the two sites are specified for two stability 
classes, stable and nonstable, and for the four seasons. Pasquill E 
and F are d^/ined as the stable categories in this connection, and 
the others as nonstable. The four seasons are three months each, 
with winter containing December, January and February etc. The 
mixing height values have been determined by NILU (Norwegian Institute 
for Air Research) from radio-sounding measurements at Gardermoen and 
Sola (Ref. 2). The values are given in tables 4 and 5. 
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Table 4 Nixing heights (meters) for the Oslo Fjord area 

Winter Spring Summer Fall 

Stable 
Nonstable 

230 
350 

300 
1,300 

200 
1,700 

200 
900 

Table 5 Mixing heights (meters) for the Lista area 

j Winter Spring Summer Fall 
i 

Stable i 650 
Nonstable ! 1,000 

i 

700 
1,500 

650 
1,400 

800 
1,450 

The wind direction distribution has also been determined by NILU 
from measurements conducted at Brenntangen in the Oslo Fjord area 
and near Lista Aluminium Factory (ref. 2). The distributions are 
given in tables 6 and 7. They are given in 16 22*,° sectors, where 
the number under N signifies the probability that the wind is blowing 
from North ± 11.25°. The numbers are in percent, and there are four 
distributions in each table, one for each of the seasons. 

Table 6 Wind direction distribution (%) in the Oslo Fjord area 

N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW 

Spring 11.2 13.4 5.0 3.1 2.0 1.6 3.4 5.7 14.6 16.0 8.7 3.3 2-5 2.2 2-2 5.2 
Summer 6.5 6.9 4.8 2.3 1.9 3.1 5.3 7.8 15.1 17.4 10.5 3.6 2.7 1.9 4.5 5.7 
Fall 15.2 11.1 5.6 2.6 1.5 1.3 3.2 5.3 15.2 18.3 5.9 2.7 1.1 1.5 3.0 6.5 
Winter 8.4 16.1 7.4 3.4 3.0 3.9 4.4 6.4 18.0 17.8 4.0 2-0 1-9 0-7 1-1 1.4 
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Table 7 wind direction distribution (%) in the Lista area 

1 
1 N NNE NE ENE E ESE SE SSE S SSW SW WSW W NNW NW NNW 
1 Spring 3.1 1.3 1.3 3.5 21.1 11.5 6.4 5.5 5.0 1.5 2.0 2.3 6.4 8.8 14.6 5.7 
Summer 0.5 0.4 1.3 2.8 11.0 6.5 5.2 9.2 4.2 4.9 4.0 2.0 6.3 10.9 23.5 7.2 
Fall 3.5 1.3 3.3 5.5 12.5 3.2 1.7 1.7 1.4 2.3 1.2 2.1 9.1 12.9 22.5 15.8 
Winter 2.4 2.0 1.8 6.6 15.8 10.3 3.2 4.0 4.1 6.6 3.9 2.9 8.9 8.1 12.9 6.5 

Hour-by-hour meteorological data for one whole year are used in the 
calculations. For each hour is given the wind speed (m/s), stability 
(Pasquill class) and rain indication (zero if no rain, 1 if rain). Two 
such meteorological data files were compiled by NILU; one for each 
site (ref. 2). For practical reasons this volume of data is not 
included in the present report. 

As mentioned in the previous section, the computer program has the 
capability of handling changes in weather conditions during plume 
transportation. In the calculations these conditions are taken 
sequentially hour-by-hour from the meteorological data. If the release 
takes place e.g. at the 24th of October 06.00, the meteorological con
ditions for this hour is taken from the met-data. These conditions are 
used for the distance traveled by the cloud in the course of one hour. 
Then the conditions are changed to the data for 24th Oct. 07.00 etc. 

For each release there are performed 91 calculations for different 
weather conditions, of resulting concentrations in the surroundings. 
For each of the 91 start-times, the consequences are calculated for 
each of the 16 different wind directions. These 91 calculations are 
meant to represent all weather conditions that may occurr at the site, 
and they are chosen from the hour-by-hour meteorological data in a 
semi-random fashion. The first set of weather conditions are chosen 
via input data to the program. They are however chosen indirectly, as 
it is a certain start-time for the release that is chosen, e.g. 16th 
May 07.00. This is then the first start-time for the release. All 
subsequent start-times are determined by the program. The second 
start-time is obtained by adding four days and one hour to the previous 
one. The second start-time will in this case be 20th May 08.00, 
the third 24th May 09.00. If this is carried on all through 
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the year of available meteorological data, there will be 91 different 
start-timesi and the start-times chosen in this way will be distributed 
evenly over all seasons and times of day and night. 

9 DISPERSION PARAMETERS USED IN THE PRESENT CALCULATIONS 

The dispersion parameters are calculated using equations (4) and (6) 
with the parameter values listed in table 8. This calculation proce
dure has been recommended by NILU for use in the present calculations 
(Ref. 2). The resulting dispersion parameters are shown in figures 
5 and 6. 

Table 8 Parameter values for use in equations for horizontal and 
vertical dispersion parameters (Equations (4) and (6)) 

S t a b i l i t y A/B/C D E F 

a 
P 

1,3 
0 , 7 4 

0 , 8 8 
0 , 7 6 

1,3 
0 , 7 8 

0 , 6 0 
0 , 7 2 

b 

q 

0 , 0 6 
1 ,23 

0 , 0 9 
1 ,07 

0 , 7 3 
0 ,70 

0 , 8 0 
0 , 5 7 
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Figure 6 The vertical dispersion parameter ø 2 and mixing heights 

for stable and nonstable conditions. Mixing heights shown 

are for the Oslo Fjord area 
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10 CORRECTION FOR RELEASE TIME 

The dispersion parameters as described in the preceding are stricktly 
valid only for a release of h hour duration. In reality a release of 
shorter duration will have a smaller horizontal spread, and a release 
of longer duration a larger horizontal spread. It it usual that 
dispersion calculations are performed for the %-hour release conditions, 
and that corraction for longer or shorter duration is performed by 
dividing all calculated concentrations by 

(t/0.5)p (7) 
J where t is the duration of the release in hours, p depends upon 

release height and atmospheric stability, and may vary from 1/5 to %. 
In the present calculations p are set equal to 1/3. 

This type of correction must by introduced to correct for the fact 
that wind direction is not fixed, but will meander around a main 
direction. The longer the time over which the concentration is inte
grated, the wider will be the sector covered "->y the meandering. For 
longer release times the probability also increases of the main wind 
direction changing. This may give important decreases in doses and 
acute and economic consequences, but is not taken into account in the 
present calculations due to the assumption of a constant wind direction. 

11 RAIN 

The weather sequences including rain turn out to be very important. 
They are often the ones that lead to the most severe consequences. 

! 
The radioactive materials may be removed from the plume by a number of 
different mechanisms. Scavenging of airborne aerosols occuring within 
precipitation clouds is known as rain-out, and that occurring below the 
clouds is referred to as wash-out. Rain-out is a consequence of the 
consumption of the aerosols as condensation nuclei during the formation 
of cloud droplets and of the attachment, of the aerosols to cloud drop
lets as a result of Brownian motion, diffusiophoresis and thermophore-
sis (movement of the aerosol praticles resulting from concentration and 
thermal gradients, respectively, in the air). Wash-out is primarily a 
result of drops impacting on and collecting the aeorsois when the aero
sol praticles have diameters larger than about one micron. Brownian 
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motion and thermophoresis have a part in the wash-out of smaller 
particles. 

The removal of contaminant from a cloud is characterized by the so-
called wash-out coefficient, which is defined as :he fraction of conta
minant removed from the cloud per unit time. 

A - - ± £ (8) 
where A is the wash-out coefficient (sec ) and x is the concentration 
of contaminant. 

Measured as well as calculated values of the wash-out coefficient range 
-5 -2 from 10 to 10 per second. This is not only due to the difficulty 

of performing sufficiently accurate calculations or measurements, but 
is also due to the large range of different conditions involved, like 
rain intensity, particle size and composition, atmospheric stability, 
dry deposition characteristics, wind velocity r;tc. There is a relative
ly well-defined relationship between wash-out coefficient and rain in
tensity. 

A = CRa (9) 

where R is the rainfall rate (mm/hr), C is a constant,and a is another 
constant, indicated by experimental as well as theoretical consider
ations to range from about 3/4 to 1. In the present calculations it 
is assumed that a = 1, which under otherwise equal conditions will give 
the largest wash-out. 

In the calculations it is assumed that all radioactivity brought down 
to the ground by the rain, will stay there for infinite time, or until 
it decays. The only dose-reducing effect that is taken into consider
ation is a slow penetration into the ground, which will reduce the 
doses due to the additional shielding of the soil. 

In reality there will be run-off of rain water, and some of the radio
activity will be removed to streams, lakes, or sewage systems and 
ocean. The run-off depends upon the type of surface (agricultural 
area vs. city), previous rainfall etc. 
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There are certain bases for calculating the run-off but they are not 
incorporated in the computer program. Agricultural areas may be 
classified according to type of field, plowing and soil type (ref. 3). 
The areas of most interest in connection with these calculations are 
however urban areas, which is where the majority of health effects 
will be encountered. On man-made surfaces (asphalt etc.) it is assumed 
in ref. 4 that nearly 100% of additional precipitation will run off 
when 3 mm of rain has fallen, while these 3 mm will stay. If the 
surface is previously wetted, it is assumed that run-off starts at 
1.5 mm. The wash-out coefficients used in the calculations correspond 
to a rain intensity of 1 mm per hour, but at the same time it is also 
assumed in the calculations that it actually rains only half of the 
time indicated on the meteorological data tape, so that this will in 
effect correspond to 0.5 mm per hour. The reason for this is that an 
hour on the tape is classified as a rain hour if the rainfall during 
this hour exceeds a certain value, while it may in fact have been rain
ing only part of this hour. In our calculations an hour is classified 
as a rain hour if the precipitation has been more than 0.2 mm during 
that hour. 

Norwegian rain is often not very intense, but it is often of long dura
tion. Therefore it is probable that when a release takes place during 
rain conditions, it has already been raining some time, and run-off is 
taking place. It is indicated in ref. 4 that when the rainfall in 
cities is in excess of 3 mm, 70 to 95% of the rainfall will run off. 

In our calculations it is assumed that the rain intensity is always 
0.5 mm per hour, and that the wash-out coefficient is 0.0001 sec and 
0.001 sec for stable and unstable conditions respectively. Run-off 
is not taken into consideration. These assumptions will often result 
in overestimation of the acute consequences. If the rain intensity is 
lower than 0.5 mm per hour, then the wash-out coefficient used will be 
too large. If the rain intensity is significantly higher than 0.5 mm 
per hour and/or the rain has been of long duration, then run-off ought 
to have been taken into consideration. 
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12 DRY DEPOSITION 

There are two different mechanisms involved in deposition on the ground 
of particles in the atmosphere; namely sedimentation and inpaction on 
obstacles on or near the earth's surface. This is illustrated in 
figure 7. The effect of sedimentation on particle deposition rates 
becomes negligible when the particle size is below 15 microns. Smaller 
particles behave like gas. In the present calculations it is assumed 
that the whole release behaves like gas, and for our sites (in relation 
to the acute consequences) this is a conservative assumption. The 
population in the vicinity of the sites, where larger particles would 
deposit, is much smaller than at larger distances. For the long-term 
consequences the rate of deposition is less important. 

