Chapter 6 - Safety Goals

| ntroduction

In Chapter 1, we touched briefly onthetopic of safety gods. A safety goal partially answers the
guestion“how safeis sfe enough?’. In this mini-chapter, we will develop aworked example of
how a safety goal might be derived, and then compare it to safety goals adopted by other
organizations. We shall also pant out some of the pitfall s of using a safety goal as the only safety
criterion.

Basis of Numerical Safety Goal

In order to make meaningful dedsions, a safety goal shoud be expressd in quantitative terms. A
safety goal such as“Make the reador as safe a possble” will mean dfferent thingsto dfferent
people, and provide no guidanceto the designer. A goal such as “The read¢or must never have a
severe acedent” is probably physicaly impaossble and sets up expedations that canna be met.

Hereisapaossble starting point for a safety goal:

“T he annud risk of death to the most expased member of the pulic due to acddentsin areactor
shoud be small in comparisonto hisher total risk of premature death.”

Let’s bre& thisdown. Firgt, it tries to compare like for like. The consequence of an acadent ina
nuclea reacor is ultimately a (small) risk to an individual that hislife might be shorter than if
the reacor were nat there, everything else being equal. The safety goal therefore cmpares the
risk from the reador to ather risksto life expedancy. Thereisno pant comparing radiation dcse
in Sievertsto chemica exposure in mg/ml sincethey do nd share a @mmon currency.

Semnd, it compares the risk from anuclea reador to all other risks of premature degh. Thisis
not at all obvious. One @uld set up the comparisonto al other risks of eledricity generation, o
al energy generation, a al (average) industria adivity. In fad thefirst two would be much
more logicd, sincethey compare the risks of producing the same product (energy). The doice of
all other risks as the benchmark refleds asocial, na ascientific, basis: that nuclea power is
“new” and “spedal” and therefore to reasaure the pullic, its risk must be small compared to all
other risks; and it allows one to reasure aperson that nuclea power will have minimal negative
impad on hg/her life. One muld have asafety goal which relates the risk of nuclea power to its
benefits, say: the benefit/risk ratio shoud be noworse than ather similar adivities. Even this
requires elaboration: doestherisk of competing techndogies include the dfeds of greenhouse

Chapter 6 - Safety Goalswpd Rev.4
February 2, 2006 2206:37 vgs



gases and release of carcinogens to atmosphere? Does the mmparisoninclude only the
production fadlit y (the generating station) or does it include the whae fuel cycle, from mining to
waste disposal? Note that thereisno “corred” safety goal; you may well disagreewith thisone
and propose abetter one. However it isthe basis for most of the safety goals dedared to date.

Third, the safety goal (in this example) isfor the most exposed individual. It does not consider
socia effeds such as exposure to alarge number of individuals, evaauation, land contamination,
and effeds on the environment such as on animals and gdants. One can argue that the impad of
Chernobyl dueto evaauation d the surroundng popuation, kanning of food, sychologica
trauma and dsruption d many people'slives and livelihoods was far greder than the immediate
harm to the pulic. However it can also be agued that if the plant had been designed and
operated adequately to proted the most exposed members of the puldic, then society at large
would also have been proteded. Thus an assumptionin ou safety goal isthat protedion d the
most expaosed individual member of the pullic dso provides sufficient protedion for society at
large and for the environment®.

Fourth, the goal refersto members of the pubdic, na workersin the plant. It is generally accepted
(as discussed below) that people will ‘trade’ ahigher risk to life and limb if it comes as part of
their job-i.e., if thereisadired benefit as part of their acceptance of risk. There have been
attemptsto set (nuclea) safety goals for plant workersin nuwclea power plants, bu therisk to
such workersis dominated by conventional industrial risk. Notwithstanding, statistics siow
aaossthe board that the hazard to workers in the nuclea industry is much lessthan the industrial
average.

Fifth, the goal refersto the risk of nuclea power inisolation. If one did not have the nuclea
power plant, its risk would be zero; but because one needs energy, it would be replacel by a mal
plant, say, or by an energy shortage, bath of which have their own risks which may be greaer
than the risks of the nuclea power plant. Examining nuclea power inisolationis adually fine,
aslong as the competing tedhndogies dotheir risk cdculations the same way, and that someone
cdculatestherisk of ‘doing withou'. Just asthereisarisk to having nuclea power, thereis also
arisk to not having it.

