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Chapter 1 - Introduction

The Double-Edged Sword

Nuclea readors are inherently dangerous. So are hydro dams, and fossl fuel eledricd
generating stations. Soislife, for that matter. The nature of the hazard in eat caseis, however,
quite diff erent. Hazards can be sudden (aaute) or delayed. For hydro dams, the hazard (to
humans) is rupture of the dam and massve floods downstream; and buld-up d toxic mercury in
the water behind the dam due to leading from the rocks. For natural gas plants, thereisalocd
hazard dueto explosion, and aworld hazard due to global warming from the release of
combustion goducts (greenhouse gases) to the amosphere. Coal plants are likewise amaor
source of greenhouse gases, and in addition can cause cancer from the combustion and release of
chemicdsinthe mal. They also pcse asmall hazard due to release of radioadivity; depending on
the source of the wal, some mal plants emit more radioadivity to amospherein namal
operation than anuclea power plant. For nuclea power, as discussed later, the hazard of interest
isthe release of radioadivity in acadents.

We ‘accept’ hazards of tedhndogies when they have abenefit which is percaved to dff set the
risk. Sometimes thisdedsionis made onan individual basis: Y ou may go sky-diving (an adivity
so oljedively risky that you canna get insurance @verage for it) becaise you kelieve the unique
thrill i sworth therisk. Y ou accept the hazards of eledricd shock for the mnwvenienceof using
eledric lights, etc. Few things that we do onaday to day basis are arisky as hurtling down a
narrow strip of levelled groundat 100 km/hr in athin metal container containing 60 litres of
explosive liquid towards smeone dsein asimilar device, using a painted strip as aguide to
avoid collision. Yet we doit. Presumably, we judge that the benefit is worth the risk.

Sometimes the dedsionis made onasocieta basis. if youlivein a aty, you canna redly choaose
to accept or rgjed risks guch as: being hit by a ca (even if you chocse nat to drive one);
breahing padluted air; or getting mugged. Activities which pcse an involuntary risk are often, bu
nat always, regulated by law; in ou three examples, the regulators would be traffic laws;
emisson controls on cars, industries, and fossl fuel generating stations; and the aiminal laws
enforced by the pdlice

The accetability of risk isasocia isaue somewhat beyondthe scope of this course, although we
cover aspeds of it (safety goals) in Chapter 6. However quantificaion d risk isamajor part of
the oourse, sinceit isthejob o expertsto provide the fads to deasion-makers o that their
dedsions are not arbitrary or courterproductive.

The benefits of nuclea power include tangible benefits (production d eledricity) and intangible
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ones (avoidance of greenhouse gases and carcinogenic chemicd releases). (An intangible benefit
is sSmply onethat has nat yet been costed, o course). In Ontario, abou haf of the dedricity
comes from nuclea power; in courtries sich as France, as much as 80%. Lessattentionis paid to
the non-power aspeds of nuclea techndogy, which include medicd and industrial applications,
insed control, environmental protedion, and scientific reseach. In the U.S. it has been estimated
that in 1991 the non-power use of radioadive materials (most of which are produced in nwclea
reacors) were resporsible for US$257 hilli onin total industry sales, and 3.7millionjobs'. Using
the 10% rule, we can estimate the Canadian figures at atenth of these. Nuclea tedndogy is big
business because there ae significant benefitsin the use of nuclea techndogy, benefits that are
sufficiently large to pursue in spite of the potential for acadents. Most of you knav that Canada
isthe source of over half of the world’s production o medicd isotopes, largely originating from
the NRU reador at Chalk River.

It is not the purpose of this course to “sell” nuclea power. But a consideration only of risk
withou an adknowledgement of benefits does nat lead to sensible dedsion-making.

Note that this course is mostly concerned with risk to humans. An important asped of any
tedindogy isalso itsrisk to ather living creaures (referred to by the dharming term, ‘northuman
biota) . For nuclea techndogy, it has been generaly believed that if radiationrisk to humansis
made accetable, the risk to nonrhuman biotawill also be accetable, because in general they are
less sisceptibleto radiation (e.g., they do nd live along (so do na develop cancer as easily) or
are inherently more resistant to radiation damage (e.g., inseds)). However radioadive dements
and compound can be mncentrated upthe foodchain, so the pathways have to be modell ed to
provide ascientific basis for the daim that humans are limiti ng. There ae dso nonradiologicd
routine environmental aspeds to nuclea power generation (such as discharge of warmed water -
also commonto fossl plants) which are beyondthe scope of this course.

Oncewe have dedded to employ atechndogy, the job a hand is to minimize the risk, minimize
the @st, and maximize the benefit. These objedives are usually competing and ensure that the
job d the designer iswell-paid. It is esseential to nae that tradeoffs are inherent in the nature of
the problem. It is not acceptable to require asolute safety at al costs. In fad, it is nonsense to
require asolute safety. Nothing is absolutely safe. And we do nd have infinite resources. The
unrestrained pursuit of additional safety at some point incorredly and urjustly diverts resources
(time, people, money, natural resources ...) away from other important programmes (hedth care,
education, transportation, ..). Optimization in the faceof conflicting objedives, as oppcsed to
maximization of any one, isthe esenceof goodengineaing andis nat unique to nuclea power.

We neal amethoddogy, then, to quantify risk, safety, benefit, etc., and to permit design,
construction and operation to take placeon arational and justifiable basis. Part of this courseis
an attempt to elucidate that methoddogy, a methoddogy employed by the nuclea industry and
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other industries guch asthe space ad aircraft industries. It is cdled “ probabili stic safety
analysis’. However safety is more than just numbers: history is replete with apparently
‘incredible’ events that actually happened, in many techndogies. Experienceis a powerful
teader in nuclea safety, and use of experienceis embedded in something cdl ed “deterministic
safety requirements’ - in simple terms, this means “provide some protedion against event x no
matter how unlikely youthinkit is’. Both deterministic and probabili stic techniques have their
advantages and d sadvantages; most nuclea designers now use bath.

What is the Hazard?

