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Abstract

This report addresses aspectsvad issues identified by the Ontario Energy Board in its
proceeding EB-2007-0707. Those issues DD Numbers 12 and 13 Db relate to the
economic prudence and cost-effectiveness ofeaungieneration of electricity in Ontario.
The aspects addressed here are the costatipns of the resiual radiological risk

posed by nuclear generation. ORadiologiskD refers to the potential for, and
consequences of, unplanned releases of radieantterial to the environment or within
a nuclear facility. OResidualO referthéorisk remaining after implementation of
regulations regarding the safety and securityuaflear facilities. Two categories of cost
are examined here. In one category are costs that arise from efforts to reduce the residual
radiological risk posed by nlear power plants. In theecond category are non-insured
risk costs associated with offsite and onsipacts of potential unplanned releases of
radioactive material.
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Executive Summary

This report addresses aspeot two issues DD Numbers 12 and 13 Db identified by the
Ontario Energy Board (OEB) in its proceegiEB-2007-0707. Those issrelate to the
economic prudence and cost-effectiveness ofean@eneration of electricity in Ontario.
The aspects addressed here are the co$itatipns of the resiual radiological risk
posed by the operation of nuclear power fdarORadiological riskO refers to the
potential for, and consequences of, unplameéshses of radiotice material to the
environment or within a nuclear plant. OReslO refers to the risk remaining after
implementation of Canadian Nuclear Safégymmission (CNSC) regulations regarding
the safety and security of nuclear powerps. The CNSC, ar@jous regulatory entities
in other countries, and thieternational Atomic Energpgency (IAEA) acknowledge the
existence of a residual radiologicakiof the type examined here.

The OEB proceeding is examining, among othatters, the generation of electricity by
existing and new nuclear powegpts in Ontario. The existing plants would be CANDU
plants at the Darlington, Pickeg or Bruce sites. Likenost members of the present
worldwide fleet of nuclear power plantbe existing Ontario plants are in the
OGeneration 110 category. The new plaotdavbe OGeneration 1110 plants supplied by
AREVA, Westinghouse, or Atomic Energy 6Bnada Ltd (AECL). The Ontario
government has announced its intention to biwiol such plants at the Darlington site.

Two categories of future cost are examihede, for a representative existing plant and a
representative new plant. In one categogyansts that may arise from efforts to reduce
the residual radiological rigkosed by nuclear power plants the second category are
non-insured risk costs associated withitéfand onsite impacts of potential unplanned
releases of radioactive material.

Experience in the USA shows that effortgeduce residual radiofjical risk were a
major driver of substantial escalation igrthe 1970s and 198@s capital/construction
costs for new nuclear power plants and ahoagital additions at existing plants.
Occurrence of an accidentthe Three Mile Island (TMI) Unit 2 plant in 1979 was a
major, but not unique, motivator of the effotd reduce residual radiological risk.

The nuclear industry (i.e., qht vendors and operators) and its regulators Db in Canada
and elsewhere BD are engaged in efforetiace the residual radogical risk posed by
future operation of new Generation Il nucl@amwer plants, by comparison with the risk
posed by the existing Generation Il plants.Chnada, new plants are required to meet
design criteria established by CNSC. Planéeting those criteria could ride out a
specified set of accidents and a specifietlof intentional, malevolent acts.
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The Generation Il plants being considereduse in Ontario have some design features
that could reduce residual radiological riskcomparison with Generation Il plants.
However, the extent of that risk reductiaml be limited by the fact that the Generation
lIl designs represent a comparatively smadllationary step from the Generation Il
designs. During the 1970s and 1980s, plantiees and other stakolders identified
innovative design options B such as thkSRlesign proposed by ASEA-Atom Db that
could have reduced residual radiological tiska level substantially below the level
posed by the Generation Il and Generatibdésigns. The nuclear industry did not
adopt those innovative design options, chogsnstead to offer the Generation Il
designs. Regulators, including CNSC, have stéjg their risk goaland regulations to
accommodate the level of residual radiologrcst posed by the Generation Il designs.