Dry deposition is calculated using the consept of deposition velocity, 
v,. Deposited amount of material per unit ground surface area is the 
deposition velocity multiplied by the concentration essentially at 
ground level. The deposition velocity is a function of oarticle size, 
of wj.nd speed and of ground roughness (which is directly related to 
the air turbulence). In the present calculations the deposition 
velocity of 0.01 m/sec is used in all cases. 

Comment: It is reported (See ref. 5) that the deposition velocity is 
at a minimum of about 10 m/sec at particle diameters of 
about 0.05 microns. For larger as well as smaller particles 
the deposition velocity is larger. The deposition velocity 
increases with roughness. This is to be expected, since 
mixing of the materials in the cloud is more efficient when 
the turbulence increases. For the same reason the deposition 
velocity should be expected to be at a minimum during stable 
weather conditions, that are the conditions usually leading 
to the \argest acute consequences. It therefore seems to be 
unrealistic to perform calculations combining large deposit
ion velocities with stable weather conditions. The deposit
ion velocity increases with wind speed. The value used in 
the present calculations correspond for iodine vapor to a 
wind speed of 2-4 m/sec. It is accordingly unrealistic to 
perform calculations combining large deposition velocities 
with small wind speeds (which usually lead to the largest 
acute consequences). 

file:///argest
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It is taken account of the amount of material that is removed from the 

plume by deposition, but this is done in a very schematic way. It is 

assumed that the material is removed from the whole of the cloud cross 

section at the same rate. 

Comment: This means that deposition at ground immediately removes 

material from e.g. the part of the cloud that is at elevation 

500 meters. This is evidently not realistic, and in relation 

to the acute consequences, it leads to a severe overestiira-

tion. The material is actually removed from the part of the 

cloud that is near the ground, with an accompanying reduction 

of concentration. A reduced concentration will give reduced 

deposition, and reduced doses from materials deposited on 

ground. 

Concentration profiles 

tor gas 

j&'htt 

Rtator Largt part i cits Small particles Gas 

A^C 
Figure 7 Deposition of particles and gas 

13 POPULATION DISTRIBUTION 

In tables 9 and 10 are shown the population distributions for the two 

sites. 

The distributions are derived by the Norwegian engineering and 

architect company Fjellanger Widerøe A/S. The way in which the distri

butions have been derived is described in three letters from the 

company to the Government Commission. 
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Table 10 Population distribution. Lista site 

SECTOR 

DIST.KM 1 2 3 
EAST 
4 5 | 6 7 

SOUTH 
8 9 10 11 

WEST 
12 1» i « ! 

1 

15 
MOR7M ' 
16 

0 , 8 1,6 - - 10 15 15 • - _ - _ _ _ 15 | 25 15 10 ' 
1 ,6 2 ,4 160 10 - 25 35 30 ( 5 515 
2 , 4 3 ,2 252 10 45 - 145 U l l 
3 , 2 4 , 0 150 80 5 - - - _ - _ 10 50 209 10 
4 , 0 4 ,8 - - 20 - - j - - - _ . 10 80 264 40 i 10 ^ 
4 ,6 S,6 - 30 15 90 230 20 1 20 < 
5 ,6 6 ,4 - 70 30 - - - - _ _ _ _ 70 ' 120 610 10 ! -
6 ,4 7 ,2 20 35 35 J 302 40 - j -
7 , 2 8 ,0 - 15 30 | - j - _ _ _ 40 ' 170 - 30 j -
8 ,0 9 ,5 20 40 100 I 30 200 80 20 ! -
9 ,5 11 ,5 - 30 80 | 40 i o - ; _ _ _ _ 430 «0 ; 50 

11 ,5 13,4 - 30 60 40 190 - i _ _ . _ 1 1252 ] 170 | 20 10 
1 3 , 4 16 ,0 30 50 150 120 40 • 0 
16 ,0 20 ,0 60 180 3068 220 230 190 to 
20 ,0 24 ,0 50 130 850 530 120 560 1 
2 4 , 0 28,0 720 120 60 430 - 436S 100 . 
28 ,0 32,0 1784 190 50 1601 _ . . 1110 110 
32 ,0 40,0 1110 3B0 710 9605 10 - _ _ _ . _ - 550 380 92S 
40 ,0 48 ,0 330 910 1149 2110 250 2*49 1919 310 
4 8 , 0 56 ,0 900 797 640 740 190 750 390 
5 6 , 0 64 ,0 - 590 390 6859 5556 680 140 
6 4 , 0 72 ,0 694 170 8465 51233 4350 500 9>9 
72 ,0 80 ,0 80 1070 3380 19943 •91 771 120 
8 0 , 0 88,0 180 2145 1288 1290 " 1 1573 152 200 
8 8 , 0 100 ,0 60 1000 6300 470 1661 5S40 120 

100 ,0 115,0 450 233 14310 10 2055» 3704» 160 
115 ,0 140,0 1000 3204 41000 250 •7422 240 
140 ,0 175,0 5352 5000 15667 - - 31500 - _ - - - - . 265 C4372 2943 
175 ,0 248,0 11527 170663 78542 9 500 373000 223000 83000 - - - - . . 30.1 39M7 H i l l 
240 ,0 310,0 18000 831200 196500 743000 17000 577000 211500 41400 48319 
310 ,0 400 ,0 68000 331000 169000 504 000 244000 1252400 492000 11000 540C0 
400 ,0 500,0 53000 90000 560000 530000 845000 106300 500000 . _ _ _ . - . 7000 142000 
500 ,0 600,0 358424 358424 358424 358424 3 584 24 358424 358424 35842J 358424 358424 358424 350424 350424 35(424 35*424 158424 
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Here follows the pertinent information, extracted from these letters: 

Oslofjord Area: The population pattern around this site was deter

mined at an earlier occassion by the same company. This was done in 

1973, and this information has been used in deriving the population 

distributions for the present report. The earlier distribution is 

however limited to a distance of 70 km from the site, and the sector, 

as well as the radial subdivisions fo the area differ from the one 

used in the present work. Additional information has been taken from 

ref. 6, 7, 8, 9 and 10. 

The area is subdivided into 16 sectors of 22%° each, with direction 

North in the middle of sector 16, and sector 1 directly to the East 

of this one. The area is divided radially by 33 circles at distances 

(in km) from the site of 0.8 -1.6 -2.4 - 3 . 2 - 4 -4.8 - 5 . 6 - 6.4-

7.2 - 8 - 9.5 - 11.5 - 13.5 - 16 - 20 - 24 - 28 - 32 - 40 - 48 - 56 -

64 - 72 - 80 - 88 - 100 - 115 - 140 - 175 - 240 - 310 - 400 - 500. 

Lista area: The subdivisions used are the same as above. 

As basis for the distance area closer than 8 km is used maps in scale 

1:50.000 from Statistisk Sentralbyrå contining the results of the 

ensus of 1970 together with ref. 11. According to the authorities in 

Farsund kommune the new homes in the area from 1970 to 1977 are built 

along main road 43 between Vanse and Farsund. The population increase 

1970 - 1977 is accordingly added in this area. 

For longer distances are used the same references as for the Oslofjord 

area. The population increase during the years 1970 - 1977 is added 

to the population in cities, towns and smaller population concentra

tions. 

Stockholm, which is actually at a distance of about 700 km from Lista, 

is nevertheless included in the population data at 400-500 km. This 

is conservative, but will not influence the results much. 
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14 FRACTION OF HABITABLE LAND AND FARM LAND 

In addition to the population in each sector elements given the so-

called fraction habitable of land. This information is used in connec

tion with the economic calculations, the calculations of ir .srdiction, 

relocation and decontamination areas, and the long-term nutrition 

doses. Mountains, lakes, ocean and forest is counted as not habitable 

land area. The fractions within 300 km from the sites were determined 

by the Norwegian Institute of Urban and Regional Research (NIBR). 

From 300 to 500 km they were determined by Fjellanger Widerøe A/S. 

This peculiarity has the following explanation. At a rather early 

stage in the work it was decided to extent the area from 300 km to 

500 km. The population distributions and fractions of habitable land 

were however already worked out for 300 km. These were based upon 

maps ref. 12. Out to 16 km from the sites were used maps in scale 

1:100.000, and from 16 to 300 km were used maps in scale 1:250.000. 

It would have been natural to have Fjellanger Widerøe A/S extend the 

population distribution and NIBR the fractions of habitable land, but 

at that time NIBR was at strike. Luckily Fjellanger Widerøe A/S was 

able to perform both extentions. For Denmark and Sweden they used 

maps of forest and mountains from ref. 8, together with a map of 

Europe in scale 1:3.500.000. Agricultural area was determined in 
2 

this way. Urban and suburban area was assumed to be 0.015 km per 

person. Habitable land is the sum of these two. Outside Scandinavia 

it is assumed that all land area is habitable land. 

The fractions of habitable land are shown in percentages in tables 11 

and 12. 

The fraction of habitable land that is farm land is also used in the 

calculations. It was determined by NIBR and is 0.76 over the whole 

area, with the exception of the sector elements containing Oslo and 

Gothenburg, where it is set equal to 0.001, which means in reality 

nothing. The fraction of farm land that is dairy land is likewise 

determined by NIBR, and is set egual to 0.086. 

15 CALCULATION OF DOSES 

For the calculation of doses is referred to ref. 1, where a thorough 
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Table 11 Fraction of habitable land (%). Oslofjord 

"\ — — 
^\SBCTOR 
DIST.KM^v^ 1 2 1 3 

EAS 
1 4 
1 

T 
5 6 7 

SOI 
8 

UTH 
9 10 11 

WEST 
12 13 14 

NORTH 
151 16 

0- 0,8 - - , 20 
1 
i 40 20 80 - - _ 20 20 20 _ - 30 j 10 

; o-8 1,6 60 60 ! 3 0 I 40 10 30 80 40 10 60 - - 10 - 501 60 
1,6 2,4 50 20 40 60 70 10 30 10 30 20 50 

i 2 ' 4 3,2 30 40 \ 60 30 40 40 10 20 30 40 60 
3,2 4,0 80 1 80 1 100 90 20 10 20 40 70 
4,0 4,8 100 90 100 80 : 40 - - 10 - - - - - - 10 80 
4,8 5,6 80 60 1 90 80. 70 20 10 80 
5,6 6,4 60 1 80 70 80 40 30 10 60 
6,4 7,2 ~ 60 80 70 50 | 10 90 
7,2 8,0 10 60 90 60 i 20 -; 60 
8,0 9,5 - 10 -i 50 70j 30 10 10 - 50 i 60 
9,5 11,5 20 10 -i 40 30 20 20 - - - 10 - - - 40 j 10 
11,5 13,5 20 20 -i 40 701 30 30 - - 10 50 50 50 - -i 10 
13,5 16,0 10 10 - 30 so; so 20 - - 30 60 60 40 - -!io 
16,0 20,0 30 30 10 20 30 60 10 _ - 30 70 60 50 - -J 20 
20,01 24,0 30 80 30 20 70: 70 10 - - 40 60 60 60 10 i 30 
24,0 28,0 40 10 20 40 80 i 30 - - 30 40 40 80 10 20 30 
28,0 32,0 40 10 50 20 60- 30J - - 30 50 30 30 10 10 30 

i 32,0 40,0 60 70 60 20 30: 10 - - - 40 20 10 20 20 10 60 
40,0 48,0 30 40 40 50 20 - 10 - - - 30 10 20 10 20 20 20 
48,0 56,0 10 40 10 10 10 - 10 - 10 - - 10 10 40 10 

