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1. INTRODUCTION'

One consequence of a nuclear power programme is that it

poses a risk of accidental release of radioactivity.

Proponents of nuclear power maintain that

this risk is small compared to risks that the public currently

accepts, and is likely to remain small even with increasing

size and complexity of the nuclear power industry.

Critics of the nuclear power programme, on the other hand,

claim that the absolute risk of accidental release can not be

determined,and that the potential consequences of a major

release greatly outweigh the perceived benefits of nuclear

poî er.

A major concern in any nuclear power programme is a

reactor accident resulting in a large release of radioactivity

to the environment. Serious reactor accidents are possible

and the risk of such accidents cannot be reduced to zero, i.e.

absolute safety cannot be assured. All that can be expected is

that the measures used to ensure safety in the design and

operation of a reactor are such that the risk of accident is

reduced to acceptably low levels.

No member of the general public is known to have died or

been injured as a result of an accident in over 1000 commercial

nuelear power reactor-years. Some accidents in power reactors

in operation today have come close enough to an environmental

release of radioactivity to cause serious public concern about

future safety. ' Apparent inadequacies in safety practices
2)

disclosed by former members of the nuclear power industry 'have
added to this concern.

To obtain an objective appraisal of the reactor safety

issue this report examines the measures taken in the design

and operation of nuclear reactors to reduce the probability

of accident to acceptably low levels.
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2. NATURE OF NUCLEAR PLANT ACCIDENTS

Virtually all of the radioactivity in a nuclear power

plant is generated by the fission process in the

reactor fuel,and the bulk of this radioactivity will be retained

within the fuel unless the fuel melts.

Fuel melting can occur only as a result of an imbalance

between the heat being generated by the fuel and the heat being

removed from the fuel. Such an imbalance can occur in only two ways:

(l) as a result of transients in which the power generation in the

core exceeds the capacity of the heat-removal systems to dis-

sipate it, or (2) as a result of loss-of-coolant accidents, in

which the normal core cooling water is lost due to a rupture

in the reactor cooling system and the core decay heat is not

removed by the emergency core-cooling system.

Loss—of-coolant accidents and transient events can

potentially result from internal plant failures, from external

forces such as earthquakes, tsunamis, aircraft impacts, acts

of sabotage, or war.

In a nuclear power plant fuel is located in the reactor

core, the spent fuel cooling pond,

the re-fuelling systen^ and the spent fuel shipping cask. By

far the largest amount of radioactivity is located in the fuel

in the reactor core since it contains both, the largest accu-

mulation of fuel, and fuel that has had the least time for radio-

activity to decay.

Accidents involving the fuel in the reactor core are the

major safety concern because of the large amount of radioactivity

that is located there, because of the potential for large

releases of energy in core-power transients, and because of the

potential for the release of the large amounts of stored energy

in the reactor coolant system. These reactor core characteristics

not only might cause the fuel to melt but also may provide a

driving force to disperse the radioactivity released from the fuel.
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The potential for fuel melting and dispersal or radioactivity

from the other fuel locations (spent fuel cooling pond, the re-

fuelling system and the spent fuel shipping cask) is significantly

smaller than from the reactor core '.

Core melt by itself does not create a risk to the public

because it occurs inside a containment structure. For the

radioactivity that is released from the molten fuel to be dispersed

to the environment, this structure must fail.

While it is virtually certain that core melt will ultimately

cause a failure of the containment structure in some types of

reactors, there are several modes by which, the structure can fail,

each having a distinct probability and a distinct consequence.

Given the failure of the containment structure, the radio-

activity will be dispersed to the environment in a manner

determined principally by the meteorological conditions (atmospheric

stability, wind speed, wind direction) existing at the time of

the accident.

In addition to meteorological conditions, the consequences

of a release are also determined by the density of the surrounding

population and the, productivity of the land lying in its path.

3. LOSS-OF-COOLANT ACCIDENTS

3.1 General

A loss-of-coolant accident can result from a closure failure

or a break in the reactor primary cooling system, large enough so

that the coolant in the system cannot be maintained by the normal

operating makeup system. Nuclear plants have several safety systems

(including the emergency core-cooling system) to mitigate the

consequences o:r such a'i event.

Breaks in the primary cooling system may range from catast-

rophic rupture to minor leaks. In pressure vessel reactors the

most serious loss-of-coolant is a catastrophic rupture of the vessel

below core level. This almost certainly leads to core melt because an

Refer to pp ^9-7^ in "Nuclear Power" by W.C. Patterson for a
description of the containment structures used in commercial
nuclear power plants.
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emergency system lias not yet been designed to cope with

such accidents. ' Reactor pressure vessels are currently

constructed of either welded steel or prestressed concrete.

Catastrophic rupture of a prestressed concrete vessel is

considered to be inconceivable 'and while such an accident is

possible in the case of steel vessels, the chances of it

occurring are considered by most licensing authorities to be

acceptably small. The integrity of steel pressure vessels is

discussed in Section 3»3»

Loss-of-coolant from minor leaks in primary system piping

can usually be handled by the normal reactor coolant supply

and circulation systems without having to rosort to emergency

cooling. Moreover, in the case of relatively thin-walled piping

and pressure tubes where the critical flaw size for disruptive

failure is more than the thickness of the pipe or tube wall

itself, there is substantial confidence that a noticeable leak

will be observed before major1 failure occurs. ' The pressure

tube leaks that occurred in one of the CANDU reactors at the

Pickering generating station are an example of this leak-

before-break principle. Cracks in these pressure tubes were

caused by faulty installation procedure and were detected

during routine on-power inspection. Tube replacement was

carried out following normal shut down of the reactor. '

Between these two extremes (catastrophic failure of a pressure

vessel and minor leaks in pressure pipes and tubes) are the loss-

of-coolant accidents of most concern to reactor safety analysts.

These include less severe failure of reactor pressure vessels,

disruptive failure of reactor pressure tubes,and rupture of large-

d?ametor reactor coolant pipes and headers. In most cases,core

melt would need to be prevented by the emergency core-cooling

systems. The adequacy of the emergency core-cooling systems

installed in some types of reactors is discussed in Section 3.2.
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A loss-of-coolant accident initiated by a "guillotine"

rujiture of a large-diarnot _r reactor coolant pipe has historically

been used as the design basis accident for water-cooled reactors.

An important and presumably unexpected finding of VASH-14OO ',

however, was that the dominant core melt accident sequences for

PWRs arc initiated by pipe breaks having an equivalent break

diameter between about 1 cm and 5 cm and by check valve failure.

In the case of BWRs it was found that the dominant core melt

sequences are initiated by a transient event (discussed in

section k.).

3.2 Emergency Core Cooling

The evolution of the thermal gas-cooled power reactor

(from Magnox through AGR to HTGR)in relation to emergency core-
7)cooling requirements is discussed by Cave '. The change to

an integrated heat-exchanger design, based on the use of a

concrete pressure vessel, has eased the problems of emergency

cooling system design in loss-of-coolant accidents,but has

increased them in other fault conditions, due to the loss of

natural circulation on the secondary side and the reduction,

or loss, of natural circulation on the primary side. The

change to stainless steel or graphite as a fuel cladding,

enabling greater use of the heat sink provided by the moderator,

largely offsets the loss of natural circulation. However, the

trend towards increasing power density in HTGRs reduces some of

the advantages offered by the combination of a refractory fuel

coating,and the heat sink provided by the moderator and the

concrete pressure vessel.

Coolant stagnation occurs when the fracture size and

location are such as to give zero coolant circulation through

the reactor core. This phenomenon has been studied for the

SGHWR by the UKAEA and is held to tie credible. In the light of

the UKAEA conclusion there seems no reason in principle why

stagnation is not possible in any water-cooled reactor system.

However it is understood that AECL regards this fault in CANDU
8)as incredible. On this point, Sainsbury ' states that a large

inlet pipe break will stop the flow in the core and, if the

break is large enough, will reverse the flow from the core to
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the break. The heat input i"rom the fuel during this flow run-

down and reversal causes rapid core voiding. A break in the

outlet piping on the other- hand increases the flow through the

core and core voiding proceeds more slowly in response to de-

pro ssuri sat ion.

The advantage of a good heat sink in the event of a loss-

of-coolant accident is also claimed for tho CANDU reactor by
o \

Sainsbury . The heavy-water moderator in the CANDU reactor is

contained in a stainless steel calandria vessel and separated

by the calandria tubes from physical contact with the pressure

tubes. This design confines tho high temperature coolant to

relatively small channels. The heavy-water moderator and

reflector which surround those channels are at a relatively low

temperature and the pressure is only a little above atmospheric.

As a resuJ.t, they act as a heat sink in the event of a reactor

accident. "This distributed heat sink in the core is an important

safety feature of the CAKDU reactor because failure of emergency

core cooling does not lead to a core melt-down. This is not

the case in pressure vessel reactors because both coolant and
Q \

moderator are discharged through a pipe break." '

For water-cooled reactors (PWR, BWR, SGHWR and CANDU) under-

going slow rates of depressurisation (halving time, minutes) tho

situation for all systems can be the same, i.e., if emergency

coolant is provided at high pressure then the fuel can be adequately

cooled and safety is determined by the reliability of the high

pressure coolant supply. Emergency high pressure cooling is

provided on all these systems with the exception of CANDU. The

requirement for emergency high pressure cooling for CANDU reactors

is discussed by Sainsbury '. The design basis failure in the CAATJU

reactor is a 1005& break in the largest coolant pipe at the inlet

end of the reactor (the inlet header). Following a header failure

coincident with a failure of the containment structure, the shut-

down system and emergency cooling system together must prevent

significant fuel failures. The failure threshold for the fuel

sheaths is a function of both coolant pressure and sheath

temperature for a given fuel design. If this threshold is

exceeded, the sheath can swell to block the coolant passages and
8)prevent further cooling,or it can swell to rupture. Sainsbury '

states that the blow-down code used by AECL predicts that high

sheath temperatures occur early in the blow-down when the
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cooJzmt iircssiiro is still quite high and the pressure differential

across the fuel sheath is relatively low. Later in the blow-down

the pressure differential across the fuel sheath increases as

the coolant pressure drops but, after an initial rise the sheath

temperature also decreases slowly. For this reason, high pressure

oincrgency cooling is not required and the addition of emergency

coolant can wait until near the end of blow-down when the normal

coolant is nearly all gone. Sainstaury notes that the adoption

of a low piTssure emergency cooling system is dependent on a

shut-down system with sufficior.'- depth to limit sheath

temperatures during blow-down to levels below the tempei-ature

g to sheath failure threshold.

In the case of rapid loss-of-coolant accidents,

effective emergency cooling is difficult as it requires

the provision of emergency cooling to fuel which might be

in the range of 1000°C to l400°C. CANDU and SGHWR are designed to

inject cooling water directly into the fuel. The othei" water-

cooled systems have to rely on flooding—up in the pressure vessel.

With regard to emergency core cooling in CANDU reactors,

it was mentioned above that only a low pressure injection

system has been adopted. Sainsbury ' notes that in recent

designs, emergency coolant is supplied by gravity from a head

taiik. The injection pressure is about kO psi. An important

pai~t of the system is the method used to sense the location of

the failure and direct the emergency coolant to the intact

headers on the opposite side of the core, thus guaranteeing that

all the emergency coolant passes over the fuel on its way to the

break. Also the core is the lowest poinu in the heat transport

system of a CANDU reactor and all the piping (except the small

feeders) is above the core. This provides assurance that the

core can be easily flooded by the incoming emergency coolant.

These two features eliminate the possibility

of emergency coolant bypassing the core and going directly to the

break, which is a serious concern at present in the US pressure

vessel reactors.

In the direct-cycle SGHWR and the BWR systems, where

steiini is generated in the reactor core, a loss-of-coolant

2.S kg/sq.cm
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accident OCCUITJ !i(; i- tsido the primary containment

(e.g. failui-c of tliu hi^h pressure steam or food piping), can

affect the reactor safety. Jn principle,automatic isolation

valves at the containment boundary provide protection, and the

reliability required for some of these valves in order to meet

a safety criterion needs to be considered. An annlysis of the BWR and

SGI1WR indicates that even if the valves fail, the fuel can be

adequately cooled by the -"!•<:•-..•if- cooling systems and therefore

only a modest reliability rit-uu DO claimed for the isolation valves.

3.3 Pressure Vessel Integrity

The reactor cores of both light-water reactors (PVR, BWR)

and gas-cooled reactors (Magnox, AGR and HTGR) are contained in

large diameter pressure vessels.

The LWR vessels are of welded steel construction, 15-20 cm

thick, about 3-5 m in diameter and 3-/4 times as high. The vessels

are fabricated of carefully chosen material, meticulously welded

and inspected both before and during operation. The steel used

is extremely ductile and tough at the reactor operating temperatures

(260-315 0)J'. Reactor cooling-system pressure within these vessels

ranges from 68 atm (BWR) to 150 atm

The gas-cooled reactor vessels are of prestressed concrete

construction (with the exception of the early Magnox reactors),

'l-5 m thick and internally lined with a thin-walled (2 cm) carbon-

steel liner. The internal dimensions of the Fort St Vrain HTGR^',

for example, are f.h m diameter and 22.8 m height. Reactor cooling-

system pressures range from '|O atm (AGR) to about ki atm (HTGR) ,

considerably lower than those for light-water reactors.

