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Abstract

In recent papers by Hafele, Manne and Schikorr,
strategies for a transition from fossil to nuclear
fuels are considered for a model society of 250 million
people with an asymptotic energy consumption of 10 kilo-
watt thermal per capita. In the final state, a purely
nuclear energy production system, based on only two
reactor types, was assumed to cover all electric and
non-electrical energy demands of the model society.

It is the purpose of this paper to evaluate the
whole nuclear fuel cycle belonging to the asymptotic
nuclear energy production system. 1In order to achieve
this, all normal operational and accidental risks con-
nected with the nuclear material throughputs are ana-
lyzed. Thus, an idea of the relative importance of the
different hazards is obtained; furthermore, the basis
for a comparison of the nuclear option with alternative
options (which is the subject of forthcoming work) is
given. With this purpose in mind, only orders of mag-
nitude are considered throughout the paper; in addition,
the argumentation is restricted to the level of expected
values.

The structure of this paper is as follows. Follow-
ing the introduction, the mass flows of nuclear material
through the nuclear fuel cycle are analyzed. The meth-
odology used is then developed. The normal operations
releases of radiocactivity are considered, and possible
modes of accidental radiocactive releases are analyzed;
the problem of a final waste storage is treated sepa-
rately because of its unique nature. Different kinds
of sabotage and blackmail, including the construction
of a nuclear explosive device, are next analyzed, and
finally all calculations are summarized. In conclusion,
a number of decision-oriented assessments are identified
that must be made when the large-~scale deployment of
nuclear energy is considered.
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Considerations on the Large Scale

Deployment of the Nuclear Fuel Cycle

R. Avenhaus, W. Hafele and P.E. McGrath*

1. Introduction

In the last thirty years the extent to which a given
primary energy source was used was determined primarily by
economic reasons; the least expensive and most flexible energy
source obtained the greatest market share. An example is the
replacement of coal by 0il in many parts of the world in the
late 1950's. Only in the past two years, in view of the limi-
tation of the world's fossil energy resources, has the secure
supply of large amounts of energy for long time periods been
considered of equal importance. Nuclear energy followed its
own lines of development during this time: in the beginning,
the emphasis was on innovation, and indeed, nuclear engineering
has served as a vehicle for entering new domains of technolog-
ical, managerial and regulatory sophistication (a most striking
example in this connection is quality control). Only in the
latter part of the sixties, and by concentrating on power
station sizes beyond 600 MW, has nuclear energy become compet-
itive. For the past few years the favorable reserve aspect of
nuclear energy has strongly accelerated the development of this
energy source.

While the short term aspect of the problem of secure
supplies of large amounts of energy is definitely resocurce
oriented, this will be most probably not the case in the long
run (see Ref. [1-1]). Today four options appear to be avail-
able with virtually unlimited supplies of energy, as far as

resources are concerned:
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Nuclear power from fission,

Nuclear power from fusion,

- Solar power,

- Geothermal power.
With these options it will be the systems implications of
handling large amounts of energy that will evolve as constraints.
This has been referred to as embedding the flow of such large
amounts of energy through the ecosphere (i.e., the lithosphere,
the hydrosphere, the atmosphere) and the sociosphere [1-2].
At present only the option of obtaining power from fission
breeders is technically and industrially feasible. Assuming
for a moment that all four options will turn out to be feasible,
and further that all options will be equally economical (which
is very doubtful), then it is the systems implications that
will be the criteria for the choice of one of these options
or perhaps the identification of an optimal mix.

In order to analyze their systems implications, it is
necessary to describe these four options in their entirety.
In the Energy Project of the International Institute for
Applied Systems Analysis it was thought advisable to go to the
extreme and to consider scenarios. 1In these scenarios it is
assumed that for a certain society, all of the energy demands
are met by any one of the four options mentioned. This work
was initiated for the nuclear option by Hafele, Manne and
Schikorr [1-3]1, [1-4]; the solar option is being studied by
Weingart [1-5]. After the completion of the scenario work,
comparisons will be made.

In the work of Hafele, Manne and Schikorr, strategies for
a transition from fossil to nuclear fuels are considered for a
model society of 250 million people with a primary energy consump-
tion of 10 kW thermal per capita. They assumed 7.5 kW thermal were
for non-electrical purposes with an annual growth rate of 4%,
and 2.5 kW thermal for the production of electrical energy
with an 8% annual growth rate. The initial average population
growth rate of the model society was assumed to be 5%. With
time the energy demand undergoes a transition: after 45 years

the population has increased by 50% and then assumes a zero



growth rate, while the per capita consumption has doubled.
The makeup of the energy consumption is 10 kW thermal per
capita for electrical purposes and 10 kW for non-electrical
purposes. The reactor configuration that produces the energy
needed is based on the principle of breeding; otherwise
resources would continue to be a limiting constraint [1-1],
[1-2]. Whereas the main purpose of the work of Hafele, Manne
and Schikorr was to identify strategies for the transition
phase, we will concentrate in the following on the asymptotic
state of the energy system. The reactor configuration of
this asymptotic state is represented in Fig. 1.7. For the
assumed 1:1 ratio of electrical to non-electrical energy, a
combination of Fast Breeder Reactor (FBR) and High Temperature
Gas Cooled Reactor (HTGR) seems to be an appropriate example
for a reactor configuration. The FBR is designed to produce
electricity while its breeding gain is used to meet the net
fuel requirements of the HTGR, which in turn is used to pro-
duce non-electrical energy. For example, the HTGR would pro-
duce process heat for the production of hydrogen by water
splitting.

It is the primary purpose of this paper to analyze the
consequences for a society that decides to meet all its primary
energy demands with nuclear energy. This implies the analysis
of the mass flows in the nuclear fuel cycle that are necessary
to maintain reactor operations, and of all possible operational
and accidental releases of radionuclides from the nuclear facil-
ities. It should be explicitly stated that the economics of
nuclear power is not considered. Furthermore, the waste heat
problem is not analyzed as it is common to all primary energy
sources (to varying degrees) and therefore does not play a
major role in the comparison of the different options mentioned
earlier. Finally, the methodological approach taken in this
paper should be clarified: as no reference is made to actual
sites or weather conditions, a certain abstraction and styli-
zation is necessary. Each actual case requires a much more
detailed evaluation, which has been made for various single

nuclear facilities (see, e.g., [1-6], [1-7], [1-8]). The idea
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of this paper is to maintain the perspective on the nuclear
energy option in its entirety.

The structure of this paper is as follows. In the second
chapter the mass flows of the nuclear material through the
nuclear fuel cycle industry are analyzed for the asymptotic
state represented in Fig. 1.1. 1In contrast to the original
paper [1-3], it is assumed here that the primary energy demand
is 10 kW thermal per capita, which for a society of 360 million
people gives a total demand of 3.6 * 1012 Watt thermal. 1In
the third chapter the methodology is developed. Ecuations are
given for the individual doses from point and volume sources
(normal and accidental). With some assumptions on population
density distributions around nuclear facilities, these equa-
tions are extended to population doses. 1In the fourth chapter
the normal operations releases of radioactivity are considered.
These releases are associated with the operations of the nuclear
fuel cycle industry and are governed by the retention factors
for the radicactive isotopes in the various nuclear fuel cycle
facilities. 1In the past it has been predominantly the reactor
that was of primary interest and the focus of vast research
and development efforts. Only now are we at the advent of
building a large scale commercial fuel cycle; the current prob-
lem of bringing a large commercial chemical reprocessing plant
into operation is indicative for this kind of question. 1In
the fifth chapter possible modes of accidental radiocactive
releases are analyzed; the problem of a final waste storage
is treated separately in the sixth chapter because of its unique
nature. Here, the guestion of the required degree of engineered
safety against accidents plays a similar role as the retention
factor mentioned above. In the seventh chapter, different
kinds of sabotage and blackmail, including the construction of
a nuclear explosive device, are analyzed. In the eighth chapter
all calculations are summarized and evaluated in a preliminary
manner. In the last chapter, a number of questions are
addressed: What retention factors must be recuired in view of
the long range evolution of nuclear power, and how do they

relate to each other? 1Is the emphasis or reactor safety



excessive compared with that on physical protection against
illegal diversion of fissionable material? What are the
appropriate research and development priorities? What are
the appropriate design objectives of engineered safety fea-
tures? 1In other words a number of decision oriented assess-
ments is identified that must be made when the large scale
deployment of nuclear energy is envisioned.

For this purpose a procedure is outlined whereby the
individual and population doses are fixed. The major assess-
ments are made within the framework of these constraints.
Finally, it must be emphasized that this work should be con-
sidered only as a first effort and is designed to stimulate
further work along these directions.

Therefore it should be kept in mind that this paper is
meant to be only one building block within a set of models
that are designed to support decision making in the broader

field of energy, with nuclear energy being only one option.
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2. Description of Supporting Fuel Cycle

The operation of the asymptotic reactor system described
in the preceding chapter presupposes a supporting fuel cycle
with its associated facilities. Such a fuel cycle is shown
in Fig. 2.1 with the various activities given as boxes. All
of these activities, or boxes, are interconnected by trans-
portation.

The mass balances for this fuel cycle have been calculated
and are shown in Fig. 2.2. For the calculation, the following

primary assumptions were made:

General - i) The fission of 1 gram of material produces
0.95 MWthd;
ii) Losses in fabrication and in reprocessing

facilities for thorium, uranium, and plutonium
are 0.5% each of the annual throughput; in
total 1.0% of the annual throughput.
FBR System -
i) 90% of the reactor power is produced in the
core and axial blanket;
ii) The average discharge burnup of the core is
100,000 thhd/t, and of the axial blanket
3000 thhd/t; with core and axial blanket of
equal masses the mixed discharge burnup is
51,500 MWthd/t;
iii) The fissile plutonium content of the core and
axial blanket mixed is 8%;
iv) The neptunium-237, americium, and curium content
of the core and axial blanket, at discharge, is
1.5 kg per ton of mixed core and axial blanket;
v) The average discharge burnup of the radial
blanket is 10,000 MWthd/t;
vi) The radial blanket average production rate of
U233 is 0.12 t/GWthy;
vii) The protactinium-231 and neptunium-237 content
of the radial blanket, at discharge, is 0.14 kg/t;
viii) The core and axial blanket are self-supporting
in fissile plutonium with an oversupply to com-

pensate for process losses.
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HTGR System -
i) The average discharge burnup of the fuel

elements is 65,000 MWthd/t;

ii) The protactinium-231 and neptunium-237 content
of fuel at discharge is 2.6 kg/t:

iii) The conversion rate of the HTGR is sufficient
to balance U233 needs, and for the ratio of
U233 makeup to U233 recycle (U233 from FBR/
U233 from HTGR) to be equal to 1.474,

In the results of Fig. 2.2 the reference to plutonium
concerns only fissile plutonium; fertile plutonium is assimi-
lated to natural uranium. In addition, in the HTGR system
the U233 refers to all fissile uranium; fertile uranium is
assimilated to thorium.

1)

The calculation of the mass balance is shown in the
following. The reference points for the calculation are
shown in Fig. 2.2 as the points A, B and C. The calculation
progresses in the direction of the arrows of the fuel cycle
and represents annual quantities.

Point A:

(a) Fuel guantity needed per year for FBR
core and axial blanket

365day/year -
* * =
1800 GWthy 0.9 51.5GWthd/t 11500t/yr
(b) 8% of the fuel guantity is plutonium
(fissile)
(a) * 0.08 = 11500t * 0.08 = 920t/yr
(c) Total quantity of uranium (plus fertile
plutonium)
(a) - (b) = 11500t - 920t = 10580t /yr

1)The mass defect which goes with the conversion of binding
enerdgy into mechanical energy upon fission is 1 ton per year.