Efforts to reduce residual radiogical risk are influencingrends in capital/construction
costs for new Generation Il plants. Independent, quantitative assessment of that
influence is not currently possible, becaasastruction experience with plants of this
type is limited, and relevamiata are held by the pkawendors. Occurrence of a
substantial unplanned releasf radioactive materiat any nuclear power plant
worldwide would lead to public pressure tve nuclear industry and regulators to
increase their efforts to reduce residwaliological risk, a®ccurred after the TMI
accident. Enhanced efforts would followyolving increases in capital/construction
costs for new nuclear power plants and insesan annual capitadditions at existing
plants. Those increases would occur, to waygxtents, in Ontario and elsewhere. In
assessing the potential for such increasescaneeasonably assume that the probability
of a substantial release from a nuclear pgplent worldwide isabout 4 percent per
annum, and the probability of a release with plant is significantly higher.

After efforts have been made to reducerttgdual radiological risk posed by a nuclear
power plant, there will remain a potential forplanned releases ofdiaactive material.
Such releases could cause offsite and omsipacts. With some assumptions and
caveats, the impacts of asrgn release can be estinthtand can be expressed in
monetary terms. The probakiis of possible releases casabe estimated, again with
assumptions and caveats. Taken togethesgtlestimates yield a set of Orisk costsO
associated with plant operation, expresseckas per kWh of nuelar generation. In
Canada and elsewhere, only a fraction ofttit@l risk cost is covered by payment of an
insurance premium.

Table ES-1 summarizes thigatOs findings of the riskste of nuclear generation in
Ontario. Also shown are thesarance premiums that arag#o provide coverage of
these risk costs. Clearly, most of the risists are not insured. Note that the Nuclear
Liability Act limits a nuclear operatorOalility to a maximum of $75 million, with an
expected increase to $650 million. The casthe offsite impacts of a radioactive
release from a nuclear power plant in Ontario could far exceed $650 million.
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The risk costs shown in Table BSeflect Ohigh confidenceO'grcentile) estimates

of event probabilities, as tamated by CNSC, other regulasp and the nuclear industry.
Practical experience, notably the TMI a@rit of 1979 and the Chernobyl accident of
1986, yields comparable event probabilitiesGaneration Il plants. This report assumes
that a new plant in Ontario could achieve an accident probability an order of magnitude
lower than the accident probability for an ¢xig plant. The resulting reduction in risk
could be offset by the greater raditee inventory in the new plant.

Table ES-1 N
Risk Costs of Nuclear Generation in Ontao: Summary of this ReportOs Findings

Category of Category of Risk Magnitude of Risk Costs and
Impacts from Costs and the Insurance Premiums
Unplanned Insurance For an Existing For a New
Releases of Premiums that are CANDU Plant Generation IlI
Radioactive Paid to Provide Plant
Material Coverage of these
Costs
Offsite Impacts Risk Costs 2.7t05.4 15t015.4
(2008 Can cent per

kWh)
Insurance Premiums0.02

As for existing

(2008 Can cent per

CANDU plant?

kWh)

Onsite Impacts Risk Costs 2.7t05.6 Smaller amount
(2008 Can cent per than for existing
kWh) CANDU plant
Insurance PremiumsNo explicit No explicit

(2008 Can cent per
kWh)

premium is evident

premium is evident

(This table, with notes, appears ir thody of the report as Table 7-7.)
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1. Introduction

In June 2006, the Ontario government dieeldhe Ontario Power Authority (OPA) to
create an Integrated Power System PIRSH), which is currently understood to cover
the period 2007-2027. As part of that ordbg government directed OPA to plan for
nuclear generating capacity to meet base-actricity requirements, while limiting
Ontario's total in-service nuclear @ity to 14 GWe during the IPSP period.

In August 2007, OPA filed arpalication with the Ontari&nergy Board (OEB), seeking
approval of an IPSP. OEB opened agaeding (EB-2007-0701) consider the
application. Phase 1 of the proceededjto a March 2008 decision by OEB on the
issues to be considered in the rerimjrphase (Phase 2) of the proceedirig.that
decision, OEB set forth five issues (Issues,Ngis. 10-14) that ivill consider in the
context of nuclear generatidn.