The problem so far as reactor safety is concerned is that

embrittlemont due to radiation, fatigue and corrosion may

degrade the toughness of the steel pressure vessels so that under

certain circumstances they may fail catastrophically. Current

steels for reactoir pressure vessels are fairly insensitive to

radiation embrittlement if attention is paid to limiting the

concentration of certain trace impurities (e.g. copper). Apart

from the potentially serious environmental consequences, "one such

failure of even limited physical damage would have devastating

psychological consequences to nuclear power development" .
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Concern about catastrophic failure only applies in practice

to steel vessels,because with prostressed concrete there is

no credible consideration of catastrophic vessel failure with

or- without radiation. Of those reactors using steel vessels

(PWli, DKR, early Magnoxjlho PWR vessel is most vulnerable to

failure beer use the reactor design allows the highest neutron

exposui-e on tho vessel and the greatest applied stress.

The probability of occurrence and likely consequences of

various kinds of pressure vessel ruptures in current PWRs and

BWRs are discussed in WASTl-lUOO. ' It is noted that

largo ruptures in the vessel could prevent effective cooling

of the core by the emergency core-cooling systems, leading to

virtually certain core melt and potentially serious

environmental consequences. However, on the basis of a study

of the integrity of LWR pressure vessels by the U.S. Advisory

Committee on Reactor Safeguards,and analj'sos of American,

British and German conventional pressure vessel failure data,

a value of 10 /yoar/vessel was used as the inediar, estimate of failure

probability for reactor vessel ruptures largo enough to be

beyond the capability of emergency core-cooling systems. It

was estimated that the failure probability would have to be

100 times larger in order for it to begin to make an appreciable

contribution to the overall risk. WASH-1^0Oiiotes that even

if tho probability of vessel rupture were as high as 10 /year

/ vessel, (an opinion held by some experts in the U.K.)

it would then just begin to contribute appreciably to overall
3)

risk and would not change the results published in WASH-1400.

A special study group of the American Physical Society

carried out an independent assessment of light-water reactor

safety in 197h '• On the question of pressure vessel integrity,

they concluded that the problem was to "maintain a monitoring

and testing programme during the life of the reactor of

sufficient intensity and persistence to guarantee that the main

embrittlemont mechanisms (i.e. radiation,fatigue and corrosion)

will not compromise the system". Noting that there are still

unknowns in the basic theory of crack growth, the study group

nevertheless concluded that "given the meticulous engineering,
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design, and quality of assurance that are required, wo believe

that the integrity of the pressure vessel is one of tho strong

points in reactor safety.

Questions concerning safety of l'WU pressure vessels raised

by Sir Alan Cottrell of the United Kingdom in 197^ contributed

to the U.K. decision to reject PWRs in favour of tho British
10 )

SG1IWK. At about the same time^ study group was established

under the direction of Dr M. Marshall to look carefully into the

subject of pressure vessel integrity and report findings to the

Nuclear Inspector (U.K.). In a letter 'accompanying a copy of

tho study group report sent to Sir Alan Cottrell, Dr Marshall

concludes that satisfactory answers to the questions raised by

Sir Alan can be provided, and "subject to a number of consideration

we recommend that it would nov be possible for the Nuclear

to be satisfied about the safety of tho pressure

vessels for any PVRs built in this country". In his reply , June

» Sir Alan states: " Of the many important technical points

made in the (Marshall) Report I found three particularly str-iking

because of their newnesr, i.e.,

(i) that it is essential to confine the operational

transients to unusually narrow limits in order to

avoid excessive crack growth by matal fatigue;

(ii) that emergency core-cooling water should be injected at

an unusually high temperature in order to minimise the

risk of fracture by thermal shock;

(iii) that rigorous ultrasonic inspection of pressure vessels

could reduce the probability of failure by 100-fold

and that, without this inspection,the probability of

FWR vessels failing, under their operational conditions,

is significantly greater than the upper limit for non-

nuclear vessels. "

Sir Alan concludes: "If these, and all the other requirements

set out in your Report, are applied fully and vigorously, then

I accept your general conclusions about the reliability of such

vessels in the initial period of service, although the attainment

of a necessary standard will be possible only in engineering and

operational organisations of outstanding technical excellence."
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h. TRANSIENT5

Transient events are Generally defined as departures from

normal operating conditions and include: reactivity chances

caused by inadvertent control-rod withdrawal, equipment failures,

turbine trip, loss of off-situ or control power, and fire. The

reactor control system can automatically adjust for the majority

of transients without interrupting reactor operation,but some

transients will require rapid shut-down of the reactor for

reasons of safety. The US NRC has rccoRniscd certain transients

requiring rapid shut-down as "anticipated" since they occur

about ten times a year in tile average LWR. The sequence of events

from an anticipated transient to a safe shut-down of the reactor

involves the performance of a number of systems whose failure

could lead to serious problems, including loss of cooling. They

also contribute to pressure vessel fatigue.

The essential stops in bringing about a safe shut—down

are the cessation of the chain reaction, and the removal of decay

heat, from the primary system.

Decay heat is generated by the decay of radioactive fission

products within the fuel. Immediately following the shut-down

of a reactor that has operated about a month or longer, the

decay heat amounts to about 7c/o of the prior operating power

level. In the case of a 1000 M\v'(e) reactor for example, the

decay heat at shut-down would amount to a substantial 220 Mlv(t).

This heat falls to about 1% of prior operating power level

after an hour,since much of the activity is associated wiLh very

short-lived isotopes.

Rapid shut-down of the reactor (or "SCRAM" as it is called

in America) is essential in the event of a loss-of-coolant

accident in some reactor systems, as well as in transients.

Since 1969 the US NRC has been actively working on another

class of transient accident, the "anticipated transient without

SCRAM". Analyses of failure to SCR/.M in LWRs are being carried

out in the USA,and preliminary indications are promising.

The second essential requirement in the event of a transient

is the provision of an. adequate heat sink to dispose of decay

heat. In LVRs the normal heat sink is the turbine condenser.
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Both tlio Plv'R find the BWR have alternative decay heat removal

systems in the event of failure of the condenser system. Both

the normal and the emergency decay heat removal systems depend

on maintaining an electrical supply to the reactor. For this

reason,two completely independent emergency power systems are

provided, backed up by dies el generators, (should all sources of

off-site pover fail. The APS special study group 'commented

that diosol performance is one of the recognised weak points in

the LY.'R safety system, in that about 3$ of diosels fail to start

when askod, and there is a Ifo probability that a diesel, properly

started, may 1'ail when askod to assume full emergency load.

It is extremely difficult to estimate the probability that

some sort of transient will cause a core melt. It is much,

easier to analyse a loss-of-coolant accident whore a pipe failure

is the dominant event and the probability of core melt depends

mainly on this single failure rate. In addition, the loss-of-

coolant accident sequences themselves are not as complicated,

since other equipment is presumably largely unaffected.

In Ulv'Rs, some transients could lead to both the loss' of

the heat sink for the primary coolant, and the loss of the

emergency core-cooling system. This could result in the boil-
3)off of the primary coolant l-> P. period of hours . In this

class are fires and massive electrical failures. The likelihood

of such transients may be significant but is extremely difficult

to estimate. The APS Special Study Group ^ suggested that the

remedy might bo to provide an alternate heat sink relying only

on convoctive circulation if this could be done economically.

There are transient accidents which fall outside these two

classes (failure to remove decay heat and failure to shut-down) ,

in particular transients involving operator error. The APS

report5' notes that it is difficult to be certain that one has

been able to identify and protect against all possible transients.

Although it is possible to improve the independence of engineered

safety features, transient accidents (in LWRs at least) remain a

serious concern.
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The accident sequence analyses carried out in the light-

wator reactor safety study and reported in V.TASH-l4OO-̂  ' shoved

that the dominant coi e melt accident sequences in current BKRs

arc transient events. The sequencer with the highest probability

of occurrence involve failure to remove the reactor decay heat

followed by primary containment failure due to ovei"prc>ssui-e

and release to the reactoi' building. Reactor accident proba-

bilities are discussed in Section 6.

5. EARTHQUAKES

Jn this section two aspects of earthquakes are discussed:

l) estimating the probability of an earthquake producing a core-

melt accident, and 2) design of nuclear power plants to

accommodate earthquakes.

5.1 Coro-molt Probability

The probabilistic approve." to the estimation of earthqualce

risk was used in WASH—1'tOO ' and involves a determination of the

probability of occurrence of a range of earthquake intensities

at the reactor site and an assessment of the probability of

damage or malfunction of critical parts of the system, either

coincidontally with, or as a consequence of the earthquake.

The probabilistic met3iod involves severe practical

difficulties in relation to aseismic design, arising principally

from the lack of fundamental data. It is significant that the

UKAEA, the main proponents of the probabilistic method, continue

to use the maximum credible accident (MCA) approach (discussed

in Section 6.2) for aseismic design.*

r,)
In VASH-l^OO ' , the probability per year of experiencing

ground accelerations ranging from 0.1 g to greater than 1.0 g

for soft, average and firm sites in the eastern USA, are given,

based on calculations by Ilsich '. The probability of experiencing

ground acceleration per year of 1.0 g and greater at an average

site is estimated to be 1.0 x 10~5. WASH-1^003^ has used a

report by Sewmark i'as the basis for estimating the probability of

damage to safety systems in terms of the size of potential eartquakes.

No national codes for the design of earthquake resistant
structui-i's are known to use a probabilistic approach at present.



The analysis of potential euro-molt accidents indicates that

Generally two systems will have to fail to produce such an

event. A table in YfASH-llvOO ' , based on Nowmark's report, shows

the probability of producing failure of two systems for reactors

designed for a sufo shut-down earthquake of 0.2 g. The

probability of two-system failure for such a reactor design,

experiencing a ground acceleration of 1.0 g or greatei", is shown

to be 3 x 10 . The probability of a 1.0 g earthquake producing

a core-melt accident in a reactor designed for safe shut-down after an

earthquake of 0*2 g at an average site in tho eastern US is then:

1.0 x 10~5 x 3 x 10~2 = 3 x 10"7/reactor/year. VASH-l^OO3)

states that at this level of probability, earthquake-induced

accidents should not contribute significantly to reactor accident ri=":ir

Analysis by Nowmark appears relevant to the probability of

structural damage or collapse rather than the probability of mal-

function due to loads and deformations.

Tho ability to predict the consequences of a 1.0 g earth-

quake on the basis of a design for a 0.2 g earthquake implies

that a detailed design procedure is being followed. This

approach is inflexible and should be supplemented by design

studies for ground accelerations of 1.0 g, and higher if necessary.

5-2 Aseismic Design

The objectives of aseismic design of nuclear power plants

are to prevent environmental release (safety requirement) and

to avoid damage to the plant (economic requirement).

5-2.1 Economic Requirement

With regard to the economic requirement,current practice

is to adopt the code "N.Z. Standard Model Building By-law", NZS

1*203:1976,as a minimum requirement, but to recognise that there

are some areas, notably large plant items and major industrial-

type structures, to which, the code, does not apply. These are

considered individually and the extent of analysis made and

protection provided has varied from one plant to another. It

is assumed that this approach will be applied to those parts

of the nuclear stations which are not governed by tho safety

requirements.



fi.2. 2 Safety Jtoquiroinont

In the maximum credible accident (MCA) approach to aseismic

design, two intensities oi" earthquake are considered and the

structure! and plant that are critical to reactor sai'ety are

analysed to determine their behaviour in respect of de fox-mat ion

and stress. In particular, off-site and cm-site electric power

supplies arc attacked and off-site power will very probably fail,

and is unlikely to be restored in 1-3 hours. The lower of the

two intensities is an earthquake spectrum called the Design

Basj '• IDarthquako (DBli) . The structures and plant are so designed

that in the DBE their maximum deformations cause no interference

to the operation of critical systems, and the maximum stresses do

not exceed those normally pennitted in operation. The higher of

the U o intensities is an earthquake spectrum, called the Maximum

Potential Earthquake (MPE). This is usually defined as "the

largest eax-thquake that is likely, in the judgement of well—

infox-iiied people, to occur at the reactor site".

It is usual for the reactor licensing authority to lay down

the minimum acceptable performance standards under the specified

earthquake conditions. This aspect of nuclear plant safety is at

present being studied by a seismic working gx'oup of the NZAJEC.

The method used to assess nuclear plant response to earth-

quake is called dynamic analysis. In all current reactors the

containment is a heavy concrete or steel structure mounted on a

rigid concrete base. Within the containment, and mounted on

the same base, is a separate concrete structure to which the

critical plant is attached. In an earthquake,the ground on which

the main structure rests performs vibrations which are random

in frequency, amplitude and direction. The structure(which

includes the attached plant),does not follow these motions

precisely. Instead, its base undergoes vertical} horizontal,

rocking and rotational motions which depend on the

initiating ground motion, the characteristics of the foundation

soil or l-ock, and the characteristics of the structure itself.

Above the base the support structure itself vibrates in a

manner which depends on its base motion, and the stiffness and

mass distribution of the stx~ucturc and plant. Thus every point

where plant or equipment is attached to the structure undergoes

its own individual motions and these are transmitted to the

plant and equipment items, which in turn respond according to

tlioir own characteristics of stiffness and mass distribution.
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Plant and equipment responses are not independent; tlio motion

oT each point in the system depends on the characteristics of

every other part of the system. Thus there is no direct desic11

metliod — It Is necessary to fix on a trial design, analyse its

dynamics, adjust it in the light of the results obtained, and

repeat the process until a satisfactory result is obtained.