(e)

(h)

(1)

(3)

~-12-

Quantity of fission products produced in
FBR core and axial blanket

365d/y * 107 °t/kg
0.95GW,  a/kg

* *
1800GW, v * 0.9

Total amount of heavy metal out of the
FBR core and axial blanket

(a) - (d) = 11500 - 622

Total (fissile) plutonium out of FBR core

and axial blanket must equal what goes in,

(b), plus 1% to account for fabrication
and reprocessing losses

(b) + 0.01 * (b) = 920 + 0.01 * 920

Total amount of neptunium=-237, americium,
and curium present in spent fuel

0.0015 * (a) = 0.0015 * 11500

Remaining quantity of uranium (plus fertile

plutonium)

It

(e) - (£) - (9) 10878 - 929 - 17

Waste stream loss in reprocessing facility

all fission products = (d)
all Np + Am + Cm = (g)

0.5% of incoming uranium = 0.005 *

Quantity of plutonium out of reprocessing
facility for reuse

(£) = (1) = 929 - 5

0.5% of incoming plutonium = 0.005 * (f)

(h)

622t/yr

10878t/yr

929t /yr

17t/yr

9932t /yr

622t/yr
17¢/yr
5t/yr
50t/yr

92ut/vyr
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(c)

(k) Quantity of uranium out of reprocessing
facility for reuse
(h) - (i) = 9932 - 50
(1) Waste stream loss in fabrication facility
- 0.5% of fabricated plutonium = 0.005 * (b)
- 0.5% of fabricated uranium = 0.005 *
(m) Makeup natural uranium required in
fabrication facility
(c) + (&) - (k) = 10580 + 53 - 9882
Point B:
(a) Radial blanket fuel quantity needed per year
for FBR (thorium)
3654/
*
1800GW, vy * 0.10 * Tﬁ@ﬁ“&%f
th
(b) Total quantity of fission products
-3
365d/y * 10 “kg/t
* *
1800GWthy 0.10 0.95GW, . d/Kg
th
(c) Quantity of U233 produced in the radial
blanket of the FBR
*
O.12t/GWthy 1800GWthy
(d) Protactinium-231 and neptunium-237 content

of radial blanket at discharge

0.00014t/t * (a) = 0.00014 * 6570

9882t /yr

be/yr
53t/yr

751t/yr

6570t/yr

69t/yr

216t /yr

it/yr




(h)
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Total quantity of remaining thorium in radial
blanket fuel

(a) = (b) - (c) - (d) = 6570 - 69 - 216 - 1 =

Waste stream loss in reprocessing facility
for radial blanket elements

- all fission products = (b)

all Pa + Np = (d)

0.5% of thorium incoming = 0.005 * (e)
0.5% of U233 incoming = 0.005 * (c)

Quantity of U233 out of reprocessing facility
to HTGR fabrication facility

(c) = (£) = 216 - 1 =

Quantity of thorium discharged from repro-
cessing facility

(e) - (f) = 6284 - 32 =

Waste stream loss in fabrication facility
for thorium radial blanket for FBR

0.5% of quantity fabricated = 0.005 * (a)

Makeup thorium required at fabrication
facility for radial blanket

(a) + (1) - (h) = 6570 + 33 - 6252

Point C:

(a)

Fuel quantity needed per year for HTGR

365d/y
% =
1800GW, v 65GwW, , d/t

6284t /yr

69t/yr
1t/yr
32t /yr
1t/vr

215t /yr

6252t /yr

33t/yr

351t/yr

10100t/yr



(b)

(c)
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Quantity of U233 in fresh fuel

bmO = fissile material into HTGR
bm1 = fissile material out of HTGR
from FBR calculation bmO - bm1 = 215t

but (bmO - bm1)/bm1 = 1.474

bm1

bm
o

215/1.474

146t

215 + 146

361t

Quantity of thorium in fresh fuel
(a) - (b) = 10100 - 361

Amount of fission products

365d/y * 10 3t/kg
0.95GW,  d/kg

*
1800GWthy

Total heavy metal content of spent HTGR
fuel

(a) - (d) = 10100 - 691

Protactinium-231 and neptunium=-237
content of spent HTGR fuel at discharge

2.6kg/t * 10 7t/kg * 10100t

361t/yr

9739t /yr

691t/yr

9409t /yr

26t/yr
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(g) Content of U233 in spent HTGR fuel;
sufficient to balance needs

- in fabrication

0.5% loss = 2t U233

x t U233
(HITGR) FAB.
316t U233
—_—
215€ U233 HTGR
(FBR)

x t U233 = 361 + 2 - 215
= 148t U233

- in reprocessing

0.5% loss = 1t U233

148t U233 REP. 1o & t U233
HTGR
x t U233 = 148t + 1t = 149t U233 149¢/yr

(h) Thorium content of spent fuel, at discharge

(e) - (£) - (g) = 9409 - 26 - 149 = 9234t /yr
(i) Waste stream loss in reprocessing facility

- all fission products = (d) 691t/yr

- all Pa + Np = (f) 26t/yr

~ 0.5% of incoming thorium = 0.005 * (h) bet/yr

- 0.5% of incoming U233 = 0.005 * (qg) 1t/yr

(j) Quantity of U233 to fabrication facility from
reprocessing

(g) - (1) = 149 - 1 = 148t /yr



(k)

(m)
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Quantity of thorium to fabrication facility
from reprocessing

(h) - (i) = 9234 - 46

Waste stream loss in fabrication facility
for HTGR elements

- 0.5% of thorium fabricated = 0.005 * (c)
- 0.5% of U233 fabricated = 0.005 * (b)

Makeup thorium required at HTGR fabrication
facility

(c) + (1) - (k) = 9739 + 49 - 9188

9188t/yr

bot/vyr
2t/yr

600t/yr
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3. Radiation Doses

3.1 Introduction

The nuclear facilities described in Chapter 2 are designed
to provide all the primary energy of the model society. Associ-
ated with its production is the release of certain amounts of
radioactivity either as normal operation losses or as accidental
losses. Both types of releases lead to certain individual dose
rates usually expressed in mrem/yr. In addition, a population
dose rate, expressed in manrem/year, is considered; that is, the
dose rate to the individual multiplied by the number of exposed
persons. The two considerations reflect different points of
view: the individual dose rate concept refers to the individual
point of view, while the population dose rate concept may reflect
a governmental point of view. For instance, the society as a
whole may be particularly concerned, for genetic reasons, about
the radiation received, while an individual may be concerned only
with direct health impacts. In the following both aspects are
evaluated.

The radiation exposure, and resulting dose rate to the indi-
vidval and the population as a whole, is calculated by design in
a rather simple manner. Releases of radionuclides to the at-
mosphere are assumed to represent a potential hazard only as
long as they remain airborne (one exception is the treatment
of iodine). Resuspension of the radionuclides after deposition
is neglected, as is the transfer of the radionuclides along
food chains (terrestrial and aquatic) and external irradiation
(gamma) from the deposited radionuclides. Therefore, the mode
of exposure is simply inhalation of radionuclides before depo-
sition.

Releases of radionuclides to the hydrosphere are assumed
to represent only an ingestion hazard from drinking contaminated
water. The radiation exposure from immersion in water, as well
as the external irradiation from standing near the contaminated
water body, is neglected.

To include in an analysis the modes of radiation exposure
neglected in this report it is necessary to perform a study

involving a much greater complexity of treatment, such as
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"The Year 2000 Study" [3-1] made for the USAEC. For such a
study geography and demography must be explicitly delineated
which, for the sake of generality, has been avoided in this
work. However, "The Year 2000 Study" did not consider the
great breadth of potential sources of radiation exposure con-
sidered in this report. An important point from Ref. [3-1]
was that the inhalation of contaminated air and the drinking
of contaminated water represented generally a significant
fraction (>60%) of the total intake of radionuclides. The
fact that not all modes of exposure are treated in this report

does not invalidate the results and conclusions.

3.2 Point Sources

In many cases the source of the radiocactivity released
is a point source, the nuclear facility. In this case the
method is developed in a highly schematized manner. It should
be remembered however, that the results are considered neces-
sary but not sufficient constraints for the handling of such
releases. Sufficient constraints are developed for each par-
ticular case and require a special evaluation such as, those
reported in the safety analyses of nuclear facilities. The
basic problem, however, is in principle always the same: an
emission Q[Curie/sec] is related by a meteorological dilution

factor s[sec/m3] to an ambient air concentration D[Ci/m3].
[mrem/

This is related by an impact factor p vE

9%] to a particular
m

individual dose rate B[EEEE].

The impact factor p accounts
for the biological effect of the radiation of a specific radio-
active isotope.

The result is that one always has a relation of the

following form:

Q * s * D = B (3-1)
Ci sec mrem/yr mrem
sec m3 Ci/m3 yr

Emission Meteorology Biology Individual

dose rate
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Various approaches for describing the meteorological
process of dilution have been developed in the past, such as
the Sutton formula or more recently the Pasquill formula
(see Refs. [3-2] and [3-3]). Much sophistication was used to
arrive at the most appropriate meteorological constants con-
tained in these formulas. For the purpose of this work it
is sufficient to employ throughout the paper simply an average
value of s = 10_8 sec/m3 for an individual at a distance of
10 km from the source. In many applications, the wvalue of s

7

ranges between 10 ' and 10_9. In Appendix 2 typical meteo-

rological configurations are given that result in a value of
10_8. In a few cases values other than 10_8 are used, as
explicitly stated in the text. The impact factor o can be ob-
tained, for instance, from the data tables of the International
Committee on Radiation Protection (Ref. [3-4]). This factor

can be expressed as

o = 500 mrem/yr
MPC500 | ci/m’

’ (3'2)

where MPC500 is the "maximum permissible concentration” of the
radionuclide in air which would result in a dose rate of 500
mrem/yr if inhaled continuously.

For a mixture of isotopes equation (3-1) becomes

i

B=z—i*S*5OO (3"1&)
i MPC500

when MPC%00 is the "maximum permissible concentration" for the
i-th isotope. The impact factor p reflects the distribution
of the radiation in the body, the identification of a critical
organ and the rate of biological damage per ambient activity
concentration. It should be noted that by using this ratio,

judgement on the absolute level of acceptable radiation dose
rates has not been precluded. The problem of assessing an

absolute level as a standard is a separate problem.
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For normal operations losses the leak rate of radio-
activity is Q[Ci/sec]. In an accident situation it is assumed
that a finite amount C[Ci] of radiocactivity is released and

that the population is exposed to the related radiation for

a limited time d[sec]. This means that a total of C -« d
radiocactive decays [Ci * sec] are considered. The arguments
in this paper are based solely on expectation values. This

implies a compensation of high and low values. We define C'
to be the radiocactive decays per second, averaged over one

year, since the factor p refers to yearly rates:

ct = — 9 _ % creci)

3.15 * 10’

If P[sec—1] is the probability per unit time for the accident

in question to occur, a substitution leak rate can be defined:

Q=P % C' =P * —g————7 * C[E;c} , (3-3)
3.15 * 10

that allows one to employ equation (3-1), within the scope of

expectation values, also for accident situations.

3.3 Volume Sources

Sources cannot be approximated as point sources in all
cases. Rare gases, for instance, diffuse into the entire
atmosphere. The actual behavior is influenced by the half-
life of the radioisotope in question. For the purposes of
this paper an area F is envisioned for the model society.
Above that area is a volume V[m3]. If Q[Ci/sec] is the 1leak
rate of radiocactivity into the volume V[m3] then the ambient
activity concentration D[Ci/m3] is:

- for a half life T, that is short enough for an equil-

ibrium to be estaélished but long enough to achieve a

uniform distribution,

D=3 > v [E%J ’ (3-4)
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Table 3-1. Percentage of pollutants in the
atmosphere in the first 100 m
above the land surface; after
Buker et al., Ref. [3-5].