Theme and scope of this report

This report addresses aspeaftswo of the nuclear-relatedsues identified by OEB.
First, the report addressegpasts of Issue No. 12: Ols tR&POs plan to use nuclear
power to meet the remaining base-loaglieements economically prudent and cost
effective?0 Second, the repaitiresses aspects of Issue M3: Oln the context of the
determination of economic prudence and affgctiveness, is the IPSP sufficiently
flexible to accommodate building new nucletants or refurbishing existing plants or
both?0

In addressing those two issu#ss report focuses on the cost implications of the residual
radiological risk of nucleageneration of electricity in Qario. The phrase Oresidual
radiological riskO refers the potential for, and impacts of, unplanned releases of
radioactive material to the environment or within a nuclear faéil8uch releases could
occur as a result of accidentsmalevolent acts, as discussed below. The releases would
be OunplannedO in the sense that theylwotibe expected to occur during routine
operation of a nuclear facility. Neverthete the potential for occurrence of unplanned
releases is acknowledged by the nuclear immgud its regulators, in Canada and
elsewhere.

! Duncan, 2006.

2 OEB, 2008.

® OEB, 2008, page 25 and Appendix A.

* The term OriskO is often used to refer to theraiit product of: (i) a quantitative indicator of adverse

impact; and (ii) the quantitative probability that the impact will occur. In this report, the term is used in a
more general sense, to encompass a range of qualitative and quantitative information about the potential for
an adverse outcome.
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In the phrase Oresidual radiological rigk®word OresidualO characterizes the
radiological risk that remains afteretimuclear industry has complied with the
requirements imposed by its regulators.Canada, the primary relgior of the safety
and security of nuclear facilities is ther@alian Nuclear Safe@ommission (CNSC).
This report examines radiological risk with two assumptions. First, construction and
operation of nuclear facilities in Ontario consistently reflect good-faith efforts by the
nuclear industry to comply with CNS@gulations. Second, CNSC personnel
consistently make good-faith efforts to enforce CNSC regulations.

An unplanned release of radioactive matdri@in a nuclear facility to the environment,

or within the facility, could occur as a rdtsof an accident or a malevolent act. The
Canadian government has not yet articul@edmprehensive classification of events in
these categories. An initial classification has been articulated by the Canadian
Environmental Assessment Agency (CEAA}Xe context of construction of nuclear
power plants at the Bruce site in OntarioBruce Power has considered the construction
of new plants at the sitend pursuit of that option woulequire the preparation of an
environmental impact statement (EIS) by Bruce Power. In April 2008, CEAA published
draft guidelines for the required EfSThe draft guidelines called for, among other
matters, an assessment of the potentiahdéordents and malfunctions related to the
proposed new nuclear power plants.

CEAA defined "accidents and malfunctiores' a category of events that includes
accidents of a traditional type (events attritle to human error, natural phenomena,
etc.) together with intentional, malevolentsacConsideration ahalevolent acts in an
EIS for a commercial nuclear facility is angparatively new development in the field of
environmental assessment. CEAAOs draft goifefirovided an initial classification of
accidents and malfunctioisThat classification has been refined by the author of this
report® This authorOs classification is shown in Table 1-1.

The nuclear generating capacity envisnethe IPSP would be provided by some
combination of existing and new nuclear powkmts in Ontario. To some extent,
refurbishment of existing plants, to extend their operating lifetimes, could substitute for
construction of new plants. The IPSP will not determine the relative contributions of
refurbished and new plants to OntarioO$eangenerating capiy. Indeed, OEB has
pointed out that neither OPA nor OEB wdkcide on the relative contributions of
refurbished and new plartsAccordingly, OEB has identified Issue No. 13, which asks

®> Throughout this report, the termuclear power plant” means a nuclear fission reactor and its associated
equipment, including equipmentpooduce electricity. Future (Gengam 1V or later) nuclear power

plants might also produce hydrogen, potable water and/or process heat.

® CEAA, 2008.

" CEAA, 2008, Section 12.

® Thompson, 2008, Section 3.4.

° OEB, 2008, page 23.
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if the IPSP is sufficiently flexible to acoomodate refurbished plants, new plants, or
both.

Each nuclear power plant poses a unique &klevel of radiologial risk. Moreover,
the risk posed by a particular plant canrai@over time, reflecting the plantOs age and
other factors. Those details are not addigebsee. Instead, this report discusses the
risks posed by a representative new planttand representative existing plant.