In a report describing a system for isolating nuclear power

plants from earthquake attack, Skinner, Bycroft and McVcrry'5)

note that "small, but very important components of nuclear power

plants, such as fuel rods, control rods and piping, may have

resonant periods which arc close to those of their supporting

substructures. These appendages then undergo accelerations

which are many times larger than the acceleration of their

supports, and if they remain elastic, their accelerations may

roach 20 or more times the maximum ground acceleration," With,

the base-isolation system that they propose, the horizontal

earthquake forces are reduced to low values while the high

stiffness of the nuclear plant structure ensures small deformations.

The largo increase in structural dominant periods greatly

reduces appendage resonance and hence eliminates the large force

magnification.

A feature of earthquakes is their simultaneous attack on

all the normal operating systems of a nuclear power plant, and

also on all the safety systems of the plant. Moreover earth-

quakes rna:' damage the facilities required during the evacuation

of people from potential danger zones.
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6. SAl'i: T'/ ANA) VS1 S

6. 1 GrMjera.1

The supplier of a nuclear plant normally responsible for

preparing a safely analysis roport for submission to tJie

liccnsin;; authority which in turn should issue the construction

permit ,-inrl finally the operating licence. The purpose uf the

safety analysis is to demonstrate to tlie satisfaction of the

licensing; authoi•• I.ty that the nuclear plant meets tho authority's

safety criteria. The safety criteria used by the Canadian Atomic

Energy Control ]Joard(AECB) for example , specify limits on

the frequency of process systems and safety systems failure,

and limits on the maxi'iium individual and population do:-i.

resulting from plant accidents. Those- criteria were developed

as a basis foi- judging the suitability of a site for a given

reactor. Alternatively, they may be used for specifying the

required effectiveness of the containment provisions, and

protective devices for a plant at a particular site. While

the criteria ai'e expressed in terms of x-adiation dose, in

effect, they set limits on the release of radioactivity to the

environment in. the event of assumed large accidents. Methods

of relating tho release (in curies) to the dose received by

exposed members of the public are also provided in the guide-

lines issued by the licensing authority.

There are two approaches to safety analysis. The first

method is the maximum credible accident (MCA) approach which

lias been used by all major suppliers of nuclear plants up to

the present time and is tho accepted basis for licensing in

the suijplior countries. Tho safety analysis of a CANDU reactor

using the MCA approach has been described by Sainsbury ' and is

used as the basis for the discussion of this technique in this

report. The second and more recent approach to assessing safety

is the fault-tree analysis as used in VASlI-l'iOCp) to quantify the

risk from accidents in light-water reactors in the USA.

6.2 Maximum Credible Accident

For a given design of reactor, failure mechanisms are

postulated which the licensing authority considers would result

in the worst possible accident that is likely to occur in practice.



Accidents KUJI cmk-nquoncfs more suvero than Uio MCA are possible,

but tin.' chance.-, ul1 theso occurrini; cue co,is.i drred, by Iho licensing

authority, to bi; too sma.l.l to bo taken into account. It is then

a roqu LreincMit. of liconsJiif; thnt tJio reactor should bo so designed

that such an accident (the MCA) would bo safely accommodated, so

that any consequential release of radioactivity would not cause

significant harm to the public.

For the purpose of safety assessment in CANDU reactors,

all systems in i.ho plant are categorised as either process or

safety systems. Process systems are tlioso required for normal.

operation and include the heat transport, control, turbine

plant and electrical povur supply systems. The safety systems

are those provided to limit the release of radioactivity

followin;; failures ill the process systems, and include two shut-

down systems, the emergency cooling system,and containment.

As stated above, the AECB has

issued safety criteria which include maximum permissibl e

radial:ion doses that must not be exceeded, following two classes

of event: the single failure in a process system, and the much

less frequent single failure in a process system combined with

the coincident failure of one of the safety systems. The

single and dual failure dose limits are shown in Table 1.

Table 1 - Radiation Dose Limits for Failure

Conditions in Canada (fi-om Ref.8)

Individual

Population

Single Fa
External

Whole Body

0. 5 rcra

lO"1 in m i -

re m

lures
Thyroid
1-131

3 racl

104 lnan-
rad

Dunl Failure;-,
External

Whole Body

25 rem

1"G man-
rcm

Thyroid
1-131

250 rad

10° man-
rad

In addition to tho dose limits, the safety criteria

specify two requirements of the systems which are basic to the

safety analysis:

(a) Tho safety systems must bo independent of the

process systems and independent of each other.

Tho single and dual failure approach is not valid
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for insinnce, if u safety system failure occurs as a

consequence of the initial process failure.

(lj) Each safety system must have a demonstrated reliability

Cx-e.-iter thr.m O.CJCJJ. This means that each safety

system must be availaljlp to function properly 99.7/c

of the 1 iino.

The safety analysis carried out by the supplier to domonsrrnTe

that the nuclear power plant meets Lhe safety criteria of the
8)licensing; author!ly is described by Sainsbury 'as follov.s:-

Krich process system is considered in tuni; component

failures are postulated,ami the consequences assessed, to

demonstrate compliance Kith the gin;;] o failure dose criterion.

In these single-failure cases tho operation of all four safety

systems is assumed. Postulated failures in the heat transport

system include pump failure, pressure-tube rupture, pipe

ruptui-e and end-fitting failure.

Since the control system in a CAXDU reactor comprises sophistics

control programmes in a redundant twin computer system as veil

as a variety of rcactivity*rJevices, flow control valves, etc.,

it is almost impossible to single out all possible failure modes

for analysis. Instead, the worst failure mode is identified

and it is assumed that if adequate pi-otection against this

failure mode is provided then all other less serious failure

modes are covered. The worst failure is some combination of

events which increases reactivity at the maximum possible rate.

When the singles process failures have been analysed,

coincident failure of each safety system in combination Kith each

process failure is postulated to demonstrate compliance with the

dual failure dose criterion. For example, tho vorst failure

mode of tho control system is combined with coincident failure

of shut-down system no.l, then sliut—down system no. 2, then

emergency cooling, and finally breach of containment. In each

case the other safety systems are assumed to operate.

#
reactivity: measure of ability of an assembly of fissile

material (e. g.ui-anium— <?35) to suppor-t a sustained
chain reaction.
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Salisbury 'not us that this systematic appraisal of single

and dual failures docs not lead to as iuo.ii> cases as at first

wight Ujjjionr, since all four safety systems uro not called upon

for cvoiy process failure. For instance, a loss of control

which causes a roao tivi ty( and lioji.ee jjuvor) i.ncroaso does not

cause a loss of coolant from tho Jioal tvui sport system. The

emergency coolinf; system is therefore not called on to operate;

so postulating its failure following a loss of control is

meaningless.

Tlie safety analyses which have been carried out by Canadian

industry in developing the CANDU reactor system have shown that

there is one type of accident which i .s more severe than all the

others. This is the loss-oJ-coolant accident resulting from a pipe

rupture in tho heat transport system (a 100$c> break in the

coolant inlet header, as discussed in Section 3)- This

postulated failui-o sots the design requirements for all four

safety systems. The procedure used to demonstrate compliance

with the requirements is described b}

system and is summarised as follows.

8)
with the requirements is described by Sainsbury for each safety

6.2.1 Shut-down Systems

A shut-down system puts a neutron-absorbing material into

tho core to decrease the reactivity and turn off the power

generation. Several systems have been developed to accomplish

this. Shutoff rods which dx-op by gravity into the core, shutoff

rods which are gravity-drop assisted by springs, and liquid

poison injection into the moderator arc tho systems currently

used in CAJNTXJ designs.

Eai'ly CANDU reactors had one shut-down system;and one of

the dual-accidents analysed in those reactors was a process

failure (such as loss-of-control or loss-of-coolant) coincident

with complete failure of tho shut-down system. The object of

this dual-failure analysis was to demonstrate the capability

of the containment to withstand the overpressure caused by the

coolant, flashing ,and to limit tho release of fission products.

The analysis of this dual failure accident sequence involving core
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cij .fc>aK.soinbly,prosauro tube x-up l ure,ainl l.Iie discliin-ge of conJant and Ju,.i

fragmen Is into tho moderator and ultimately a largo heat release

to the containment building, had a lai-ge uncertainty. For this,

and other reasons, it was decided to jjroviclo two independent

shut-dnwn systems, in CAKDU reactors, oacli shut-down system

having its own trip lo^ic and signals and capable of coping

with the process failure even if the other shut-down system

should fa3 1 to operate.

Shut-down systems aro provided to safely stop any powei-

excursi on initiated by a process failure. Both loss of control

and loss of coolant can increa.se system reactivity and start

a power excursion. The sj:>eclfic performance requirement of

the shut-down system,following the postulated rupture of tho

coolant inlet header, is that it must limit the power excursion

and provide a sufficiently fast power run-down that the hoat

generated in the fuel can be removed by the dischsx-gxng coolant

(and later by the emergency coolant)without significant fuol-

shoath failures. Compliance with this requirement is

demonstrated in the following way. The conditions in the core

following the pipe break are calculated using a blowdown code

which models the hydrodynamics, the fuel,and tho neutron kinetics
S1

of the system. Sainsbury notes that AECL lias "developed

confidence in the model by numerous comriax-isons with experiments".

With this code the specific performance chai-actex-isticr- of the

shut-down system are specified; in pax^ticulax- the time delay and

reactivity rate requirement needed to safely overcome the

initial ovorpover pulse,and the capacity of the shut-down

system to permit safe power run down. Tho Pickering reactor

uses a pax-tial dump of the moderator to augment the depth of

the shutoff x-ods dui'ing the power run-down. The charactei-istics

of the shut-down system aro measured during the commissioning

of 'he l-eactor ,and compliance with the required delay and

reactivity rate is assured by pex-iodic in-sen'ice testing.



6.2.2 Emergency Core—cooling" System

Fo.ltowing a coolant in.l ot header failure coincident witli

a failure of containment, the shut-down system and cmer-goncy

cooling system tocothcr will- prevent significant fuel failures.

The blow-down code referred to above is also used to calculate

the fuel temperatures throughout the blow-down. The pcrfunnance

requirements of the emergency core-cooling' system to prevent

fuel failures are es tabl.i shed by means of this code. As

discussed in Section 3. 2 of this report,analysis has shown that

the injection of htgh-pres.suro emergency coolant early in the

blow-clown period is not required, and that sufficient cooling

can be maintained by low-pressure injection towards the end of

the blow-down. In his report Sainsbury •'does not indicate how

the supplier (AECL) demonstrates compliance with the emergency

core-cooling system requirements. However,

reference is made to the logic

used to sense the location of the failure and to direct the

emergency coolant to the intact headers on the opposite side of

•the core, coupled with the fact that the core is the lowest

point in the CAKDU heat transport system. These features,
S )

according to Sainsbury, provide assurance that the core can be

easily flooded by the incoming emergency coolant,thus eliminating

the possibility of the emergency coolant by—passing the core and

going directly to the break.

6.2.3 Containment System

The containment system is designed to withstand the over-

pressure ci-eated by a loss-of-coolant accident with little

leakage to the atmosphere. In single-reactor stations the

containment boundary is the concrete reactor building. A water

dousing system is provided in the reactor building to limit the

peak pressure and minimise the period of overpressure following

a loss-of-coolant accident. Because the reactor building is penetrated

by ventilation ducts required to maintain humidity and temperature

control, isolation

dampers are provided which close automatically on signals of high

pressure or high radioactivity in the reactor building. In multi-

reactor stations a separate building (normally isolated from the
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reactor 1 "ii Iding*) i.s maJnLained at a vacuum. This vacuum

building also has a water dousing .system to condense incoming

stoani,folloKJ.nf; a loss— of—coolant accident. The isolation of

the vacuum building is accomplished by a bank of largo tolf-

aetuali rig valves.

The prossuro transients fallowing a loss ot coolant

accident arc quite different in the; two containment tyjios. The

pressure rises quite quickly in the reactor building of a

vacuum containment system, since the- volume of the reactor

building is relatively small. However, wlion the pressure

reaches about 1 psig at the pressure rel:i of valves they open

and discharge first air, then steam and ail", into the vacuum

building. The prossuro peaks out in the reactor building soon

after the pressure relief valves open and decreases to less

than atmospheric in a few tens of seconds.

The pressure transient in a single-unit containment is more

1'rolongcd,and since the leakage from the containment is a direct

function of the integrated ovei'prcsEure, the building of a

single unit containment must meet a tighter leak requirement

than the buildings in a vacuum system. No mention is made by

Sainsbury of the procedure which is used to demonstrate compliance

with the containment leakage rate requirements under overpressure

conditions. In discussing the containment and siting requirements

of the Atomic Energy Control Board, Boyd 'states that it is

unlikely that a moderate or high pressure containment building

would bo required to be tested to full design pressure after

operation begins but it would be required to be tested periodically

at lower pressures.

0.07 kg/aq.cm above atmospheric



6. ;j Fault-tree An,-, lysis

The use of f;iu.lt-trun analysis ii - reactoc safety assessment

was first developed in the U.K. ''. In tho carl) 1970s thu USAEC

(now NHC) invostigati-d I hi s analytical technique*, in cunjuncvi JU with

tho nso of event—ti'i>os, to assess accident risks in US commercial

nuclear power plants. The results of tho AEC Reactor Safety

Study (HSS) wore pub.li;

later in this section.

