Chapter 6 - Safety Goals

Introduction

In Chapter 1, we touched briefly on the topicsafety goals.A safety goal partially answers the
question “how safe is safe enough?”. In this mini-chapte will develop a worked example of
how a safety goal might be derived, and then compaoesafety goals adopted by other
organizations. We shall also point out some of thalgitbf using a safety goal as thely safety
criterion.

Basis of Numerical Safety Goal

In order to make meaningful decisions, a safety goal dhlmukxpressed in quantitative terms. A
safety goal such as “Make the reactor as safe as [@jsgilbmean different things to different
people, and provide no guidance to the designer. A goal stthaseactor must never have a
severe accident” is probably physically impossible atd gp expectations that cannot be met.

Here is how one requirement tries to get around the [gibksire to have absolute safety, and
the technical fact that severe accidents are rarpdzsible. It is one of the requirements for the
European Pressurized Reactor, taken from the French t@tgi2006 Annual Repo't

“Accidents liable to lead to significant early radiaeetreleases, in particular accidents involving
high-pressure core meltdown, must for their part be ‘malbt eliminated™.

As is, this cannot be used by designers, who must sdékifiguidance to interpret what
“practically eliminate” really means.

Here is a possible starting point for a safety goatlwht least has numerical requirements:

“The annual risk of death to the most exposed member of the public duédienésm a reactor
should be small in comparison to his/her total risk of premature death.

Let’s break this down. First, it tries to compare l&elike. The consequence of an accident in a
nuclear reactor is ultimately a (small) risk to anvitilial that his life might be shorter than if the
reactor were not there, everything else being equalsafety goal therefore compares the risk
from the reactor to other risks to life expectandyerE is no point comparing radiation dose in
Sieverts to chemical exposure in mg/ml since they dsimare a common currency.
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Second, it compares the risk from a nuclear reactall wwther risks of premature death. This is
not at all obvious. One could set up the comparisorl tiladr risks of electricity generation, or
all energy generation, or all (average) industrial @&gtitn fact the first two would be much more
logical, since they compare the risks of producing theeganmduct (energy). The choice of all
other risks as the benchmark reflects a social, sotemtific, basis: that nuclear power is “new”
and “special’ and therefore to reassure the publicisitsmust be small compared ath other
risks; and it allows one to reassure a person thatamystever will have minimal negative impact
on his/her life. One could have a safety goal whitdtes the risk of nuclear power to lisnefits
say: the benefit/risk ratio should be no worse thaerosimilar activities. Even this requires
elaboration: does the risk of competing technologidadecthe effects of greenhouse gases and
release of carcinogens to atmosphere? Does the cemparclude only the production facility
(the generating station) or does it include the wholkeciyse, from mining to waste disposal?
Note that there is no “correct” safety goal; you mel disagree with this one and propose a
better one. However it is the basis for most ofdgsikety goals declared to date.

Third, the safety goal (in this example) is for thestrexposedndividual. It does not consider
social effects such as exposure to a large number gidodls, evacuation, land contamination,
and effects on the environment such as on animalplants. One can argue that the impact of
Chernobyl due to evacuation of the surrounding populatiomitg of food, psychological
trauma and disruption of many people’s lives and livelihowals far greater than the immediate
harm to the public. However it can also be argued thiag¢ iplant had been designed and
operated adequately to protect the most exposed memhbespmiblic, then society at large
would also have been protected. Thus an assumption irafedy goal is that protection of the
most exposed individual member of the public also providtfisisnt protection for society at
large and for the environmént

Fourth, the goal refers to members of the public, rarkers in the plant. It is generally accepted
(as discussed below) that people will ‘trade’ a highértaslife and limb if it comes as part of
their job - i.e., if there is a direct benefit astpzrtheir acceptance of risk. There have been
attempts to set (nuclear) safety goals for plant worikemsiclear power plants, but the risk to
such workers is dominated by conventional industrial Nekwithstanding, statistics show across
the board that the hazard to workers in the nucleartiydssmuch less than the industrial

%You might want to challenge this assertion. Whils gy@énerally true, certain chemicals
can get concentrated in some animal food chains, paggngater risk to some of the animals than
to humans. This leads to another social question: slamirithls be protected to the same degree
as humans? If so, does the protection apply to a spad@sal group, or an individual animal?
These are not idle philosophical questions since theearghosen will form the basis of
regulations on nuclear power and can influence the designg and operation.
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average.

Fifth, the goal refers to the risk of nuclear powesatation. If one dichot have the nuclear
power plant, its risk would be zero; but because one rezexigy, it would be replaced by a coal
plant, say, or by an energy shortage, both of whigie biaeir own risks which may be greater
than the risks of the nuclear power plant. Examiningaaugbower in isolation is actually fine, as
long as the competing technologies do their risk calonatine same way, and that someone
calculates the risk of ‘doing without’. Just as thera iisk to having nuclear power, there is also
a risk tonot having it.