Nuclear power plants are part of a nuclear fiyele that begins, #@ihe Ofront endO, with

the mining, processing and enrichment of uranium. At the Oback endO of the fuel cycle,
spent nuclear fuel discharged from reactostosed or, in some countries, reprocessed.
Radiological risk arises at eyepart of the nuclear fuel cy&l In Ontario, however, there

is no enrichment of uranium and no repraeeg of spent fuel. Thus, nuclear power

plants are the dominant source of the radickgisk posed by nuclear generation in
Ontario. This report focuses on the radiot@drisk posed by nuelr power plants.

Two categories of future cost are examihede, for a representative existing nuclear
power plant and a representative new plantone category are costs that may arise from
efforts to reduce the residual radiologicakrposed by nuclear power plants. In the
second category are non-insuregkrtosts associated witlffsite and onsite impacts of
potential unplanned releasefsradioactive material.

Structure of this report

This report begins with an Executive Sumgarhich contains one table. The body of
the report consists of nine sections, unthg this Introduction (Section 1). Section
headings are listed in the Table of Conteritables and figures are placed after the body
of the report, each being numbered accortlintipe section to which it applies. An
appendix, containing one table pkaced after the tables@figures. A bibliography is
provided in Section 9. Documts cited in the footnotes,ties and figures, both in the
body of the report and in the Appendae listed in the bibliography.

2. Connections Between Radiological Bk and the Cost of Electricity

Radiological risk can affect éhcost of nuclear-generatetkctricity through two primary
pathways. First, the nuclegrdustry and its regulators maeek to reduce the residual
radiological risk of nucleageneration by adopting meassithat affect the design,
construction and operation of nuclear powamnps. Those measures typically involve
additional costs. Second, operation of raclpower plants poses an ongoing residual
radiological risk. That risk eates costs to society that areaied here as Orisk costsO.
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Costs of measures intended to regltite residual radiological risk

Various measures could be implemented tluce the residual raalbgical risk posed by
operation of nuclear power plants. Some-risffucing options are discussed in Section 4
and the Appendix to this report. Implentegion of risk-reducingptions may involve
increments of cost in the categories: (ipita/construction costji) capital additions

during a plantOs operating lifetime; (iii) opiena & maintenance costs; and (iv) revenue
reduction and the cost of replacement poweanibption involves a net reduction in the
amount of electricity generated by a plantgeékeral discussion of such cost increments
appears in Section 7.2, below, and a es$itnate is provided for one risk-reducing
option. Note, however, that this repddes not purport to prode a comprehensive
assessment of the costs that may arise fréontefo reduce residughdiological risk.

It can be difficult, especially if one is limdeto publicly-availablelata, to discriminate
between increments of cost that arise fiefforts to reduce residueadiological risk, and
increments of cost that arise from othdluances. The nucleandustry (plant vendors
and operators) possesses data relevant tes#hus, but much of that information is not
published. A useful body of informationpsiblicly available regaling nuclear-power
cost trends in the USA in the 1970s d®80s, as discussed in Section 7.2. That
information provides important backgroundhe estimation of nuelr-power costs in
Ontario over the coming years.

There is irreducible uncertainty in the exttéo which measures to reduce residual
radiological risk may be introduced iretfuture, either voluntarily by the nuclear
industry or at the demand of a regulator. Ruptessure on the inding and regulators to
implement such measures would vary irpaesse to events and trends that cannot be
reliably predicted. It is clear, howeverathihe occurrence ofsubstantial, unplanned
release of radioactive material fromwaithin a nuclear power plant at any site
worldwide, caused by an accident or a malevoden would increase public pressure for
adoption of risk-reducing mea®es at nuclear power plantsOntario and elsewhere.

Risk costs arising from the
residual radiological riskof plant operation

Accidents and malfunctions have arisen egpdly during the operation of engineered
systems, including energy systems. For example, a survey of accidents affecting energy
systems worldwide during the peri@a@07-2007 identified 279 well-documented

accidents that caused $41 billiongroperty damage and 182,000 dedthsAccidents at
nuclear-energy facilities accowat for 23 percent of thetal number of accidents. The

19 Sovacool, 2008. Energy systems addressedebgutvey were systems for production/generation,
transmission or distribution of energy, or for support of those functions.
1 Sovacool, 2008, Table 1.
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number of accidents at nuclear-energy facfliteesignificant because these facilities are
heavily regulated by entities such as CN$@te that this survey did not consider
malevolent acts (war, sabotage, etc.) or accidents affecting military assets (ships, aircratft,
bases, etc.), and consulted only Englisigleage sources. Thus, the survey does not
provide a complete historicplcture of the risk assoced with energy systems.