Study (HSS) wore jjubl.i shod in Yi'ASH-l'lOO ' and are discussed

6.3-1 R 3 S Methodology

The first step in tho application, of fault-tree analysis

is the identification of the accident sequences that could

potentially influence the risk to the public;and in the RSS, cvent-

trocs wore- used for this purpose. An event-tree is a logic

method for identifying the various possible outcomes of an

initiating event in an accident sequence. In reactor accident

sequences the initiating event is cither a reactor coolant

system rupture ( a loss—of—coolant accident) or any of a

number of reactor transients. Having defined the initiating event,

the next step in developing the event-tree is to determine which

systems might affect the subsequent couz'sc of events,and to order

them in tho proper time sequence. Obviously there are many

possible events and combinations of events that can cause

accidents, but many of the event branches can be eliminated because

they represent illogical sequences. In this way accident

sequences from the initiating event to release of radioactivity

to tho environment can be identified.

Having determined the accident sequences that could

potentially lead to the release of radioactivity to the environment,

the probability of each step is estimated by means of fault-trees.

The fault-tree method uses a logic that is essentially the reverse

of that used in event-trees. Given a particular failure, the

fault-tree method is used to identify the various combinations

and sequences of other failures that lead to the given failure.

The successful application of fault-tree analysis depends to a

large extent on the skill and experience of the analyst in



Acli'sit Lfyi n;; all of the si gnificant paths to failure, in particular

coiniiioii-mofli.1 I'uilurcs. Comniou-iuodo failures arc? multiple failures

that re;.,ult frijui a f-.i nglc Initiating oven!, or fai lure. An example is

the fire which disabled many of the cngJ noerecl safety systems at

tliu Hrown's I;'orry nuclear p.lant . Another important limitation

i.n the applies t.i on of f ault-troo analysis it, the availability of

meaningful failure rate data. In the I43S it was found that tho

experience of a few liundred reactor years was not sufficient to

provide statistically meaningful probabilities for most of the

required component failure rates, thus it was necessary to draw

on world-wide industrial experience.

The results of the RSS were published as WASH-l^iOO^ ) in draft

form in August IS'7̂  and in final form in October 1975- The draft

report received comments and criticisms from 87 individuals or

organisations, including the US Environmental Protection Agency

(EPA), the American Physical Society Study Group on Reactor Safety,

the Union of Concerned Scientists and the Sierra Club, Resources

for the future Inc., and the US Atomic Energy Commission Regulcitory

Staff. The comments on the draft report, including criticisms of

the fault-tree methodology, were listed in Appendix XI of the

final report along with the responses by the RSS group. Some of the

criticisms given in Appendix XJ as well as some other criticisms

which wore not submitted to the RSS but published elsewhere, are

discussed in an appendix to this report.

6.3.2 RSS Results

The stated objective of the RSS was to make a x-ealistic

estimate of the risks to the public that could be involved in

potential accidents in commercial nuclear power plants of the type

(lAv'Rs) currently in use in the USA, and to compare those risks with

non-nuclear risks to which the US public is already exposed.

It is well established that reactor accidents cannot have

serious environmental consequences unless a substantial fraction

of the fuel in the reactor core melts. The total probability of

core melt for commercial LWRs was estimated in the RSS to be

about one in 20 thousand (5 x 10~J) per reactor per year. With

100 reactors in operation, as is anticipated for the USA about
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one in U00 per year.

A coi'o-melt accident emi have a wide range oi' consequences

in terms o.1" both health effects and propoi'ty damage, depending

mainly on the amount of radioactivity that is released to the

cnvj1unmont, the way it is dispersed by the prevailing weather

conditions, and the number of people exposed to radiation. The

RSB calculated the health effects and tho probability of occurrence

for 1)10,000 poasil'lc combinations of tho magni tude oi' radioactive

release, weather conditions, and population exposed. Tho probability

oX' a given rclnnso was determined from a careful examination of the

probability of various reactor-system failures, using the fault-

tree methodology discussed earlier. The probability of various

weather conditions was obtained X'rom weather data collected at

many reactor sites in the USA. The probability of various numbers

of people being exposed was obtained from US census data for

current and planned reactor sites.

The consequences of a core-melt accident, as reported in

VFASH-l'tOÔ ) , arc summarised in Table 2. Tho probability of the

most likely consequence is the estimated probability of core melt

(5 x 10 /.reactor/year). This assumes that the most probable

course of events following a core melt would bo that the molten fuel

would melt through tho bottom of the reactor and the base of tho

containment building- and eventually come to rest in the bedrock

beneath tho power plant, where it would act as a long-term source

of radioactive contamination of the local environment. Volatile

fission products that had escaped into the containment building

would deposit on cool surfaces;but a small fraction, together with

some of tho gaseous fission products, would leak slowly out into

the environment, mainly within a few hours of the accident. This
3)accident is described as PWK7 in WASH-l^OO and is estimated to

release 1700 Ci of 1-131.

In contrast, tho worst possible release involves rupture

of the containment above ground and release of most of the volatile

and gaseous constituents of the reactor. The RSS considers three

mechanisms for such releases (described as PWR 1, 2, and 3) and

estimates the median probability of the most likely of these (PWR 2)

as about 8 x 10~ /reactor/year, or one sixth of that of tho limited

PWR 7 release considered above. This means that about 1 in 6 core-

melt accidents is estimated to involve a major release. In

comparison with PWR 7, the PWR 2 accident is estimated to release
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about 6 x .107 01 or 1-131.

Tilt; worst consequences of this release are summarised in Table 2.

The probability ui' experiencing these worst consequences is clie

probability of the worst release (about 10 /reactor/year) combined

with the probabilities of experiencing the most unfavourable weather

conditions (lO~ ), and the wind blowing in the direction of the

most densely populated sector (10 ) giving a total probability of

about 10 /reactor/year or one in 1000 million per reactor per year.

If it is assumed that there are 100 reactors in operation, the

probability of this worst accident is increased to one in 1O million

per year.

The hazards of the more important radionuclides which could

be released in a reactor accident are .summarised and compared in
19)

a NIP report . The effects of an accidental I'oloase of r-adio-
20) 2 1)

activity on man ' and on agricultural products ' are also discussed
in two further NIP reports.

Table 2 — Consequences of Reactor Accidents For QTIO Reactor

At An

Prompt fatalities

Prompt illness

Delayed cancer
fatalities/year

Thyroid nodules/year

Genetic effects/year

Total property damage $

Average Site Tn The USA

Consequences

Most likelya

< 1

< 1

< 1

< 1

< 1

; 1 ° 9 <0"1

Vors t b

3

45

1

8

3 0 0

0 0 0

500 C

0 0 0

i 7 0 d

14

(from Ref.3)

Normal incidence
for an exposed ,
population of 10

-

-

17 000

8 000

8 000

-

a The chance of this "most likely" accident is predicted to be one
in 20 000 per reactor per year (the chance of core melt).

The chance of this "worst" accident is predicted to be one in
1000 million per reactor per year.

C This rate represents an increase of about 10̂ ° of the normal cancer
incidence and would occur for about 30 years following an accident,
giving a total of about ^5,000; the same fractional increase could
T>e envisaged in New Zealand but the total number could scarcely
exceed a tenth of the 45,OOO20).

d This rate would apply to the first generation born after an accident:
subsequent generations would experience effects at a lower rate.
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C.k Safety Criteria

One of the objectives of the RSS was to pr'ovide perspective

on reactor risks by comparing those risks with non-nuclear risks

to which the US public is already exposed. This is done in

Figures 1 and 2, quoted from WASll-l'lOO ' . Figure 1 compares tho

frequency of prompt fatalities predicted for the 100

nuclear plants expected to be operating by about 198O,with the

frequency of fatalities due to other man-caused events. The

same comparison is made in Figure 2 for fatalities from natural

events. Note that the probability of the highest reactor

accident consequences (^3000 fatalities) is one in ten million

per year (10 per year) which is derived by multiplying the

probability of the largest consequence event for one reactor

(as discussed above, 10 /reactor/year) by the number of reactors (10'

expected to be in operation by 1980 in the USA. Figures 1 and 2

show that non-nuclear events arc about 10,OOO times more

likely to produce large numbers of prompt fatalities than nuclear

plants on the basis of tho WASH-1400 estimates.

The RSS emphasised that the study made no judgment on the

acceptability of the nuclear risks that it had estimated and

compared with non-nuclear risks.

The question of acceptability of risks and the need for

new safety criteria were discussed at length in the report of

the U.K. Royal Commission on Environmental Pollution, published

in 1976 "' . With regard to the acceptance of risk, the Royal

Commission report states that "if it could be ensured that the

risks of reactor accidents causing fatalities were comparable

with, or less than, those from other technologies, then it could

reasonably be argued that the same acceptance should apply to

nuclear power". Considerations of this kind lead to the

formulation of safety criteria for reactors which relate the

acceptable frequency of an accidental release of radioactivity

to the magnitude of that release. Safety criteria of this kind

have been proposed by Farmer'1'?./ , who considered that an

acceptable and realistic target for reactor design was that a

single reactor should present a risk of less than 10~ (one in

a million) per year of a release of 10 curies of iodino-131.
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Tin' curve oi' total risk (from tlio Uoyal Commission roport) that

would arise from 1OO nuclear power plants on scmi-ui-ban sites

in the UK with reactors having safety ckaracturJ sties defined

by Farmer's safety criteria it; also shown on Figures 1 and 2.

As is the case for LKRs, the UK power jji'ogramiiio would present

a considerably lower risk than those for the non-nuclear events

shown. The Royal Commission report notes that in Uritain the

incidence of natural disasters is much lower than in the USA

but the effects of some man-made disasters such as air crashes

on people on the grounder chlorine releases, would probably be

much greater because of tile higher population density.

Tho foregoing discussion suggests that if the fault-tree

analysis can be shown to produce satisfactory estimates of

total reactor risk and if suitable risk (or safety) criteria

can bo developed, then this probabilistic approach to safety

analysis could be used in place of the maximum credible accident

(MCA) approach currently used as tho basis for reactor licensing

in most countries. The MCA approach as applied by the Canadian

licensing authority was discussed earlier in this section. The

two methods of safety analysis were compared in the UK Royal

Commission report. It is acknowledged that probability

analysis must to some degree already be used in applying tho MCA

method because the determination of what is incredible or

otherwise, must rest on judgment of the likelihood of failures.

However, because the systematic use of fault-tree analysis is

not a condition of licensing and because attention is focussed

on certain specific failures that would lead to the MCA, it is

possible that "there will not be disciplined analysis of other

modes of failure which, though less likely to iccui", could have

much more serious consequences, and whose probabilities of

occurrence it should be an object of design to reduce to known and

acceptable levels". ' On the basis of these considerations, and

tho success achieved by the UKAEA in designing the Prototype Fast

Reactor at Dounreay to fulfil Farmer's risk criteria, the

UK Uoyal Commission report concludes that there is a need to

review the criteria and methods of working of the British

licensing authority which currently uses the MCA approach.
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Many reports have been listed as letter codes. The
following list gives tlio publication source for these reports.

AAEC - Australian Atomic Energy Commission (Sutherland, NSV,')

ACRL=AI;CRL - Ap-icultural Rosoarcli Council Radiological
Laboratory (ilisley, UK)

U.S., Energy Research and Devolopement Agency
(Washington, DC)

Atomic Energy of Canada Ltd (Ottawa, Ontario)

Atomic Energy Research Establishment (llarvell, UK)

AEC -

AECL -

AERE -

ANL -
BNV/L -
BRH/DMl -
CONF - U.S. Energy Research and Development Agency

(Washington, DC)
EPA -
ERDA -

DSIR Report NIP- See NIP

EUR - European Atomic Energy Community (Brussels)

IAEA/STI - )
IAEA/I,\TFCIRC -) Internat ional Atomic Energy Agency (Vienna)

IAEA/WIIO - )

ICRP - International Commission for Radiological
Protection (UK.)

IEEE - Institute of Electrical and Electronics Engineers
(New York)

INFCITiC - See IAEA

INSL - held by the library, Institute of Nuclear Sciences
(Lower Hutt)

LA - ) U.S. Energy Research and Development Agency
LA-UR -) (Washington, DC)

NCRP - National Council on Radiation Protection and
Measurement (USA)

NIP - "Nuclear InPut" - file held at the Institute of
Nuclear Sciences, DSIR (Lower Hutt). The six-digit
number following some references is the abstract
number in the NIP file (e.g., 000398)

NRC - U.S. Energy Research and Development Agency
(Washington, DC)

NRL - National Radiation Laboratox-y (Christchurch, NZ)

NRPB - National Radiation Protection Board (UK)

OECD/NEA - Organisation for Economic Co-operation and
Development, Nuclear Energy Agency (Paris)

ORNL -
0R0 -
RD - U.S. Energy Research and Development Agency
USAEC - (Washington, DC)
WASH -
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INTRODUCTION

The Atomic Energy Commission in America set up a study

of light-water reactor safety under the overall direction of

Professor Rasmussen of M.I.T. This study, costing several

million dollars, attempted to estimate the risk of a large

range of accidents. This had not been attempted previously

in quite the same way. This appendix examines the way the

study derived its conclusions, and comments on the criticisms

that have been made of it. Obviously it has not been possible

to examine all the facts or methodology used by the study.