&Y ou might want to chall enge this assrtion. Whil e it is generaly true, certain chemicas
can get concentrated in some animal food chains, pasing a greaer risk to some of the animals
than to humans. This leals to ancther socia question: shoud animals be proteded to the same
degree & humans? If so, daes the protedion apply to aspedes, alocd group, o an individual
animal? These ae not idle philosophicd questions sncethe answer chosen will form the basis of
regulations on niwlea power and can influencethe design, siting and operation.
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Derivation of Numerical Safety Goal

Youwill recdl from Chapter 1 that the public risk from acdadentsin anuclea power plant is
predominantly from radiation, and that the dfeds of radiation onlife expedancy can be
guantified (even at low doses, aslong as one aumes a dose/effed hypothesis such asthe linea
hypothesis). To refled the two effeds of radiation - aaute (nonstochastic) and latent (stochastic),
we can bredk down the safety goal into two sub-goals:

“The aanual risk of prompt deah to the most exposed member of the pulic dueto acadentsin a
reador shoud be small in comparisonto his/her total annual risk of prompt deah duwe to all
acadents’,

and

“The annual risk of fatal cancer to the most expased member of the pulic dueto acddentsin a
reador shoud be small in comparisonto his/her total annual risk of fatal cancer dueto al
causes.”

In Canadain 1985 acddents were the fifth leading cause of deah, over the whale popdation, at
arate of 37.9 ceahsfor every 100,000 pople’. Thus the average person'srisk of deah from an
acddent is4 x 10* per yea.

We muld then say that the risk from anuclea power plant of premature deah to thisindividual
shoud be much lessthan 4x 10* per yea, say afador of 100 (this may be too conservative, bu
we' ll useit for ill ustration), or 4 x 10° per yea. Sincethe only way of causing prompt fataliti es
to the pulic in anuclea acddent isvia a ©re melt and fail ure of containment®, this suggests that
our safety goal shoud be:

“Thelikelihood of alarge release from a nuclear power plant in an accdent should be less
than 4 per 1(° reactor years'.

We have now got agoal that can be used in design: it is relatively straightforward using PSA to
cdculate the likelihood d alarge release (core melt plus fail ure of containment); to see(if the
goal is excealed) where the dominant contributors are; andif to fix them if needed to med the
safety goal.

PRecdl however that many nuclea plants, like fosdl plants, have dhlorine onsiteto trea
the @ading water, anditsrelease ould be hazardous outside the site boundry.
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Note however that risk is nat uniformly distributed; Table 6-1 showsrisk (intheU.S.) asa
function d occupetion.

Table 6-1 - Occupational Risk in theU.S.

Occupation Fatalities
/100,000 /year
Administrative support, clerical 1
Executive & Managerial 3
News Vendors 16
Police 17
Truck drivers 26
Farm Workers 30
Construction labourers 39
Miners 78
Pilots & navigators 97
Lumberjacks 101
Sailors 115

For nonroccupational adivities, thereis likewise awide range of risk of deah, athough generally
much lower than that for occupational adivities, asin Table 6-2 below.

Cance fataliti es can be ansidered in asimilar fashion. In the same yea in Canada, mali gnant
neoplasms were the seoondleading cause of deah over the whole popuation, at arate of 182.7
deeths per 100,000 pople. Thus the average person'srisk of dying from cancer is 2 x 10° per
yea (or about 15% over a 75-yea lifetime). Recdl from Chapter 1 that 100 person-Sv will
produce dou 5 fatal cancersin the exposed popuation, a arisk of 5x 102 fatal cancers per Sv.
The average person’ s annual risk of dying from cancer dueto “natural” causes would be equall ed
by adose (averaged over alarge popuation) of 0.04Sv per person per yea. Thisisabou 40
times natural badkgroundand twicethe time-averaged annual occupational dose limit. It isalso
based onwhat is probably aflawed hypothesis - the linea dose-effed hypothesis. If we divide by
100again, then the maximum time-averaged individual dose from acadents shoud be lessthan
0.4 mSv per yea, averaged over agroup d people, or abou 40% of natural bacdkground
radiation. The paradox with this safety goal isthat it would make nuclea power safer than
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natural background radiation, so the goal may be somewhat too tight.
Thisis not as useful a safety goal as the previous one, since it does not tell us anything about the

frequency distribution of accidents. However it can likewise be validated via summing all the
eventsin a PSA which cause arelease of radioactivity.

Table 6-2 - Non-Occupational Accident Risk in theU.S.