Pollutant %
SO2 15.0
Dust 20.0
NO2 17.0
Fluorine 20.0
CcO 1.7
CmHn 17.0
Xe 133 7.5

Kr 85 1.7




T

where X[sec—1] is the decay constant of the radioisotope in

question (A = &n2/T,); and
2

- for a half life that is long compared to the time
periods considered (and long enough to achieve a uni-

form distribution),

_ Q0 - t Ci
D = - ’ (3_5)
3]

where t[sec] 1is the time considered.

For the model society, a volume of V = 1017[m3], is
assumed throughout. This may correspond to a surface area
of F = 10 [km?] and a height of 10 [km].

According to the barometric law radioactive isotopes are
not distributed uniformly in the atmosphere. For our purposes
only the first 100m are of interest. Therefore, the fraction
f in the atmosphere which remains within the first 100m 1is
given in Table 3-1 for different pollutants. With this cor-

rection, equation (3-4) becomes
o xf [ci
D = )—I—\_] [m'-:s:l ’ (3_Ll'a)

and equation (3-5)

Q * t * f

D =
v

"Cci
—3:| ’ (3—5b)
.m

where £ is the value given in Table 3-1.

3.4 Population Densities and Doses

The application of the population dose concept requires
information on the population density in the vicinity of the
nuclear facility. Following J.R. Beattie [3-6] we assume:

A) Low population density

0- 8 km: 10,000 people total (50 people/km?)
8-16 km: 50,000 people total (82 people/km?)
16-65 km: 200,000 in a city and 60 people/km2
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B) Medium population density
0- 8 km: 200,000 people total
8-48 km: 1,000,000 people in a city and 120 peOple/km2

C) High population density
constant 5,000 people/kmz.

With this information the population density can be
characterized as a function of the distance r from a source,
f(r). Let BM[manrem/yr] be the population dose rate. Then

for the case of a continuous point source

BM = 0 * 1073 - p*JdF*s(r) ¥ £(r) (3-6)

manrem][ Ci] rem/yr km2 sec man
yr [|sec Ci/m3 m3 km2 :

For the other cases considered the eguation is developed

accordingly.

It is sufficient for the purpose of this paper to eval-
uate the integral

J = JdF ¥ s(r) * f£(r) (3-7)

for the three cases A, B, C only once, keeping in mind that
actual cases require a much more detailed procedure. In so
doing it is assumed that:
- For radionuclide transport in air the wind blows in a
60° sector and has downwind characteristics of

s(r) -~ 17 . This is, of course, only a rough repre-

r
sentation of a frequent meteorological situation (where

the power of r varies between -1.2 and -2.4, see Appendix 2);
- For radionuclide transport in groundwater the flow is
in a 60° sector and has downflow characteristics of
s(r) -~ r—% (see formula A2-2).
The case of radionuclide transport in riverwater occurs only

once (in Chapter 4) and is described there.
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Therefore, one obtains the following:
- For the case of a reprocessing plant (low population

density, case A, air) with

s{r) -~ 1 such that s{(r = 10 km)

Il
o
J
©
—
0
5|8
w|Q
| E— ]

2
r
£, = 50 man | 1<r < 8 (=R")
Lkm™ |
f(r) = < £, =282 |20| for 8 <r < 16 (= R")
Lkm™
-, [man
£, = 70 |25 16 < r < 65
L km™ |
one gets
ler = 2.8 * 104 [éan;ec] : (3-7a)
m

- For the case of a final waste storage (low population

density, case A, groundwater) with

1 1
2DV 27KU vr

s(r)

and
D=10[m], U= 0.1[m/sec], K = 10" *[m/sec]
Oone gets
Jgroundwater = 1.7 * 10—& [man;ec] . (3-7D)
m

- For the case of a reactor {(medium population density,

case B, air), with

s(r) ~ such that s(r = 10[km]) = 10”8 [EE%]

1
2
r m



LY

£, = 1011 |Ra2 1< r< 8
1 2 ==
_km .
f(r) = _ _  for
£. = 262 |Ran 8 < r < U8
2 2 -t =
km i
one gets
g3 = 2.7 % 107 [é99§99] ; (3-7¢)
m

- For the case of a city (high population density, case

C, air) with

s(r) - —% such that s(r = 10[km]) = 1078 EE%
r m
£(r) = 5000 &2 , R, = 0.01[km] , R, = 10[km]
2 1 2
km
one dgets
air -, |mansec
J = 3.6 * 10 3 . (3-74)
C m

3.5 Number of Facilities

So far, leak rates or substitution leak rates for the
entire nuclear fuel cycle have been considered, and thereby
the effect on the entire model society. In order to examine
the influence of subdividing these rates into leak rates of a

number of facilities, we now consider the case of a reactor.

3.5.1 Reactor leak rates due to normal operations losses

In the case of a single giant reactor, the normal operations
releases Q are controlled such that the individual dose rate
is not larger than a given value. Alternatively, consider n
small reactors at n different sites, with the same total power
output as the giant reactor, the releases of which are again
controlled such that the related individual dose rates are not

larger than a given value, which is the same as that above.
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Then the case of the single giant reactor is certainly better

than that of the n small reactors, where the population dose
rate is n times as large. Realistic cases of radioactive re-

leases may lie between these two cases [3-7].

3.5.2 Reactor leak rates due to accidental losses

Consider again the case of a single giant reactor where
the accident probability is P and the substitute leak rate Q
is controlled such that the individual dose rate is not larger
than a given value. Alternatively, consider n small reactors
at n different sites, and assume that the radiocactive release
of a single reactor, in case of an accident, is % of that of
the giant reactor. If the accident probability of a small
reactor is controlled such that the individual dose rate is not
larger than a given value, which is the same as that of the
giant reactor, then it is true that the accident probability
of the small reactor is allowed to be n times that of the
giant reactor. However, this is again at the expense of the
society, as there are then n reactors and the population dose
rate is accordingly n times as large as in the case of one

giant reactor.

3.5.3 Number of facilities in the model society

It is assumed in the model fuel cycle that there exist:

- 100 reactor parks with 36 GW each (1000 reactor parks

th
seem to pose insurmountable siting and waste heat

disposal problems),

20 fabrication plants, and

20 reprocessing plants, each with a 1500 t/yr through-
put (on the average),

- 140 intermediate waste storage facilities, i.e., 7 such

storages for each reprocessing plant, and

- 10 final waste storage facilities.
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4. Normal Operations Releases

4.1 Introduction

The normal operations releases from the facilities that
compose the fuel cycle, as described in Chapter 2, are pre-
sented here with reference to present-day technology. It is
assumed that four activities of the fuel cycle release signif-
icant amounts of radioactivity to the environment: reactor
operation, fuel reprocessing, fuel fabrication, and waste
solidification. Below, these four activities are considered
separately for the FBR and HTGR reactor systems. The dose
rates from these activities are considered for point sources
and volume sources.

In all dose rate calculations the MPC values for air are
used; in only two cases are those for water used. Most routine
releases of facilities being designed today will be over the
facilities' main stacks [4-1]. As mentioned earlier, an
actual case requires an in-depth study that also takes into
account other pathways of exposure than immersion in air
(e.g., radionuclides can be concentrated by the aquatic food
chain).

Both the individual dose rate B resulting from a single
plant and the population dose rate BM resulting from all plants
are considered. For reasons of comparison the natural back-

ground radiation exposure is considered; it is assumed to be

B = 110 |BEEE
o) yr !

and accordingly,

BM = 4 * 10/ [manrem]
o yr

The equations used in this section of the report are shown
in Table 4-1.
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TABLE 4-1: LIST OF FORMULAE USED IN CHAPTER 4

1)  POINT SOURCE INDIVIDUAL DOSE RATE FROM A SINGLE PLANT

Bp -2 k- 3‘1%“107 + e 1078+ 500
s WA (][] [ [
2)  POINT SOURCE POPULATION DOSE RATE FROM A SINGLE PLANT
’ = QI * +* * * =
Bpl E;IMPC? sTheTo * R 0.5
C
] ] L) (o] ] ]

= Bp» 10°» I

WHERE 1 IS GIVEN BY

2,8+10™" FOR REPROCESSING, FABRICATION AND
WASTE SOLIDIFICATION PLANTS
2.7%107°> FOR REACTORS

3)  VOLUME SOURCE INDIVIDUAL DOSE RATE IN EQUILIBRIUM
) = #* * * * 5
Be= 0 * fF * gtgs At
&) 2] [w] [L] EGE

4)  VOLUME SOURCE POPULATION DOSE RATE IN EQUILIBRIUM

Bygh = Byp * 3.6+10° [HAMEEN |
5)  INCREASING VOLUME SOURCE INDIVIDUAL DOSE RATE

Bz Qo v . R
#] [1] M [%] Rt

6)  INCREASING VOLUME SOURCE POPULATION DOSE RATE
BygM =By + 107+ 3.6020° [Heaen |

NORMALIZATION : -B5 = 8y AD Bl = o

I =
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4.2 FBR Reactor Fuel Cycle

4.2.1 FBR reactor operation

The emission from an FBR reactor 1is assumed to consist
primarily of krypton 85, xenon 133 and tritium. The specific

release rates of Kr 85 and Xe 133 into air are in accordance

with Ref. [4-2]:

) [ uci
Kr 85 : 0.018 W
e
Xe 133: 2.85 WWh .
L. .

These figures refer to a factual retention which is consistent
with present-day technology.
If an energy production efficiency of 40% is assumed,

then for the fast breeder reactors one has

_ 12
1800 [GWyrth] = 6.3 ¥ 10 [kwhe]

Data on tritium releases vary widely as they depend upon the

particular situation; we take

. . . Ci

tritium intoc air : 200 [yr ¥ 7000 Mwe] ‘
L . Ci

tritium into water: 200 [yr ¥ 7000 Mwe]

In Table 4-2 the data used in the calculations for the
three radionuclides, as well as the resulting dose rates, are
given. In the case of 3H dispersion into the air it is assumed
that there is no volume source dose rate, as the tritium is
washed out of the air and taken into the sea by the riverwater.
In the case of 3H dispersion into the water there 1is, in
effect, a sort of volume source dose rate as people use the river-
water for drinking. It is assumed that the total water flow

of the major rivers on which the reactors are located is
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3
5000[525], and that one third of the population takes its
drinking water from these rivers. Therefore, for the volume

source individual dose rate from all fast breeder reactors

one has

200 1
= —— Xk *
B 7 * 720 * 5550

3.15 * 10

Ci oW sec mrem/gi mrem
sec * GW e 3 yr 3 yr !
e m m

and accordingly,

« 200 __ g 45

3 % 1073

BM = 0.15 * 1.2 * 108 * 10‘3 = 1.8 * 104 [magiem]

4.2.2 FBR fuel reprocessing

In the reprocessing of the core, axial, and radial
blankets, krypton 85, the iodines, and the actinides are of
significant importance. The total quantity of fuel to be
reprocessed from the core and blanket combined is about
18,000 tons per year.

In the calculation of the radiocactivity releases from
the facility it is assumed that the spent fuel is reprocessed
150 days after removal from the reactor. Therefore, the
total radioactivity given in the following tables is that
present in the fuel at the time it enters reprocessing (fuel
element shearing, dissolution, etc.).