Only the logic and reasonableness of it is examined.

The study was in two phases. In the first phase a draft

report was produced. This consisted of a summary and ten very

bulky appendices. It appeared late in 197^ and was circulated

to a wide range of interested people for comment and criticism.

.{The groups included both those who could be expected to be

sympathetic towards nuclear power (e.g., companies who

manufacture reactors), and those of a different stance (such

as various environmental groups).

After consideration of all the comments received, the

final report was written. This appeared in October 1975-

It included the same appendices as before, but there was

another appendix, appendix 11, which gave details of the

criticisms that had been made, and the response of the study

to them. In some cases the criticisms resulted in substantial

modifications to some of the results of the study.

This document reviews some of the criticisms in appendix

11, and also a few others which have appeared elsewhere in

the literature.

The study had a definite scope. As typical it took one

specific pressurised-water reactor, and one-boiling-water reactor. I

was to assume that 100 reactors were in service, and that no

predictions were to be made about possible reactors in service

beyond the next five years. This meant that no allowance
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was made for ageing of the reactor components. It also meant

that no study was made of such systems as the Canadian CANDU,

the British SGHWR, the various fast breeder reactors, or the

advanced gas-cooled reactor. It was not intended to cover

the other parts of the reactor fuel cycle such as reprocessing,

and the possible diversion of plutonium for bombs, sabotage or other

terrorist activity. However the Energy Research and Development

Administration plans similar studies on the Gas cooled reactors,

and the breeder reactor (WASH-1400 summary; p7)«

Although the study tried to give a realistic estimate of

the risks, it commented that improvements had been made between

1966 and 1971 in design and the regulation of suchplants which

mean that the derived risks are probably too high. This may

not be so. Not all of the new improvements and tightened

regulations have been implemented in older plants. This would

tend to cancel the previous factor.

Methodology

The methodology attracted a good deal of attention because

it was rather new, and'had not been used to a great extent in

this field before.

First, a great deal of work was done to identify failures

that could lead to potential risks to the general public. This

meant a close examination of ways in which the radioactive com-

ponents of the reactor could be released. Sequences of events

that expose the public to radiation are an example of what are

known as event trees. A particular initiating event may cause

a variety of consequences depending on the circumstances at each

point. A diagram of all the possibilities resembles a tree.

Given these initiating events^ analysts find, if possible, all the

ways the> could occur. A diagram of all the possibilities again

resembles a tree and is called a fault tree. The Reactor Safety

Study (RSS) team also considered how failures might interact

with each other or how a number of failures might be caused by

some common cause (common mode failures). There are a very large

number of possibilities for both trees, but many turn out to be

physically impossible. This reduced the size of the event

tree to 130,000 potential accident sequences.

After the accident sequences had been determined, the
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probability of each step in each tree was estimated. This, vas

done by drawing on an immense amount of data available from outside

the nuclear industry. If a valve failure was a component

of the accident sequence,it was possible to determine from

data available the probability that a particular valve

would fail. It was necessary to draw on world-wide

industrial experience to determine these various failure

rates, because the nuclear industry by itself did not

represent sufficient experience (200 reactor years). It

was also possible to draw on the data now available about

human failure rates when human action was required.

Finally the probabilities of a release of radio-

activity causing serious harm were estimated. This

involved such calculations as the amounts of the various

isotopes which would be released in the course of a reactor

core melting down, the probability of the released isotopes

being breathed in, or exposing a particular number of people

to radiation, the subsequent probability of death, or long

term genetic effects, or property damage.

The study also compared the risks obtained with those

of other well known natural and man-made hazards, such as

earthquakes and aircraft crashes.

An investigation was also made of how much errors in the

data influenced the final estimates of risk. The

risks were sensitive to the way the containment failed, but

not to many other expected events.

The draft report presented figures which summarised

many of its findings. Figure 1 is the prompt fatalities

(excluding such things as long-term effects like cancers

produced) caused by the core of a reactor melting down and

its contents being dispersed. There proved to be little

difference between the two types of reactors.

The probability of a core melt was calculated to be

about 5 x 10 or about 1 in 17,000 per reactor year.

This and other quoted probabilities are mean values. For
typical error ranges, see figures 1-3.
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The delayed fatalities estimated in the draft are given

in figure 2, and the property damage in figure 3.

1, Criticisms received

Methodology

The draft study received many comments from 87 individuals

or organisations. Some comments concerned methodology. It

was queried whether the methodology could inherently give reasonable

estimates of risks. Comments such as 'NASA tried out this idea

of estimating probabilities and gave it up - it didn't work1

and 'It is known that such methodology yields probability figures

which are much lower than those found in experience1, were

received.

The study commented that indeed, early uses of the

methodology had given risk estimates which were far too low, and

did not accord with experience where there had been opportunity

to try out the predictions (these applications were not in the

nuclear field). They considered however that recent advances

had shown that foolish answers were no longer being obtained.

Recent results quoted in the study from the Systems Reliability

Service (a subsidiary of the United Kingdom Atomic Energy-

Authority) gave ratios of observed failure rate to predicted

failure rate of between 0.26 and 2.6 for a study of 50 system

elements. This did not include structural elements such as build-

ings. These examples were not as complex as a reactor and

WASH-1400 therefore extended the use of the methodology beyond

previous experience, but chiefly in the matter of scale, not

principle. ' • , •

•' • , • • ' • . • • : : • • ' j • .

The reactor systems are made up of components whose failure

rates are known from other industries. Although the current

operating experience with reactors is insufficient to give

measured rates for system failure probabilities in all cases,

sufficient system data were available to permit checking the

WASH-1400 predicted failure rates for two systems against

experience.
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The calculated and experienced values were as follows:-

Unavailability (Q) (per demand)

System Experienced Calculated

High-pressure , Q - upper 1.4 x 10~2

coolant injection Q = 1 x 10" Q - median 9.8 x 10
Q - lower 6.8 x 10
Q - upper 7.8 x 10~

Containment spray Q = 1 x 10" Q - median 2.k x 10
Q - lower 1.0 x 1O J

These systems are of moderate complexity and give reasonable

assurance that the methodology gives sufficently accurate results.

It was found from correspondence with NASA that indeed

they did not use this type of methodology any longer, but

this was simply because they could not get enough basic data

on failure rates for their rather exotic systems and also their

systems changed a great deal with each launch. They agreed

(as did other experts consulted) that provided the data base

is adequate, the methodology is indeed capable of yielding

meaningful answers.

Historically such methodology has been rejected on the

grounds that it was not capable of yielding high probabilites,
-2 - 1 - 1

such as 10 or 10 y . Now that it has been shown that it

can, the question remains - can it predict low probabilities

such as 10 ? This question is slightly different because

there is no way of checking any low probabilities calculated -

the events would be so infrequent that they would not be

observed in practice and the final accuracy of the estimate

would remain indeterminate.

However, this case does not arise for the most important

VASH-1400 accidents. This can be best understood by examining

the form of the mathematics used. For the case of a loss-of-

coolant accident for a PWR reactor, the probability of a given

number of deaths is given by
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PIE X PSF X PCFM x PWC x PPD = °ve*"all probability,

and the corresponding numerical values are (for the worst

accident)

^0"^ x 10~2 x 10"1 x 10"1 x 10" = 10"° per reactor-year

where PTT, is the probability of the initiating event,

P is the probability of system failure that should
cope with the event,

P ,. is the probability of containment failure,
CFM

P,,_ is the probability of adverse weather conditions, andwe
P _ is the probability associated with population

distribution.

The probability of other initiating events and associated

system failures will differ.

It should therefore be noted that each of the probabilities

in itself is clearly in a range in which the methodology has

been well proven, and it is only their combination which leads
_q

to the very low probability of 10 . This gives

confidence in the final low probability, provided the

probabilities are quite independent.

Some critics have suggested that such methodology is

valuable for comparison of different reactors, but not valu&ole

for comparison with other risks as is done in figure 5. However

the reverse may sometimes be the case.

The methodology may be used to find whether some small

alteration to a reactor will significantly increase its

safety, for example, the incorporation of an extra valve in a

pipeline. However, this is making one small alteration and holding

all other factors constant. If very many changes are made the

comparison is harder. This is because the errors overall are

rather large and so it is hard to tell whether a very different

design is significantly different from another, unless they

are several orders of magnitude different. This is the case

for comparison with other man-made risks, so we conclude that

comparison of one minor design change with another is possible,

as is comparison of reactor accident risks with man-made risks;

but comparison of one reactor type with another of similar overall
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risk may be difficult. The error bars are calculated by Monte

Carlo techniques.

There is one other aspect of methodology which cannot be

completely covered by the techniques outlined. It is possible

that the reliability of subsystems (such as containment sprays)

can be calculated; but what happens when you put the subsystems

together in new configurations, such as are seen in a reactor?

Is there not the possibility of design error on the macro scale?

There will be no industrial experience to give an indication

of this.

It is for this reason that one whole appendix of WASH-1400

is devoted to an independent examination of adequacy of design.

It attempts to determine whether new systems will perform as

designed. This is an area where the fault-tree approach is no

use because there is no data base. Figures for probabilities

cannot therefore be calculated. What is called engineering

judgement must be used. This must be rather more subjective than

the probabilities described earlier. The design check showed in

general that components were designed with an adequate degree

of conservatism, except for one or two cases where the degree

was a little loss than the original designers had thought. All

this means that the original designers and the WASH-lUOO team

came to essentially the same conclusions about the design,

suggesting the degree of subjectivity to be small.

For routine running, most of the design faults ai-e seen

in the early stages and result in low availability of many new

reactors, but for safety systems during an accident no

such design testing in practice may have been done. This could

therefore change the error range quoted by WASH-14OO for the

safety system probability. How much it changes depends on how

much the RSS missed. They may have missed both built-in

conservatism and accident possibilities.

Low overall probabilities such as 10 for core melt-down

are suggested by some critics to be shown to be wrong from

experience - it is asserted that the Brown's Ferry fire came

very close to being a core melt-down. This fire in the reactor

electrical system, which required extensive operator intervention
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to control (since very many safety systems were disabled), was

investigated and the probability calculated of a core melt-down

with time. This is given in figure k.

It should be noted that the diagram has been altered from

the original which may be found in Appendix XI 3-52. The

original diagram -gave probabilities for a similar fire occurring

and leading to core melt-down. The present diagram gives

probabilities that the actual fire experienced, or a similar

one, would have led to a core melt-down, and shows that about

300 such fires would be needed to experience one core melt.

There have appeared a number of calculations which purport

the use of WASH-lZlOO methodology to obtain extremely low proba-

bilities for events which actually happened. It is claimed that

these show the methodology to be inherently faulty.

The Brown's Ferry fire in 1975 was estimated by Comey to

have a probability of 10~ ^(Lovins and Price, 1975» notes,

Part I p.104).

The Oak Ridge Research Reactor incident, 1970, which

involved a series of seven triple common-mode failures was

calculated to have a probability of 10 (WASH-1400,1975) p.3-62.

The Dresden II incident in 1970 which involved widely

fluctuating water levels in the core was calculated (Kendall
1 ft

and Moglewer, 197*0 to have a probability of 2.5 x 10 per

reactor year. Fifteen such accidents are said to have occurred

(Lovins and Price, 1975, Appendix 1-1 59).

The way the Reactor Safety Study calculates the probability

of such events varies depending on previous experience of such

events. If there is some experience, then a probability and its

error bars can be calculated for that class of event. If there

is not directly comparable experience, then an attempt must be

made to estimate a probability based on experience which is

similar but may be not directly applicable. Because of the

large errors inherent in this, it is avoided, where possible.

In the specific case of fires, the RSS could only draw on

vaguely similar events. It did a rough probability calculation
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and estimated that fires, as a class, would not contribute in a

major way to melt-down. That is, the probability of fires

leading to melt-down would be significantly less than 5 x 10

per year.

Now that such an event has happened, an a posteriori comparison

of probability is possible. The probability of a fire occurring

is found by dividing the number of occurrences (one) by the number

of years of operation (2OO). This leads to an approximate proba-
_3

bility of 5 i 10 , and to obtain the probability of a fire-

initiated core melt-down, the figure must be multiplied by
-3* -*>

3 x 10 , giving 10 ' per reactor-year. The probability of

melt-down from all causes is given as 5 x 1O per reactor-year,

so the contribution from fires is not a dominant one. This

means no change in the overall draft probability was necessary.
_3

The figure of 5 x 10 is now suspect, because of the
changes the Nuclear Regulatory Commission have insisted on in

the area of fire prevention and control.

-13

This probability is much higher than the 10 quoted

above - why? Similarly, assuming for the Dresden case the

number of 15 given in the reference, what is the chance of a

similar incident? We divide 15 by 200 (the number of years of

operation of commercial power reactors), and obtain 0.075 or
— 2 8

7.5 x 10 . This is very different from 10~ . Where does the
difference arise?