The hazard most people think of when nuclea power ismentioned is ‘radiation’. Thisis corred,
but not completely corred. Let’s go through passble hazards g/stematicdly and seehow nuclea
power stadks up.

A hazard in abroad sense can be physical, chemical, biological or radiological.

Nuclea power plants do nd pose aphysical hazard - thereisnorisk of offsite injury dueto
explosion a debris, something which is not true of other energy tecdhndogies sich as natural gas.
Sometimes people onfuse nuclea energy with nuclea bombs, and worry that anuclea power
plant could somehow explode like anuclea wegpon.Not so - despite the ‘explosion’ at
Chernobyl, which was a steam explosion with no dfsite physica consequences (the release of
radioadivity off-site a aresult of the destruction d the rea¢or core was ancther matter, of
course). We will come badk to this later on. For the time being hereis asimple mwmparison.

A bomb works by making a massof fisdle material supercriticd, and holding it together long
enough to reach very large energies. The hard part is halding it together, which requires three

things:

. banging two sub-critica masses together very fast, so that the supercritica massformed
does nat disintegrate & the pieces approadh eat ather and hed up; and

. ensuring that the source of neutrons that initi ates the explosionislocaed at the centre,
andistriggered at theright time, and

. using pure fissle material - U?* or Pu®°- so that the massgoes criticd on fast neutrons.

Fast neutrons have very short lifetimes. The basic time unit that bomb-designersuseisa
‘shake’, or 10® secondk. It takes only about 50 chain-readion generations of neutrons to
producethe enormous nuclea energiesin the few shakes before the massblows apart and
the dhain readion stops.

Most power reacors, however, slow down the neutrons to thermal energies, and thermal neutrons
have lifetimes of milliseaonds. Thisaloneis not enowgh for a safe plant: we shall lean later on
that a power plant is criticd on delayed thermal neutrons, with lifetimes of the order of tenths of
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semnds to several semnds. Thusif you somehow make apower reador (e.g., a CANDU)
supercriticd, the energy douling timeis of the order of hundeds of milli seands. Thisis $ow
enough that you can stop it with medhanicd or hydrauli c devices; but if these fail, the thermal
energy buildup cestroys the fuel and the reador geometry before the energy level gets above
perhaps ten times normal power, and that ends the dhain readion. The result is not minor (cf.
Chernobyl) but is nat anuclea bomb.

Most people do nd think of anuclea power plant as posing a chemical hazard - but thermal
power plants need alarge suppy of coaling water. About ¥2to %5 the energy produced by any
thermal power plant iswasted, courtesy of the secondlaw of thermodynamics; the waste energy
isregjeded to alake, river, seg or atmosphere. This water is used, for example, in orce-through
mode in the main condenser and in many plants (fossl aswell as nuclea) is chlorinated to avoid
growth of biologica material in the plant equipment, such as zebra mussls. It follows that such
plants have relatively large tanks of chlorine somewhere on site. The ansequences of rupture of
these tanks could be severe off- site (cf. the Missssaugatrain derailment in 1979. Becaise this
hazard is ‘ conventional’ (aword which redly means ‘we aeused toit’), it does not attrad much
attention. In nuclea plant safety design, e.g. CANDU, it is considered by providing a self-
contained secondary control area avay from the main control area so that in case of such a
release, the operators can shut down and maintain the safety of the nuclea plant withou their
being incgpadtated.

Thereisaso nobiological hazard associated with anuclea plant because they do nd contain or
produce baderia or viruses®.

That brings us to the radiological hazard. The hazards of radiation are well-known. The dfed
can be somatic - affeding aliving individual - or genetic - appeaing in the yet-to-be conceved
off spring of the personirradiated, o in later generations. (The rather dry terminology here andin
the next few paragraphs is worth remembering so when athers use it, it makes sense to you; and
you can also spat when it is being used incorredly).

Let’sfirst ded with somatic effeds. Large dosesto an individual can cause ill nessor deah
(acute, or prompt, or early, or non-stochastic eff eds - they all refer to the same @ncept), smaller
doses can increase one’ srisk of contrading cancer severa yeas later (delayed or latent or
stochastic effeds). The word stochastic means randam, and refleds the fad that if alarge
number of individualsis exposed to amoderately ‘high’ dose of radiation (above éout 0.2 Sv
eadt - seebelow), ore can predict the number of such individuals who will one day get cancer as
aresult of the exposure, but one canna predict which individuals will be dfeded. A third

@There could be asmall biologicd hazard if the plant uses cooling towers and daesn’'t
keep them clean - they could become asource of baderial growth.
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classficaion o somatic efed is cdled teratogenic: once awoman is pregnant, the foetus could
be damaged by radiation.

The secondtype of hazard is genetic - effeds on children or later generations dueto irradiation o
the father or mother befor e the children wer e conceived. While such an effed has been
observed in animals, it has not - despite dl the catoors - been olserved in peopl€.

In fad radiationis but one of many sources which damage the DNA in ou cdls; others are
chemicds, and the natural error rate produced in DNA when cdlsdivide. Nor isthe dhalenge
from radiation unque - we aebornin, livein, and dein abath of cosmic radiation. Had our
cdlsnat evolved ahighly effedive repair medchanism, | would nd be writi ng these words nor
would you ke reading them.

Effects of Radiation
To pu thisin amore quantitative framework:

Radiation from a hedth physics point of view consists of energetic particles, which retain rather
quaint names from the days before people knew what they were:

. apharays, or helium nuclei
. betarays, or eledrons
. gammarays, or phaons (X-rays are low-energy gamma rays)

These ae tharaderistic of radiation emitted by the radioadive fisgon fragments of split uranium
and dutonium nucle (fisson pgroducts).

A nuclea reador can also be asource of neutrons, and the moving fisson groducts themselves
have energy. Neutrons are not normally a concern to the pulic in reacdor acadents, as they slow
down very rapidly in the reador structure; however they can be a oncern to workersif they are
nea ashutdown reacor which inadvertently goes criticd, or in afuel reprocessng criticdity
acadent as happened in Japan.