Krypton 85. The present state of technology in repro-
cessing activities results in the release of all Kr 85 present
in the spent fuel elements (i.e., a retention factor RF = 1).
Techniques for the collection of Kr 85 are, however, under
development. The data utilized and the resultant dose rates
are given in Table 4-3.

Tritium. Tritium presents a particular problem since it
is extremely difficult to collect or to keep separate from

the process water. The concepts at present being developed
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for fuel reprocessing facilities cannot be evaluated as yet.
Therefore, two alternatives are considered: either all of
the tritium goes into air, or all of it goes into water; in
both cases the retention factor is RF = 10+2. Tritium in

water is treated in the same manner as in the case of the
reactors. The data used and the resultant dose rates are

given in Table 4-3.

Iodines. With present-day technology the iodines can
be collected with a retention factor of about 103 (see Ref.
[4-3]). Because of the short half life of iodine 131
(T, = 8.05 days) the cooling time of the spent fuel before
re;rocessing is an important factor in reducing the dose
rate resulting from I 131. For the calculations, a fuel cool-
ing time of 150 days was assumed, as mentioned previously.
There are discussions at present which suggest cooling times
of 250 days which would eliminate the I 131 problem completely.

In the dose rate calculations the MPC values of the ICRP
for iodine were modified by a factor of 700 to account for
the grass-cow-milk pathway to the thyroids of small children
[4-4]. The results of the calculations indicate that the
point source dose rate is not significant and may be neglected.
Therefore, only the volume source dose rate resulting from
the I 129 releases is considered.

In order to estimate the volume source dose rate it is
assumed that the iodines released into the air, because of
their reactivity, reach only a region within 10 km distance
from the plant, and furthermore, that in the long run they will
come to an equilibrium with all of the iodine in the biomass.
As the biomass on land is about 0.23 t/m2 [4-5], and as the
average iodine content in biomass (including water) is about
0.3 ppm [4-6], there is a relative build-up of 1.62 * 107"
per year, which could in principle last indefinitely. Accord-
ing to Konig [4-7] the fraction of I 129 in the thyroid should
not be more than 1.6 * 10_3; this means that for people who
live exclusively from the biomass in the region around the

reprocessing plant this limit will be exceeded after ten years.
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Plutonium into water. According to our assumptions one

reprocessing plant processes 92 t Pu per year; a representa-
tive isotope composition of the plutonium processes is given
in Table 4-4#. About 1% of the plutonium goes into the liquid

> of this goes into

waste, and approximately a fraction 10
the waste water. If it is assumed again that these waste
waters feed into the main rivers, the dose rate can be calcu-
lated in the same manner as that for tritium. The results
are given in Table 4-3.

Actinides into air. The release of the toxic, long

half life actinides, such as I 129, also represents an irre-
versible commitment to the environment. It is assumed that

the actinide mix in the off-gas is approximately the same as

in the spent fuel at dissolution, where in terms of activity

it is predominantly Pu 241 and Cm 242. For the dose calculations
all actinides from T 1207 to Es 253 are considered. For the

8 is assumed, as explained in

retention factor a value of 10
the next section. The results have been converted to equiva-
lent of Pu 239. Because of the short half life resident time
of these isotopes in air (-~ 5 days), the volume source dose
rate can be neglected.

Consideration of a point source and transport in air is
not totally satisfying as it does not take into detailed
account the possible pathway of the actinides through the
biosphere, nor the problem of a cumulative build-up which may
be important in view of the long half lives of the actinides.
Contrary to the case of iodine, where the factor of 700 allows
for a rough account of such effects, such information is not

available for the actinides.

4.2.3 FBR fuel fabrication

According to the model fuel cycle, only uranium 238,
thorium, and plutonium are handled in the FBR fuel fabrication
plants. Of these, only plutonium poses a risk to the environment

In the fuel fabrication plant, airborne plutonium is
caught in so-called absolute filters. Experiments in the

Nuclear Research Center Karlsruhe [4-8] have indicated that
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about 0.1% of the plutonium throughput ends up in these filters.
According to Ref. [4-9] the retention factor for these absolute

filters is between 10u and 105. Therefore, we conclude that

not more than a fraction of 10_8

of the throughput goes into
the atmosphere. In the following, proportionality between the
plutonium throughput and the amount of plutonium leaving the
plant is assumed, although this may be questionable.

According to the assumptions in Chapter 3 there are 10
FBR fuel fabrication plants handling plutonium. Therefore,
the annual throughput of one plant is about 100 t Pu. The
isotope composition of the plutonium handled is given in
Table 4-4. The results for the point source dose rate are
given in Table 4-5; the volume source dose rate from plutonium

in air may be neglected.

4.2.4 FBR waste solidification

It is conceivable that almost any form of permanent waste
storage scheme will first entail the solidification of the
wastes, particularly the high-level liquid wastes. For economic
reasons the solidification would not take place immediately
after the spent fuel is reprocessed, but rather several years
later. For our calculations it is assumed that the time
period between reprocessing and solidification is five years.

At present several different processes are being investi-
gated for the solidification of the wastes. Generally, however,
the semi-volatiles such as ruthenium, cesium, selenium,
tellurium and technetium can be off-gased because of the high
temperatures used. The semi-volatiles would not remain in the
air very long and would settle on the ground surrounding the
facility.

For our purposes the four most important semi-volatiles
are Ru 106, Te 125, Cs 134, and Cs 137. The summation of the
ratios of their radioactivity (5 years after fuel reprocessing)

to the corresponding MPCa values is

1.06 x 1012

S 1 5,91 % 104 % 1.8 x 10"

Eiiij [t/year] [m3/year]
Ci/m
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TABLE 4-5:  NORMAI. OPERATIONS RELEASES OF FBR FUEL

FABRICATION
PLUTONIUM WITH ISOTOPE COM-
POSITION GIVEN IN TABLE 4-U4
ACTIVITY AVAILABLE 100 To Pu
IN 1 FACILITY 26,8 * 10°[C1/vR]

> Qi/c 1s0TOPE W] 13
T MPC1 6 Pu MIXTUREJ 0.53 = 10
POINT SOURCE DOSE RATE
FROM 1 FACILITY
B [MREM/YR] 1
B/B, 9,1 % 107°
BM  [MANREM/YR ] 2,8 *+ 10°
BM/BM, 7 o+ 107

POPULATION DOSE RATE
FROM 10 FACILITIES

BM [MANREM/Y@ 2.8 * 10°
BM/BIf, 7 +10°
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for all waste solidification plants together. 1In equivalent
Cs137 this amounts to Q = 5.3 * 109[Ci/yr] with
MPCa =5 % 10_10[Ci/m3]. Assuming one waste solidification
plant for each reprocessing plant, there will be 10 FBR waste
solidification plants in all. The individual and society
point source dose rates are summarized in Table 4-6.

Again, the volume source dose rates may be neglected.
But, as before, the problem of pathway accumulation and long-

term behavior remains open.

4.3 HTGR Reactor Fuel Cycle

Many of the considerations involved in this portion of
the nuclear reactor energy system will be identical with
those in the FBR portion. Therefore, only the important

points will be outlined here.

4.3.1 HTGR reactor operation

The specific release rates from the HTGR's are taken

(see Ref. [4-2]) to be

Kr 85 : 0.075 F—k“‘%—w
pci

Xe 133: 0.85 |-—HCL

L KW, |

Contrary to the FBR case, no tritium release into riverwater

is assumed; we take

o _ o Ci
tritium into air: 1000 [yr * 1000 thh] )

In Table 4-7 the data used in the dose calculations, and the

resulting dose rates, are presented.

4.3.2 HTGR fuel reprocessing

The reprocessing technology for HTGR fuel is still beirg
developed, but it is expected that releases will be comparable

to those of existing facilities for reprocessing of light water
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TABLE 4-6: NORMAL OPERATIONS RELEASES BR WASTE
SOLIDIFICATION

EQUIVAIENT Cs137
TOTAL YEARLY .
ACTIVITY [C1/vr] 5,3 * 10
HALF LIFE [¥R] 30
CL|2 ' « 10-10
NPC, [E%] > 50 [MBEM] 5+ 10
RETENTION FACTOR RF 10°
POINT SOURCE DOSE RATE
FROM 1 FACILITY
B [MReM/YR] 1.7
B 1.5+ 107°
0
BM [MANREM/YR] 4,65 * 10°
-6
EH; 1,16 » 10
POINT SOURCE DOSE RATE
FROM ALL FACILITIES
BM [MANREM/YR] 4,65 * 10°
BM/BM, 1,16 » 107
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reactor fuel. Based on this assumption, the dose rates for the
same isotope as considered for the reprocessing of FBR fuel
were calculated. The specific iodine releases were assumed

to be (for one facility):

I131: 2,73 * 103[ci/yr]
and
I1129: 1.05 * 101[Ci/yr]

As they are of the same order of magnitude as those in the
case of FBR fuel reprocessing facilities, the same arguments
are valid.

The data used and the results of calculations for the

HTGR reprocessing plant are given in Table 4-8.

4.3.3 HTGR fuel fabrication

Because of the similar radiological behavior of plutonium
and uranium 233, it is assumed that the arguments valid in
the case of FBR fuel fabrication are also valid for HTGR fuel
fabrication. However, as the MPC value of uranium 233 is 3
orders of magnitude larger than that of plutonium, and as the
resulting doses from FBR fuel fabrication were small, these

doses can be neglected.

4.3.4 HTGR waste solidification

As in the FBR portion of the fuel cycle, it is assumed
that solidification of the HTGR wastes will take place roughly
5 years after the spent fuel is reprocessed. The four most
important semi-volatiles are again Ru 106, Te 125, Cs 134, and
Cs 137. The summation of the ratios of their radioactivity
(5 years after fuel reprocessing) to the corresponding MPCa
values is

2 = 5,98 x 10"+ 1.01 % 10" = 6.04 * 10'8 |

mpc?t
1 a
Ci/t t 3
2ol [E] [
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In equivalent Cs137 this amounts to Q = 3.02 * 109[Ci/yr]
with MPCa = 5 % 10-10[Ci/m3]. The individual and population

dose rates are summarized in Table 4-9.
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TABLE 4-9: NORMAL OPERATIONS RELEASES OF HTGR WASTE
SOLIDIFICATION

EQUIVALENT Cs137

TOTAL YEARLY

ACTIVITY [C1/vR] 3,02 * 10°
HALF LIFE [vR] 30
2 I « 1n-10
MPCA[_ﬁ%} 2 500 [ | 5+ 10
RETENTION FACTOR RF 10°
POINT SOURCE DOSE RATE
FROM 1 FACILITY
B [MRem/YR] 0.96
B 8.7 » 107
By
BM  [MANREM/YR] 2,65 » 10
B 6.63 + 1077
0
POINT SOURCE DOSE RATE
FROM ALL FACILITIES
BM  [MANREM/YR] 2.65 * 10°
BM/BM, 6.63 » 107°
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5. Accidental Releases

5.1 Introduction

In addition to normal operations releases, accidental
releases must also be considered. In Chapter 3 the substitu-

tion release rate P * 4 C was introduced which

3.15 * 10’
allows one to use equation (3-3). In recent years nuch effort

has been put into the calculation of values for P by applying
failure tree analysis [5-1], [5-2]1, [5-3] and methods of
reliability control [5-4]. There exists today a fairly large
body of data and information. A constant difficulty is the
lack of data on the failure rate of each component of the
failure tree and on the probability distribution of these
failure rates. A second difficulty is the lack of radiation
exposure standards, or guidelines, for the case of a nuclear
accident as there are for radiation doses resulting from
normal operations releases.