On examination it is seen that what Kendall and Moglewer

do, is to take each reactor component involved in the incident

and, from the failure probabilities tabulated in various

appendices of WASH-1^-00, calculate the probability of all these

components failing as they did. Since most of these components

are quite reliable, the cumulative probability is indeed very

low as calculated. But it should be noted very carefully that

what they are calculating is quite a different thing from what

WASH-1*»00 is calculating. WASH-iAOO is calculating the probabilities

for a whole class of accidents, a generalised overall probability,

whereas the calculations which yield such low figures are for

highly specific situations. So vhat the latter figures are
*the maximum probability of a core melt-down during the Brown1s
Ferry fire (see figure U).
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giving is the probability that there will be another accident

exactly like Dresden 2, with the same valves failing, the same

operator errors, the same recorder running out of paper, etc.

It is certainly correct that the probability of an exact
1 ft

repeat of such a complex set of circumstances is 10 • If

we wanted to, we could reduce the calculated probability still

further by demanding, for example, that the weather conditions

be exactly the same and that the same operators be on duty, etc.

It is thus clearly seen that the probability of a chain of

complex events happening again in detail is vanishingly small ,

but the probability of another of that class of incident may

be 10 higher, or more.

WASH-1'tOO deals with classes, not with individual cases.

It is much more important to deal with classes, and it should be

noted that this is done by dealing with the individual cases

first, as demonstrated above, unless no actual experience

exists.

It may be seen then that the low figures calculated are an

incorrect use of the methodology of the Study; they give the

probability of an identical event occurring again, they do not

give the probability of a broadly similar event, which is what

the Study is trying to do. One consequence of this is that

events of a severity similar to the class of accidents of which

Brown's Ferry fire is a member (potential core-melt initiators),

might be expected every few years, though we will .not have an

exact repeat of the Brown's Ferry accident. Continuing

regulatory activity is necessary to ensure that lessons learnt

from such accidents are applied soon after, to reduce the

probability of that whole class of accidents.

The situation may be illustrated in another way.

Each individual human is specified by his genetic components.

These components vary and we may ask, what is the probability of

two people having exactly the same genetic compositions, assuming

they are not twins, but born of unrelated parents? The

probability of this has been stated (Evens (1976)) to be as low
Q-116OO

for one specific and rather unusual example. Even
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taking a broader view, any individual has an impossibly small

chance of being repeated; but he can exist! This merely

emphasises that any very complex event is exceedingly unlikely,

and can bo considered to be as unlikely as you please by

considering a sufficient number of circumstances. However,

considering humans as classes, there is, for example, one in

four chances of having a yellowish skin.

2. Common mode failure

•Common mode1 failures by definition affect many systems

simultaneously (e.g., an earthquake). Obviously, such

situations are very complex. There are many possibilities.

Is it possible to allow for all of them? Perhaps the most

concise reply given by the study to this criticism was that

the vast majority of release sequences did not involve this

type of fail'*" 9, but failures of single unconnected systems.

This means that "common mode" failures did not contribute

significantly to the overall probability of release. If this

is true, then even if only 5Oc,o of the common mode failures

were identified (the Study believes far more would be identified)

the difference made to the overall probability is not

significant. Also, because many possible sequences were
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physically meaningless and because it was possible to eliminate

from consideration some sequences with very low probabilities,

in the end there were only 27 sequences to consider which

involved common-mode failures. All others were either meaningless, or

of negligibly low probability. This very small number means that

checking was relatively easy, reducing considerably the chance that

anything was missed.

3. Completeness of consideration of possible accidents

The third major criticism is: given a failure, have all

possible accidents been identified?

The reply of the study is that there are relatively few possible

initiating events; such things as equipment failures, earth-

quakes, tsunamis, tornados, plane crashes, sabotage, which can

happen only to a small range of potential accident-causing

devices; the reactor core, the spent fuel pool, transportation

of wastes and few others. This small number ensures again that

checking is easy, and little is likely to be missed. Calculations

further show that by far the greatest probability of release is

associated with the melt-down of the reactor core. Therefore

most attention was focussed on that.

In this context it should be noted that a number of comments

were received by the study indicating that some potential

accidents had been missed, but these were very few indeed. They

did not change the overall conclusions for the final report

significantly. Even strong critics supplied only the smallest

fraction of the cases studied by the WASH-l'tOO group. This

argues that very little indeed was missed. The RSS group would

need to have missed 90%,- or more, of possible accident modes to

change the probabilities significantly. This seems very

unlikely.

In principle, of course, it is not possible to prove a

negative, which is what is asked for in this complaint. But it

may also be seen that the question really boils down to whether

there is a possible greater accident than is caused by a core

melt-down, and from the physics this seems
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impossible. We have to find a source of energy to cause

accidents. The greatest source of energy in the system before

us, is the reactor core itself. Therefore it seems that con-

sideration of the reactor core must be the most important.

h. Adequacy of the data base

The fourth major criticism is; are there adequate failure

data available to derive probabilities for accidents, which have

small errors?

The study found that there were large uncertainties in the

failure data available to it. Furthermore there were variations

from plant to plant. They chose to use data which showed the

widest possible range of failure rates, including data from

rather hostile environments. The range of possible failure rates

was often therefore from ten times the final value chosen, to one

tenth of the final value. This seems a very wide range of

possible values (two orders of magnitude) , but still

produced final values and errors on overall probabilities

which can be used. If there is a 10~ chance of an

accident, it does not radically alter the conclusions if the

probability might be 10 or 1(

data were considered adequate.

-5 -7probability might be 10 or 10 instead. Thus the failure

It should also be noted that the failure data used were from

field experience, and therefore included such effects as human

error in design or lack of maintenance, errors in construction

and mode of use, various environmental conditions etc.

In the mathematics of the study, the failure rates were

assumed to be distributed according to a log-normal distribution.

This assumption has been criticised, but the study showed that

using other types of distributions did not alter the final con-

clusion significantly.

The conclusions of this section are:

(a) Contrary to suggestions widely promulgated, the study
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methodology can yield estimates of absolute risk which are realis-

tic, as shown from experience.

(b) Common mode failures (dependent failures) can be adequately

inve s t i gat ed.

(c) It is highly improbable that many possible accidents have

been missed.

(d) The failure rate data available are adequate for the purpose.

5. Consequences

Many criticisms of the draft report suggested that the con-

sequences were larger than those tabulated.

These criticisms were:

1. The consequence model assumes that in some cases there is time

to move people out of an area about to be affected; this is too

optimistic.

2. The latent fatalities (cancers etc.) were underestimated by a

factor of 25-50. Also the standard sources of information about

cancer induction were misinterpreted.

3» Genetic effects are understated by a factor of as much as

25-60.

'». The property damage model underestimated the effects and

difficulty of decontamination.

5» The assumptions about the way radioactivity would spread on

emergence as a plume are dubious.

The replies to these criticisms were;

1. The data used to estimate the rate at which people could be

moved were reanalysed instead of simply accepting the analysis

of the data done by others. This yielded results which suggested

that indeed, people could only be moved at a slower rate. This

was taken into account in the final calculations. Similar

results have been obtained by the Trench (Togo,1976).

2. The latent fatalities were indeed underestimated seriously,

mainly due to an error in the weathering half-life of caesium

isotopes. The second criticism about misinterpretation of the

standard literature (the BEIR Report) on rates of cancer

induction is much more complex.
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Some of these criticisms are considered in detail in the

attached material reviewing the EPA conclusions about WASH-l^OO.

It should be pointed out that the EPA comments refr to the

final report as well as to the draft report. After carefully

reviewing the evidence the RSS did not change its method of

calculating the latent fatalities to meet the criticism,

considering its draft findings valid in most places. The EPA

now considers the possible errors to bo in the low part of the

range it quoted (Boffey, 1976), and the Study to be substantially

accurate.

3. The study agreed that genetic effects should include

consideration of effects beyond the first generation, and this

was included in the final report. Apart from that» the study

conformed strictly to the known and generally accepted literature.

h. The study agreed that its results for property damage

needed re-calculating,and did so.

5. The model used to calculate the spread of radioactivity

was revised for the final report to meet the criticisms made.

We see then that some valid criticisms were made, and

accepted by the study.

Another area in which significant changes were made to the

draft report was in the consideration of the fraction of the

core radionuclides released by volatilisation. While the study

was in progress, some new experimental data came to hand which

indicated that the postulated release amounts were too low.

The new data were incorporated into the final model and

consequences altered accordingly.

The RSS has been criticised by quite a number of people on

the grounds that the graphs are deceptive; the prompt and the

delayed deaths should have been included (Boffey, 1976). Although

the figures for these are clearly in the text,it is argued that

graphs have more impact than text. Von Hippel (1975) (see

figure 5) shows the effect of this on risk estimates. These

shift the curve upwards as shown in figure 5- V o n Hippel also

argues that the Rasmussen study under-estimated the latent
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fatalities anyhow so that the curve then is very similar to

those of other man-made risks.

The criticism partially depends on a misunderstanding of

the purpose of figure 5» I* i-s intended to compare prompt

fatalities from nuclear reactor accidents with prompt fatalities

from other man-made causes. In each case there will be delayed

effects, though usually less than the prompt deaths. Chlorine

releases, for example, which kill a number of people promptly

may very likely have some delayed effects also, and cause

delayed deaths. But there are no adequate statistics available

on this subject. Delayed deaths could not bo included in

figure 5 therefore.

The other difficulty is; what can delayed cancers

caused by radioactive releases be compared with? Accidental

release of chemical carcinogens into the environment? But

again, no statistics are available. The study concluded that

it was not possible to include latent deaths in the prompt

death figure, and that probably the best comparison would be

with the 'natural' incidence of cancer, which will certainly

include accidental deaths due to chemical carcinogens

in the environment,which cannot be separated out. An attempt

is made to give a visual comparison of this in figure 6.

This compares cancer incidence as found in the US population,

with potential incidence from reactor accidents. It is known

that the cancer incidence is about 3^0,000 per year. To

compare it with various reactor accidents we must ask how does

this natural incidence vary? How much would it be above or

below the mean once in a hundred years? This question is

hard to answer because the rates of various cancers are

changing and it is not known accurately what the underlying

factors causing overall variance are. However, it seems

intuitively reasonable that a Poisson-type distribution is

followed, and this is supported by examination of cancer

statistics taken from the New Zealand Official Yearbook (1975)-

Knowing the form of the distribution, one can calculate the

chances of deviation from a mean.

In the case of the US figures, the standard deviation

on 320,000 is 0.16^.
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Calculation shows that even for a large number of standard

deviations, for which the probability is very small, the

change in the overall mortality rate is very small. In figure

6, therefore, the line on the right-hand side, representing

the chances of the natural rate, do not change significantly

oven if most unlikely cases are considered.

It is somewhat hard to compare figures 5 and 6, because

they are different types of curves. However, if we compare

the overall deaths at a given level of probability (e.g.

5 x 1 0 ), we can see how much difference an accident caused

by a reactor would have on the latent and prompt deaths observed

from other causes in a country.

Comparison shows that for the given probability level,

300 people a year would die from cancer compared with the

natural incidence of 320,000 for the USA. For prompt deaths

(and here we have to extrapolate the recorded figures), a

hundred nuclear power plants might cause 10 fatalities

compared with perhaps 250,000 from other man-made sources.

This shows that although the cancer effects would be

unnoticeable on statistical grounds, they would be a larger

fraction of natural cancers than reactor accident deaths

would be of other man-made accidents. This conclusion seems

to hold at other probability levels also.

6. Emergency Core-cooling System

The emergency core-cooling system was assumed to function

with an estimated failure rate. The difficulty with this

figure is that the system has never been tested under realistic

conditions. It is intended to inject coolant at high pressure

into the core, if major overheating occurs. Te. ts on a very

simple system showed some years ago that injected water tended

to flash into steam and prevent any more cooling water entering

tho hot core, hence destroying the effectiveness of the system.

However the test system was far too simple and not representative

of current practice in this field.

Up till now the only proof that the system will function

as its designers intended was the calculations which have been

done using various computer codes. The validity of these was
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questioned, and the whole issue of emergency core cooling has

been quite controversial. (Finlayson, 1975)- Accordingly, the

study was criticised by various sources for assuming the

emergency core-cooling system would function adequately.

Comments received ranged from those which suggested the chosen

failure rate was too low, to those which suggested that it was

too high!

The study conceded that since no other comparable systems wore

in operation elsewhere, and no failure rate data were available

there was controversy in this area. However they did a study to

determine how faulty the system would have to be to have a

significant effect on the final probability of accident. This

showed that even if the probability of failure of the device were

as high as one in ten any contribution to overall probability would

be within the accuracy of the overall calculations. Thus, since

the study considers (as an educated guess) that the system will

work properly 90$ of the time, it considers that no difference

is made to its final results.

Further data are now available. An extensive test program

(1/60 the scale of modern reactors) is in progress to check in

realistic conditions whether the computer codes gave accurate

predictions. Early results are that the computer codes appear very

accurate. Critics still query the applicability of the results

to commercial scale systems (Kopeck (1976)).

7. Containment integrity

Another criticism was that the study had assumed too low a

failure rate for the steel pressure vessel in which the reactor is

housed (though some critics argued the failure rate adopted was

again too highj). The study re-examined the data and decided there

was no basis for change. This issue has come into some prominence

because of public criticism by some well known figures in the

nuclear industry. There have been assertions that the rate should

be as high as 10 per year per vessel, whereas the study adopted
-7 -5

a value of 10 . The study believes such figures as 10 are not

realistic, but even if they were, calculation again shows that this

does not contribute appreciably to the overall risko The study

also comments that studies by the US Nuclear Regulatory Commission

are tending to suggest that the figure should actually be about

10~ to 10 per year. Increased inspection 1'atcs cause those

lower figures.
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The recently released Marshall Report (Marshall (1976))

generally supports figures in this range, but recommends that

rapid temperature changes be avoided, both in noi-mal running

and in the use of emergency cooling systems.