The medhanism of damage from radiation is through deposition d energy in the cdls of the
body, viaionization d the moleaules - hencethe term ionizing radiation, to dstinguish it from,
for example, solar radiation (sunshine)®. A measure of the dfed of radiationisthe energy per

*There ae other ‘rays’ from nuclea readions. Neutrinos are produced from nuclea
readions such as beta-decay but their chance of interading with material as they passthrough it
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unit massabsorbed in the material through which it passes. The first such urit® was cdled the
“Roentgen”® (R) andis:

The Roentgen isthat quantity of X- or gammea-rays which deposits 87.7ergsin ore gram
of air at Standard Temperature & Presaure (STP).

The difficulty with this definitionis that the dose depends on the material - for example the same
Roentgen produces abou 97 ergs/gram in soft body tisaue. Thus the “rad” was defined,
applicable to any type of radiation and any material:

Therad isthe unit of radiation dese which produces 100ergs/gram of absorbed energy.
Notethat 1R isabou the same a1 rad in body tisaue.

These units do nd however measure the anourt of damage that diff erent types of radiation
cause: for example dpha particles are more dfedivein causing cdl damage than beta particles,
even for the same dosein rads. This effed isincorporated by spedfying a Relative Biologicd
Effediveness(RBE) which compared the cél damage from all forms of ionizing radiation to that
induced by gammarays, as foll ows:

Radiation RBE
X-, y-rays, B-particles 1
Thermal neutrons 3
a-particles, fast neutrons 10
Heavy recil nucle (fisgon fragments) 20

A more relevant measure of biologicd effed istherefore obtained by multi plying the dose in rads
by the RBE:

Dosein rem (Roentgen-Equivalent-Man) = dose in rads x RBE

isvery small indeed (which iswhy they are so hard to deted) - so they are nat significant in
terms of damage to humans.

‘The abreviationis cepitalized as the unit is named after the discoverer of X-rays.
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While youwill often seethisunit used in dder texts, or by older hedth physicists, the arrent Sl
unit of dose isthe Sievert, abbreviated Sv, defined simply as:

1 Sievert = 100rem
Thedosein Sv can now be related to hedth effeds. Figure 1.1 pusthisin perspedive.

The boundry between stochastic and nonstochastic efedsisabou 1 Sv. Doses of that
magnitude make you sick ealy on, athough you will recver. Doses above 5 Sv have an
increasing probability of deah, approaching 100% nea 10 Sv.

For low doses, the dfed is only stochastic. Since a individual dose is not a predictor of whether
or nat that individual will get cancer, the measure of hazard used is collective dose - i.e., the sum
over alarge number of people of the dose eatr individual receves. The unit is therefore person-
Sv, athough sometimes Sv aloneisused if it is clea that colledive doseis being discussd.

Paradoxicdly, radiationis nat avery effedive way of inducing cancer (compared to ather
cacinogens), and can even be used medicdly to cure cacer. Much of the data on hav much
radiation causes how many cancer cases comes from survivors of the gaomic bombs which were
dropped onJapan - sincethese provide the large numbers of people exposed to the relatively high
dosesrequired to dstinguish asmall effed. Thisdatais supdemented by data from animals, on
which ore can doexperiments on small doses over long periods of time. Even so, it is difficult to
see ay effed below an average dose of abou 0.1 Sv.

For large doses in the stochastic range, ore can predict the foll owing effea*:
100 person-Sv will produce dou 5 fatal cancersin the exposed (general) popuation

The dfed would occur over aperiod d 10-30 yeas, which makes it even harder to deted against
the large number of fatal cancersthat occur ‘normally’ (your chance of dying from cancer in
North Americais abou 25%).

Because thereislittl e observable dfed at low doses, thisrelationship - derived from high daoses -
isasaumed to be linea with dcse - that is, to apply whatever the dose rate in the stochastic
regime. This $-cdled linear dose-effect hypothesisisjust that - a hypothesis - but becauseit is
believed to owerestimate the dfed, is used to set dose limits for workers and the public, in all
nuclea endeavours - e.g., X-ray tedhnicians, nuclea power workers. In ather industries, with a
ladk of knowledge of the behaviour of toxic chemicas at very low concentrations, this approach
isusually not used. Instead a “threshald” value of expaosure or dose is postulated above which no
harm is observed; and (with some safety margin) exposure to the toxin at levels below the
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threshold isassume to be ‘safe’. If that approach were followed for nuclea energy, allowed doses
to the puldic would go up ty afador of ten or more. In fad an increasing body of minority
scientific opinion nav hads that doses in the range of 0.01Sv are beneficia to you - an effed
cdled hormesis.
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0 2 4 6 8 10 Dose (Sv)

Figurel.l

Taken literaly, the linea hypothesis has sme interesting consequences. For example, we ae dl
exposed to ‘natural’ badkgroundradiation dueto cosmic rays, radioadivity in the soil and rocks,
andradongas. The dose per yea varies over the globe, but isin the range of 0.001- 0.002Sv /
yea to every one of us. If youtake Canada s popuation d 30 million people, thisresultsin an
annual colledive dose of abou 60,000Sv. According to the linea dose-effed hypathesis, such a
dose would produce 3,000cases of fatal cancer ayea.

Returning to Figure 1.1 above, and reading from the highest doses to the lowest: The firefighters
who stood ower the burning reador at Chernobyl receved dases of the order of 10 Sieverts, and
most died. Doses of 1 Sv, as noted, produce nauseabut one recvers. A dose of 0.25Sv isthe
regulatory limit for a severe acedent (dual failure) in a CANDU reador; such an acadent has not
occurred, bu the reacor must be designed such that if it does occur, the dose will be below that
limit. For more frequent acddents (single fail ures - thase that might occur rarely in the plant
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lifetime), the regulator sets adaose limit of 0.005Sv.

The natural badkgroundindividual radiation dcse in Toronto is, as noted, about 0.002Sv / yea
(medicd radiation adds on average 0.001Sv/ yea); however there ae placesin the world with
higher doses: in Kerala, India, where the rocks have alot of thorium in them, the badkground
doseis0.01Sv / yea, or twicethe single-fail ure dose limit for acadentsin CANDU. Thiswould
seam to be agood paceto study the dfeds of radiation dase - as has been dore - but no
relationship was found.In general, powerty is a much more important indicaor of life expedancy
than badkgroundradiation dcse.