1 56,0 64,0 10 20 10 20 - 10 20 - 10 20 30 50 
• 64,0 72,0 30 20 20 20 - 10 20 - - - 10 - - 10 10 40 

72,0 80,0 50 20 20 10 -j 20 30 - - - _ 10 ~ 10 10 10 
80,0 88,0 50 20 10 10 10! 201 20 ~ j - - - 10 _ 10! 30 10 

' 88,0 100,0 40 20 20 - 101 20j 30| - - - 10 10 1 10 20 -
100,0 115,0 20 20 20 20. 20| 30 ! 40; 10 20 
115,0 140,0 10 10 40 50 20 60 40 i 10 
140,0 175,0 20 10 40 30 20 60 40 1 

- i 30 
175,0 240,0 10 10 10 50 60 50 40 30 
240,0 310,0 - 10 30 70 40 20 30 40 40 
310,0 400,0 _ 10 10 40 30 30 40 50 50 
400,0 500,0 10 10 20 30 10 20 50 50 20 10 
500,0 600,0 - - - - 10 - 10 50 
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Table 12 Fraction of habitable land (%). Lista 

1 ^^^SECTOR 
DlST.Kih-^ 1 2 3 

Eft, 
4 
ST 
5 6 

50 
7 |8 

UTH 
9 10 11 

WEST 
| 12 13 14 15 

NORTH 
16 

0- 0,8 
0,8 1,6 10 10 - -
1,6 2,4 30 80 30 20 -
2,4 3,2 50 80 30 50 30 
3,2 4,0 30 30 20 10 10 
4,0 4,8 - - 10 - - - - - - - - 10 30 20 10 
4,8 5,6 30 70 10 10 _ 

I 5,6 6,4 50 20 20 10 -
6,4 | 7,2 - 30 20 20 - -

! 7,2 8,0 20 40 - 10 -
! 8,0 9,5 - - ' 10 - - - - - - - - 30 20 10 - -
; 9,5 11,5 20 30 10 - 10 
! 11,5 13,5 - - - " 10 - - - - - - 10 40 10 10 -
i 13,5 16,0 10 10 - 10 
; i6,o 20,0 - 10 20 
; 20,0 24,0 10 

24,0 28,0 10 
28,0 32,0 10 - - 10 - - - - - - - - - - - -
32,0 40,0 10 - 10 10 10 
40,0 48,0 - 10 10 10 10 10 -
48,0 56,0 - 10 10 -
56,0 64,0 - - 10 - - - - - - - - - - 10 10 -
64,0 ; 72,0 - - - - - - - - - - - - - 10 - -
72,0 80,0 - 10 10 -
80,0 88,0 - - - - - - - - - - - - - 10 - -
88,0 100,0 30 10 -
100,0 115,0 - - - - - - - - - - - - - 30| - -
115,0 140,0 - ! 10 -
140,0 175,0 30 - : IO -
175,0 240,0 - 10 10 - 50 50 30 
240,0 310,0 - 40 40 30 10 80 50 
310,0 400,0 - 20 20 50 20 40 50 
400,0 500,0 - 10 30 30 40 40 50 
500,0 600,0 - - 40 30 30 30 90 70 - - 10 30 10 - - -
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description is given. We have however found reason to modify the 
chronic exposure model, and a description of the model follows. 

16 CHRONIC EXPOSURE MODEL 
The dose models used in WASH-1400 have been applied without changes. 
The number of people that is exposed is, however, calculated in 
another way than in WASH-14 00. The following will be a brief presen
tation of the chronic exposure model. For discussions of the validi
ty of the applied data see ref. (13). 

External radiation 
The dose rate to a person due to radionuclide i deposited on the 
ground as a function of time is found by the following expression: 

RDx(t) = SF • DC 1 SD^O^expt-ljlSt) + 0,37exp(-0,0075t)) 

• exp(-0,693t/T, x) (10) 

where SF - shieldingfactor 
DC 1 - dose conversion factor to relate contamination 

level of isotope i to dose rate in the organ of 
interest 

SD 1 - initial contamination level 
T L 1 - radioactive halflife of isotope i 
t - time in years. 

As time goes on the deposited material will be transported further 
down into the soil. Removal of radioactivity with rainwater is 
neglected. This transport down into the soil will reduce the 
radiation dose above ground due to the shielding effect of the soil. 
The above expression implicitly assumes that the dose rate for all 
isotopes decrease with a rate as measured for Cs. 

To find the required land interdiction period, t.a d , assuming no 
decontamination, the following equation is solved for t, ,. 

hand + *' 
? I RDMt)dt = RDT (11) 
1 land L 
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RD. is the radiation dose limit, and t' is the period over which the 
use i 

years. 
dose is accumulated. In our calculation RD. = 25 rem and t' = 30 

Resuspension and inhalation model 

It is evident that the resuspension of deposited material depends on 
several factors, as for example the turbulence intensity close to 
the ground, the size of the particles and surface properties. The 
time since deposition will also influence the resuspension. From 
the available data the following timedependence is chosen: 

a, 
K(t) = 10~5exp(-0,677t) + 10~9 (12) 

The equation reflects that the initial resuspension factor is 10~ . 
The resuspension factor decreases exponentially with time and levels 

_Q 

off after approximately 17 years having a value of 10 . 

The rate of inhalation of radionuclide i is: 

I^ft) = IHR SD 1 exp(-0,693t/T, 1) K(t) (13) 

IHR - inhalation rate 
SD 1 - surface deposition level of radionuclide i 
T L 1 - radioactive half life of isotope i. 
The total amount of inhaled radioactivity in timeinterval 
j<V t j + 1) is 

t l i
1 = ; j + 1 li(t)dt. (14) 

*i 
The dose received in time interval j is due to the inhalation of 
radioactivity during all previous time intervals. When DC. a is the 
dose-conversion factor for the dose received in time interval k for 
a unit quantity of radionuclide i inhaled during the first time-
interval, the total dose in time interval j is 

R D j - k=l Ei=l - V ^ 1 - k <15> 
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NI is the number of isotopes. 

17 INGESTION OF RADIOACTIVE MATERIAL 

The crop is contaminated by direct deposition only if the release 
occurs in the growing season. Radioactivity released after harvest
ing or prior to seeding may only be incorporated in plants via root 
uptake. Two dose models are applied; one for the first year and 
one for all later years. 

The amount of deposited material on vegetation at time t(days) is 
described by the formula 

D1(t) = SD 1 • 0,5 • exp(-0,693t/14) (16) 

where SD is the amount of activity of isotope i initially deposited 
per square meter. The factor 0,5 is the fraction of the material 
which is deposited on the vegetation. The exponential term accounts 
for weathering effects i.e. transport of activity from vegetation to 
the soil. This simple expression is conservatively used in dose 
calculations instead of a sum of exponentials with halflife ranging 
from some days in the first couple of days after contamination to 
several hundred days after one month. For interdiction period calcu
lations, the weathering exponential above is exchanged with the 
following expression 

0,85exp(-0,693t/14) + 0,15 (17) 

This means that 85% of the deposited material has a weathering half-
life of 14 days while the rest has infinite weathering halflife. 
This is done to avoid optimistic results for interdiction periods 
longer than one month. 

The transport of activity from vegetation to man is calculated for 
isotopes of the elements iodine, strontium and cesium. Activity 
transport is calculated for two modes of transport, via milk and via 
all other pathways. There is a significant amount of data on 
transport of radioactivity through food pathways obtained from fall-



- 34 -

out studies. Some of the assumptions in the assessment of activity 
transport to man via milk is given in table 13. 

Table 13 Assumptions made in the milk pathway calculation 

j A grazing cow consumes the grass on 45 m /day 
Delay between production and consumption 3 days 

I Milk consumption 0,7 1/day 
i 

2 
Assuming contamination of lei per m , the total amounts of ingested 
activity via the milk pathway are given in table 14. From observat
ions during periods of high fallout it has been observed that the 
cesium intake via "other pathways" is twice that of the intake via 
milk. The intake of strontium is calculated assuming consumption 
of 0,12 kg fresh vegetables per day and an average crop yield of 2 2,4 kg/m . As a result of direct deposition on crops, the total 
intake will be as shown in table 14. 

Table 14 Total intake by a critical individual as a result of direct 
deposition. Values normalized to an initial contamination 
of 1 Ci/m2 

: Radionuclide Total intake via 
milk 

Total intake via 
all other pathways 

(curies) (curies) 

Iodine-131 0,692 _ 
Iodine-131 0,0042 -
Strontium-89 0,402 0,397 
Strontium-90 0,588 0,505 
Cesium-134 4,22 8,44 
Cesium-136 1,42 2,84 
Cesium-137 4,22 8,44 
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In later growing seasons radioactive material from the soil will be 
incorporated in the vegetation due to root uptake. There are many 
environmental factors that influence the transport of activity from 
the soil to different plants. In spite of an incomplete data-base 
there exist enough information to make some reasonable estimates. 
In table 15 the total ingestion of Strontium and Cesium resulting 2 from root uptake is given asuming an initial contamination of 1 Ci/m . 
For a detailed discussion of applied data and models see appendix 
E of appendix VI to WASH-1400. 

Table 15 Total ingestion of Strontium and Cesium resulting from 
root uptake 

_ j. „ . . , Total intake via Total uptake via Radionuclide ... n n ,.r .. milk all other pathways 
(Ci ingested)/ (Ci in7ested)/ 
Ci/m2) Ci/m2) 

Strontium-89 0,00682 0,0136 
Strontium-90 0,669 1,34 
Cesium-134 0,0547 0,164 
Cesium-137 0,0935 0,251 

It should be kept in mind when the calculational results are 
analysed that the dosecomittments calculated using the intakes of 
tables 14 and 15 imply that all the foodstuffs the exposed person 
eats originates from the contaminated area. The calculated individu
al doses therefore are valid only for a critical person. In a real 
case it is unlikely that ingestion will give individual doses as high 
as those calculated for the critical person. The transport and 
mixing of contaminated and uncontaminated foodstuffs have on the 
other side no influence on the collective dose. 

The size of the population group exposed to contaminated food 

In WASH-1400 the exposed group was calculated by a combined dispers
ion and economic calculation. When a sectorelement is hit by the 
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radioactive cloud, the number of people exposed by the milk pathway 
is found by the following expression 

AREA • FRLAND ' FARML ' ASFP ' DPF ( , 8 ) 

The meaning of the different variables is: 

AREA - contaminated area of hit sectorelement 
FRLAND - fraction of habitable land in sectorelement 
FARML - fraction of habitable land devoted to farming 
ASFP - anual sales per acre farmland 
DPF - fraction of farming land devoted to dairy production 
CONMLK - cost of dairy products consumed per year and person. 

The similar expression for non-dairy products is 

AREA ' FRLAND ' FARML • ASP • (1-DPF) . 
CONCRP 

where CONCRP is cost of non-dairy products consumed per year and 
person. 

There are several reasons why we decided to alter the calculation 
of the number of people exposed by the nutrition pathway. Due to 
price regulation and state subsidies on food in Norway the consumer 
prices does not directly reflect the production cost and may not be 
used in the above expression. This is illustrated by the following 
figures. In fiscal year 1976 approximately 10 kr was spent on 
subsidies, while the total income of the Norwegian farmers were 
approximately 8 • 10 kr. Another difficulty is that within the 
calculational area, parts of Sweden and Denmark are covered. 