8.

It was said by some critics that aged components would

be expected to have greater failure rates than those in relatively

recent reactors, and this should be taken into account. The

study replied that the criticism is true . The

study was only intended to cover the next five years, and it vas

suggested that a similar study be undertaken in about five years

time, or when need fox- such an analysis is shown.

9. Sabotage

It was suggested that insufficient attention had been given

to sabotage. The study acknowledged that it is not possible to

estimate the probability of sabotage, but said that sabotage is

difficult, and that they have made some recommendations for

counter-measures. They have not apparently made these public

for obvious reasons. They also comment that nuclear power plants

appear far less susceptible to sabotage than most other civil or

industrial targets. Skilled sabotage might make many of the

calculated probabilities meaningless.
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10. Effect of rapid expansion of the nuclear industry

One critic suggested that much of the study was irrelevant,

since the number of nuclear reactors seemed bound to increase

rapidly in the future, and it seemed doubtful whether the growth

rate of competent designers, operators and maintenance workers

would keep pace. The study replied that it considered that the

regulatory procedures of the U.S. Nuclear Regulatory Commission

would take care of such problems, because there was constant

checking and supervision. However, such a body would probably

need to apply restrictions against some pressures, if shortages

did develop.

11. The APS study

After the draft report appeared,an independent study emerged

by the American Physical Society. This study contributed to the

criticisms already considered, and checked the calculations as far

as their limited resources permitted (APS (1975) ) • They made

the comment that although the draft report was a very large

document (half a metre thick) they found there were quite a few

details lacking which made it almost impossible for them to re-

produce the calculations except in one specific case. However,

given an adherence to the draft report figures (some of which

they disagreed with, and which were altered in the final report)

they were able to verify at least some of the calculations.

The APS study produced one comment which has been extensively-

reproduced '...we recognise that the event-tree and fault-tree

approach can have merit in highlighting relative strengths and

weaknesses of reactor systems, particularly through comparison of

different sequences of reactor behavior. However, based on our

experience with problems of this nature involving very low pro-

babilities we do not now have confidence in the presently calculated

absolute values of the probabilities of the various branches'.

The substance of this comment has been discussed

above. Although the doubt about the reality of the absolute proba-

bility values is based on the lack of solid past experience, recent

experience shows that these doubts may not be justified.

i
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12. Comments by the UCS

Perhaps the most trenchant of the criticisms received by the

study came from the Union of Concerned Scientists. Their criticism?

are reproduced here because they, of all the criticisms,are most

likely to be disseminated elsewhere.

1. 'We have concluded that the new Reactor Safety Study

conclusions, even though based in part on weak or inadequately

documented evidence, call into most serious question the competence

of the AEC in its conduct of safety analyses on which for a decade

or more the major safety assurances of the nuclear program have

been based. The Reactor Safety Study both explicitly and implici-.

ly admits the existence of significant defects in these analyses1.

The study replied; 'Contrary to the above view, the studv

group believes that WASH-1^00 provides confirmation of the care

and thoroughness exercised by large numbers of dedicated personnel

in industry and government in having achieved the relatively low

levels of potential risks in commercial nuclear power plants that

the study calculated1.

2. 'We conclude that the Reactor Safety Study did not take

advantage of opportunities to verify the capacity of a newly

applied and controversial methodology to contribute to risk assess-

ment. This is an important defect. We further conclude that

as a consequence the public is now asked, again, to believe in

unverified and inadequately-supported, computer-supported pre-

dictions. '

Once again, the study replied that in fact recent tests

showed the methodology to be sound.

3. eWe have concluded that the AEC's use of this report is

is improper and wrong, and that the report, because of its limita-

tions and defects cannot be used to sweep away the doubts about

reactor safety. We have finally concluded that the nuclear

program is in great need of a substantial, highly competent, and

disinterested review of all aspects of the program's potential

impact on public safety. The USAEC's inhouse Reactor Safety

Study will not serve. It was not disinterested, and it is

technically flawed, and its results are being misused1.
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The study replied:

•WASH-1400 is a technical report prepared by persons recog-

nized to be competent in their fields, and the study believes

it is inappropriate for it to enter into considerations of motiva-

tions The report has in essence been reviewed as suggested

by UCS. A broad spectrum of our society representing many diverse-

viewpoints and fields of expertise, has been asked to comment on

draft WASH-1400, and comments were received from additional sources

as well «

The result of all the criticisms and self-criticisms vas
that extensive changes ¥ S r e made to the models used, and the

consequences recalculated. In some cases the changes led to

increases in the consequences. Table 1 gives a comparison of

the draft and final consequences predicted. It will be noted that

although the latent cancer fatalities increase,they do not increase

by the figure of 25-50 suggested by some of the critics. This is

because there have been other changes to the model, which tend to

mitigate the effects.

Figure 5 gives the draft and final graphs for the prompt

fatalities, from which it is seen that less severe accidents have

become slightly less likely in the final report, and the most

severe accident has become slightly more probable. Figure 6 compare-

the draft and final report estimates of latent cancer fatalities

per year. Figure 7 is the corresponding figure for property damage.

The final report shows more latent deaths (and prompt

deaths "as well) than the draft Rasmussen report. Why? This

arose from the WASH-1400 neglect of the weathering half-life

of caesium-137» and a few other factors which were corrected

for in the final report. This is one important reason the

consequences were increased overall. The end result of
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all tliese changes was that, as shown in the table the latent can-

cers increased, but not to the extent suggested by the APS study.

It is, unfortunately, difficult to say mox-e than that, since some

of the information is buried in computer codes, which are not very

readily available, and hence no checking is possible. This

fact has been the subject of independent criticism, and it seems

to have validity. However to have included details of each

calculation would have enlarged the size of the report, possibly

to an unmanageable size.

~l

In rather less rigorous form the methodology has been

accepted and applied in Japan for the last 10 years (Togo, 1976)>

and applied to the SGHWR and PFR in Britain (Farmer, 1975).

A paper by Cave and Williams (1976) gives probabilities

for a rather generalised pressure-tube heavy-water reactor, and
7

suggests that for the release of 2 x 10 curies of 1-131 to the

containment caused by the most likely route (loss of all

circulator pumps and failure to shut down) the probability was
-310 per reactor-year, but the treatment was not as rigorous

as WASH-1400. The methodology has also been applied to the

Canadian VR-1 reactor (Coady and Turner, 1976), which is

organic-cooled and heavy-water moderated. The probability

of failure of the main protective system is given as 1O per

demand. The failure data for components could be

derived from actual operating experience. The methodology

continues to be used and evaluated in the USA.

13. Application to New Zealand Conditions

The applicability of these results must be viewed with

caution. It should be remembered that the overall results are

averages, and that the risks may be higher or lower, depending

on circumstances. Even if the equipment were the same as the

two reactors studied by the RSS the probabilities might be

different due to differences in operator training, population

*Prototype Fast Reactor
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density, weather conditions or preparedness of the civil defence

organisation charged with evacuation. Thus the Indian Point

reactors are sufficiently near New York city that the

population density figures would lead to greatly increased

consequences.

For New Zealand conditions we have a number of conditions

that alter the overall probabilities. Firstly, even an

ambitious nuclear program seems unlikely to have more than tht

equivalent of tenlOOOfI¥(e)reactors compared with the 100 for

the USA. Secondly, our siting will almost certainly be on the

coast rather than inland, which means that overall casualties

on average would be reduced by a factor of two. Thirdly, our

overall population density is about a factor of five lower than

for the USA. These factors would suggest the probabilities

obtained from WASH-1400 might need to be divided by 100

for New Zealand conditions. A further decrease in the probability oi

harmful effects could well be obtained by careful siting, such

that meteorological conditions were very unlikely to blow

activity in a dangerous direction. The topography of New Zealand als'

requires modification of the meteorological model used in WASH-1400.

However, a factor militating against acceptance of a factor

of 100 is the possibility of a poorer civil defence system than

postulated in the RSS, and the much increased possibility of

earthquake damage. This can also be alleviated by siting and

by design. It would seem then, overall, that the consequences

postulated in WASH-lUOO are likely to be too high, and possibly

by as much as one or two orders of magnitude in New Zealand.

In conclusion, the results of WASH-1400, although relying

on a relatively new methodology, and still containing

some subjective elements, are sufficiently precise to be used in

decision making where order-of-magnitude estimates are required.

The estimates should become more precise as experience of

failure rates elsewhere accumulates.
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TABLE 1 . CONSEQUENCE KODEL. PREDICTED AVERAGE AND PEAK VALUES .

Consequence Draft Report Final Report Change Factor

Average Values (per reactor year)

Early Fatalities 5 x 10~4 3 X 10~5 x.06

Early Illness 1 X 10~ 2 x 10"3 x2

Thyroid Illness 7 x 10~2 2 x 10~X x3

Latent Cancer Fatalities 3 x 10 2 >: 10~ x7

Genetic Effect 3 x 10~ 3 i X 10~3 xl.3

Property Damage $18,000 $20,000 xl

Relocation Area KA 2 x 10 Mi
— 2 2

Decontamination Area NA 3 x 10 Mi

Peak Values (V10 per

2300

5G00

2800/yr

110/yr

106/yr

$6.2 billion

30 mi2

400 rai2

reactor year)

3300

45,000

8000/yr

1500/yr

170/yr

$14 billion

290 mi2

3200 rax2

Early Fatalities 2300 3300 xl.4

Early Illness 5600 <5,000 x8

Thyroid Illness 2800/yr 8000/yr x3

Latent Cancer Fatalities 110/yr 1500/yr xl4

Genetic Effects 106/yr 170/yr xl.6

Property Damage $6.2 billion $14 billion x2.3

Relocation Area 30 mi 2 290 mi xlO

Decontamination Area

Adapted from (1)
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DRAFT

"1 I I I IIII I I I F'TTTTl i I I I H i l l i I I I I 111! I I I I I I -

I i null 1111

103

ACUTE FATALITIES. X

10*

Figure 1 Probability Distribution of Acute Fatalities

F o r 1 0 0 R e a c t o r s * ' . • - - • - •

Uncertainties can be accomodated by allowing variations In the
a.eroja curve of factors of 1/3 and 6 In probability and 1/3
and 3 In consequence

Adapted from (1)
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DRAFT

10 ip i i i nra

1 -

__j 4

lATENT CANCERS. X

Figure 2 — Probability Distribution for Latent Cancers
For 100 Reactors*

• 1 . UncfiiUlntlss can be accomorfated by allowing v.irhtlonl In l!i»
avcra^1) curve of fActurs of 1/3 and G In probability and 1/3
end 3 In t.tinSQr,i>enc0.

2. ExpeclcO during a 20 yaar period tollowlnp Iha accident. Adapted from (1)
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DRAFT

1 1 1 1 II II

10-2

10-3

> •

<
O

10 5

i i u mi
106 107 108 109 ' - 1010

TOTAL PROPERTY DAMAGE (DOLLARS), X

10"

Figure 3 _ Probability Distribution for Property Damage
for 100 Reactors*

u n be accomadated by allowing variations In tho
o of factors of 1/3 and 6 In probjbillty and 1/3

Adapted from ( 1 )



A. 30

Relief valve
controls failed

Relief valve
controls repaired

10-3

10-5 W-

Discrete stops used
lor assessment

Pictorial estimate of expected
variation with time

<0.5 ~5.5 .9.5

, Time After Fire (hours)

Pf = Total estimated probability of fire-caused core rnelt at Browns Ferry.

O ) = Phase 1 of the fire, during which significant amounts of equipment were available
for adding water to reactor vessel.

Phase 2 of the fire, during which the controls for the reactor vessel relief valves
were or could have been failud, thus requiring the addition of water to the vessel
at higher pressures (up to approximately 1000 psig).

Phase 3 of the fire, during which the controls for the reactor vessel relief valves
were or could have baen repaired, thus requiring only low-pressure water
addition.

Fig. Predicted Probability of Core Melt versus Time During th° Browns
Ferry Fire.

Adapted from (1)
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A

I

10 100 000 10,000

N (Fatalities)
100,000 1,000,000

Figure q _ Frequency of Man-Caused Events with Fatalitie^" Greater than N*

• Fatalities due to auto accidents are not shown because data are not available.
Auto jccldants cause about 50.000 fatalities per year.

•J-Only prompt fatalities are considered except in the curve
due to von Hippel in which latent cancers are included.

Adapted from (1)
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FIGURE 7 - Probability Distribution for Property Damage per Reactor Year

'•otc: Approximate uncertainties are estimated to bs represented by
factors of 1/5 and 2 on consequence magnitudes and by factors
of 1/5 and 5 on probabilities.

Adapted from (1)



The EPA roviev of WASH-UlOO:

A major section of the Reactor Safety Study (VASII-l4OO)^ ' is

concerned with the health consequences of the various reference

accidents. Appendix 6 contains the basis of the calculations

nmde. Many of the estimates are based unavoidably on very li-

mited evidence and there is room for argument as to the

appropriateness of the estimates. The Environmental Protection
2)

Agency has released a review of WASH-1400 '. Part of this

addresses the health consequences aspect of WASH-l^OO, which is

suggested to be deficient in the following areas-:

(a) The mitigation of acute effects by intensive medical care.