For these two reasons a normative approach is followed
in the next three chapters, contrary to the procedure in the
foregoing chapter. This means that a particular individual
dose rate is fixed and the required accident probability is cal-
culated which fulfills this requirement. We will, however,
rigorously use the scheme of expected values. This is instru-
mental for developing a judgement on the relative importance
of the various components of the fuel cycle as far as acci-
dents are concerned. It is clear that the procedure of using
expected values can lead only to necessary, but not sufficient,
conditions. 1In addition, it leads to conceptual difficulties
that will be alluded to in the concluding chapter. Finally,
in each actual case additional and more stringent conditions
may have to be observed, even within the scheme of expectation

values.

For the individual radiation dose rates that may be tolerable

in the event of an accident, it is common to assume a dose rate
of 25 rem over a period of 70 years (see Ref. [5-5]). The
problem is then to seek the probability P per unit time [sec]
which is equivalent to 25000/70[mrem/yr]. Both the probability
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P and the dose rate B can, within the framework of the meth-
odology based on expectation values, be smoocthed out over any
period of time. That is, it is postulated that the following

point source relation holds:

* d
3.15 * 10

1 mrem . ,Ci sec mrem
[EEE] (1] [7§fﬁ] [él/gi] [_;i] [_§Ef1
7.-1

It is clear that P must be smaller than (70 yr * 3.15 * 10")

P * 500 *

z _i *
7 L MPC. 70
1 1

[sec_1].

If P becomes larger than this value then the following rela-
tions must be used:

P = a , a > 1 (5-2a)

70 * 3.15 * 107

a . 4 K500 % § ok x g o 25000
*
70 * 3.15 * 10/  3.15 * 10/ i MPCy 70 * a

(5-2b)

That is, a fraction of zg[rem] is assumed for each accident,
and thereby a total of 25 rem over 70 years. For the purpose
of comparison, the natural background radiation leads to an
individual dose of 0.11 * 70 = 8[rem].

Either equation (5-1) or equation (5-2) can be used to
find a value of P that must be postulated. The notation p°

D
will be used to denote this wvalue.

5.2 Reactor Accidents

The concept of the maximum credible accident, MCA, pre-
vailed for a long time (see [5-6], [5-7]); thus the reactor
had to be designed such as to contain the accident, possibly
with somewhat enhanced leakages of radioactivity. Accidents
more severe than the maximum credible accident were considered
inconceivable. Later, the trend was to consider even incon-
ceivable accidents, and the spectrum of severity then became

open-ended. This necessitated the definition of a design basis
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accident, DBA. A rigorous look at the meaning of this led

to the observation that the probability P_ for any accident

R
more severe than the DBA must be smaller than the probability

PD of the DBA,

P_< P . (5-3)

A precise specification of a DBA would therefore have to in-

clude the numerical value for PD. By appropriate technological
measures PD can be made smaller than any given positive small
number €. It is not possible, however, to make ¢ exactly zero.

The open-endedness of the consideration of reactor accidents
therefore leads to the concept of a residual risk, that is,
reactor accidents with probabilities smaller than €. These
accidents will be called the trans design basis accidents, TDBA.

The conceptual difficulties of dealing with extremely
small numbers have recently been discussed by one of the
authors [5-8]. One must realize, however, that, rightly or
wrongly, the public is concerned with the TDBA's.

In the following, certain normative target values are
imposed on the DBA's which refer to the actual design of a
reactor. As already mentioned, such a procedure refers to the
TDBA's only implicitly by assuming that an ordering of the
level of the DBA is equally significant for the level of the
TDBA. With this in mind the following assumptions for the DBA
are made:

a) The value of Pg is independent of the size of a

nuclear power station;

b) The release of radioactivity to the outside of the
reactor containment is assumed to occur only 5 minutes
after the accident is initiated;

c) The exposure time for individuals in the vicinity of
the reactor is assumed to be 1.8 * 105 sec, or 50 hours;

d) In the event of an accident, it is assumed that the
total iodine inventory of the reactor is released to
the atmosphere. Actually, much less is expected to

be released in the event of a DBA. By considering
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this very pessimistic scenario, conservative values
o
D
would result if less radioactivity

for the normative probabilities P- are calculated.

0o

A higher value of PD

were released;
e) The population density of the nuclear power station
is that of Class B in Chapter 3.
If one assumes for the moment that there exists only
one giant nuclear power station, then the basic equation (5-1)

reads as follows:

C
1131 3.1 ¥ 10

) [2] Do) o) [ess]lmsen) e

where L is the thermal power of the nuclear power station.

(5~4)

Using the average value for iodine,

‘1131 _ 8|
MPC W

I131 th

(where the value of MPC does not include the factor 700

I131
for the grass-cow-milk pathway as in accident situations the
utilization of contaminated milk is avoidable), and

L = 3.6 % 1012[W], one finds

o _ . -11[1_]= . -3[L] _
PD 3.4 10 sec 1.1 10 yT . (5-5)

If instead of one giant reactor there are 100 reactors, then

for each of these reactors

P

c
D * e * T6p * ; * s * 500 = =5
Cr1z1 3.1 % 107

which leads to
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pO' - 3 _ a1
PO’ =2 - o.ou[yr]

The population dose rate BM' for one of these 100 power sta-

tions is, according to equation (3-6)

o' 131 « L 4 d

D MPC 5, 100 5 45 & 107

BM' = P

rem

* *
0.5 JB

air

ansec

] [ ) b [ [

3

m

With the value (3-7c¢) for the population density integral one

arrives at

BM' = 3.5 % 10" [w] ;
yr

for the total population dose rate one finds

BM = 100 BM' = 3.5 * 10° [@%ﬂ] ,

and

BM/BM_ = 8.8 * 1072

In view of this high BM/BMo ratio it might appear ques-
tionable whether, in reality, the factor 100 should be used
in equation (5-5). On the other hand, one must realize that

present reactor engineering practices result in values for P

that are lower than P2 by orders of magnitude. This has been

D

highlighted by the recent Rasmussen Report [5-3]. 1In the last

chapter of this paper, the obvious discrepancies between pres-

ent engineering practice and our normative approach are dis-

cussed.

|

(5-6)
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5.3 Reprocessing Facility Accidents

Many kinds of accidents are possible in a reprocessing
plant. It is assumed here that the accidental releases would
be characterized by the volatiles and semi-volatile compounds
of the nuclear material in process. The following assumptions
are made:

a) In the event of a severe accident 5% of all fission
products and 1% of the heavy metals present in pro-
cess are released;

b) The exposure time for individuals in the vicinity of
the plant is assumed to be 1.8 * 105 sec or 50 hours;

c) The material in process is 3%5 of the total yearly
throughput;

d) At the site of the reprocessing plant there are
assumed to be 7 intermediate liquid waste storages.
Because there exists for each of these intermediate
liquid waste storages a non-zero accident probability,
and because the people in the vicinity of the plant
must not receive more than an expected accidental
dose of 25 rem over 70 years, the total amount is

distributed as follows:

—_
(e

[Esg] for the reprocessing plant,

|

~l
(@]

26'[%3%} for each liquid waste tank at the site

~I

of the reprocessing plant;

e) The population density in the vicinity of the plant
is that of Class A in Chapter 3.
According to assumption b), inventories A of the repro-

cessing plants are:

1 4
- . % =
Apgr T 300 (1;08 + 0.65 + 0.06) * 10 60.2[t]
Heavy metals Fission prod.
- 1 T
Aurgr = 305 ¥ (0-94 + 0.07) * 107 = 33.7[t]

Heavy metals Fission prod.
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A summation of the radioactivity from 5% of the fission
products and 1% of the heavy metals present in these fuels,
divided by the corresponding MPC values, gives the dilution

volume per ton:

C. 3
i _ 15 |m
) woe/par = 3:84 * 10 <] -
1 1 -
C. [ 37
i _ 15 Im
g MPCi/HTGR = 1.33 * 10 [t

If there is only one giant reprocessing plant then equation
(3-1), with equation (3-3) and

. c,
= 1 * 1
C =) we/rer * Prer * ! woc/urcr ¥ PHTGR
1 1 1 1
= 2.96 * 10 ' [m3] ,
becomes
a . e 1017 4 108 . 2 _ 10000
2.96 * 10 10 Te5 * 500 = Zooa—

3.15 * 10 * 70

Solving for a, one finds a = 6.23, and therefore,

o _ a _ 1

Considering, instead, 20 reprocessing facilities, the accident
probability is allowed to be larger as the related inventories

are smaller; the calculation gives

a' = 27.9

and therefore
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1
Again, the resulting values for Pg and Pg are unrealistically
high. 1In order to determine the expected population dose
rate BM' from each of the reprocessing plants, equation (3-6)

is used in the following form

BM' = Pg' * C * —————9———7 * 0.5 * Jilr
3.15 % 10
0.4 2.96 * 107 2 -3
= : -+ 2296 2 % 22 % 0.5 % 0.277 * 10
3.15 * 10

= 143 [manrem]
yr

The population dose rate from all reprocessing plants together

is therefore

BM

manrem
vr !

20 « BM' = 2.86 * 103 [

and

5

BM/BM_ 7.15 * 10

5.4 Liquid Waste Storage Facility Accidents

Almost any high-level waste management scheme involves
an interim storage of the wastes in liquid form. Accidents
could arise due to the following circumstances:

- tank corrosion,

- loss of cooling,

- hydrogen explosion,

- external causes (e.g. earthquake, sabotage, flcod etc.).

It is assumed that the most severe accident is a permanent
loss of cooling in the tank. In such an accident the semi-
volatile radionuclides and a fraction of the remaining fission
products could be released to the atmosphere. The following
assumptions are made:

a) The liquid wastes are stored for 5 years between fuel

reprocessing and waste solidification;
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b) In the event of an accident all of the semi-volatile
radionuclides and 5% of the remaining fission products
are released over a time period of roughly 300 h
12 days);

c) The tolerable individual dose due to a single tank
accident is 2 rem over 70 years (see Section 5.3);

d) The population density in the vicinity is the same
as that for the reprocessing plant;

e) One m3 of liquid waste is to be stored for each
ton of fuel reprocessed.

According to a) and e), the total storage inventory ASBR

ASTGR, respectively, is given by

and

FBR

By

M
1.807 * 10% * 5 % 1 = 9.05 * 10

] wlE]
HTGR

ATTOR — 101 # 104 * 5 % 1 = 5.05 % 10"

The summation of the dilution volumes for these radionuclides
at the midpoint of the total liquid waste storage period
(2.5 yr) is performed with the help of the ORIGEN computer

code [5-9] and gives

) i i+ 1015 |
. MPC_/ FBR . 3
* M
C. 3
1 _ 14 |m
g MPCi/HTGR = 4.4 * 10 3
Ty

If one assumes for the moment that there exists only one

liquid waste storage, then equation (3-1) reads as follows:

BR

o 4 i £ aF i
Ph E MPCi/FBR Ay 7 g MPCi/HTGR W 365 70

B ] =] (8] 527 [+

m

. AHTGR] £ s+ 9k 5op = 2000
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This gives

o _ . 1a-12 [ ] « 10-5 | L
PO = 1.1 * 10 [Sec] 3.5 % 107° | o

Recalling that a total of 20 reprocessing sites, each with 7

liquid storage tanks, was assumed, the size of such tanks is

(9.05 * 10% + 5.05 * 10%) /140 = 1000 [m%]

Therefore, the probability per year and tank must be limited
to

pO' = 4.9 * 1973 [JL]
D yr

To determine the expected population dose rate BM' from

a single liquid waste storage tank, one has

h.9 * 1073

But = 22210 x g 12 1018 » S5 * 0.5 * 0.277 % 1073
3.15 * 10
-8 * 102 manrem
- yr

The population dose rate from all intermediate liquid waste

storage tanks together is

BM = 140 BM' = 1.12 * 10° [maziem] :

which means

BM/BM_ = 2.8 * 1073

5.5 Waste Solidification Facility Accidents

Due to difficulties of making appropriate assumptions
concerning commercial waste solidification facilities, no

numerical example is given here. However, it would be strictly
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parallel to the case of fabrication and intermediate liquid

waste storage.