The maximum radiation dcse to an individual member of the puldic from the ThreeMile Island
acddent was very low (0.00083Sv) despite the fad that much of the core melted; thiswas
largely due to trapping fisson product iodine in water inside the containment buil ding, a
phenomenonwe shall cover later on. The typicd annual individual dose neaby anormally-
operating CANDU is0.00003Sv, or 1.5% of the natural badkgroundradiation. Finally you may
recdl that during the Chernohyl acadent, some food grown in Canada which was in the path of
the fallout cloudwas banned. Had you lravely eaen such foodanyway, your additional dose
would have been 0.000001Sv, or abou 5 hous' worth of natural badgroundradiation.

Figure 1.2is gmilar to Figure 1.1 bu showsthe time evolution d falout (mostly from nuclea
wegpors testing) compared to ather sources of radiation.
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How Radioactivity Can Escape

Sincethe course will now focus onthe radiologicd hazard of nuclea power plants, we need to
know where the radioadivity is normally, and haw it can escape.

Most of the radioadivity (fisson products) is of coursein the fuel in the core. Nuclea power
plants also have spent fuel on site, in either spent fuel storage podsor in dry shielded storage
(concrete containers). We'll come badk to fuel, bu there ae afew other sources of radioadivity
we'll discussnow.

Classc CANDU reacors use heavy water for coolant and moderator, and this becomes adivated
via neutron bambardment as foll ows, with the deuterium atom capturing a neutron to become
tritium:

D(n,p)+n - T(2n,p) OB~ D(n,p)+H(p) +e”
Tritium isradioadive with a half-
life of abou 12 yeas, decging badk
to deuterium and hydrogen, with
emisson d aneledron.Itis 100
hazardows if inhaled, ingested or if it < J 0/9
comesin contad with skin, bu you
ned littl e shielding to proted
yourself - the beta particle can be
stopped by ashed of plastic. If you
work in an areawherethereisa
triti ated water hazard, a plastic suit
and arespirator are sufficient
protedion. Note that tritium oxide
(T,0O) isfar more hazardous than
tritium gas (T,) because of the eae
with which it can be asorbed hy the Figure 1.3 - CrossSedion d a Fuel Element with Sheah
body, in which it behaves
(chemicdly) like water.

The moderator is also asourceof Carbon-14, produced by neutron banbardment of dissolved
nitrogen. Normally the C** isremoved orto the ion-exchange alumns which continuall y purify
the moderator, and the issue is one of long-term waste disposal rather than aaute exposureto C*
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from an acadent.
Badk now to the fuel. In namal operation, the radioadivity in the fuel consists of:

. fisson products trapped within the ceamic UO,
. fisson product gasesin bubbes or interlinked spaces within the fuel ceramic or free
between the fuel and the sheah

intheratio of abou 90:10for the highest-powered fuel element ina CANDU reador as shownin
the phato (Figure 1.3- the dosssedion d a Zircdoy-clad CANDU fuel element).

Thus acddents which damage the fuel sheah (but which dorit damage the fuel) have the
patential to release something lessthan 10% of the gaseous fisson products only. Sheahs can be
damaged mecdhanicdly (fuel handling acadents), or by overheding: if the sheah overheds from
its normal temperature of 300C to abou 600-800C, it will plasticadly deform because of the
presaure of the fisson product gasesit contains, and eventualy rupture. To drive out the
remaining gaseous fisson products and the solid fisson products such as caesium and strontium,
the fuel temperature hasto be raised to close to the melting point (2840C) or the fuel itself
heavily oxidized by exposureto air.

Thus acadents which release significant amourts of radioadive materia areinitiated by:

. overheding the fuel in the core via power/coaling mismatch
. legks or pipe bre&ksin the amolant or moderator
. mechanicd damage to the fuel

overheding the spent fuel in storage via power/codli ng mismatch

All acadent analysis reduces to these cadegories of fail ures. First, howvever, we need sometodls
to determine nat just consequences but risk.

That's Incredible
Given adesign, the basic methoddogy can be stated quite sucdnctly:

Show that the frequency and consequences of possible
accidents are within acceptable limits

or

Show that the frequency of an accident istoo small to consider.
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Acceptable limits are defined with resped to the event frequency. For example, frequent
occurrences (minor faults such as alossof eledrica power) shoud na stressthe system or
invoke protedive systems. Very infrequent events, like alarge lossof coolant, are permitted to
push the physicd systemsinto plastic deformation bu not allow aradioadive release beyonda
prescribed limit.

Below some acedent frequency, say one in amillionreador-yeas, you reed na provide further

design defences. (The term reador-yea means: if you have n, readors ead running for i yeas,
the aumulative number of reacdor-yeas of experienceis:

N =Zi><ni

Thisimplies that the more reacors that are built, the safer they haveto be.)

Anything above a “incredible” frequency typicdly givesriseto varying degrees of concern as
shownin Table 1.1.

So, safety, or its negative courterpart, risk, isafunction d the frequency of occurrence of an
event and the amnsequence of that event.

Chapter 1 - Introduction.wpd Rev. 8
January 8, 2006(8:35PM) wag/vgs



Page 14 of 29

Table 1.1 - Acceptability of Risk

Annual individual Conclusion

fatality risk level

from an accident,
per year

10° Thislevel is unaccetable to everyone.

Acddents providing hazard at this level are difficult to find.

When risk approachesthislevel, immediate adionis taken to reduce
the hazard.

10* People ae willi ng to spend pulblic money to control a hazard (traffic
signg/control and fire departments).

Safety slogans popuarized for acadentsin this caegory show an
element of fea, i.e., “thelife you save may be your own”.

10° People still recognize these & of concern.

People warn children about these hazards (drowning, fireams,
poisoning).

People accet inconvenienceto avoid them, such as avoiding air
travel.

Safety slogans have aprecaitionary ring: “never swim aone”, “never
point agun’, “never leave medicine within a child’sread’.