Derivation of Numerical Safety Goal

You will recall from Chapter 1 that the public risk fr@aocidents in a nuclear power plant is
predominantly from radiation, and that the effectsagliation on life expectancy can be quantified
(even at low doses, as long as one assumes a dogdigffethesis such as the linear hypothesis).
To reflect the two effects of radiation - acute (rsdoehastic) and latent (stochastic), we can
break down the safety goal proposed above into two sul:goal

“The annual risk opromptdeath to the most exposed member of the public due ideatsin a
reactor should be small in comparison to his/her stabal risk of prompt death due to all
accidents”,

and

“The annual risk ofatal cancerto the most exposed member of the public due to acciceats
reactor should be small in comparison to his/her &rtaual risk of fatal cancer due to all
causes.”

In Canada in 1985, accidents were the fifth leading caudeath, over the whole population, at a
rate of 37.9 deaths for every 100,000 peodlaus the average person’s risk of death from an
accident is 4 x I6per year.

We could then say that the risk from a nuclear powet plapremature death to this individual
should be much less than 4 x“@er year, say a factor of 100 (this may be too consigey but
we’ll use it for illustration), or 4 x 1®per year. Since the only way of causing prompt fagalitd
the public in a nuclear accident is via a core meltfaiete of containmefit this suggests that

Recall however that many nuclear plants, like fosaihfs, have chlorine on site to treat
the cooling water, and its release could be hazardousl@ti® site boundary.
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our safety goal should be:

“The likelihood of a large release from a nuclear power plant iran accident should be less
than 4 per 10 reactor years”.

We have now got a goal that can be used in desigmelaisvely straightforward using PSA to
calculate the likelihood of a large release (core piek failure of containment); to see (if the
goal is exceeded) where the dominant contributors adetaafix them if needed to meet the
safety goal.

Note however that risk is not uniformly distributed; TBa®-1 shows risk (in the U.S.) as a
function of occupation.

Table 6-1 - Occupational Risk in the U.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 non-occupational activities, there is likewiseidewrange of risk of death, although generally
much lower than that for occupational activities,rasable 6-2 below.
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Table 6-2 - Non-Occupational Accident Risk in the U.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

Cancer fatalities can be considered in a similandashn the same year in Canada, malignant
neoplasms were the second leading cause of death oweholespopulation, at a rate of 182.7
deaths per 100,000 people. Thus the average person’s risk ofrdyingancer is 2 x 10per

year (or about 15% over a 75-year lifetime). Recall f@mapter 1 that 100 person-Sv will
produce about 5 fatal cancers in the exposed populatiorjsir @f 5 x 17 fatal cancers per Sv.
The average person’s annual risk of dying from canceraltieatural” causes would be equalled
by a dose (averaged over a large population) of 0.04 Sv EEmpeer year. This is about 40
times natural background and twice the time-averaged aooccapbational doskmit. It is also
based on what is probably a flawed hypothesis - tbaridose-effect hypothesis. If we divide by
100 again, then the maximum time-averaged individual dosedoaidents should be less than
0.4 mSv per year, averaged over a group of people, or aboubv#@8tural background
radiation. The paradox with this safety goal is thatauld make nuclear power safer than natural
background radiation, so the goal may be somewhat too tigh

This is not as useful a safety goal as the previoussimes it does not tell us anything about the
frequency distribution of accidents. However it can lilsewbe validated via summirgj the
events in a PSA which cause a release of radiogctivit

Other Safety Goals

In 1983, the Advisory Committee on Nuclear Safety (ACN®)independent group of experts
which advises the Canadian Nuclear Safety Commisgioposed risk-based numerical
assessment criteria for nuclear electric generatatgss. In their document ACNS;4
probabilistic safety assessment of a nuclear reatequired, and the consequences are to be
grouped into six dose intervals (see Figure 6-1). The suhedadstimated frequencies of all
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accidents whose consequences fall within each doseahteust be less than a specified amount,
as shown in the figure. One could infer that if one seththe maximum dose times the summed
frequency in each interval of the histogram in Figure &dn one could get an upper bound to
the risk. However events below a frequency of fiér year are not included, regardless of dose.
If such events are assumed not to contribute signijcamtisk, then ACNS-4 implies a

maximum acceptable annual dose from accidents to thieaexpssed 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 Enekggncy (IAEA), safety goals have been set
for both existing and future reactors. These goals stateriteria: the likelihood of a core melt,
and the likelihood of a large release. Egistingreactors, the goals are:

The frequency of a core melt (severe core damage) accident shbe less than 10 per
reactor-year

and
The frequency of a large release must be less than®ljfer reactor-year.
For new reactors, the frequencies have been reduceddiger of magnitude each.