5.

Transportation Accidents

Here, the emphasis is only on the transportation of spent

fuel elements. The following assumptions are made:

a)

b)

c)

e)

f)

According to Ref. [5-10] the expected accidental
release C of radiocactivity is less than 100 Ci per
accident;

As Kr 85 is the most hazardous material in this con-
nection, an accident is considered whereby all of

the radioactivity released is Kr 85;

For Europe (see Ref. [5-11]), about 3 severe accidents
per 105 transports have been reported. The accident
rate is therefore P = 3 * 10-5;

It is assumed that one transport consists of 1t of

spent fuel. Therefore, the transport frequency T is

given by
pe 2870 g g5 4 1g7Y [transp] ;
3.15 * 10 sec

The radionuclide atmospheric dispersion factor in
the event of a transportation accident is assumed

to be s = 10°° seel
m

The people in the vicinity of the accident are exposed
to the radiation for 3000 min (2.08 days).

In order to determine the individual dose rate it is

assumed that all accidents occur at the same place. Then the

individual dose rate, according to equation (3-1), is given

by
T
trans
sec

* P x C * N S s * —

3.15 * 10/

p] [triiip][gﬁi] [2%%] [Ei%] [g;] [miim] .
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This gives an individual dose rate of

il 5

8.93 * 10" * 3 % 107°

2.08 16
Sge * 10 10

¥ 100 * * 500

= 0.763 * 1078 [mrem] )
yr

which means that doses due to such accidents are negligible
compared to the other radiation exposure possibilities, and
more so if one takes into account that the accidents are not
likely to occur in the same place.

A separate aspect is, nevertheless, the problem of con-
taminations and disturbances that would accompany such acci-
dents. These are not considered in the methodology presented

here.
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"Dosisrichtwerte bei aussergewohnlicher Bestrahlung"

(November 1967)

J.J. di Nunno et al.

Calculation of Distance Factors for Power and Test
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TID-14844 (1962)

W. Schikarski
Uberlegungen zu schweren Reaktorunfallen
KFK 530 (1966)

W. Hafele
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Minerva, Vol. X, No. 3 (July 1974)
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V: Transportation of Nuclear Fuel

UCLA-ENG 7242 (May 1972)

Table II.5.24

Examination of the IAEA Regulations for the Safe
Transport of Radioactive Materials
EUR 3485 e,f.
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6. Final Waste Storage Facility Accident

At present, various concepts for the final disposal of
radioactive waste are being discussed: geologic, seabed, ice
sheet and extraterrestric disposal (see, e.g. Ref. [6-1] and
[6-2]). It seems to be impossible at the moment to decide
what concept is the most promising for the future.

The final waste storage concept referred to in this
paper is that of solidified waste in a salt deposit. Only
the high-level wastes are considered here. The solidified
wastes are assumed to be in the form of cylinders 20 cm in
diameter and stacked to a final length of 40m. The waste
will represent approximately 25% by volume of the cylinders,
resulting in about 80 liters of cylinder per ton of fuel
originally reprocessed.

The most easily conceivable accident in the waste
storage would be flooding of the storage facility with a con-
tinued in- and out-flux of water. The release of radioactive
material from the waste cylinders would be a release to the
water through leaching. Almost every radionuclide is present
in the radioactivity wastes. The composition of the wastes,
per ton of originally spent fuel, have been calculated with
the ORIGEN computer code [6-3] at the Karlsruhe Nuclear
Research Center [6-4], and independently by Wild [6-5]. 1In
Figs. 6-1 and 6-2 the time dependence of the specific dilution

{ mpct |t
w

are shown for both the FBR and HTGR.

volumes

If the waste storage facility is loaded at a constant
rate the total radioactivity in the facility reaches an equi-
librium as shown in Fig. 6-3. This occurs after approximately
800 years. One must realize, however, that this is not a true
equilibrium as the actinides have long half lives but contrib-
ute only a small portion to the total value.
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It should also be noted that 95% of the equilibrium value
is reached after 190 years. The equilibrium value is about
21 times the value of the yearly addition.

Let t = 0 be the time when the waste is solidified. Then
at t =0

p 9L, _ g3 % 10" [m0 (6-1a)
- MPC,/ FBR . t
1
. 3
_Qi - T |m” -
i} MPCW/HTGR 6.29 * 10 {t] , (6-1Db)

where the index w refers to water. With the yearly fuel

throughputs
4 t
= * = -
Apar 1.1 10 [yr] (6-2a)
4 t
= * - -
AyrGR 1.6 10 [yr] ' (6-2Db)
the total water dilution volume at equilibrium is
SN N G o S x A x 21
~ MPC,” FBR FBR ~ MPC.’” HTGR HTGR
i 1 i 1
= 1.86 * 1017[m3] . (6-3)
The leach rates measured for various types of solidified
wastes range typically from 10_u to 10_7 [g/cm2 * day], (see
Ref. [6~-6]). If the worst of these values is used, one obtains

a leach rate of 1.16 * 10_9[g/cm2 * gec] .

It was mentioned above that there are 80 liters of waste
per ton of fuel reprocessed. For a long cylinder of D = 20[cm]
_ -1
= 20[m ']. One has,

ol &

diameter the surface-to-volume ratio is

2
therefore, a surface S[m /tfuel] of

-3 m2
S =80 * 10 * 20 = 1.6 | — . (6-~4)
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and the fraction leached per unit time is

9 6 11

x 1.6 * 10% * 10~ 1.85 * 10°

£ =1.16 * 10

] B omow

cm® * sec

It is further assumed that only a fraction F1 of the total
surface of all glass cylinders is exposed to water. There-
fore, F1 * fw is the leach rate referring to the entire waste
storage facility. One should realize, however, that once the
leaching process has started it may continue indefinitely if
not abated by appropriate means.

It is assumed that these appropriate means require 10
years to become effective. Within this period a finite amount
of radiocactivity will have been released, resulting in a pop-
ulation dose. As a worst case it is considered that there is
an accumulation of the released radiocactivity through water
recycling, and therefore an accumulation of the dose with
time. It is thus necessary to integrate a presumably linear
build-up with time. It is assumed that there is a filtering
effect in the soil through which the water is circulating and
which retains a fraction F2 of the radionuclides released.

This model of groundwater recycling is crude and somewhat
arbitrary, as the factors F, and F

1 2
It is used only because the methodological aspect of normative

are not further specified.

accident probabilities is one of the points of this paper.

In each actual case, however, a model that reflects the pre-

vailing circumstances of the situation must be established.
If it is assumed for the moment that there is only one

final waste storage, equation (3-1) gives

T Q 25000
* * * o ok = _ % * =
D F1 F2 fW 2 MPC S >00 70 !

(6-6)
where the factor } at T accounts for the average value during

the time where the radiocactivity builds up.
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With s = 10 1 [Esg] (see Appendix 2), one obtains
m

O « * =

PD F1 F

1.32 % 10”14 [—l—] 2 415 * 1077 [1
2 sec

: |

(6-7)
In the model society it was assumed that there were 10 final waste
storage facilities.

Therefore, for the single waste storage
PO % F. % F_ = 1.32 % 10713 [—1—] 2415 % 1076 [J—]
D 1 2 sec yr
(6-8)
For the purpose of illustration,
ol
PD

]
is calculated to be Po

if one assumes F
D

x F_ o= 1073,
=31 1 ! 2
* -
b 10 [yr]‘
For the population dose rate one finds for each of the
10 storage facilities

o' T 0 groundwater
- * * * * ok 2 _ % *
BMT =Py YRy FE, Y s Y g T 02 I, '
which gives, with the population density integral value (3-7b),
B = 6.08 * 105[@@] , (6-9)
yr
and for the entire society,
BM = 10 * BM' = 6.08 * 10° [mggﬁgg] , (6-10)
BM/BMo = 0.15
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[6-5]
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7. Theft of Fissile Material and Destruction of Nuclear

Facilities

7.1 Classification

Two sorts of risks will be considered here:
i) Theft of fissile or radioactive material by a private
group (see Ref. [7-1]) for the purpose of constructing
a nuclear explosive device, or release of radioactive
material to the environment;
ii) Destruction of a nuclear facility as a special form
of sabotage.
Diversion of nuclear material by a state government is not
considered here. This falls in the domain of the IAEA inter-
national safeguards system in the context of the

Non-Proliferation Treaty [7-2].

7.2 Theft of Fissile or Radioactive Material by a

Private Group: Diversion Strategies

In the following, not all possibilities are considered,
but only the most efficient ones from the point of view of
the diverter. This means that the reactors can be excluded
because of their heavy containment and the self-shielding
effect of high-radiation environment of the fissile material.

Two possibilities have to be considered:

i) Clandestine theft of small amounts of nuclear material,

ii) Theft by sudden attack.
It is assumed that case i) is not possible while the material
is in transport or in a waste storage facility because of the
containment measures applied there; and in addition, that
case 1i) does not arise at a waste storage facility, as the
extraction of the residual fissile material for the purpose
of constructing a fission bomb would be most difficult.

Further, it can be assumed that sudden attack for the
purpose of obtaining small amounts of radioactive substances
for planned contaminations can be excluded, as thieves may

hope to get them more easily by clandestine diversion.
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As a result, with respect to the risk of release of
radioactive material, there remains the possibility of clan-
destine diversion of Pu or U233 from the reprocessing and
fabrication facilities. It is plausible to assume that
diversion would take place when such nuclear materials are
clean, that is, after reprocessing.

Assuming that locks of present-day design are installed,
about 1g of Pu may be taken out in a single operation. This
requires a shielding of about 5cm lead [7-3]. It is there-
fore assumed that 10g Pu (or U233) may be diverted in this
manner.

To construct an explosive device one would require about
1000 single diversions. Therefore this manner of obtaining
fissile material for a bomb will not be considered here.
Instead, an attack on a single transport, which has enough
fissile material for one explosive device, is considered.

The strategies considered are listed in Table 7-1.

7.3 Release of Radioactive Material

It is assumed that a private group has obtained a given
amount of plutonium (x grams) and intends to disperse it into
the atmosphere above a city of 106 inhabitants.

In Table 4-4, a typical plutonium mixture, as well as
its radicactivity, is given. If one assumes that the amount
x[g] of plutonium is dispersed into the atmosphere and will
remain there for T = 10 days, then the application of equa-

tion (3-1), with equation (4-2), results in

4 C.
* *
. T * 8.64 * 10 i 4 o o 500 = 25000

poi
3.15 * 10/ § MPCy 70

[—1—] [gPu] [se;c] Ci _/_C_l_ sec || mrem mrem
sec g sec gPu isot HF m3 % T .

Since in this case the close vicinity of the point where the

P * x

dispersion takes place is the most critical one, a value of

s = 10—6 is used here, which leads to

(7-1)
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P ¥ x = 4.41 % 107/ [932] = 13.9 [353]
sec yr

This means, for example, that for x

would be P = 0.28 * 1073 [?%]
The population dose rate is given by

5kg the limiting value

T g.eu * 100 v i, o, jair
7 mwee, T 0 c
3.15 * 10 i 1

BM = P ¥ x *

which gives

BM

1.29 * 10& [manrem]
yr

or

BM/BM_ = 3.23 * 1074 .