10° Not of grea concern to the average person.

People ae avare of these actdents but fed that they can’t happen to
them. Phrases associated with these hazards have an el ement of
resignation: “lightning never strikes twice”, “an ad of G-d”.

Extraded from H. L. Otway and R. C. Erdmanr?

Risk
Safety concerns are ultimately expressed in terms of risk. Risk of a system, which must be
spedfied (e.g., of a ommporent fallure, of an adivity, of anuclea reador, of the nuclea fuel
cycle, etc.) is customarily defined as:

Risk = Z expected frequency of event, x expected consequence, )
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Risk isasummation o events over the chosen system, and will i ncrease when either the number
of events or the magnitude of the eventsincrease. Thisis by no means a unique definition; for
instance, if one wanted to amplify the importance of events with large cmnsequences (risk
aversion), risk could be defined as:

Risk = Z expected frequency of event, x (expected consequencei)k .

where k > 1 @
We seek to oggimizerisk, na to minimize risk. We could start by chocsing the least risky path to
achieve the desired goal. But lowering risk is usualy expensive and, sincewe have finite
resources, we need to belancethe st versus the benefit. This can be dore by setting quantitative
risk targets’. The target levels of acceptable risk are set with resped to the dternative ways of
adhieving the same goals. For instance, acceptable levels of risk for nuclea power plants shoud
idedly be set at levels comparable to the level of risk inherent in coal and dl fired plants.
Because of many fadors (newnessof techndogy?®, fea of radiation), we find that the accetable
level of risk for nuclea power has been set substantially below that of most alternative means of
large scde power production (natural gasis sfer in terms of the overall fuel cycle because the
safety of nuclea generationis
off set by the conventional
hazards of uranium mining).
This has ensured that nuclea
power is sfer than most
aternatives (and indeed safer
than most human adiviti es),
but this safety has come & a
significant socia cost. One can
argue that the funds gent on
the extra safety shoud have
been spent elsewhere.

Total cost

Cost of risk control

Cost to society

Equal slopes,

Social cost from risk )
opt:mum level of risk

Figure 1.4ill ustrates that
deding with risk (i.e. |
providing safety) becomes Level of risk
more and more expensive &  Figure 1.4 Cost Versus Risk

Risk can be quantitatively optimized, usualy within alimited set of alternatives, by
using atedhnique cdl ed Benefit Cost Analysis (BCA).

°The fad that nuclea techndogy is relatively new compared to, say, coal mining means
that people ae nat “used” to apoar level of safety, asin the latter; and also that the techndogy is
not as entrenched.
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the risks become smaller - aform of diminishing returns on our eff orts to make the world a safer
placeto live. Conversely, the socia cost increases astherisk level increases. We seek to
minimize the total cost (assuming that the true st can be properly quantified). Starting from the
right side of Figure 1.4,the high social cost of very risky things and the relatively low cost of
implementing safer systems leads ociety to invest wisely in these safer systems (example: car
sed belts). Aswe progressto consider endeavours of lower and lower risk, the increasing cost of
implementation d safer systems beginsto ouweigh the benefits derived from the safer systems.
At some paint, we have to say “enough”. But how do we know when enowgh isredly enough?

Three Approachesto Design

Quantificalion d “enough” impli es quantifying the mnsequences and quantifying the frequencies
of passhble events. In short, we need to analyse the safety aspeds of the endeavour in question.
There has aways been areagnition d the role of probability and consequencein determining
therisk of adesign even if it was nat explicitly stated. Thus for bail er design in the ealy 190Gs,
becaise our analysis capability was limited and because fail ure data was not readily avail able,
risk could either be accepted (bail ers were expeded to explode occasionally) or reduced by over-
design. The latter approacdh reduces risk but increases cost. Furthermore the increeased costs are
not all easy to identify. A 10-ton automohil e might off er increased safety and the increased cost
of manufadure may be well-defined, bu how does one st the increased eff eds onthe
environment (due to increased fuel consumption), andto occupants of lighter vehiclesin a

colli sion? Further, where analysis cgpability was limited, improvements often occurred more s a
result of “leaning by mistakes’ than as aresult of pre-production design and analysis. This may
be accetable for products that can be exhaustively tested to fail ure (like aitomobiles) but it is
not acceptable for the nuclea industry or simil ar industries where it is usually nat financially
possble nor socialy acceptable to test complete systems to fail ure in anger”.

Consequently, prudent engineeing required a more deterministic gpproad: i.e., ensure
protedion against prescribed events. It is only recently that fail ure rate data has become more
avail able, enabling safety optimization through the probabili stic gpproach.

In summary, there ae threeoverlapping approades:
1) design by probabilistic safety analysis- i.e., design ac@rding to the predicted
frequency and consequences of fail ures, optimizing to ded with the high-risk
contributors.

Thisis ssmewhat oversmplified - much of the information on hav areador behaves
under alarge power rise, and what happensto the fuel, comes from the SFERT/BORAX series of
destructive tests onred reacorsin the U.S. Public safety was assured by doing them in remote
desert aress.
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2) design by deterministic safety analysis- i.e., design acording to a prescribed list of
failures based on ast experience and judgement. Sometimes these ae cdled ‘design
basis acadents'.

3) design by rule - e.g., usethe ASME code for presaure vessel design. It isimplied that
foll owing the Standard reduces the likelihood d fail ure of the material to avery low
level. Thisislargely based onlong experience and test and, more recently, analysis.
Spedal versions of these standards are used for pipes and vessls in the nuclea industry.
In some caestheruleis considered to be ‘conservative’ enough that one does not have to
consider failurein the design if therule isfollowed, presaure vesseisbeing a caein
point. Thisis adisadvantage in some ways, as it gets the designer ‘off the hooK aslong
as hejust follows the rules.

We expand onthese threemethods..
Design by Probabilistic Safety Analysis

The probabili stic gopproach provides arational framework and it is useful to cast our study of
safety design in thase terms first. Probabili stic Safety Analysis (PSA) seeks to categorize eab
event by probability of occurrence and then demonstrate that certain criteria ae met.