The second requirement above is equivalent to statingh&aonditional containment failure
probability following a severe core damage accident imeidess than 0.1.

In some types of safety goals, the goal is expressadbasnd’ of either consequence or
frequency. For example, in a given dose range, therdbenayrange of permissible summed
frequencies. If the summed frequency is above the uppeolitiie band, the result is
unacceptable; if it is below the lower limit, it isc@ptable; if it is in the band (between the two
limits), then the designer must strive to lower tlggrency or show why it is impractical to do
so. Cost-benefit analysis is often used to demondinatdurther safety optimization is
impractical.

The United Kingdom expresses its probabilistic safetysjtizis way.
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Maximum effective dose Total predicted frequency, per year
(mSv)
Basic Safety Limit | Basic Safety Objective

0.1-1 1 16

1-10 10 103

10 - 100 16 10*

100 - 1000 16 10°

>1000 1¢ 10°
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Figure 6-1 - Safety Goals in Canada

Chapter 6 - Safety Goals.wpd Rev.6
January 25, 2008 15:50:32 vgs

102 103



Recent Work on Safety Goals in Canada

The CNSC has recently published draft safety géatich they intend to use for new reactors
built in Canada. The rationale is similar to whathaee seen before. Specifically CNSC states:

“A limit is placed on the societal risks posed by nucfgawer plant operation. For this purpose,
the following two qualitative safety goals have bedaldished:

1. Individual members of the public shall be provided al levprotection from the consequences
of nuclear power plant operation such that there isgmfisant additional risk to the life and
health of individuals; and

2. Societal risks to life and health from nuclear poplant operation shall be comparable to or
less than the risks of generating electricity by @al@dmpeting technologies, and should not be a
significant addition to other societal risks.

Further the CNSC definhireesafety goals:

1 Small Release FrequencyThe sum of frequencies of all event sequences thdéadrio
release to the environment of more thal? Bg| of 1,5, shall be less than £@er plant
year and shall not exceed®lPer plant year.

2 Large Release FrequencyThe sum of frequencies of all event sequences thdeadrio
release to the environment of more that Bg of Cs,, should be less than 1@er plant
year and shall not exceed®ler plant year.

3 Core Damage FrequencyThe sum of frequencies of all event sequences thdeadrno
significant core degradation should be less thahgkd plant year and shall not exceed 10
® per plant year.

The new concepts here are:

. The small release frequency. In earlier drafts of 3J; CNSC notes that it is intended to
address those accident scenarios which may resuttiiedi core damage, leading to small
but significant releases. These accidents require en@wrgeasures such as sheltering or
short term evacuation of an area around the plant,hensihtall release frequency sets a
limit on those.

. The range of frequencies for each safety goal, wéHdwer value being an objective and
the upper being a limit. This is the same as the UK a@gbréo goal setting in their Safety
Assessment Principles, above.
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Limitations of the Risk Approach
An approach to safety basedly on a safety goal has a number of limitations:

. To determine compliance with a risk targat,significant events have to be identified and
summed. It is difficult to do this summation early in tesign, so that the designer is left
without a yardstick until his design is mostly completac&the risk can be dominated by
low-frequency severe accidents, involving multiple fasymreross-links and subtle
dependencies, by the time design changes are identifredyibe too late to implement
them.

. There is naisk aversionin a summed safety goal. Risk aversion proposes thathauld
decrease with increasing event severity - based osaisitig levels of uncertainty in
predicting the consequences of such events, and perhapgseoreaed social aversion to
disasters (even if the risk is small) - i.e., a werghtaigainst large consequences regardless
of frequency. Risk aversion is used by many regulatossting safety requirements. An
example is that aeroplane safety requirements far éxxagesafety requirements, per
passenger mile, due to people’s fear of having many datithee time and place
(aeroplane crash) rather than the same number spreasieyunany locations (car
accidents), even if the risk and the number of deaththarsame. Note that putting in risk
aversion is a social decision, not a scientific ahe;example we gave of UK safety goals
doesnot use risk aversion (how can you tell?).

. In principle there should be no frequency cutoff in prg\imat a safety goal is met. In
practice analysis of events with frequency below ali6ftper year is not very useful: in
many cases the consequences are speculative, and fregubatiow are meaningless -
e.g., comparable to one event in 100 times mankind’seexiston the planet. There is
however a reasonable upper limit on consequences,®sieceannot get ‘worse’ than
releasing all the mobile fission products outside contamt. Such an approach was taken
in the early days of reactor safety to bound the apresgces of an accident. Highly
pessimistic and unphysical assumptions resulted in prediadibabout 50,000 prompt
casualties. A more realistic upper limit is provided bg@bbyl, where the number of
prompt casualties was 31, all on-site. Such debates doon@ver provide much useful
guidance to the designer.