In this study an alternative method was chosen. Assuming that within 
the calculational area (the land within 500 km from the reactorsite) 
production is equal to consumption it is possible to calculate the 
area necessary to supply one individual. Within 500 km from the 

9 2 Oslofjord site is was calculated that 8.01-10 m farmarea was 
10 ? 

devoted to dairy production and 8,51-10 m' was devoted to pro
duction of other food. The total population within the same area 
was 14,2 million people. Consequently, the area necessary to supply 
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2 ' 
one person with its dairy and non-dairy products is 570 m and 6000m" 
respectively. The numbers calculated for the Lista site was - 1% 
larger. 
At both site alternatives the number of people exposed to contami
nated milk were calculated by the expression 

AREA • FRLAND ' FARML • DPF 
570 

As a result of the assumptions, the number of people exposed to 
contaminated crops will be the same as the number of people exposed 
to contaminated milk. 

18 SHIELDING BY BUILDINGS AND GROUND ROUGHNESS 

The dose models for external exposure from radionuclides in the air 
and deposited on the ground are 

D a i r = x ' D° • £ • SF C (21) 

and 

Dground = G C ' D - " S F respectively (22) 

The nomenclature is: 

X - air concentration (Cis/m ) 
D - is the dose from a semi-infinite cloud of unit concen

tration (rem-m /Cis) 
D c/D c - correction factor to account for the finite dimensions of 

the cloud (-) 
2 GC - ground concentration (Ci/m ) 

D^ - dose 1 meter above an infinite smoth plane surface of unit 
0 0 2 

concentration (rem-m /Ci) 
SF C - shieldingfactor due to surrounding structures 
SF g - shieldingfactor to correct the external dose from the ground 

due to surface roughness and structures. 
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The shielding factors applied in our consequence calculations are 
giver in table 16. Two sets of shieldingfactors are used; one for 
the evacuation area and another for the area where no evacuation is 
assumed. 

Table 16 Shielding factors used in the calculations 

Shieldinq factor 
i Location Passing cloud Ground contamination 

, Evacuation area 
! < 65 km from reactor 
I 

1,0 0,5 

Area of no evacuation 
j > 65 km from reactor 0,75 0,33 

Discussion of applied shieldingfactor 

2°§§_lE°!5_Eassin2_cloud 

Within the evacuation area it is assumed that most people are 
escaping in cars. Cars have a small shielding effect on gamma rays 
from the cloud. The shielding factor is put equal to unity. 

Outside the evacuation area a shieldingfactor of 0,75 is ut;ed as an 
aver, je value. This value was used in WASH-1400 as an average for 
USA. In Norway the types and frequences of buildinq materials may 
be compared with regions in USA where less than 20% of the houses are 
brick houses. This region of USA has an average shielding factor 
of 0,83. 

The calculation of the shieldingfactor depends on several factors: 
The house construction material, the frequences of different occupa
tions, and most important the public response to instructions on how 
to behave in an emergency. 

Houses with heavy construction material (i.e. with good shielding 
properties) are clearly more frequent in density populated areas than 



- 39 -

in sparsely populated areas. For example 70 per cent of the devell
ings in Oslo are in houses with 5 or more devellings, of which a 
large fraction is heavy buildings. In the rest of Southeastern 
Norway only 7 per cent of the devellings are in houses with 5 or more 
devellings. Of all the devellings built in 1977, 76 per cent were in 
wooden houses, 17 per cent were in concrete houses while the remaining 
7 per cent were in houses of mixed materials. 

The time spent for different types of activities during the day is 
rather difficult to estimate correctly for Norwegian conditions. 
From a social survey performed in 1977, 0,7 hours per day was used 
for sport and outdoor recreation (ref. 14). This is only half of 
the time used for the same purpose in USA (ref. 1). Using the data 
given in table 17 for the fraction of total time spent on different 
locations and the shielding factors given in table 18, an average 
shielding factor for the population may be calculated. 

Table 17 Fractions spent at principal locations (week average) 

' Location or activity Fraction of total time (%) 
i Home 69 
1 School or work 20 

Commuting 5 
! Outdoors 
i 

6 

In table 19 the average shielding factors for two scenarios are 
calculated. One scenario assuming no response from the population 
more than 6 5 km from the reactor. If the release is large enough 
to require evacuation, it is probable that potentially exposed people 
outside the evacuation area are advised to stay in their basements 
for a while to obtain better shielding against the gammarays from the 
passing cloud. 

The two scenarios give average shielding facters of 0,83 and 0,62. 
Which one is the most realistic may be debated. The authors of this 
report are of the opinion that the lowest value will be the more 
realistic during an emergency situation. 
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Table 18 Representative shielding factors from passing cloud 

Structure or location Shielding 
factor 

Representative 
range 

Outside 1,0 _ 
Vehicles 1,0 -
Wood-frame house 
(no basement) 

0,9 -
Basement of wood house 0,6 0,1 - 0,7 
Masonry house 
(no basement) 

0,6 0,4 - 0,7 

• Basement of masonry house 0,4 0,1 - 0,5 
Large office or 
industrial building 0,2 0,1 - 0,3 

Table 19 Calculation of average shielding factors in cloud dose 
calculation for two response scenarios 

Shielding 
factor 

Normal 
lifestyle 
frequen
cies (%) 

50% efficient 
actions to 
reduce dose 

H
om

e 

Masonry/Heavy 
multi develling 
house 

upstairs 0,6 17 8,5 

H
om

e 

Masonry/Heavy 
multi develling 
house basement 0,4 0 8,5 

H
om

e 

Wood frame 
house 

upstairs 0,9 52 26 H
om

e 

Wood frame 
house basement 0,6 0 26 

S
ch

o
o

l 
or

 
w

or
k Large office building 0,2 7 3,5 

S
ch

o
o

l 
or

 
w

or
k 

Masonry house 0,6 3 1,5 

S
ch

o
o

l 
or

 
w

or
k 

Wood frame house 0,9 10 5 

S
ch

o
o

l 
or

 
w

or
k 

Public shelters/basement 
of large office buildings 0,1 0 15,5 

Commuting and outdoors 1,0 11 5,5 

R verage shielding factor 0,80 • 0,61 
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Discussion of applied shielding factors 
B2S§.lE2!D_§i!£l3££Z^§B25i£sd_radioactive_material 

The ideal conditions of deposition on an infinite smooth surface does 
never exist in reality. Therefore, even for a person standing in an 
open, relatively flat field, the shielding factor is on the order of 
0,7. In an urban environment, the presence of nearby buildings re
sults in mutual self-shielding and may give a shieldingfactor of 
0,4 to 0,6. In the area of evacuation it is assumed that the evacuees 
use cars which results in a shielding factor of 0,5. Representative 
shielding factors for surface deposition are given in table 20 for 
different structurs and locations (ref. 15). 

Table 20 Representative shielding factors for surface deposition 

Structure of location 
Representative 
shielding 
factor (a) 

Representative 
range 

lm above an infinite smooth surface 
lm above ordinary ground 
lm above center of 50-ft roadways, 
half contaminated 
Cars on 50-ft road: 

Road fully contaminated 
Road 50% decontaminated 
Road fully decontaminated 

Trains 
One- and two-story wood-frame 
house (no basement) 
One- and two-story block and 
brick house (no basement) 
House basement, one or two walls 
fully exposed: 

One story, less than 2ft of 
basement, walls exposed 
Two stories, less than 2ft of 
basement, walls exposed 

Three- or four-story structures, 
5000 to 10,000 2 ft"2 per floor: 

First and second floor 
Basement 

Multistory structures, >10,000 ft 2 

per floor: 
Upper floors 

Basement 

1,0 
0,70 

0,55 

0,5 
0,5 
0,25 

0,01 ( b> 

0,01 (b) 

0,47 - 0,85 

0,4 - 0,6 

0,4 - 0,7 
0,4 - 0,6 
0,2 - 0,5 

0 , 4 0 0 , 3 - 0 , 5 

0 , 4 < b » 0 , 2 - 0 , 5 

0 , 2 < b > 0 ,04 - 0 , 4 0 

0 , l < b > 0 , 0 3 - 0 , 1 5 

0 , 0 5 ( b ) 0 , 0 3 - 0 , 0 7 

0 , 0 3 ( b ) 0 , 0 2 - 0 , 0 5 

0,005!b> 

0,01 - 0,08 
0,001-0,07 

0,001-0,02 

0,001-0,015 
(a) The ratio of the interior dose to the exterior dose 
(b) Away from doors and windows 
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The shielding factor for ground deposited activity for the population 
outside the evacuation area must be calculated in the same way as the 
shielding factor for the passing cloud. Consequence mitigating 
effects may probably not influence on the shielding factor in a sub
stantial way. This due to the long exposure time. Table 21 presents 
the frequency distribution for shielding factors from ground contami
nation in Norway. 

Table 21 Frequency distribution for shielding factors from ground 
contamination in Norway 

Shielding 
factor 

Frequency 
distribution 

H
om

o Masonry/heavy multi 
dwelling house 0,2 17 

H
om

o 

Wood frame house 0,4 52 

S
ch

oo
l 

or
 

w
or

k 

Large office building 0,02 7 

S
ch

oo
l 

or
 

w
or

k 

Masonry house 0,2 3 

S
ch

oo
l 

or
 

w
or

k 

Wood frame house 0,4 10 
Commuting 0,5 5 
Outdoors 0,7 6 

Average shielding factor 0,35 

One important aspect of the use of average shielding factors is their 
effect on the calculated number of health effects with a threshold 
dose-effect relationship (e.g. early fatalities, hospitalization). 
One can argue that an average shielding factor may, for some specific 
conditions (release, weather, distance), reduce the dose to just 
below the threshold resulting in no effects where a few effects should 
have been calculated. On the other hand, for these conditions where 
the dose is found to be just above the threshold there will be calcu
lated more health effects than would be found if the real distribu
tion of the shielding factors was taken into account. The added cases 
and the lost cases will most probable cancel each other. 
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18 EVACUATION 

Only core meltdown accidents require evacuations (i.e. No evacuation 
in PWR8 and PWR9 accidents). For the core melt accident the evacua
tion area is postulated to be shaped like a keyhole centered on the 
prevailing wind direction at the time of the release. The dimensions 
of the area are chosen to be 8 km, 65 km and 45°, see figure 8. In 
order to calculate doses to individuals within the evacuation area, 
people are postulated to move radially away from the reactor at a 
specified effective evacuation speed until the cloud reaches them 
and then move in a circumferential direction. 

CWhrs) 

Wind direction 

Figure 8 Evacuation area and the track of two evacuees 

In figure 8, the evacuation model is exemplified by the truck of 
two evacuees. The evacuees start to move at point A when the evacua
tion signal is given. The order to evacuate is released some time 
ahead of the release, and the warning time is different for different 
release categories. At point B the cloud catches the evacuee and he 
is exposed to the active cloud and receives a dose from the ground 
during 4 hours while escaping from the contaminated area. 

In the calculations the evacuation velocity is assumed to be 1,2 mph 
(2km/h or 0,53m/s). This is an obvious simplification, in reality 
the evacuation velocity has a distribution from zero to the speed of 
a car. Parameterstudies in connection with WASH-1400 have shown that 
the consequences calculated with the average 2 km/h evacuation speed 
is of the same magnitude as the consequences calculated assuming 
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evacuation speeds of 0, 1.2 and 7 mph, with probabilities of 30, 40 
and 30% respectively. These data are based on evacuation experience 
in USA. No relevant data for Norway has been found. 