One may consider the case where the plutonium is dispersed
in the drinking-water supply of the city. The dose rate
would then be even smaller as the ratios of the corresponding
MPC's of water and air are much smaller than those of the
amounts of water and air consumed by the average man during

the same period of time.

7.4 Destruction of a Nuclear Facility

Consideration is given only to a fuel fabrication facility,
as until now such facilities, contrary to reactors and repro-
cessing facilities, have no heavy concrete containment struc-
tures. The calculations will be given for a plutonium plant;
calculations for uranium 233 plants are similar.

Considering the intentional destruction of a plant, one

obtains

T *x g.64 * 10" , o Ci

3.15 * 10’ i MPCy

x g * 500 = 22000

700

P ¥ x *

which results in
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P * x = 1.39 % 10° [353]
%3

25000

2 £2V90
70a

70 and

(Here one has to use P = for quantities which

would lead to P > %5')

For x = 500g this gives

e = 0.2 [ L]
Yyr

The population dose rate is given by

T g.6u * 10t 5 Si, air

*
MPC 0.5 * Jg '

BM = P * x * =
3.15 * 10 i i

which, with the value (3-7c), gives

BM = 9.9 102 [manrem]
yr

BM/BM_ = 2.47 * 107>

7.5 Construction of a Nuclear Explosive Device

In this section it is assumed that a private group
(group 'X', see Ref. [7-1]) has obtained the material neces-
sary to construct a nuclear explosive device. The following
assumptions are made:
a) An explosive device is constructed with 5.6 kg of Pu
of the composition given in Table 4-4. 1% of the Pu,
(56 g) is fissioned. This corresponds to 1 kiloton
of TNT (see Ref. [7-4]);
b) The device is exploded on a tower in the middle of

a city. Therefore a dispersion factor of s = 10_6[§29]

3
is used; m
c) The people in the vicinity of the explosion are

exposed to the radiation for T = 300 min;
d) The population density in the city is 5000 man/kmz, and

an environment with a radius of 10 km is considered;
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e) The dose from such an event does not exceed 25 rem
over 70 years;

f) The mechanical destruction is considerable, but is
not assumed to be orders of magnitude larger than
that of a conventional explosive device. It will
therefore not be considered a genuine risk of the
nuclear fuel cycle.

The average dilution volume, 3000 min after the explosion,
is determined graphically. The value is 3.2 ¥ 1015 m3.

Let P = =%

be exploded. Then from equation (3-1) one has

be the probability [sec—1] that a device will

C.
%k
75 * L wer * . 607 *os * 500 = 23802
i i 3.15 * 10 :
1 [m3] sec sec mrem mrem
sec sec 3 yY vr
m
This gives
a = 3.56 and P = L
) 20 | yr
The population dose rate is given by
Ci T * 60 air
BM = P * ) e ¥ 5 % 0.5 * Jg ,
i i 3.15 * 10
which gives, with (3-74d),
_ 5
BM = 6.22 * 10
2

BM/BM_ = 1.56 * 10



[7-1]
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[7-4]
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8. Summary of Radiation Dose Rates

Table 8-1 summarizes all individual and population dose
rates resulting from normal operations releases and accidental
releases of radionuclides from the nuclear facilities that
constitute the nuclear fuel cycle described in Chapter 2.

As already stated, the method of calculating the dose rates
from normal operations releases is different from that used
for accidental releases. 1In the first case retention factors
(RF) consistent with present-day technology and practices

are used. As there is no experience with respect to accident
fe) !
D
fashion. Therefore in this case a tolerable individual dose

probabilities (P. ) it was necessary to prcceed in a different
of 25 rem over a lifetime was assumed and the corresponding
accident probability resulting in such a dose was calculated.

It should be mentioned, however, that our method of
evaluating radiation doses is simple enough to provide new
values if there are good reasons to change the retention
factor or accident dose limit values. For the purpose of
illustration the results are presented in the form of single
values and not in the form of functional dependence as could
have been done.

As the retention factors may change considerably in the
next 50 years, it is difficult to draw any conclusions from
the values for the normal operating release doses given in
Table 8-1. It is clear that krypton 85 cannot continue to
be completely released; in fact, krypton retention is being
planned today. ©On the other hand, especially the krypton 85
figures in Table 8-1 should not be taken too literally, as
there is an ongoing discussion. Some say that the conversion
factor for krypton 85 is too conservative (see e.g., Ref. [8-1]),
and others in fact argue for a strong reduction of the krypton
85 releases [8-2].

It is interesting to compare the ratios of the population
doses resulting from accidental releases to the natural back-

"ground radiation. The highest values are given by:
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Explanations for Table 8-1

Individual dose rate

Individual natural background radiation dose rate
Population dose rate

Population natural background radiation dose rate
Retention factor

Upper limit for accident probability for one
facility

Point source dose rate

Volume source docse rate

Consistent with present-day technology
Alternatively, see text Section 4.2.2

Amount x[g] of plutonium released

Fraction F, of storage flooded and retention

factor F2 of the soil



a)

b)
c)
d)

Even if
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Intermediate waste storage facility accident

(BM/BMo = 0.003),

Nuclear explosive device (BM/BMO = 0.02),

Reactor accident (BM/BMo = 0.09),

Final waste storage facility accident (BM/BMo = 0.15).

it is difficult to understand the actual values (we

will come back to this question in the next chapter) one can

appreciate their ordering in view of the different population

densities used in each case and the following plausibility

arguments:

a)

b)

It was assumed for the explosive device that 56 g

of fissionable material is fissioned;

In a 1000 MW, reactor with an inventory of 3000 kg
of fissionable material, we have on the average

3000 kg fissionable material which is fissioned.

If one assumes a ratio of 60 between the radio-
activity of material just fissioned and that of
material fissioned one year earlier (see Ref. [6-3]),
and if one assumes further that on the average the
fissioned material in the reactor was fissioned one
year earlier, the radioactive inventory corresponds
to 3000/60 = 50kg of freshly fissioned material;

In one intermediate liquid waste storage facility
one has 1000n§, which corresponds to 1000 tons of
fuel, 30 tons of which was fissioned. Assuming for
the average storage content a ratio of 100 between
material just fissioned and material fissioned 2.5
years earlier (see Ref. [6-3]), one obtains an in-
ventory corresponding to 300 kg of freshly fissioned
material;

According to the fuel cycle data, one final waste
storage facility receives 150 tons of waste per year.
Furthermore, according to Chapter 6 the equilibrium
radioactive inventory is about 20 times the annual
input into the storage. Assuming a decay factor of
3000 between freshly fissioned material and the
average waste stored, one obtains an inventory corre-

sponding to 10 tons of freshly fissioned material.
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Without further elaboration on these values of radio-
active inventories, one can get an indication of where the
major problems of a large scale nuclear fuel cycle are

located.
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9. Policy Considerations and the Concept of Utility

9.1 Reactor Accidents

Before starting a new line of reasoning, let us recall
Ol
D
in Section 5.2 (the prime indicates that this quantity is de-

the meaning of the reactor accident probability P as defined
fined for one reactor). Altogether 100 reactors are considered,
50 FBR's and 50 HTGR's. The index 0 refers to the fact that
this is an upper bound, and D refers to "design" and the
concept of "design basis accident" (DBA). In Section 5.2
it was also observed that one can always imagine trans design
basis accidents (TDBA). Implicitly it was assumed that the
probability for a TDBA is always smaller than that for a DBA,
and that changes in the limiting value of probability of the
DBA by appropriate technical means have an impact on the
limiting value of the TDBA probability within the considered
ordering.

The value of Pg' was calculated with the help of egua-
tion (5-4) by using the concept of an individual dose rate
of 25 rem in 70 years, uniformly distributed over that period.
With the calculated accident probability the population dose
rate BM' of a single reactor, determined by using equation

(5-6), is equivalent to

1
S oo

This equation can be interpreted in such a manner that an

accident with a consequence of x manrem must not occur more
than Pg
The result of the calculations was that the values for

times per year.

Pg' are as high as 10_2, and that the population dose rates from
all reactors was only 1/10 the population natural background
radiation dose rate. However, it is well known that reactor
accident probabilities are postulated to be smaller by many
orders of magnitude. This may seem unnecessary in view of

our results. It is clear that the reason for this large

discrepancy is the fact that the concept of expectation values
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was used: it was assumed that 25 rem uniformly distributed
over 70 years 1is the same as 25 rem within a very short time.
In addition, 1in the analysis in Section 5.2 it was assumed
implicitly that only one type of accident is possible, namely
the DBA; and that as a consequence of such an accident no
person gets more than 25 rem. In reality, however, a variety
of accidents of different magnitudes are possible that in

the concept of expectation values, are assumed to average.
Furthermore, in a specific case, a comparatively small number
of people will experience very high radiation doses that can
be lethal, while the same dose distributed over a large num-
ber of people causes relatively little harm. (As an example:
an individual has a probability of 0.5 of dying if subject

to a 500 rem dose; 1000 manrem will therefore lead to one
fatality, if the number of people exposed is sufficiently
small.)

The probability concept was introduced into the analysis
of reactor accidents by Farmer [9-1]; the so-called Farmer
curve gives the probability distribution for a reactor acci-
dent of a given consequence. Following this concept, Starr
[9-2] and others have introduced the risk concept by consider-
ing the expectation value of the consequences (e.g., number
of fatalities) of an accident occurring: in a discrete ver-
sion, i.e., if only a finite number of accidents is possible,

the expectation wvalue E is
R
E= ) p(x,) *x. , (9-2)

where X, describes the consequences of the accident i, and
p(xi) the probability of the accident i occurring. By per-
forming this summation, an averaging process with respect to
the various types of accidents takes place: severe accidents
with a small probability are taken together with accidents
that are much less severe but have a much higher probability.

In the extreme this leads to the result that rare but very
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severe accidents are de facto eliminated from the analysis as
they do not contribute significantly to the expectation value
(9-2). This represents a particular difficulty of the con-
cept, as societal perception of accidents rates one severe
accident higher than the equivalent sum--in terms of conse-
quences--of small accidents. Focussing on that difficulty,
let us now consider two types of accidents: a first type
with a particular manrem value which is smaller than or equal
to a DBA, and a second type with a particular manrem value
relating to a TDBA.

The limiting values for reactor accident probabilities
are at present much smaller than those calculated in Chapter
5. For the purpose of illustration, the recently published
Rasmussen Report [9-3] concludes that for Light Water Reactors
the oprobability of a TDBA with 3000 fatalities is 10_7 per
year. If it is assumed that, as mentioned above, 1000 rem
is lethal, then if rigorously pursued, this translates, with-
in the concept of expected values, into an expected population

dose rate of

BM = 10"/ * 1000 * 3000 = 0.3 [““L;%ﬂ] ,

which is indeed a very small number for any society.
Conceptually, this result is applied to our case in the

following manner. In the Rasmussen Report 100 GWe were con-

sidered, whereas in this paper the equivalent of about 1000 GWé

is considered. A total population dose rate of 3{@33%2&

TDBA's with 3000 fatalities is thus implied by the Rasmussen

] for

analysis. This leads to an implied TDBA probability P for all

reactors, which is given by

P * 3000 * 1000 =3 ,

_ a6 1 . v _ 1a—8.1
or P =10 [yr] for all reactors, i.e., P' = 10 [§?] for each

single reactor station of the model society; which is in line
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with present-day engineering practices. The contrast to the
values of Chapter 5 can be further highlighted by applying
equation (9-2) to the case of the two types of accidents

only. This leads us to the following expectation value:

E = p(x1) ¥ xq t P(xy) *ox, (9-3)

where index 1 refers to the first type of accident and index

2 to the second type. According to Section 5.2 one has

3.5 % 106 [msm} ,

*
P(X1) X o

and furthermore,

_ manrem
p(x2) * Xy T 3 [ yr ]

For the sake of a heuristic argument it is assumed that
societal perception of accidents is such that both types of
accidents are of equal concern. One manner of factoring this
perception into the risk calculation is through the introduc-
tion of a utility concept according to v. Neumann and
Morgenstern [9-4]. One of the authors recently participated
in illustrating possible applications of this concept to the
case of reactor accident analysis [9-5]. Accordingly,

consider, instead of equation (9-3), the following expression:
U = p(x) *ulxy) +px,) *ulx,) , (9-4)

where u(x) is the "utility" of the event x (society's percep-
tion of the objective event x). It is now possible to equate

these two components in equation (9-4); one obtains

-2

o]

£
—_
o
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A utility ratio of 106 therefore reflects the ratio of
society's perception of these different objective events.
Existing techniques for evaluating utilities necessitate
question and survey research of one sort or another. This
results in a formalized scheme of dealing with society's
perceptions and arrives at normative figures for the various
probabilities in question. This kind of investigation is at

present being pursued at IIASA.