As discussed in Section 3, below, technar@hlysis shows that any nuclear power plant
could experience an unplanned release of eative material, despite existence of a
regulatory regime. In other words, opepatbf a nuclear power plant inevitably creates

the potential for a substantial radioactive rete@éther to the environment or within the
plant. That potential can be describederms of the probabilf, magnitude, isotopic
composition and other characteristics of each member of a set of possible releases. For
releases caused by accidents, the probability may be susceptible to quantitative
estimation, with caveats assdussed in Section 3. Fotaases caused by malevolent

acts, there is no statistical basis to suppauantitative estimate of probability.

Atmospheric releases from a plant argoafticular concern from a public-health
perspective, because an airborne plumedibetive material could travel downwind for
tens or hundreds of km, affecting largeas. The plume could cause adverse health
effects in exposed persons, and could crieaténg contamination of the environment.
Computer models are available to estingateh impacts, for a given release. With
various assumptions and caveats, the impacts can be translated into monetized costs.
Assumptions related to monadition of impacts can be egpaly controversial.

An unplanned release of radioactive mateated nuclear power plant could create
adverse impacts at the plant itself, whethemnairthe release reachis® environment.

Plant personnel could receive radiation ddkasyield adverse health effects, which
could be translated into matiwed costs. Additional costs could arise for site cleanup,
repair of damaged portions of the plant,ghase of replacement power during the period
when the plant is out of service, and wriféand decommissioning of the entire plant if
repair is not cost-effective.

To summarize, the residual radiological reflkoperating a nuclear power plant arises

from the potential for unplanned releases. Riakreleases can be placed in categories
characterized by magnitude, probability and other parameters. The probability of each
release category can, in part, be estimated quantitatively. Each release category could
create costs in two categories: (i) offsitgacts; and (ii) onsite impacts.

Since the 1980s, numerous evaluationele€tricity plans have considered the
OexternalityO costs associated witiong for supply and use of electriciy.In many of
those instances, the externality costawflear generation have been assessed.

2 Koomey and Krause, 1997; Wiel, 1995.
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Typically, that assessment indles an estimate of the potential for, and impacts of,
unplanned releases of radioactive matdra@h nuclear power plants. Generally, the
impacts have been monetized, and the prdibabiof releases have been expressed
guantitatively. With that@proach, the externality costs can be expressed as cent per
kWh of nuclear generation.

This report takes a somewhat different approdgtsk costs of offsite and onsite impacts
of radioactive releases agstimated, using assumptiomsgdamethodology as described in
Section 7, below. The insurance premiung tre paid to provide coverage of these
costs are identified. Comparison of the gsists and insurance premiums shows that
most of the risk costs are non-insuredrtiker evidence of that finding is provided by
comparing the liability limit in the Nuclear ability Act with the monetized impacts of
potential radioactive releasek this report, risk costsyhether insured or non-insured,
are expressed as cent perlkéf nuclear generation.

3. Assessing the Radiological Risk Posed by Nuclear Power Plants

There is a large body of technical literatadedressing the radiological risk posed by
nuclear power plants. Much of this literat@gsesses the potenfiat, and consequences
of, an atmospheric releaseraflioactive material following adental damage to nuclear
fuel. The fuel could be in the reactor cores #pent-fuel pool, or ewhere in the plant.
Such literature typically falls under the ruboicprobabilistic risk assessment (PRA).

In the PRA field, the events that initiate acidental release are cgtwized as "internal”
events (human error, equipment failure, atc.)external” events (earthquakes, fires,
strong winds, etc.). PRASs typically do raansider initiatingevents that involve
intentional, malevolent acts, although PR&hniques can be adapted to estimate the
outcomes of such acts.