Accident Fatalities
/100,000 / year
Lightning .06
Poisoning 1.5
Firearms 1.1
Drowning 3.6
Fires 3.6
Falls 8.6
Motor vehicle 27

Other Safety Goals

In 1983, the Advisory Committee on Nuclear Safety (ACNS), an independent group of experts
which advises the Canadian Nuclear Safety Commission, proposed risk-based numerical
assessment criteria for nuclear electric generating stations. In their document ACNS-42, a
probabilistic safety assessment of anuclear reactor is required, and the consequences are to be
grouped into six dose intervals (see Figure 6-1). The sum of the estimated frequencies of all
accidents whose consequences fall within each dose interval must be less than a specified
amount, as shown in the figure. One could infer that if one summed the maximum dose times the
summed frequency in each interval of the histogram in Figure 6-1, then one could get an upper
bound to the risk. However events below afrequency of 107 per year are not included, regardless
of dose. If such events are assumed not to contribute significantly to risk, then ACNS-4 impliesa
maximum acceptable annual dose from accidents to the most exposed individual of 2.5 mSv per
year, not too far off our safety goal model above.

In both the U.S. and the International Atomic Energy Agency (IAEA), safety goals have been set
for both existing and future reactors. These goals state two criteria: the likelihood of a core melt,
and the likelihood of alarge release. For existing reactors, the goals are:
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Thefrequency of a core melt (severe core damage) accident must be lessthan 10* per
reactor -year

and
Thefrequency of alargerelease must belessthan 10° per reactor-year.
For new reacors, the frequencies have been reduced by an arder of magnitude ead.

The secondrequirement is equivalent to stating that the condtiona containment fail ure
probabilit y foll owing a severe mre damage accdent must be lessthan 0.1.

In some types of safety goals, the goal is expressed asa‘band of either consequence or
frequency. For example, in agiven dose range, there may be arange of permissble summed
frequencies. If the summed frequency is above the upper limit of the band, the result is
unaccetable; if it is below the lower limit, it isaccetable; if it isin the band (between the two
limits), then the designer must strive to lower the frequency or show why it isimpradicd to do
s0. Cost-benefit analysisis often used to demonstrate that further safety optimizationis
impradicd.

The United Kingdom expresses its probabili stic safety goals® this way.

Maximum effective dose Total predicted frequency, per year
(mSv)
Basic Safety Limit | Basic Safety Objective

0.1-1 1 10?2

1-10 10* 10°

10- 100 10? 10*

100- 1000 10° 10°

>1000 10* 10°
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Figure 6-1 - Safety Goalsin Canada
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Limitations of the Risk Approach

An approach to safety based only on a safety goal has a number of limitations:

1

To determine compliancewith arisk target, all significant events have to be identified
and summed. It is difficult to dothis simmation ealy in the design, so that the designer is
left without ayardstick urtil his design is mostly complete. Sincethe risk can be
dominated by low-frequency severe acedents, involving multi ple fail ures, crosslinks and
subtle dependencies, by the time design changes are identified, it may be toolate to
implement them.

Thereisnorisk aversion in asummed safety goal. Risk aversion popaoses that risk
shoud deaease with increasing event severity - based onincreasing levels of uncertainty
in predicting the ansequences of such events, and perhaps on a perceved socia aversion
to disasters (evenif therisk is snall) - i.e., aweighting against large cnsequences
regardlessof frequency. Risk aversionis used by many regulators in setting safety
requirements. An exampleisthat agroplane safety requirements far exceel car safety
requirements, per pasenger mile, dueto people’ sfea of having many deahs at one time
and dace(agoplane aash) rather than the same number spread ou over many locaions
(car acadents), even if therisk and the number of deahs are the same. Note that putting
inrisk aversionisasocial dedsion, nd ascientific one; the example we gave of UK
safety goals does not use risk aversion (how can youtell ?).

In principle there shoud be no frequency cutoff in proving that a safety goa ismet. In
pradice analysis of events with frequency below about 102 per yea is not very useful: in
many cases the mnsequences are speaulative, and frequencies that low are meaningless-
e.g., comparable to ore event in 100times mankind s existence onthe planet. Thereis
however areasonable upper limit on consequences, sinceone caina get ‘worse' than
releasing all the mobile fisson products outside mntainment. Such an approad was
taken in the ealy days of reador safety to boundthe consequences of an acadent. Highly
pessmistic and unplysicd assumptions resulted in predictions of abou 50,000 pompt
casudlties. A more redistic upper limit i s provided by Chernobyl, where the number of
prompt casualtieswas 31, al on-site. Such debates do nd however provide much useful
guidanceto the designer.

Safety goals are meaningful only for events whose frequencies and consequences are
reasonably cdculable. In pradicethisincludes most ‘interna’ events for which acdual
data exists or for which fault trees can be cdculated; or where areasonable extrapolation
from a historicad reard can be made. However if the design hasinnowative feaures, with
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littl e operating experience, it may be difficult to suppat the reliability values and hard to
spot the aosslinks. Passve safety systems pose aparticular challenge in this regard since
they can be difficult to test, and therefore it is hard to buld upareliability database.