PSAs therefore procead using the foll owing methoddogy:
- define the accetance aiteria,
- generate aset of acadentsto consider,
- predict the frequency and consequences of the event,
- show that the gopropriate risk-based criteria ae met.

Acceptance Criteria

Eacdh event or colledion d eventsis associated with criteria ajainst which they are to be judged.
The nuclea industry uses two general types of accetance citeriafor PSAs: Binning and
Averaging.

. Binning techniques are based onlimiti ng the consequences for any event based onits
individual frequency. An example (sort of) isthe Canadian Nuclea Regulatory
Commisson (CNSC) Consultative document C-6 dscussed later onin this course.

. Averaging tedhniques are based onsetting alimit onthe frequency of agiven oucome,
which we will cdl a “safety goal”: for example, that the expeded frequency of the release
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of X TBeP of radioadivity be lessthan 10° events/yea; or that the cre damage
frequency be lessthan 10° eventslyea.

To use ather criteriawe need the PSA methoddogy developed in this course. The safety goal
methoddogy also requires the summation d the frequency of all eventsthat exceel the stated
criteria.

Note that the consequences are usually expressed in terms of radioadive releases (sincethese can
be diredly related to hedth effeds, which iswhat you want to limit). They may be worked
badkwardsto define subsidiary acceptance aiteriafor design and safety analysis as discussed in
detail in Chapter 7. The subsidiary criteria can be probabilistic (the likelihood d consequence x
occurring at frequency y must be lessthan z) or deterministic (the consequence of acadent x has
an upger limit y). Usually the aiteriafor probabili stic safety analysis are probabili stic, but
sometimes deterministic aiteria ae used for simplificaion. For example instead of cdculating
the frequency and consequences of core-wide fuel damage in asmall LOCA with ECC, ore
could simply say that fuel damage must not occur at all in asmall LOCA with ECC, regardlessof
consequences.

Accident set

Thetask hereisto define dl theinitiating events that are deamed necessary to analyze (predict
the ansequences and the frequency thereof). The discussonin Chapter 4 summarizes methods
used to ensure that all event initi ators have been cgptured, and hav event sequences are built up
from event initi ators. Sufficeto say at this point that thereisnoway of proving that all events
have been cgptured properly using probabili stic methods. That is one agument in favour of using
deterministic methodsin design, in a @mplementary fashion, particularly for novel techndogies.

Predict Frequency & Consequences

Since events are dassfied by the frequency of occurrence, the numericd reliability of systems
hasto be measured or analyzed. The frequency of an acadent is built up from the frequency of
the initiating event (e.g., pipe bre&k in the primary codant system, or fail ure in the readivity
control system), and the reliability of eat of the safety-related systems cdl ed uponafter the
acddent to stop it or contain its consequences (e.g., shutdown systems, emergency core @oling
system). Fault trees (FT) are the tod used to determine the reliability or the fail ure rate of a
system; event trees (ET) are the todl used to link the initi ating event frequency with the reli ability

91 Beaquerel (Bq) of radioadivity is that quantity which has a disintegration rate of 1
nucleus per seand.It’ savery small quantity. A litre of milk contains about 40 Bq of naturally
radioadive K*°.In terms of old urits (Curies), 1Bq=2.7x 10" Ci. 1 T(era)Bq = 10**Bq.
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of the mitigating systems.
Compareto Criteria

The result (in terms of frequency and consequence) is then compared to the accetance citeria,
and the design changed if they are nat met. Usually there is alow-frequency cutoff below which
further mitigationis not considered justified (in shorthand, the event is ‘incredible’ - which the
author believesis an impredse term which shoud na be used). Often it isnot so simple, and
benefit-cost analyses are used to seeif a design change redly would reducerisk by a significant
amourt.

Design by Deterministic Safety Analysis

Historicdly the gproad to acadents did not use PSA, for two reasons: the PSA tools were not
well developed, and there was not enough experienceto confidently suppat the frequencies and
reli abiliti eswhich PSA needs. Common cause failures were aparticular concern. For example if
one had threeseparate emergency hea removal systems, ead with afailure probability of onein
100 demands, then ore could be tempted to deducethat the probability that all threesystems
failed on demandwould be onein amillion. But if the systems are dl maintained by the same
crew, or use gjuipment from the same manufadurer, or are subjed to a wmmon environment
after an acadent, or al rely onasingle sourceof cooling water or eledricd power - then the
combined fail ure probability is much higher. It was nat until PSA todls were developed to
guantify these cmmon-cause fail ures that the PSA methoddogy becane more widely accepted.

Thus at first adifferent methoddogy was used. In Deterministic Safety Analysis, a set of stylized
acddents - cdled Design Basis Acadents - is defined based on fast experience, knowledge of the
plant, and engineaing judgement. Each acadent sequenceis chosen to be severe enough that the
consequences of a‘red’ acddent would be less thusonly asmall subset of posgble accdents
need to be analyzed. Sometimes unplysicd assumptions are used; sometimes variables are set at
the most pesamistic limit. The ansequences of these styli zed acddents are predicted and
compared against acceptance caiteria. Such acceptance citeria ae very loosely based on
frequency. For example, in Canada, two broad classes of acadents were defined, along with dcse
limits for ead class(single failures, and dwal fail ures); within eat class however, the ‘red’
frequency of an acadent could vary by threeorders of magnitude. In the U.S., a severe release of
fisson products into containment was prescribed as a basis for the containment design,
regardlessof the adual reador design within.

Design Basis Acddents, or DBAS, are discussd in detail in Chapter 2. The use of DBAS s
doulde-edged, being bath inclusive and exclusive: they define a priori alist of acddents against
which the designer must provide adefence and acddents beyondthis st were considered to be
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sufficiently rare that no spedfic design provisions need to be made.

“Design Basis Acddent” is however apoa term and, by itself, awedk concept. Acddents can be
subtle or may evolvein unwsual ways and the aedor of the Design Basis Acddent list can too
easily dismissthem; ‘rare’ acdadents can indeed occur; and restricting one' s defences to a pre-
ordained list can lead to aladk of robustnessin the safety design, and alad of questioning
attitude on the part of the designer. Conversely some Design Basis Acddents areindeal very rare
(sudden large LOCA) and much money has been wasted in performing and justifying
sophisticaed analysis of them, and providing equipment to mitigate them.