The american experience data on evacuations, ref. 16, analyzed in 
WASH-1400 gave a significant correlation between evacuation speed and 
distance. The datapoints and the fitted curve is shown in figure 9. 
If these data could be applied on Norwegian conditions, the evacuees 
in the vicinity of the reactor traveling a distance in the order of 
60 km, will have a high probability of an evacuation speed of 9 mph 
or 7,5 times the average value used. 

The study of evacuations done in connection with WASH-14 00 has been 
extended, and a new, more realistic evacuation model has recently 
been formulated. Information on this model is not yet available. 
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Figure 9 Effective evacuation speed v versus distance of 
evacuation, d. Same figure as figure VI J-5 of ref. (1). 
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19 DOSE FROM INHALATION OF RADIONUCLIDES 

The inhalation dose is calculated as the product of the time-integrated 
3 3 

air concentration, x» (Ci s/m ), the breathing rate, i>r, (m /s) , and 
the dose conversion factor, DCF, (rem/Ci). Consequently the inhalation 
dose, D i n h, is 

index i - isotope no. 
D?nh " J X ' b r • D C F i i j . n d e x . _ Q r g a n n o_ (23) 

The retention of the activity in the lung and the metabolism of the 
human body is incorporated in DCF. The meteorological dispersion 
determines \ . 

The breathing rate for standard man is 2,3 • 10 m /s averaged over 
24 hours. Normally, about one half of the air is inhaled during the 
nominal 8-hours working day. This should imply a breathing rate of 

4 
— 4 3 

about 3,4-10 m /s in the active period of the day. In our calcu
lation we have used a value in between these two, namely 2,66 • 10 
m /s. The reason for this is a matter of balance between exposure 
lasting for more than 24 hours requiring an average breathing rate, 
and acute exposure in the evacuation area requiring a breathing rate 

-4 3 in the range of 3,4 ' 10 m /s. 

The dose conversion factor for inhaled radionuclides in children are 
generally larger than for adults. This is compensated for for most 
isotopes by a lower children breathing rate. The net effect is that 
Cs-137 and Sr-89 and Sr-90 give higher doses to the adult than to the 
non-adult for the same airconcentration. For 1-131 children get a 
factor 1.9 and 1.6 higher thyroid dose than adults for the ages 5 and 
10 years respectively (ref. 17). In this calculation it is assumed 
that all ages receive the same doses as adults. 

20 HEALTH EFFECTS 
Acute fatalities 

In these calculations acute fatalities may be caused by radiation 
damage upon the bone marrow, lungs or the digestive tract. In the 
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present calculations it is most often the dose to the bone marrow that 
leads to fatalities, while the digestive tract is of no importance in 
this connection. 

Damage to the bone marrow 

Large external radiation doses may harm the bone marrow and other 
blood-forming organs and disturb the production of new blood cells. 
This leads to impaired resistance against infections. Coagulation 
will also be less efficient, with increased danger of bleeding. The 
radiation exposure may also be internal, cuased by isotopes that are 
deposited in the bone marrow after inhalation (e.g. Sr-90, Au-198 and 
P-32). 

Medical experience shows that a dose received over an extended time 
period is less harmful than the same dose received over a short period 
of time. The internal dose is received over a long time period, and 
in the present calculations it is assumed, based upon medical experi
ence (see also ref. 1), that the internal dose received from the 7. 
day after inhalation to the 30. day has 50% efficiency. The acute 
dose to the bone marrow is calculated as the sum of 

external dose from passing cloud 
external dose from contaminated ground 
internal dose received during the first 7 days from inhaled 
radionuclides 
h of the internal dose received from day 8 through day 30. 

It is discussed in (ref. 1) what relationship to use between acute 
dose to the bone marrow and the probability of fatality. In the pres
ent calculations two different relationships are used. These are 
shown in figure 10. 

When identifying such relationships it is often referred to the dose 
which results in a 50% probability of fatality within 60 days, 
written as LD^g/gQ(Lethal Dose). For the two curves in fig. 10 
LD50/60 i s 3 4 0 r e m ' respectively 510 rem. 

An earlier and widely accepted value for LDc n / f- n has been around 300 
rem. This value is derived from data for the atomic bomb victims. 
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100 200 300 400 500 600 

ACUTE BONE MARROW DOSE (REM) 

Figure 10 Dose - effect relationships used in the present 
calculations 

These patiens received very limited or none medical treatment. Further
more knowledge of radiation medicine was limited at that time. Tak
ing into account the advances made during the past 30 years as well 
as additional data, the medical expert group set up in connection 
with the WASH-1400 study adviced using an LD 5 0 .,g of 340 rem if mini
mal medical treatment was available. 

In the WASH-1400 study's opinion, it was inconceivable that, in the 
event of a serious reactor accident in the United States, the Federal 
and state governments and the utility involved would not mobilize 
medical resources throughout the nation to aid the exposed population. 

Specialized medical tratment is limited by the availability of medical 
resources. In WASH-1400 it is estimated that it is possible to give 
such specialized medical tratment to 2500 - 5000 persons. The WASH-
1400 medical expert group estimated that with specialized medical 
treatment LDJJ,,,. would be increased by 50% to 510 rem. This medical 
treatment does not have to be initiated1 immediately after exposure, but 
rather about 20 days after exposure. Blood tests may indicate what 
persons have received critical doses. The treatment would include 
barrier nursing, copious antibiotics, and transfusion of whole blood, 
packed cells or platelets. Treatment of this type may be given at 
hospitals in Norway and the neighbour countries. 
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Damage to the lung 

The lung dose is calculated as the sum of 
external dose from passing cloud 
external dose from contaminated ground 
internal dose within 365 days from inhaled radionuclides. 

The internal dose will be the largest of the contributors to the lung 
dose. Figure 11 shows the relationship between lung dose and fatali
ties used in the present calculations. In connection with mortality 

i due to lung radiation damage, the dose rate is a critical parameter, 
and protracted doses delivered at low rate would not apparently contri
bute to mortality. In the event of an accident about 50% of the final 
dose (after infinite time) would be delivered within less than 60 days, 
and more than 80% of the final dose would be delivered within 1 year. 
The dose rate decreases with increasing time since the accident 
occurred. 

Damage to the gastro-intestinal tract 

The critical part of the gastro-intestinal tract is the regenerative 
cells in the lower large intestine. The acute dose is calculated as 
the sum of 

external dose from passing cloud 
external dose from contaminated ground 
internal dose within 7 days from inhaled radionuclides. 

1 For this health effect the basis for the numbers is mostly 
experiments on dogs. Death due to local exposure will be caused by 
diarrhea and internal bleeding. The threshold value is believed to 
be at 3500 rem, and 100% fatality at 7000 rem. The calculations are 
performed using the curve in figure 12, where LD50 is 3500 rem. This 
curve is used in order for delayed deaths to be included, and also 
because of the uncertainties involved in using data for dogs on 
humans. In the present calculations it is however never this health 
effect that is the critical one. 
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Figure 11 Dose - h e a l t h e f f ec t curve used in c a l c u l a t i o n 
of lung f a t a l i t i e s 
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Figure 12 Dose - h e a l t h e f f ec t curve used in c a l c u l a t i o n 
of g a s t r o i n t e s t i n a l f a t a l i t i e s 
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Early morbidity 

Various types of damage may occur after large acute doses. In the 
present calculations it is not actually morbidity that is calculated, 
but rather the number of persons to be hospitalized, using the dose -
effect curves in figure 13 and 14. In the WASH-1400 report it is 
assumed that 5% of the persons suffering nausea and vomiting after 
irradiation may need hospital treatment. This accounts for the part 
of the curve in figure 13 below 200 rem. If early fatalities are 
calculated using curve B in figure 10, then the persons who have re
ceived critical doses must be hospitalized during a period of time 
starting about 20 days after irradiation. As the threshold of acute 
fatalities is at about 200 rem, it is assumed in the calculations that 
all persons having received an acute dose in excess of 200 rem are 
hospitalized, receiving specialized medical treatment, and thereby 
reducing the fatality risk from curve A to curve B in figure 10. In 
addition the number of persons suffering lung damage due to high doses 
to the lungs is calculated. The dose - effect curve used to calculate 
the lung morbidities is shown in figure 14. 
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Figure 13 Dose - effect curve used to calculate the number of 
persons to be hospitalized. 
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Figure 14 Dose - effect curve used to calculate lung morbidity 

Cancer fatalities 

The model used to calculate the number of cancer fatalities is shown 
in figure 15. When a large number of people are irradiated there 
follows a latency period in which no increase in cancer frequency can 
be observed. After the latency period follows a period of time in 
which there is an increase in frequency. It is assumed in the calcu
lation model that the cancer frequency is cnstant during this period 
of time; e.g. that there is a plateau. The duration of the plateau -
and latency periods as well as the risk coefficients for the different 
types of cancer are given in table 22. 

Table 22 is a modified version of a similar tabel from the BEIR 
report (ref. 18). The modifications have been performed based upon 
data that have become available after the publication of the BEIR 
report. These are the modifications: 

1. The risk coefficient for children irradiated in utero is reduced 
from the BEIR value of 25 leukemia deaths per year per rem per 10 
children to 15. The BEIR report based its value on data published by 
Stewart and Kneale, and these authors have presented modified dose 
calculations resulting in a reduced risk. 

1.0 

0.5 

no J £ I L 
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Figure 15 
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Model used to calculate the number of cancer fatalities 

2. The risk coefficient for the gastrointestinal tract has been 
subdivided, so that the pancreas contributes with a risk of 0,2 deaths 
per year per rem per 10 persons. It is conservatively assumed that 
the dose in the stomach and the rest of the alimentary canal is equal 
to the dose in the lower large intestine. 

3. The medical advisory group of the WASH-1400 report adviced trans
ferring part of the cases listed under "all other" to bone cancer for 
the age group above 10 years. This change has been done without 
changing the total risk. 

When the age distribution in a population as well as the expected 
longevity is known, the expected number of cancer fatalities due to 
external exposure can be calculated using the data in table 22. In 
table 23 is given an example of such a calculation for leukemia. 