(b) Radiation bio-effects on the thyx'oid gland.

(c) Estimates of doses resulting in specific clinical health

effects (other than cancer).

(d) Risk estimates for genetic disorders.

(e) Projaor categorisation of upper, central and lower bound

somatic risk estimates.

(f) Justification of the, factors used to account fox- the pro-

posed reduction in effectiveness of low dose and low dose

rate.

For points a-d, most of the EPA comments involve

pointing out uncertainties in current knowledge but refrain from

suggesting the extent to which the WASH--14OO estimates of

casualties may be incorrect. The most severe criticism involves

the last two points and the EPA suggest that the latent cancer risk

estimates may be underestimated by a factor of up to 10 by

WASH-1400 in some instances. Criticisms (e) and (f) are con-

sidered below.

Statement of the Problem

Radiation exposures following an accident will generally

involve conditions for which wo have little direct information

on health effects, namely low doses and dose rates. The

starting point for risk evaluation is therefore the linear, no-

threshold hypothesis in which data obtained at high

doses and dose rates are used to estimate the incidence of fatal

canccrs/lO people exposed/y/rem (i.e., the risk estimate/rein)

as a function of age at time
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3)

of exposure. Those estimates are embodied In the BEIR report-

Two estimates are given, an absolute risk in which radiation alone is

regarded as sufficient to induce cancer (it acts as its own

initiator and promoter) and a relative risk estimate in which

radiation is taken to only accelerate the natural frequency.

The relative risk therefore depends on the natural frequency,

whereas the absolute risk does not. A 2-3 fold higher risk is

usually calculated for the relative risk model. Both VASH-1'lOO

and the EPA review agree that the task of the formiir was a

realistic assessment of accident consequences and that the

definition of upper, central and lower bounds to the risk was

appropriate. They disagree as to how the BEIR estimates should

be adapted to these three categories.

The BEIR estimates could give the true risk, an under-estimate or

an over-estimate; there is evidence supporting all three possibilities

WASH-lUOO reviews passages from the reports of several inter-
3-5)national committees which concluded that the weight of the

evidence is that estimates obtained via the linear hypothesis '

are likely to be overestimates.

On this basis the absolute risk BEIR estimates are taken

as an upper bound. Contrary to a suggestion in the EPA review,

WASH-14OO does give an explanation for using the absolute

rather than relative risk figures (Appendix 6, section G.1.3)-

VASH-1'tOO states that radiation-induced cancers in specific

organs are not proportional to their spontaneous incidences,

nor to age-specific incidence rates. A central estimate is

taken in which the effectiveness of radiation as a carcinogen

at doses below about 10 rem and dose rates below about 10 rem/day

is reduced by one-fifth. As a lower bound, the

possibility is envisaged of most of the population being at

zero risk due to receiving a low exposure and a small proportion

at full risk due to high exposure. To model this situation a

threshold of 25 rems is taken.

The EPA review has a different philosophy. Essentially

it maintairethat, although the linear hypothesis may be

conservative, it is not the most conservative possible and in

the absence of conclusive evidence the upper bound should have accom-

modated models in which the linear hypothesis underestimates risk.
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The K]'A believes that, at the least, the relative risk model

should have been used. As a central estimate the average of

the absolute and relative risks should be taken. A lower

bound should be the absolute risk mitigated by a factor of no

more than one-half at low exposure. The difference between the

two central estimates of risk/rein is between 2-10.

General findings

The validity of the linear hypothesis applied to carcino-

genesis is unproven. This has led to a difference in philosophy

between WASH-I'lOO and the EPA as to likely upper, central, and

lower bound estimates of risk. The EPA wishes to make the

point that evidence does exist which, if generally applicable,

could result in an under-estimate by as much as a factor of 10

in the central estimate of risk/rem in WASH-1400. It is

important to the discussion of accident consequences that this

is recognised. However, it must not obscure the fact that the

evidence supporting the EPA case is only a small part of the

available evidence and that some of it is of marginal

significance, as will be shovn. It is far outweighed by

evidence supporting the view taken by WASH-T)00 that their

upper bound estimate will indeed over-estimate the risk to the
(3-5)general population. ' This evidence was not detailed by

the EPA, and it is therefore important, not to let the EPA

review be used wrongly. The review does not say that the

latent cancer consequences estimated by WASH-1400 should be

increased by a factor of up to 10, only that some evidence

exists which might make their central estimate of risk/rein tend

to be low.

In practice, these estimates are used in conjunction with

estimates of the doses received in the population. Factors

reducing radiation effectiveness are only applied below certain

dose and dose rate values. As a result, the WASH-1*100 estimate

of actual cancer fatalities would only increase four-fold, even

if its central estimate vas replaced by the upper estimate of

the EPA review.
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More detailed rovi py of* the evidence used by the Kl'A

1 . Linear liypnilK'i-is may under-ostimute trui; risk -

Conditions under which the linear hypothesis may under-

estimate the true risk at low doses fall into two categories:

(a) if there are small susceptible groups within the general

population, and (b) if the high dose data were subjected to

an undetected cell sterilisation effect.

(a) Susceptible groups

A susceptible group would require loss radiation

damage to produce cancer than the average and cause a steeper

slope to the dose-response curve at low doses than will be

observed at higher doses when effects on the majority of the

population, who require additional injury to induce cancer, will

be dominating further increases in incidence. Baum ' suggests that

susceptible groups are likely since humanity is genetically hetero-

geneous and there may be individuals with a prc-dispostion to
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cancer. To support his idea lie claims that the incidence of

different cancers in the bomb victims frequently increases with

a power of the dose that is less than one, i.e., a greater

effect per rad at low doses. The BEIR committee reviewed his

treatment of the data and concluded that the data were often too

fragmentary to justify his approach, particularly for those

cancers in which the largest deviation from linearity was

claimed (stomach, lung and breast). For leukaemia Baum claimed that

the incidence was according to (dose) .

Further data are put forward by the EPA suggesting that

groups may be made susceptible to radiation by other factors acting

synergisticallv. Prior exposure to certain chemicals (e.g.,
7)cadmium salts) is one area explored.' A reference to Gibson et

o \
al. concerns adu.lt leukaemia induction by diagnostic X-rays;

from the data given it appears males may be at greater risk than

females but otherwise no data are given to support the EPA

contention. In the introductory passage of Gibson et al. earlier

work 011 in utero irradiation is mentioned in which factors such

as viral diseases in the child, prior irradiation of the mother

and a history of abortion were thought to load to increased

radiation carcinogenesis. Part of this earlier study has been

used by Bross ' (not quoted by the EPA) who studied 295 leukaeraic

children and found a higher susceptibility if the child had a

history of allergic disease plus in utcro irradiation than just

irradiation alone. The susceptibility of the non-allergic

irradiated children was, in fact, not significantly different from

non-irradiated children. Thus the suggestion is that the bulk

of excess leukaemiasfound after in utero irradiation arise in

individuals with a pre-disposition to disease.

No estimates of absorbed dose are given in the study. However,

leukaemia in childhood following diagnostic X-rays in utero is

the best example of linearity to be found in the literature and

linearity extends below 1 rein exposure. No evidence for an

increasing slope in the dose-effect curve at low doses has been

brought forward. This suggests that susceptible groups may not be

a significant problem.
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Children und;>r 10 years and those in utoro are known to bo

relatively susceptible groups, at least for some cancers. The

BET.R risk estimates are broken down by age group and the overall

risk aceounts for any differential sensitivity by ago at high

doses. It is not known whether the differential sensitivity is

of the same magnitude at low doses. If pro-disposition to cancer

was thought to bo a significant problem, then the use of relative

rather than absolute risk should allow for this since relative

risk is based on spontaneous incidence. The V.'ASH-1400 risk estimates/

rem would be raised by a factor of 2 if relative risks were

applied to the whole population.

(b) Cell Sterilisation

Cancer incidence is frequently observed to plateau out

and even decline as dose^aCuvi several hundred rems duo to the

sterilisation of potential cancer-inducing cells. The BE1R

committee was careful to use data in which, incidence was still

rising with dose. However, the data are often not sufficient to

eliminate the possibility of the slope of the rising

curve being depressed to some extent by sterilisation.

It is a matter of opinion whether this could lead to serious

error in a careful study which recognised the problem. Since

sterilisation of mammalian cells rarely occurs below 200-300

reins of X- or Y~ravs» and since the origin of the dose-response

curve is used as a data point, any error may not be large. One

of the three references used by the EPA review to show the

possible effects of sterilisation, that of Mole, uses this

phenomenon plus the apparent linearity of many tumour incidence

versus dose curves in the sterilising range to suggest that the

actual induction mechanism depends <

lower' effectiveness at lower doses.

actual induction mechanism depends on (dose) , i.e. tends to

Three other references are quoted by EPA to support the

idea that linearity is an underestimate of risk. One reiterates

the arguments of Baum, Gibson et al-, Bross and of cell ste-

rilisation, one appears yet to be published and one is not

available in New Zealand.

2. Linear hypothesis may p;ive the true risk
The EPA review also quotes four studies supporting the

contention that the linear hypothesis might give the true risk.
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Of these, two concern, childhood or in utero exposure. Modan

ct al. ~' have data on thyroid cancel- after external head and

neck irradiation of children whore the thyroid dose was 6.5

reins. The risk per rein at this dose appears comparable to

that estimated earlier at doses up to 200 reins. Data below

6.5 reins is not available. As already mentioned, leukaemia

after in utero diagnostic X-rays appears linear down to doses

of rather less than 1 rein. ' It is now accepted that this is

not the result of the motlicrs-to-be vho require radio-

graphy being a biased sample with an above average expec-

tation of having cancer—prone children. There is no

satisfactory explanation to the almost complete absence of

leukaemia in those irradiated in utero at Hiroshima and

n)
Nagasaki. '

•\h\

A third study quoted is that of Borek and Hall. ' In

their system a linear response was found between 10-300 rems

while below 10 rems an even higher risk per rem could be

inferred. This system is rather unusual in the present context

however. A mixture of different cell types from homogenised

Chinese Hamster embryos was irradiated as single cells in vitro.

The data clearly show that many of the features of in. vivo

dose—response curves are reproduced in the system and that

morphological changes in colls similar to the changes expected dur-

ing- cancel- induction occur at low doses. Borek and Hall are

careful to point out that the system contains a variety of

cell populations and heterogeneous susceptibility might be

expected. The claim for a higher risk of morphological change

below 10 reins does not bear scrutiny. Only two data points

are involved, one at 1 rem, the other at 10 reins. The authors

note that a line drawn by eye through the mid-points of each

datum indicates a higher risk than extending the linear portion

would give, but they also point out that the linear extension

does pass through the error bars on both points. The extra-

polation of this useful model system to our particular problem

must be very doubtful. For example, tissue surveillance

mechanisms cannot be present in the single cell system and

these are likely to be important at low doses in vivo.

Finally, the EPA review refers to the data of Shollabarger et al.

in 1969 that the incidence of mammary carcinomas in the

Sprague-Dawley rat was apparently linear from 15-250 roma of
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low LET radiation. The later neutron data of the some group in

the same system is not mentioned. It lias been claimed that the

joint data show chat the low LET dose-response curve is, in fact,

curvi-linear with a lower risk/rom at lower doses and that

cancel- induction in this system involves an interaction between

more than one damaged cell, which also siiggcsts a lower risk/ren
17)at lower doses. '

Dose-Rate Effectiveness Factors

It is genei-ally accepted that low doses and dose rates
3-5)reduce the effectiveness of radiation as a carcinogen. ' WASH-

1'tOO reviews this belief and then states that a reduction in

effectiveness of about one-fifth "is most commonly" quoted. This

factor is then applied to the absolute BEIR estimates to produce

a central estimate. Data collected by Mays et al. are the

major source for the value assigned for the factor. The EPA

review shows that the data collected by Mays et al. cover a wide

range of factors. Species differences and the exact radiation

schedule play an important role; in some instances little or no

dose-rate effect can be seen. Although the EPA does not appear

to dispute that the weight of evidence is towards a reduced

effectiveness at low exposures, it considers that the assignment of

a specific factor to quantify the reduction at present is not

"prudent" or " justified". It is true that no other major

scientific document has assigned a specific value.On this basis

the EPA considers the central estimate of WASH-l'j-00 may be in

error by a factor of five. If the speculations mentioned earlier

concerning the linear hypothesis being an underestimate were

confirmed, a further error of about two would be introduced.

Conclusions

The bulk of available evidence is that the linear hypothesis tent

to overestimate risk, at least for most of the population.

Thus, broad agreement is found with the attitude of WASH-1^00.

In defining a particular dose rate effectiveness factor tie

WASH-lUOO committee took a bold, almost unique stop which invited

criticism. A more acceptable course

may have been to use the upper bound estimate and really make
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:. t clear It was exactly that. In particularf tlie evidence for

linearity down to at least 1 rein for some cancers aftei- exposures

in utcrn or before ago 10 is now reasonable. When added to the some-

times higher susceptibility of these aye groups, the use of any

model loss conservative than linearity for such groups appears

difficult to justify. These groups amount to about 16% of the

general U.S. population.
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