It istelling that the ThreeMile Island acddent was nat in the Light Water Reador Design Basis
Acddent set. In resporse to that acdadent, LWRSs began to investigate severe acedents (cdled,
with stunning ladk of imagination, “Beyond Design Basis Acddents’) to ensure the plant
retained some residual defences, natably that the cntainment would nd be damaged ealy. To
Canada' s credit, some severe acedents have dways been part of the Design Basisfor CANDU.

Design By Rule

Finally design by ruleis gill used for cases where the frequency is very low and/or indeterminate,
or where the mnsequences of failure ae unaccetable - notably in the design of large presaure
vessls.

The interplay between probabili stic and deterministic analysisisill ustrated in Figure 1.5.
Safety Analysis

For eat acadent, whether from ead branch of the event treethat is“credible”, i.e., hasa
frequency higher than a predefined cutoff, or from a deterministic list, safety analysis must be
performed, wsually by computation and experimentation, to determine if the consequences are
within acceptable limits or not. Safety analyses are very complex and require extensive
knowledge of an event. The detail s of these analyses are largely beyondthe scope of this course.
However Chapters 7 and 8cover the dements of safety analysis (also cdled ‘acadent analysis
depending onwhether you view the glassas half full or half empty). If the limits are not
excealed nofurther adionisrequired. If they are, something hasto be dore to mitigate the isue.
That something is (re)-design, a demonstration that design changes do nd materialy alter the
risk.
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Figure 1.5 Probabili stic and Deterministic Analyses

How is Safety Design Really Done?

Most jurisdictions nowadays use both Deterministic and Probabili stic Safety Analysis for
designing and licensing nuclea readors, for reasons which shoud be obvious from the dove
discusson. But the red safety design processis more complex than setting criteria and meding
them. As one analyzes agiven design, weaknesss and areas for improvement show up. We will
find that readors with negative void coefficients of readivity are not necessarily safer than those
with pasitive wefficients. We will li kely find that most equipment faults of consequence ae
caused by secondary and suppative systems, na the read¢or and reador hea transport system
proper. We will findthat most acadents are caused, and dten cured, by human error, na
madhine aror. We might find that all designs, even passvely safe ones, have fail ure modes (like
lossof reac¢or power control) that are not passvely safe. However, we won't find anything
unlesswe look and we can't judge what we find ulesswe ae aleto quantify our findings.

The subjed of “safety design” isa mmbination o safety system design and safety analysis.
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Design is the processby which a system is engineaed to perform itsintended function. Idedly,
wewould liketo be aleto work forwards from the design criteriato define the ad¢ual design:
that is, from a performance spedficaion to a system spedficaion to a cmmporent spedficaion
(geometry, materials and operating parameters). Certainly design requirements are written bu
they are naot sufficient to determine adesign. One leans mathematics by leaning theorems and
finding that, lo and behald, they have useful consequences. But in redity, the theorems came
from generali zing experience and examples, na the other way around.So in design, we use past
experience and accepted pradicesto conceive of aninitial design and proceal to analyze that
design to seeif it meds the performance spedficaions. Obvioudly thisis an iterative process

In the nuclea industry, pradicd design relies heavily on previous designs. New designs tend to
be evolutionary rather than revolutionary for at least two reasons: cost, and performance
aswrance. It has been estimated that the overall cost of taking areac¢or concept from paper to a
commissoned prototype power reador is abou $1-2 hilli on, d which the design cost aloneis
now abou $400milli on. This alone biases the design processto lean heavily on past designs. But
apart from the aost, overall operating and safety performanceis a strong function d acaumulated
operating experience and laboratory testing. Utiliti es, who after all buy the design, tend to be
conservative; in fad the only thing a utilit y hates worse than buying anew design, is being the
only utility to buy a new design.

As apart of the design, safety principles are dedared and must be shown to be met. They
likewise did nd come from acalemic investigation, bu from red acdadents and some of the hard
lesons leaned in the ealy days of nuclea readors. Because acedents are relatively rare, they
can be enormousdly instructive when they occur: the ThreeMil e Island acadent caused alarge
shift not just in the way LWR designers approached safety design, bu also in hav the U.S.
nuclea regulator (the U.S. Nuclea Regulatory Commisson, a USNRC) reassessed how it
operated. By the same token, the fundamental shutdown system design phlosophy of CANDU
came from an acadent in the NRX reseach reador in 1952.

Figure 1.6isan owerview of the design processfrom avery generic stance Can you seewhere
the PSA and the deterministic assesgment fit in?

Figure 1.6is but one way to view the whole process Welll seeother views aswell, such as that
of the International Atomic Energy Agency (IAEA) in Chapter 9 andthe CNSC in Chapter 2. We
shall seethat the views are mmplementary. All views revolve aoundthe cmmmon sense
approad that isinherent in goodengineeing pradice start with agood design, foll ow

establi shed safety and design pradices, and provide protedion against the risks.

Key CANDU system designs result from this type of processand are discussed in Chapter 5.
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Exercises

1. The Washington sniper(s) terrorized Washington and the surroundng areas for severa
weeks. Suppase you lived in Washington and hed the option d ‘waiting it out’ in
Toronto. Calculate and compare the risk to you die to the sniper if you stayed in
Washington; and the risk of flying to Toronto and bad and avoiding the sniper.[Hint:
You'll nead to look upsome arline accdent statistics]. Discussthe st incurred of
moving to Toronto temporarily, versus any risk reduction. How would you judge the
acceptability of this cost/risk tradeoff (i.e. what numericd benchmark would you wse)?

2. A fault treeidentifies al the fall ure modes of a pieceof equipment and assgns a
numericd frequency or demand avail ability to ead ore. Do thefirst part: List the failure
modes of an adive safety system (a drcuit bre&er) and also those of asimilar passve
one (afuse).