Corresponding tables are constructed for all types of cancer, and the 
resulting risk factors are shown in table 24. This table is used 
in calculating the number of cancer fatalities due to external exposure. 
Thyroid cancer is excluded from the table, as it is treated separately. 
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Table 22 Latency period, plateau period and upper bond risk 
coefficient for various types of cancer 

1 
1 
Type of cancer 

Age at time 
of exposure 

Latency 
period 
(years) 

Plateau 
period 
(years) 

Risk 
coefficient 
(fatalities 
per 10*> rem 
and per year) 

Leukemia In utero 
0 - 9.9 
10+ (Means 
more than 
10 years) 

0 
2 

2 

10 
25 

25 

15 
2 

1 

; Lung 10+ 15 30 1,3 

Gastrointestinal 
tract: 
Stomach 
Rest of alimentary 
canal 
Pancreas 

10+ 

10+ 
10+ 

15 

15 
15 

30 

30 
30 

0,6 

0,2 
0,2 

Breast 10+ 15 30 l,5 a > 

Bone 0-19.9 
20 + 

10 
10 

30 
30 

0,4 
0,2 

All other In utero 
0-9.9 
10+ 

0 
15 
15 

10 
30 
30 

15b> . 
0,6 C ) 

1*> 

a) Including men, and assuming 50% fatality 
b) "All other" includes all cancers except leukemia 
c) "All other" includes all cancers except leukemia and bone 
d) "All other" includes all cancers except those specified in 

the table. 
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Table 23 Calculation of expected leukemia deaths for external exposure 

' Age 
1 Cohort 
j (years) 

Fraction 
of popu
lation 

Life 
expect
ancy 
(years) 

Latent 
period 
(years) 

Years 
at 
risk 

Risk 
factor, 

(per 10 rem 
per year) 

Expected 
cases 

r 

i In utero 0.011 71.0 0 10 15 1.65 
0-0.99 0.014 71.3 2 25 2 0.70 
1-10 0.146 69.4 2 25 2 7.30 
11-20 0.196 60.6 2 25 1 4.90 
21-30 0.164 51.3 2 25 1 4.10 
31-40 0.118 42.0 2 25 1 2.95 
41-50 0.109 32.6 2 25 1 2.73 
51-60 0.104 24.5 2 22.5 1 2.34 
61-70 0.080 17.1 2 15.1 1 1.21 
71-80 0.044 11.1 2 9.1 1 0.40 
80+ 0.020 6.5 2 4.5 1 0.09 

28.36 

Table 24 Expected latent cancer (excluding thyroid) deaths per 
million man-rem of external exposure 

Type of cancer Expected deaths 
per 10° man-rem 

Leukemia 28 .4 
Lung 22 2 
Stomach 10 2 
Alimentary canal 3 .4 
Pancreas 3 4 
Breast 25 6 
Bone 6 9 
All other 

Total (excluding thyroid) 

21 6 All other 

Total (excluding thyroid) 121 6 
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Thyroid cancer 

Experience has shown two special aspects of radiationinduced thyroid 
cancer. There is a lower risk of thyroid cancer when the exposure is 
caused by iodine-131 as compared to exposure by x-rays. The thyroid 
cancer risk is lower at high doses. 

The dose to the thyroid is calculated as the sum of the following 
doses: 

external dose to thyroid from passing cloud 
external dose to thyroid from contaminated ground 
internal dose during the first 30 days from all inhaled 
radionuclides except iodine-131 
1/10 of the internal dose during the first 30 days from 
iodine-131. 

All cancerous as well as benign nodules in the thyroid are calculated 
using the risk coefficients in table 25. The basis for these numbers 
is discussed in (ref. 1). 

Table 25 Risk coefficients for calculation of thyroid nodules 

Dose range (rem) Expected nodules per 10 man rem Dose range (rem) 
Benign Cancerous 

<1500 
1500 - 5000 

>5000 

200 
100 

0 

134 
67 
0 

It is seen from the table that roughly 1/3 of the nodules are cancerous. 
Thyroid cancer mortality is quite low. 51 appears to be the most 
realistic value. 

Internal exposure 

Calculation of the number of cases of cancer from external exposure is 
based upon a constant age distribution in the exposed population group. 
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This is however not valid for exposure from radioactive materials in
haled at a certain time and deposited in the body. The age distribut
ion in this population group will change as time advances. Only 
persons present at the time of *̂ he accident will suffer internal expo
sure, and it will last for the duration of their lives. (Excepted from 
this rule is internal exposure to inhaled resuspended radioactive 
materials, that are treated separately.) The size of this population 
group will decrease with advancing time, from natural causes, and 
accordingly the dose received e.g. during the time period 40-50 years 
after the accident will cause fewer fatalities per dose unit than if 
it had been received during the first year after the accident. E.g. 
in the time period 11 - 20 years after the accident, no persons younger 
than 11 years will be exposed. This means e.g. for leukemia that the 
expected number of fatalities given in table 22 for the groups in 
utero, 0 - 0.99 years and 1-10 y^ars are to be subtracted from the 
total. The results from this type of calculation for each item period 
and organ are given in table 26. 

There is not full agreement in the scientific community about the dose 
- effect relationship at low doses and dose rates. In WASH-1400 it is 
reasoned that the risk coefficients presented in the preceding are 
upper bonds for the number of cancer cases. As a more realistic base 
for calculations is used a method in which doses at low doses and dose 
rates are weighted. The weight factors are applied to reduce the 
importance of low doses and dose rates. Weight factors are not applied 
to the calculations of breast and thyroid cancer, as the data material 
does not indicate any reduced effect of low doses and dose rates for 
these cancer types. In the calculations performed for the Norwegian 
Government Commission on Nuclear Power, two sets of cancer calculations 
have been performed; one set using the upper bond values, and one set 
applying weight factors to reduce the importance of low doses and dose 
rates, like in WASH-1400. The weight factors applied are given in 
table 27. In reality only the factors along the diagonal are used. 

Genetic effects 

In the calculations it is assumed that one million manrem result in 
100 cases of genetic effects. (In this number it is taken into account 
that a large part of the exposure is to persons above reproductive agej 
About 1/3 of these will occjrr in the first generation, and the 
remaining will be distributed over all 
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coming generations. Calculation of genetic effect is based upon the 
whole body dose, and weight factors are not applied. 

Table 26. Expected total latent cancer (excluding thyroid) deaths per 
10 man-rem from internal radionuclides delivered during 
specified periods 

Type of cancer Time per iod (̂  ears) a f t e r acc iden t Type of cancer 
0-1 1-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 

Leukemia 28.4 26.0 18.7 13.8 9.7 6.8 4.0 1.7 0.5 
Lung 22.2 22.2 22.2 14.5 8.1 4.0 1.5 0.2 0 
G a s t r o i n t e s t i n a l 
t r a c t ( a ) 13.6 13.6 13.6 8.9 5.0 2.5 0.9 0 .1 0 
Pancreas 3.4 3.4 • 3.4 2.2 1.3 0.6 0.2 0 0 
Breast 25.6 25.6 25.6 16.8 9.4 4.6 1.7 0.3 0 
Bone 6.9 6.7 5.0 2.6 1.6 0.9 0.4 0 .1 0 
All o ther 21.6 19.8 17.1 11.2 6.3 3 .1 1.2 0.2 0 

Total 121.6 118.5 105.5 70.1 41.3 22.4 10.0 2.6 0.5 

(a) Includes stomach and rest of alimentary canal 

Table 27. Dose-effectiveness factors 

Total dose (rem) 
Dose r a t e (rem per day) 

Tota l dose (rem) 
<1 1-10 >10 

<10 
10-25 
25-300 

_JK2 
oTT"^"^ 
0 . 2 

- — - ^ 0 ^ 2 

0?4 •— 

0 . 2 
— ^ 0 . 4 
_ _ _ i 7 o " • 
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21 CALCULATION OF ECONOMIC CONSEQUENCES 

Economic consequences outside of the plant are all related to actions 
undertaken to reduce radiation exposure to the population. Economic 
consequences to the plant itself are not included in the calculations, 
and will not be discussed here. 

There is a choice between economic consequences and health conse
quences. A less extensive evacuation will reduce the economic conse
quences, but at the same time the health consequences will increase. 
If the dose limit used to decide whether an area may be used for 
'habitation or not is increased, the relocation area will decrease in 
size, but at the same time an increase may be expected in the number 
of cases of cancer and genetic effects. 

E.g. the relocation area may be expressed in monetary units, as it 
will represent a quantifyable expence to the community or country. 
An evaluation of how serious a certain consequence magnitude is, should 
however be done taking the actual size of the area into consideration 
as well. For this reason the results from the calculations of economic 
consequence are given both as sizes of areas and in monetary units. 

Data used in the calculations 

Part of the data needed for the calculations are judged to be 
similar for American and Norwegian conditions so that the values from 
WASH-1400 are used. The others are determinded by the Norwegian 
Institute of Urban and Regional Research (Norsk Institutt for By- og 
Regionforskning, NIBR). 

The economic consequences may be subdivided into two clearly divided 
groups, the ones related to what happens shortly after the accident 
has taken place, and the ones related to what happens during time 
periods of months and years. These are in WASH-1400 referred to as 
the early exposure phase and the chronic exposure phase respectively. 

Early exposure phase 
The early exposure phase costs are 
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evacuation cost 
value of crops condemned 
value of milk condemned. 

It is reasonable to assume that the population will be removed from 
areas where there is danger of fatal acute doses. When the cloud has 
passed, it may be measured in what areas the doses from deposited 
radioactive materials on ground are high, and by the most critical 
weather conditions the danger area will in fact only be some hundred 
meters wide. 

Table 28 EPA estimates of food, shelter, and transportation costs 
for evacuees and evacuation personell 

Type of expenditure Cost per person 

Evacuee cost: 
- Food and shelter, daily cost: 

- Commercial'3 

- Mass care 
- Transportation: 

- Private ( b ) 

(c) Commercial 

Evacuator personell cost: 
- Compensation 
- Food, shelter, transportation 

$ 11.00 
5.00 

1.00 
0.55 

35.00 
Same as for evacuees 

(a) Assumes two or more persons to a room 
(b) Privately owned vehicle, three or four passengers per vehicle, 

round-trip distance 30 miles, 12 <J/mile operating cost 
(c) Assuming 45 to 50 persons per vehicle, round-trip distance 

30 miles, 65 0 to 80 ( per vehicle-mile. 
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Table 28 shows unit costs for evacuation as estimated in an EPA study 

(ref. 16) of 64 evacuations following disasters in the United States. 

The study reports that cost records of these disasters are fragmentary 

and inconsistent. However, using some of the records, a knowledge of 

how evacuation costs are incurred, and general data on prices and labor 

rates, the EPA study constructed the estimates shown. 

The EPA study states that the' number of personell required to supervise 

an evacuation ranges from 0.4 to 5* of the number of evacuees and 

averages 2%. The evacuation costs appear to include the cost of 

securing property, although the incidence of looting in disaster is 

reported to be low. The EPA estimates do not include any costs for 

unpaid assistance. Nor do they appear to include costs of special 

equipment and supplies, although it is recognized that these costs are 

incurred. 

On the assumption that 80% of evacuees are transported by private 

vehicles and obtain commercial accommodation, 20% are transported in 

buses and accommodated in mass care facilities, and prices have in

creased abcut 15% since the EPA study, the unit daily cost would be 

$ 13.50 per evacuee for food, shelter, evacuation personell, and the 

cost cf transportation. The total of these costs for an evacuation 

lasting about a week would therefore be $ 54 per day for a family of 

four. 

This means that total evacuation cost per person is 95$, which is the 

value used in WASH-1400, and >»hich is also the value used in the pres

ent calculations (kr 500). 

£9Så§5!D§tion_of_farm_groducts 

Farm losses would include the value of condemned milk and crops. To 

compute the crop losses following an accident the model accounts for 

deposition of radioactive materia] on the crops as a function of 

distance from the reactor and of weather conditions. The diminishing 

strength of this deposited radioactivity from the time of contamination 

to the time when the crops would normally be harvested is then calcu

lated. If the contamination level calculated for the time of harvest 
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is within the acceptable standard, the crops are assumed to be harvest
ed and therefore not lost. Of course the crops are assumed to be lost 
only if the accident takes place during the time period between sowing 
and harvesting. 

The computer program only allows for one number giving the value of 
crops and/or milk produced per unit land area for each geographical 
area. This means that it is not possible to give different values for 
dajry and non-dairy production. It is however possib]e to define 
different geographical areas, and give this number separately for each 
of them. In WASH-1400 calculations this option is used to specify 
individual numbers for each one of the States. Only some of the eco
nomic parameters may be given individual values for separate States in 
this manner. In the present calculation this option is only used to 
define the sector elements containing Oslo and Gothenburg as areas 
containing virtually nc agricultural lar.d. -nd the option is used only 
in connection with the Oslofjord site. 