. Safety goals are meaningful only for events whossugacies and consequences are
reasonably calculable. In practice this includes moggrhal events for which actual data
exists or for which fault trees can be calculatedybere a reasonable extrapolation from
a historical record can be made. However if the ddsagrinnovative features, with little
operating experience, it may be difficult to support ttiabity values and hard to spot
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the cross-links. Passive safety systems pose a partchdllenge in this regard since they
can be difficult to test, and therefore it is hard tddoup a reliability database.

. Not all (rare) events can be assigned a frequencyamkquence with confidence, for
example:
. massive structural failure
. massive failure of pressure vessels
. very low-frequency, high-consequence external events asiearthquakes beyond
historical record-keeping
. sabotage, terrorism and war

The approach to the first two is usually to design t@pisd engineering codes and
standards. Then from experience (mostly non-nucleare shere is more of it), one can
infer the likelihood of sudden failure of structures and pomnents so designed. Failure of
a LWR pressure vessel would be a catastrophic eveog, iswvould lead to an immediate
release of fission products and probably damage contairahéme same time. Some
calculations have been done to show that such mdagives are less frequent than®10
per year, but in the author’s opinion, such calculationasingle evenaire meaningless
and unsupportable (particularly since rare events can hagypereak paths not
anticipated - e.g. erosion of the pressure vesselm#tilei Davis Besse plant). By the same
token, historical records allow one to define thensity of earthquakes down to about
the thousand-year return frequency. More severe, rardiqeiakes are hard to
characterize. One can do a “seismic margin” anatlgstslculate the likelihood of survival
of an earthquake somewhat more severe than the “DBagjs Earthquake” with the
1000-year return frequency; much beyond that, about allameay is that the effects of
damage to the nuclear plant would be small compared teatize wreaked by such an
earthquake on the rest of society. Finally for evesgsilting from hostile human actions,
the approach has generally been to design according terglehe plant inherent
defences plus the local security force should be aldelty an attack of people armed
with y type of weapons fazr minutes); x, y, and z are indeed chosen based on
reasonableness (likelihood) but the historical databBkestile acts against nuclear
power plants is not good enough (fortunately) to suppoueartsk approach.

For these reasons, those regulators that have gafels/use thenm addition towhatever
deterministic criteria they have developed. They do ewprovide a powerful rationality check
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Exercises

1.

Develop a set of high-level safety goals for a mjlitzse nuclear submarine. They can be,
but do not have to be numerical. The most importantgigrour answer is to explain and
justify it, not whether or not it matches someorse’sl‘official’ goals. Consider any
differences due to docked versus at-sea; and peacetime weanrsus

Small reactors could be used in remote northern cortiegjrfor heating/electricity
production. They would replace very expensive diesel gamsrahe fuel for which has to
be flown in, whereas the reactor could be designed tefbelled once in twenty years.
Small reactors have also been used for powering unatteadete military installations.
Propose safety goals for each case, with reasons.

Propose a way of translating the IAEA safety goalpage 6 into targets that a designer
can use for pipe failure frequency, and reliability targetshutdown, ECC, and
containment. (Hint: how can one get a core melt? ldamwone get a large release?)

Develop a set of high-level safety goals for a nugieavered satellite. They can be, but
do not have to be numerical. The most important paybof answer is to explain and
justify it, not whether or not it matches someorse’sl‘official’ goals.

Find out what safety goals have been used in the ddsygioreactor project and
explain how they were obtained.

Calculate the risk to the public implied by the UK SAPs.

The International Atomic Energy Agency has a prdjealled INPRO) now underway,
which is attempting to set requirements for reactorseasyfrom now The top-level
safety requirements were proposed by a group of experesas tollows:

“Installations of an Innovative Nuclear Energy Systdmall:

Incorporate enhanced defence-in-depth as a part offtheiamental safety approach and
ensure that the levels of protection in defence-in-deipalti be more independent from each
other than in existing installations.

Excel in safety and reliability by incorporating inteir designs, when appropriate, increased
emphasis on inherently safe characteristics and pesg@tems as a part of their fundamental
safety approach.

Ensure that the risk from radiation exposures to woykés public and the environment
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during construction/commissioning, operation, and deconanisg, shall be comparable to
that of other industrial facilities used for similar pusps.

Further, the development of an Innovative Nuclear En8ggyem shall:

. Include associated RD&D work to bring the knowledge of ptdrracteristics and the
capability of analytical methods used for design and safetgssment to at least the same
confidence level as for existing plants.”

Comment on these requirements from the points of siew
. usefulness to designer
. meeting public safety requirements 50 years from now
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