3. Every computer user is dwaystold to badk up cata. Assume you have just finished your
Master’ s thesis on your computer and you reed areliability of 999times out of 1000that
your thesisisreadable. You have a omputer with afloppy disk drive with areliability of
0.95 per floppy disk written, and a CD re-writer with areliability of 0.9 per CD-RW
written (they aren’t very good, as you may have naticed). What strategies would you use
to get the required reli abilit y to ensure you could recover your data? (Asume your data
will al fit on ore floppy disk andthat you have & many floppy disks and CD-RWs as
you redl). Discussthe strengths and weaknesses of your chasen approach. Even if your
numbers pan ou, what could be wrong with your assumptions?

4, Asaime a olledive dose of 100 mrson-Sv isgiven to:
a.1,000,000 pople
b.1000 mople

c.10 pople
What would be the expeded number of cancer cases in ead situation? (Why?)

5. Rank the magnitude of the foll owing risksto you as an individual (expressthe answers
numericdly and explain your reasoning):
a. A one-timedose of 10 Sv
b. A doseof .33Sv / yea for 30yeas
c. As(b) but the doseis due entirely to heary nuclel.
d. A onetimedaose of 5 Sv
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6. International bodies set limits for the amount of dose an individual should receive from
all man-made sources. Nuclear power plants are required to meet these limits on public
dose in normal operation (in practice they fall well below). There are a number of issues
lying behind this apparently simple statement. Discuss the following four and draw
reasoned conclusions:

a How should exposure from radiation used for medical purposes be controlled (i.e.,
what factors should determine whether or not, and how much, radiation should be used)?
b. Should large power reactors have the same limits as small research reactors such as at
McMaster (which also produces medical isotopes)? Why?

C. You are anuclear regulator and have been asked to approve two devices. a smoke
detector, and an X-ray machine for looking at your feet in a shoe store to make sure your
shoes fit (pretend thisisin the 1950s, when many shoe stores had these!). Assume (for
the sake of this problem) that the smoke detectors will give adose of 0.01 mSv per year
to the whole body of 20,000,000 people in Canada; and that the X-ray machine would
give adose of 1 mSv per year to the feet of 200,000 people. What would your decisions
be, and why? (What factors would you look at?)

d. What should the dose limit be for lifesaving (i.e., your colleague is trapped in avery
high radiation field and you are asked to go in and save him)?

7. Many people refuseto fly after the attack on the World Trade Centre in September 2001,
because of their belief that the risk of death dueto flying has increased. Clearly for those
who are personally affected by the crash, the impact is disastrous and tragic. However
how does it affect adecision to fly in future? Estimate (numerically) the change in risk of
death per year to an individual who flies 10 times a year, assuming that four extra planes
crash each year. How does it compare to hi/her risk of death from other causes? [Hint:
You will haveto look up flight statistics]

8. Rank the magnitude of the following risks to a group of people (express the answers
numerically and explain your reasoning):
a. A collective dose of 1000 person-Sv given to 1,000,000 people
b. A collective dose of 1000 person-Sv given to 100,000 people
c. A collective dose of 1000 person-Sv given to 100 people
d. A collective dose of 100 person-Sv given to the entire world
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The attached figure shows a passive water makeup system for areactor. The water isin a
tank pressurized by gas, at a pressure lower than the operating pressure in the reactor. A
one-way rupture disk separates the two. It will break only when the pressure in the reactor
is 1IMPa less than the pressure in the tank When the pressure in the reactor falls, say due
to aloss of coolant, the rupture disk will break, and water will flow into the reactor. No
instrumentation or control is needed and no electricity, so thiswould be classified asa
passive system. What are its failure modes?

If you had to take one of the following two
risks, which risk would you prefer, and why?
a.1 chancein 1000 of losing $1

b.1 chance in 1,000,000 of losing $10007?

If you had to take one of the following two
risks, which risk would you prefer and why?
a.1 chance in 1000 of losing $1000 or

b.1 chance in 1,000,000 of losing $1,000,000?

If you had to take one of the following two One-way
\llaver:;ailts, which benefit would you prefer and rupture disk ——

a.1 chancein 1000 of receiving $1 or
b.1 chance in 1,000,000 of receiving $1,000?

If you had to take one of the following two
benefits, which benefit would you prefer and
why?

a.1 chance in 1000 of receiving $1,000 or
b.1 chance in 1,000,000 of receiving
$1,000,0007?

Where do your choicesfall on therisk plot of

Figure 1.8, below? Are you averse to risk with Figure 1.7 - Passive Makeup System
large consequences?

A nuclear regulator is considering a high-level safety goal for new nuclear power plants
in Canada. He proposes two requirements:

a Therisk to an individua close to the nuclear power plant of dying immediately from an
accident must be less than 10° per year

b.Therisk to an individual close to the nuclear power plant of getting cancer from an
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accident must be less than 10° per year.

Two nuclear power plants apply for alicence. They have done an accident analysis and
the results are as follows:

For plant 1, there are no significant releases for any accident above afrequency of 107 per
year. However there is an uncontained core melt at that frequency which gives a dose of
10 Sv to each individual in the nearby population.

For plant 2, two accidents are the major contributors to risk. One causes severe fuel
damage but prevents core melt. It occurs at afrequency of 10 per year and gives a dose
of 0.25Sv to each individual in the nearby population. The other isacore melt but it is
contained - it occurs at a frequency of 10 per year and gives adose of 1 Sv to each
individual in the nearby population.

Determine numerically whether these plants meet either, both, or neither safety goal.
Hint: consider converting average dose to risk.

16. A nuclear designer istrying to optimize his design. He knows of an accident with a
frequency of 107 per year which leads to a contained core melt and causes the following
effects:

a. Permanent damage to the plant (i.e. cannot be recovered)

b. Evacuation of nearby people (5,000) for three days

c. No prompt fatalities

d. A collective dose to the closest population of 100 Sv

He can reduce the frequency (but not the consequences) of this accident by afactor of 10,
by putting in an extra heat removal system, costing M$10 in capital costs and an extra
$100,000 per year in maintenance and operating costs. How would you make this
decision in an quantitative way?

Hint: Consider expressing accident conseguences in terms of dollars.
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