The value of agricultural products per unit agricultural land area 
used in WASH-1400 varies strongly from one state to another. The 
extremes are Nevada and New Mexico (11 $/acre) and Rhode Island 
(340$/acre) . In the present calculations is used 1500 kr/dek'ar = 
1100 $/acre. 

The basis for the value used in the present calculations is data coll
ected by NIBR and shown in table 29. 

Table 29 Value of agricultural production (kr/year-dekar) 

Product Production 

Milk 1860 a ) 

Grain 450 b ) 

Vegetables 4250 
Fruit 2310 
Berries 3990 

a) Not from NIBR, but from ref. 19 f and based upon a milk procution 
of 1.55 tons/dekar 

b) Difficult to determine the actual price, due to various types of 
subsidies 
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Chronic exposure phase 

The chronic exposure phase costs are 
cost of decontamination 
loss in value of public and private property 
loss of income during period of relocation and temporary 
unemployment. 

C°§£_2f-decontamination 

There are a number of ways in which decontamination may be undertaken. 
Decontamination of an area contaminated with radioactive materials will 
be simpler than decontamination when the contaminant is a chemical, 
since radioactivity is so easily detected. Still it will be a diffi
cult, workconsuming and expensive task. Decontamination of rural and 
urban areas will have to be done in quite different ways, and accord
ingly two different values of decontamination cost for these two types 
of area are specified. 

Much furhter information on decontamination is found in (ref. 20) . 

Table 30 summarizes the estimated unit cost and effectiveness of three 
decontamination techniques for farmland. 

In WASH-1400 as well as the present study it is assumed that a decon
tamination factor of 20 is achievable, obtained by deep plowing of 
tilled land and graze land, and scraping surface soil for orchards. 
The costs are weighted by the area's share of farmland use in the 
United States. The cost for farm land used is 230 $/acre-300 kr/dekar. 
According to table 30 deep plowing is considerably cheaper than this 
value. The decontamination costs may hence be considerably lower if 
the fraction of orchard area is smaller in Norway than in the US. 

As mentioned in the above the sole purpose of decontamination is to 
reduce radiation exposure of humans. Agricultural products from an 
area may be acceptable (the first year excluded), even when the area 
is not acceptable for habitation. 



- 63 -

Table 30 Cost and effectiveness of farmland decontamination 

Condition 
of land Technique 

Reduction 
in contami
nation R(%) 

Decontamina
tion factor 
DF 

Unit cost c' 
(f/acre) 

Tilled 
soil 

Scrape surface and 
dispose of it 99 100 520-810 
Bury surface soil 
in place by grading 94 17 47-120 
Bury surface soil 
in place by deep 
plowing 95.5 22 75 

Grazing 
land 

Bury surface soil 
in place by deep 
plowing^) 95.5 22 320 

Orchards Scrape surface soil 
and dispose of it e) 99 100 3000-5000 

a) Percentage reduction in amount of contaminant per unit of surface 
area. 

b) DF is the ratio between surface concentration of contaminant 
before and after decontamination. 

c) Estimates based on data presented by (ref. 21, 22 and 23). 
d) Includes restoring land by reseeding grass. 
e) Includes (1) removing and replacing the plantings and (2) loss of 

harvest for 5 years. 

The costs of decontaminating developed property may be estimated on 
the assumption that two alternative methods could oe used, depending 
on the degree of decontamination required to meet the radiation expos
ure standards. If a decontamination factor of 2 would suffice (50% 
reduction in contamination), the method would consist of replacing 
lawns and firehosing roofs and paving. If a decontamination factor 
of 20 were required (95% reduction in contamination), lawns, paving, 
and roofing would be replaced. The unit costs of these operations are 



estimated to be: 
Cost per square foot 

Replace lawns $ 0.11 - 0.14 
Replace paving $ 0.15 - 0.30 
Replace roofing $ 0.50 - 2.0 
Firehose paving $ 0.0 5 
Firehose roofing $ 0.05 

These costs include the costs associated with the preparation of a 
disposal site and restoration of the decontaminated properties. 

From these costs the decontamination costs of various types of urban 
and suburban areas could be constructed. This has been done in WASH-
14 00 for the United states. The conditions were deemed as being suff
iciently similar in Norway and the US for the same decontamination cost 
to be used in the present calculations. It is in fact always assumed 
that the decontamination factor is 20, and the decontamination cost for 
non-agricultural areas is 1700 $/acre = 2300 kr/dekar. 

It is seen from the above that the most expensive decontamination oper
ation is replacing roofing, and the least expensive is replacing lawns 
(firehosing excepted). This means that the more densely developed an 
area is, the higher the decontamination cost. The value used may 
accordingly be somewhat high for Norway. 

LQss_in_value_gf_public_and_priyate_property 

If land were to be interdicted, the occupants and owners would bear 
the loss of productive use of the land and its improvements (structures 
and other fixtures). 

The property is assumed to have a market value, and this value may be 
considered to be the sum of the value of the land, plus the value of 
the improvements. The value fo the property to the owner is the value 
of the uses to which he can put it or the amount that it could be sold 
for, whichever is higher. In connection with these calculations the 
latter is however assumed, i.e. the calculations are based upon the 
market value of the property. 
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If the property is interdicted for T years, it is assumed that no use 
can be made of it for that time. This does not mean that the land has 
lost all value. The property would be valueless only if either it were 
permanently interdicted, with no possibility of the interdiction order 
being canceled; or the fixed cost of owning it were more than any 
possible future benefit to the owner. The likely situation is that it 
will be potentially useful at the end of T years. 

Let V L be the value of the land before interdiction and let V_ be the 
value of the improvements. Assume that the property could be as valu
able in real terms after T years as before interdiction if ti were in 
the same condition. 

Although the condition of the land is assumed to be essentially un
changed, the improvements will have depreciated because of functional 
obsolescence and lack of maintenance. Let d be the annual rate of 
depreciation. Then T years later the value of the property will be 

V. L + exp(-Td) V z (24) 

There is a cost associated with holding the property for T years. If 
it were sold at any earlier time, the proceeds could be invested at 
intPrest or existing loans could be reduced with a consequent saving 
in interest costs. In addition, it is assumed that the property would 
continue to be subject to real estate taxes in proportion to its value. 
Let r be the interest rate on money plus the property tax rate. Then 
the value of the property immediately after interdiction (PV) is its 
value at time T reduced by the cost of holding it until then: 

PV = exp(-rT) V„ 
= exp(-rT) (V + expi-Td) V^ (25) 

Let the value before interdiction be 
V Q = V L + V, (26) 

and let the value of improvements as fraction of total value be 
a = Vj/Vg (27) 

For residential, business and public property, the improvements are 
usually valued at about 70% of the total. For farm property, improve-



- 66 -

ments may be valued at about 25% of the total. Table 31 uses above 
equations to show the effect of interdiction periods of 1, 5, 10 and 
20 years on properties whose values before interdiction were 100 units. 
Additional assumptions used in calculating table 31 are that the 
depreciation rate, d, is 20%, and that r is the sum of the interest 
rate at jH and the property tax at 3%. 

Table 31 Effect of interdiction on property values 

Interdiction period 
T (years) 

Residential, business, 
and public (a=0.70) 

Farm 
(a=0.25) 

none 100 100 
1 77 85 
5 31 46 
10 12 24 
20 3 7 

In the present calculations the depreciation rate, interest rate and 
property tax are given the above values, in accordance with the values 
used in WASH-1400. 

The value of farms can be specified state-wise. The values used in 
WASH-1400 vary drastically, from a low of 66 J/acre for New Mexico to 
a high of 2260 $/acre for New Jersey. The value of farms in Norway is 
based upon official Norwegian statistics for the year 1974. The value 
varies little from one part of Southern Norway to another, and. in the 
calculations is used 3500 kr/dekar = 2600 $/acre. Norwegian statistics 
indicate that the value of the land is about 70% of the total value. 
This is so close to the American value of 75%, that this value is kept 
unchanged. 

Interdiction cost for all other types of property is calculated in 
the same manner, and using the same depreciation rate, interest rate 
and property tax. Value of this type of area can not be specified 
state-wise to the computer program. This probably was not needed 
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because the value of this type of area does not vary so strongly in the 

United States; except for extremes like Manhatten etc. The value used 

in WASH-1400 is 17,000 $/person. While the value of farms is specified 

in $/acre, this value is closely related to the number of people in

habiting an area, and is accordingly given in $/person. The value of 

business, private and public property vised in the Norwegian calculat

ions is 19,000 $/person - 104,000 kr/person. 

The Norwegian value is derived from official Norwegian statistics from 

1974. Separate vaJues of land area and improvements for business, 

private and public property were determined by NXBR. The basis for 

determination of value of improvements, business is shown in table 32. 

Table 32 Fire insurance, business, and population 31/12-74 

Fire insurance 
(1000 kr) 

Population Employees 

Østfold 

Akershus 

Oslo 

Hedmark 

Oppland 

Buskerud 

Vestfold 

Telemark 

10.021.087 

5.694.383 

20.420.432 

3.989.869 

4.659.072 

8.655.695 

5.657.529 

7.354.530 

227.965 

350.472 

465.337 

182.339 

177.598 

208.061 

181.560 

158.069 

59.744 

55.293 

221.712 

32.677 

31.852 

51.550 

41.894 

35.776 

Total 66.452.297 1.951.401 530.498 

This gives a value of improvements, business of 34.050 per person, 

meaning per person inhabiting the area; not per person employed in the 

business involved. All the interdiction costs for non-agricultural 

areas are calculated per person inhabiting the area. When the inter

diction cost is to be determined in the consequence calculations, the 

number of persons inhabiting the interdiction area is determined, and 

the interdiction cost is determined by multiplying this number by the 
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interdiction cost per person. 

The value of land area, business is based upon the assumptions of 
2 2 

100 m land area per employee and a price of 40 kr/m . The number of 

employees in the geographical area in table 32 is 530.4 98. This gives 

a value of land area, business of 1087 kr per person inhabiting the 

area. 

The value of private property is based upon the statistical material 

presented in table 33. As this material is for the year 197 0, updating 

to 1975 is performed by assuming that 50% of the total production of 

new homes in Norway is found in this geographical area, and that cond

emnation of homes is equal to the average for the country as a whole 

(2%). From these assumptions the number of homes in 1975 in the rele

vant geographical area is 685.000. For private property it is chosen 

to present one high and one low alternative value. These are based 

respectively on values of 200,000 kr/home and 150.000 kr/home. The 

value of the land area private property is likewise given two alterna-
2 2 

tive values, based respectively on 600 m land/home and price 50 kr/m , 
2 2 

and 500 m land/home and price 40 kr/m . The results are presented in 
table 34. 

Table 33 Homes and residents, 1970 

Number of homes Number of residents 

Østfold 

Akershus 

'Oslo 

Hedmark 

Oppland 

Buskerud 

Vestfold 

Telemark 

73.257 

100.611 

190.821 

57.045 

54.021 

66.608 

57.446 

51.793 

211.334 

311.342 

456.483 

169.990 

163.158 

188.436 

166.747 

149.546 

Total 651.602 1.817.036 
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Table 34 Total values (mill, kr) private property based upon 

table 33, updated to 1975 

High estimate Low estimate 

Value of buildings 

Value of land area 

137.000 

20.550 

102.750 

13.700 

The value of public property is based upon statistics on persons 

employed in public services. This material is shown in table 35. The 

numbers for 1970 are updated to 1975 with a 2% increase per year. 