9.2 A Decision Procedure for the Development of a

Large Nuclear Fuel Cycle

This paper suggests a certain decision procedure for
the deployment of a large nuclear fuel cycle if nuclear power
is to be employed on a large scale. After having assessed
the energy demand that 1s to be expected, and thereby the
size of the fuel cycle in question, the following sequence
of decisions or evaluations must be envisioned.

1. A regulation must be established that sets an upper
limit for the individual dose rate resulting from normal opera-
tions losses and from accidental losses. So far, legally binding
regulations for the individual dose rate resulting from the
normal operations losses of the Light Water Reactors have
been established in the U.S.A. and elswhere. For other fuel
cycle facilities or other types of reactors, similar limits
have been established, but they are not yet of the same legal
quality. Fixing upper limits would lead to a first assessment
of the design target for the various retention factors in-
volved. Limits for an individual dose rate resulting from acci-
dental losses have been considered but not yet introduced as
part of a formal regulation. Among other things, binding
regulations would require a more advanced state of failure
tree analysis, or in other words, an extension of the kind of
analysis performed in the Rasmussen Report [9-3] to all kinds
of nuclear facilities. Only in this case can limits for acci-
dent probabilities, which thus have a normative function, be

translated into engineering measures.
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Nevertheless, a formal assessment of limits to be esta-
blished for the integrated individual dose over 70 years
appears feasible. The value of 25 rem over 70 years 1is
suggested in this paper.

2. In addition, a regulation must be established that
restricts an upper expected population dose rate resulting from
normal operating releases and accidental releases. Further-
more, governments may wish to assess constraints in terms
of such population doses for regions where nuclear facilities
are to be installed. A procedure analogous to that explained
in this paper, but much more extensive and detailed can then
be applied for site selection in each specific case.

3. On a regional basis, procedures for assessing utili-
ties of accidental releases of radiocactivity should be en-
visioned. This has the advantage that techniques of conflict
analysis can be incorporated which involve all interest groups
of the region. An example of this type of analysis has
recently been given by Gros [9-6]. 1In fact, such techniques
would give interest groups a natural function in the region
in question, and could help to resolve the issue of govern-
mental versus group interests. This would lead, for example,
to limits for accident probabilities which are consistent
with the views of the local interest groups. It should be
realized, however, that such a procedure may change the allo-
cated limit for the population dose; the original limit would
therefore serve more as a criterion for the adequate geograph-
ical distribution of the population dose than for determining
its actual limits.

The authors realize that it will take some time before
such a scheme can be made operational. Failure tree analysis
and procedures for assessing utilities are most in need of
development. However, it should be realized that the rational
deployment of a large nuclear fuel cycle also requires time.
It is obvious that more work is needed if such rational de-

ployments are to be made.
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APPENDIX I

Maximum Permissible Concentration of Radionuclides,

as Recommended by the ICRP

The International Commission for Radiological Protection
(ICRP) classifies all types of radiation exposure into cate-
gories as follows:

A. Occupational exposure

B. Exposure of special groups

1) Adults who work in the vicinity of controlled
areas but who are not themselves employed in
work causing exposure to radiation,

2) Adults who enter controlled areas occasionally
in the course of their duties but who are not
regarded as radiation workers,

3) Members of the public living in the neighbor-
hood of controlled areas;

C. Exposure of the population at large.

For occupational exposure, the basic standards of per-
missible exposure to internal emitters* are adopted from the
values designed originally for external exposure**; i.e., the
dose to the gonads or the blood-forming organs during any
period of 13 consecutive weeks may not exceed 3 rem, and the
accumulated dose to the blood-forming organs or gonads at
age N may not exceed 5(N - 18) rem. The dose rate to organs other
than gonads, skin, bone, and thyroid may not exceed 15 rem/year.

The skin and thyroid are permitted twice this wvalue.

*
Radiation arising from radionuclides within the body.

* %
Radiation reaching the body from radionuclides external
to the body.
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The permissible concentrations* of radionuclides in air
or water are obtained by calculating the concentration of a
given radionuclide which, if inhaled or ingested continuously,
would in a lifetime exposure of 50 years result in a body
burden that would deliver the maximum permissible dose to one
or more organs of the body. The organ that tends to receive
the highest dose, due to the metabolic properties of the
radionuclide, is known as the critical organ.

The permissible levels for the internal emitters are
calculated on the assumption that there is no exposure to
external radiation. Where such exposure does exist, the
permissible internal dose must be reduced so that the total
dose to the organ from both internal and external sources does
not exceed the basic value. To accomplish this, the MPC
values must be reduced by the factor (D - E)/D, where D is
the maximum permissible dose permitted to an organ and E is
the dose received from external radiation.

Occupational exposure is not considered in the work
reported in this paper. The basic radiation guide recommends
that individuals who comprise groups B(a) and B(b), as given
above, should not experience dose rates exceeding a whole-body or
gonadal dose of 1.5 rems/year. The corresponding limit for
an individual of class B(c) is set at 0.5 rems/year. If there
is no external radiation, the corresponding MPC values for
classes B(1) and B(2) are 0.3 of the occupational values for
the 40 hr week, and for class B(3) 0.1 of the occupational
values for continuous exposure, i.e. for the 168 hr week.

The continuous occupational gonadal dose rate permitted by
the ICRP recommendations is 5 rem/yr. The corresponding MPC'
values have been established by the ICRP for many radionuclides

and all critical organs. Therefore, the ICRP tables provide

* . . . . . .
The permissible concentrations of radionuclides in air

or water are labeled MPC, or MPC.. where A is for air and W
water. A W
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the values for the conversion factor p defined in Chapter 3:

_ 5000 _ 500 [mrem, Ci . . .
= SPCT = mPC [ o m3] ;  MPC 10 + MPC

It is to be noted that the conversion factors for some impor-
tant radionuclides have been calculated independently by the
EPA (see Ref. [8-2]). The EPA values do not differ much from
the ICRP values; therefore, for reasons of consistency, the
ICRP values are used.

The level suggested by the ICRP as the maximum permissi-
ble gonadal dose to the whole population, Class C above, is
a cumulative dose of 2 rem over 30 years* apportioned between
a maximum of 1.5 rem from internal emitters and 0.5 rem from
external radiation. Since the continuous occupational level
(168 hr/week) permits 5 rem/year * 30 years = 150 rem in 30
years to the gonads, such a continuous occupational MPC must
be multiplied by a factor of 0.01 to give an equivalent con-
stant level of exposure. The ICRP has suggested that the same
dose rate limit (1.5 rem/30 years) and reduction factor (0.01)
be applied when the total body is the critical organ. In the
absence of an MPC value based on the gonads, it is recommended
that 0.01 of the MPC based on total body be used.

For a radionuclide, or mixture of radionuclides, which
does not have the total body or the gonads as a critical organ,
it is suggested that the average permissible level for large
populations be é% of the continuous occupational value
(168 hr/week) .

*

The average period of protection is the first 30 years,
which is therefore used as the appropriate period in which the
genetically significant dose is accumulated. '



APPENDIX II

Radionuclide Transport in Air and Water

Transport in air

In order to determine ground level concentrations down-
wind from a continuous point source the following equation

is commonly used (see Ref. [A2-1]):

2 —2

X (x,¥) = . exp (- —4— - ——) ,

T * 6y(x) . dz(x) e U 26y(x) 287 (%)

(A2-1)
where
¥ (x,y) = concentration [9%] at downwind point (x,y,0)
m
X = downwind distance [m]
y = crosswind distance [m]
_ Ci

Q = source strength [sec]
8 ,62 = crosswind and vertical plume standard devia-
Y tions [m]
U = mean wind speed[gga] at the stack elevation h[m]
h = effective stack height (h + Ah, the plume rise),

[m] .

Numerical values for 6y and 62 will vary according to
stability conditions, wind shear, and roughness of the terrain.
For practical application, values for Gy and 62 were defined
by classifying stability conditions according to prevailing

conditions of average wind speed and estimated radiation

X
Q
downwind distance for a source located at a height of 30m

balance. In Fig. A.2.1 values for U - as a function of

are given. For distances between 1 and 100 km, the value of

u - X varies between 10_4 and 10_7. Therefore, assuming wind

Q
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-95~

speeds of 1 to 100 m/sec, % varies between 10—6 and 10~

9
In Table A.2.1 situations which result in a dispersion
factor of é = 10-8

frequently in the literature (see Ref. [A2-2] and [A2-3]),

are given. This dispersion value is used

and is also used in this report except in a few cases as noted

in the text.
For the purpose of determining the population doses it

is necessary to account for the x-dependence of x(x,y). In
Ref. [A2-4], it 1s shown that one can assume
f
GY(X) =F « x , 6Z(x)=G-\<g

where, depending on the meteorological conditions, f varies
between 0.6 and 0.9 and g between 0.5 and 1.38. Therefore,
for our purposes it is assumed that
1
X(X,¥) ~ 5
X
neglecting the x-dependence of 6y and dz in the exponential

function in equation (A2-1).

Transport in water

In shallow coastal waters the maximum concentration of
a contaminant X (x) along the axis of the current at a distance

x from a source is given by (see Ref. [A2-1])

¥ (x) "= Q , (A2-2)

where

Ci
Q = source strength [_§]

m
D = depth of water [m]

2
K = diffusivity coefficient [ll,}
sec
U = current velocity [—9—].
sec
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TABLE A.2,1: DISTANCES X[KM] WHERE FOR DIFFERENT
METEOROLOGICAL CONDITIONS AND DIFFERENT
WIND SPEEDS_A DISTRIBUTION FACTOR

al o3
X - 11-8 | M
Q 10 LEE] IS REALIZED,

- M
u [SEC] 1 10 100
METEOROLOGY
A / i 2
|
1
B 12 3 5
C 100 50 10
D 100 40
E 70

NOTE:

EXTREMELY UNSTABLE
MODERATELY UNSTABLE
SLIGHTLY UNSTABLE

Mmoo >

SLIGHTLY STABLE
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For a depth of water of D = 100m and a diffusion co-
efficient K = 107" é%%] the following values of é [§%§] are
obtained: m

X [m]
10° 10" 10°
m
e
0.1 2-1072 ] ¢.10"32.10"3
1 6-10312-1036-107"

2

Therefore, in the following the wvalue (x) = 10 ° will be

X
Q
used.

For groundwater, one can assume a depth of 10m and a

speed of 0.1 m/sec. Therefore, a value of 1071 will be used.
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