5 Not al (rare) events can be assgned afrequency and consequence with confidence, for
example:
. masgve structural failure
. massve fail ure of presaure vessls
. very low-frequency, high-consequence eternal events sich as eathquekes
beyond hstoricd reard-keeping
. sabotage, terrorism and war

The gproad to the first two is usually to design to accepted engineaing codes and
standards. Then from experience (mostly non-nuclea, sincethere is more of it), ore can
infer the likelihood d sudden fail ure of structures and comporents © designed. Fail ure of
aLWR presaure vessl would be a céastrophic event, sinceit would lead to an immediate
release of fisson products and probably damage containment at the same time. Some
cdculations have been dore to show that such massve fail ures are lessfrequent than 10°
per yea, bu in the aithor’s opinion, such cdculations for a single event are meaningless
and ursuppatable (particularly sincerare events can happen by sne&k paths not
anticipated - e.g. erosion d the presaure vessel wall i n the Davis Besse plant). By the
same token, historicd records allow one to define the intensity of eathquakes down to
abou the thousand-yea return frequency. More severe, rarer eathquakes are hard to
charaderize. One can doa “seismic margin” anaysisto cdculate the likelihood d
survival of an eathquake somewhat more severe than the “Design Basis Earthquake”
with the 1000yea return frequency; much beyondthat, abou all one can say isthat the
effeds of damage to the nuclea plant would be small compared to the havoc wredked by
such an eathquake onthe rest of society. Finaly for events resulti ng from haostil e human
adions, the goproach has generally been to design acarding to rule (e.g. the plant
inherent defences plus the locd seaurity forceshoud be aleto delay an attack of x
people amed with y type of wegpors for z minutes); x, y, and z are indeed chosen based
on reasonableness(likelihood but the historicd database of haostile ads against nuclea
power plantsis not goodenouwgh (fortunately) to suppat atrue risk approacd.

For these reasons, those regulators that have safety goals use them in addition to whatever
deterministic aiteriathey have developed. They do havever provide apowerful rationality chedk
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Exer cises

1.

Develop a set of high-level safety goals for amilitary use nuclea submarine. They can be,
but do nd have to be numericd. The most important part of your answer isto explain and
justify it, na whether or nat it matches sosmeone dse's‘officia’ goas. Consider any
differences due to dacked versus at-seg and peacéime versus war.

Small readors could be used in remote northern communiti es, for heding/eledricity
production. They would replacevery expensive diesel generators, the fuel for which has
to be flown in, whereas the reac¢or could be designed to berefuelled orcein twenty yeas.
Small reacors have dso been used for powering unattended remote military install ations.
Propose safety goals for eat case, with reasons.

Propose away of tranglating the IAEA safety goals on page 6 into targets that a designer
can use for pipe fail ure frequency, and reliabilit y targets for shutdown, ECC, and
containment. (Hint: how can ore get a cre melt? How can ore get alarge release?)

Develop a set of high-level safety goals for anuclea-powered satellit e. They can be, but
do nd haveto be numericd. The most important part of your answer isto explain and
justify it, na whether or nat it matches someone dse's ‘official’ goals.

Find ou what safety goals have been used in the design of your reador projed and
explain hav they were obtained.

The International Atomic Energy Agency has aprojed (cdled INPRO) now underway,
which is attempting to set requirements for readors 50 yeas from now*. The top-level
safety requirements were propacsed by agroup d expertsto be asfoll ows:

"Installations of an Innovative Nuclear Energy System shall

Incorporate enhanced defence-in-depth as a part off timebimental safety approach and
ensurehat thelevelsof protedionin defence-in-depth shall be moreindependent from eath
other than in existing installations.

Excd insafety andreli abilit y by incorporating into their designs, when appropriate, increased
emphasisoninherently safe charaderisticsand passvesystemsasapart of their fundamental
safety approad.

Ensure that the risk from radiation exposures to workers, the pulic and the environment
during constructior/commisgoning, operation,and cecommissoning, shall be comparable
to that of other industrial fadliti es used for similar purpaoses.
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Further, the development of an Innovative Nuclea Energy System shall:

. Include associated RD&D work to bring the knowledge of plant charaderistics and the
cgpability of analyticd methods used for design and safety assesgment to at least the same
confidenceleve asfor existing plants.”

Comment on these requirements from the points of view of:

. usefulnessto designer
. meding pulic safety requirements 50 yeas from now
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