Personell in postal services and telecommunication should be added. 

When it is assumed that 50% of the persons employed in these brances 

work in the relevant geographical area,this amounts to 35.000 persons 

in 1975. The value of building etc. per employee is estimated based 

upon fire insurance statistics, shown in table 36. Two estimates are 

calculated, based upon a high value of 180.000 kr per employee and a 

low value of 100.000 kr per employee. The land area value is calcu-
2 

lated based upon a price of 50 kr/m (higher than for business, since 

public services tend to be more centrally situated), and an area of 
2 2 

60 m and 40 m per employee as a high and low estimate. The values 

for public property are shown in table 37. 

Table 35 Persons employed in public services, 1970 

! Public adm. and 
defence 

Teaching, health 
services 

Electricity and 
water supply 

Østfold 

Akershus 

Oslo 

Hedmark 

Oppland 

Buskerud 

Vestfold 

Telemark 

2.459 

4.701 

23.383 

5.393 

1.490 

2.194 

5.583 

1.617 

6.080 

10.670 

25.568 

5.722 

5.113 

6.373 

5.004 

4.855 

971 

770 

2.325 

572 

667 

919 

516 

708 

Total 46.820 69.385 7.448 
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Table 36 Fire insurance per employee (1000 kr), 31/12-1974 

Total Indu
stry 

Elect. 
Water Constr. Commerce 

Hotels 
Rest. 

Public3> 
serv. 

Østfold 

Akershus 

Oslo 

Hedmark 

Oppland 

Buskerud 

Vestfold 

Telemark 

168 

103 

92 

122 

146 

168 

135 

206 

213 

149 

140 

158 

179 

226 

160 

287 

863 

457 

605 

748 

392 

lill 

42 

36 

22 

39 

43 

43 

30 

33 

80 

78 

94 
106 

103 

95 

85 

73 

99 

138 

231 

171 

120 

167 

61 

62 

70 

-
Total 125 

a) For public services are not included data on the parts that have 

most employees, like public adm., police, education, laboratories, 

hospitals etc. 

Table 37 Total values (mill, kr) public property 

High estimate Low estimate 

Value of buildings etc. 

Value of land area 

28.440 

474 

15.000 

315 

I 

The low and high estimates are summarized in table 38. These numbers 

divided by the total number of inhabitants in the area, from table 32, 

(1.951.401 persons) gives a high estimate of 130.695 kr/person and a 

low estimate of 102.665 kr/person. 

Relocation 

It is reasonable to assume that the population in an area will be relo-
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cated if the dose over an extended time period reaches a certain level. 
It is however difficult to guess what this level would be. In the 
present calculations it is assumed that relocation is undertaken if the 
dose summed over 30 years is above 25 rem, and that decontamination can 
not bring it below this level. Together with the population, business 
and public services would also have to be moved. 

Table 33 Value of buildings and land area (mill, kr), 1975 

High estimate Low estimate 

Business 
Buildings 66.452 66.452 
Land area 2.122 2.122 

Public 
Buildings 28.440 15.000 
Land area 474 316 

Private 
- Buildings 137.000 102.750 

Land area 20.550 13.700 

Total 255.038 200.340 

The relocation cost is the sum of loss of income and moving cost of 
private persons as well as business and public services. In the pres
ent calculations loss of incor.e of private individuals is the only 
factor that has been evaluated specifically for Norwegian conditions. 
For the other parts of the cost we have used the same values as in 
WASH-1400. 

Loss of income to private individuals is based upon Norwegian statist
ics, and it is found that a reasonable value is 4500 kr/month per person 
having an income. This is equivalent to 2150 kr/month per person. The 



- 72 -

period of resettlement must also be given a value. This will depend 
strongly upon the size of the group of persons being relocated, which 
again is strongly dependent upon the accident sequence, including 
weather. In the WASH-1400 report a resettlement period of 90 days is 
used. This corresponds to the average period of unemployment in Norway, 
and seems like a reasonable value to adopt even for the present study. 
For the largest accidents the value is likely to be low, but on the' 
other hand it may also be expected that in the case of a reactor 
accident, the Government would be active in providing new employment, 
thereby reducing the resettling period. The resulting value for loss 
of income to private individuals is 6450 kr per person. 

The other parts of the relocation cost are estimated according to the 
following description, which is taken from ref. 24. 

"Loss of income for corporations would partly be the result of loss of 
profits and partly the result of continued interest on debts, and depre
ciation of equipment. In 1974 these categories amounted to 385 billion 
dollars, with the profits being taken before tax. This value amounts 
to $ 1850 per capita per year. In this study it was assumed that corpo
rate relocation took on the average six months to complete. This was 
chosen with the knowledge that although some businesses require much 
longer than 6 months to relocate, others take significantly less than 
this. Thus the cost for relocation due to loss of income is $ 940 per 
capita. 

The costs incurred in moving people to a new area are made up of house
hold costs and business costs. The shipping of 10,000 pounds of family 
belongings by commercial movers costs $ 1100 to $ 1400 for a distance of 
50 to 100 miles. Since the average family in the U.S. has 3.2 members, 
this cost would average $ 340 to $ 440 per capita. A value of $ 400 
per capita was used in this study. 

Estimates of the cost of moving a business are not so readily available. 
In this study the cost was assumed to be 10% of the value of the equip
ment and inventory. The value of such equipment and inventories has 
been placed at 850 billion dollars in 1975, or $ 4200/per capita. The 
moving cost is therefore estimated to be about $ 420 per capita. 
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The cost of moving the public sector (i.e., governmental agencies, etc.) 
must also be accounted for. Once again, it is assumed that the moving 
cost is 10% of the value of equipment and inventory. The value of such 
items was placed at 111 billion dollars in 1975, or about $ 500 per 
capita. The moving cost is therefore about $ 50 per capita. 

The total per capita moving cost is the sum of the cost from each sector 
or about $ 87 0 per capita. The total relocation cost is this figure 
plus that for loss of income, or about $ 2900 per capita. 

The relocation cost is the sum of the preceding costs, and will be 
17,000 kr per person = 3000 $/person. The value used in WASH-14 00 was 
2900 Vperson. 

22 RESULTS 

There has been made complete runs for two sites. Lista and Oslofjord. 
For both sites two dose-effect relationships for acute effects and 
latent cancer have been used. Some computer runs for single weather 
conditions, and single release-categories have also been performed. 
The data are too extensive to be fully reported here. We therefore 
try to concentrate on site dependant results, and will try to avoid 
results that are reported elsewhere. 

It has become very common to present the results from this kind of 
risk assessment in a diagram where both consequence magnitude and 
probability are shown. In WASH-1400 and other studies, as we do here, 
complementary cumulative probability distributions (CCD) of the conse
quence magnitude are used. 

For each accident scenario a number of specific consequences are calcu
lated. In each site analysis 14560 accident scenarios were subjected 
to a statistical analysis were each type of consequence was analysed 
independently of all others. This means that if we have complementary 
cumulative probability distributions of two consequences (e.g. early 
fatalities and total cost) we are not able to tell which consequences 
magnitudes are occurring at the same time; that is in the same accident 
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sequence. There is, however, an obvious correlation between large 
releases and large consequences, but there are large variations in 
consequences for each release. A sinple example; a large release may 
be well dispersed in the atmoshpere giving no acute fatalities, but may 
contaminate large land areas. The same accident during stable weather-
conditions with heavy rain may give from a few to many acute fatalities 
and a more limited contaminated area. Other site specific properties 
(e.g. population distribution and distribution of habitable land) may 
strongly influence considerations like this. 

A warning to the user of the data presented here is the absence of 
coexistence of maxima of different types of consequences. This fact is 
illustrated in figure 16 where the accident scenarios which produce 
maxima for different types of consequences are indicated. For differ
ent types of consequences the wind direction, the release category and 
the time of the accident, defining the meteorological weather sequence, 
are given. The figure shows that for the Lista site maximum values 
for different types of consequences never occurr simultaneously. 
Another interesting information is that maxima values in sectors 6 and 
7 do not occurr in Norway. 

The results for the risk assessment are shown in figures 17 - 21. In 
each figure the two sites are compared. Figure 17 shows the calculated 
acute fatalities assuming the two dose-effect relationships of figure 
10. In figure 18 is shown the number of persons requiring hospitali
zation due to lung injuries, prodromal vomiting and to give prophylactic 
treatment to all persons receiving more than 200 rem to the bone 
marrow. Many persons in the latter group will never have serious 
symptoms so that the treatment of the group as a whole will be strongly 
differensiated. We made one computer run to see how the lung injuries 
compared to the magnitude of the total group. The result of this run 
is also shown in figure 18. 

In figure 19 late fatalities due to cancer are shown. There might be 
latent cancer fatalities as long as ground contamination persists, 
that is more than 100 years. However, the majority of *-he fatalities 
would occurr within 10 - 40 years after the accident. 
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Figure 16 Accidents (wind direction, release cat, time 
of release) giving maximum consequences of 
different types for the Lista site. 
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Acute fatalities, x 

Figure 17 Acute fatalities for the Oslofjord and Lista site. 
Curve A and B refer to applied dose effect relationships 
(see fig. 10) 
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Figure 18 Complementary cumulat ive d i s t r i b u t i o n of persons 
r equ i r i ng h o s p i t a l i z a t i o n . This i s the number of 
persons r ece iv ing lung in ju ry (dose -e f fec t r e l a t i o n s h i p 
of f igu re 14) p lus the number of persons needing 
h o s p i t a l i z a t i o n in order t o reduce the acu te f a t a l i t y 
r i s k (dose-e f fec t r e l a t i o n s h i p shown in f igu re 10) 
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Figure 19 Complementary cumulative distribution of cancer 
fatalities for the Oslofjord and Lista site. 
Curves BEIR and CENT refer to applied dose-effect 
relationship (see section 20) 
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The initial dose, i.e. the external radiation due to cloud passage 
and ground contamination as well as the internal dose from inhalation 
during the first 30 days, causes approximately 10% of the total number 
of late fatalities. The applied dose-effect relationships are the 
BEIR-estimate and the CENTral estimate (see section 20). The BEIR 
estimate is by the WASH-1400 health effect experta-'.vip judged to give 
upper limit values while the modified central estimate is judged to 
give more realistic values of the number of cancer fatalities. 

In figure 20 the complementary cumulative distribution of the total 
raanrem is shown for the Oslofjord and the Liste site. It is interest
ing to notice that the Lista site has a higher probability of large 
collective doses than the Oslofjord site. This is due to the proxi
mity of the Lista site to large areas in Denmark and northern Germany. 

Figure 21 shows the risk curves for economic loss for both sites. 
The risk curve for the Lista site is below the Oslofjord site curve 
for all consequence sizes. There is a significantly smaller risk for 
intermediate consequences for the Liste site compared with the Oslo-
fjord site. However, for large and small consequences the risk of 
economic loss is equal. 
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Figure 20 Complementary cumulative distribution of total manrem 
for the Oslofjord and the Lista site 
of genetic effects multiply with 10" 
for the Oslofjord and the Lista site. To obtain no. 

-4 
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Figure 21 Complementary cumulative distribution of economic 
losses for the Oslofjord and Lista site 
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