PRAs for nuclear power plangse conducted at Levels 1a8d 3, in increasing order of
completeness, as discussed belowhdxaugh, full-scope PRA would be conducted at
Level 3, and would consider internal and exaé¢initiating events. The findings of such
a PRA would be expressed in terms @& thagnitudes and prolbties of a set of
adverse environmental impacts, and the uniceytand variability of those indicators.
The adverse impacts would include:

(i) "early" human fatalities or morbidities (illnesses) that arise during the first
several weeks after the release;

(i) "latent” fatalitiesor morbidities (e.g., cancergjat arise years after the
release;

(i) short- or long-term ab@adonment of land, buildings, etc.;

(iv) short- or long-term interruption @igriculture, water supplies, etc.; and

(v) social and economic impactstbe above-listed consequences.
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The magnitudes and probabilitiessuch adverse impacts would be estimated in three
steps. First, a Level 1 PRA analysis wouldpkeeformed. In that analysis, a set of event
sequences (accident scenarios) leadirfggbdamage would be identified, and the
probability (frequency) of each member o thet would be estimated. The sum of those
probabilities across the set would be tiial estimated fuel-damage probabifity.

Second, a Level 2 PRA analysis would be pentmt. In that analysis, the potential for
release of radioactive material to the aspizere would be examined across the set of
fuel-damage sequences. The findings wouleéXy@essed in terms of a group of release
categories characterized by magnitudepgbility, timing, isotopic composition, and
other characteristics.

Third, a Level 3 PRA analysis would performed, to yield the impact findings
described above. In that analysis, the ajpheric dispersion, deposition and subsequent
movement of the released radioactive matemould be modeled for each of the release
groups determined by the Level 2 analysitie dispersion modeling would account for
meteorological variation over the courseaofear. Then, the adverse environmental
impacts of the released material wobklestimated, accounting for the material's
distribution in the biosphere.

If done thoroughly, this 3-step estimation g@ss accounts for uncertainty and variability
at each stage of the process. A thoroughstiope, Level 3 PRA is expensive and time-
consuming. It yields estimated impacts exgesl as statistical digtutions of magnitude
and probability, not as single numbers. Even after such a thorough effort, there are
substantial, irreducible uncertainties in the findifys.

Empirical validation of PRA findings

Direct empirical evidence for the validiof PRA findings is limited. Worldwide
operating experience of commercial nuclpawer plants through 2007 is about 12,900
reactor-years (RY), and Canadian experience is about 560 F¥o events involving
substantial damage to a reactor core lweeirred worldwide while that experience was
accruing. At Three Mile Island Unit 2 879, the reactor core was severely damaged
but there was a comparatively small raditive release to the environment. At
Chernobyl Unit 4 in 1986, a substantial fraotmf the core inventory of radioactive

material was released to the atmosphere. This limited experience allows one to estimate

3 The term Ocore-damage frequencyO (CDF) is often encountered. This term refers to the annual
probability of severe damage to nuclear fuel in a reactor core.

1 Hirsch et al, 1989.

15 Extrapolated from Table 1 of: IAEA, 2006a. A reactery(RY) is equivalent to a plant-year, using this
reportOs definition of a nuclear power plant. Batims assume routine operation of a reactor (plant) over
one calendar year.
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the probability of a core-damage accident as 1.6 per 10,000 RY, and the probability of a
large atmospheric release as 0.8 per 10,006°RY.

NUREG-1150

The Ohigh pointO of PRA practice worldwiges reached in 1990 witsublication by the
US Nuclear Regulatory Comssion (NRC) of its NUREG-1150 study, which examined
five different nuclear powaslants using a common methodoldgyThe study was well
funded, involved many experts, was condudtean open and transparent manner, was
done at Level 3, considered internal and mydkinitiating eventsexplicitly propagated
uncertainty through its chain of analysis, walsjscted to peer review, and left behind a
large body of published documentation. Eacthoke features is necessary if the
findings of a PRA are to be credibl&here are deficiencies in the NUREG-1150
findings, which can be corrected by fresh gsml and the use of new information. The
process of correction is possible besathe NUREG-1150 study was conducted openly
and left a documentary record.

PRA practice in the USA has degeneratedesithe NUREG-1150 study. Now, PRAs are
conducted by the nuclear industry, anddhéy published documentation is a summary
statement of findings. NRC formerly sporstindependent reviews of industry PRAS,
but no longer does so. Thus, PRA findings Haeked credibility for at least a decade.

In other countries, including Canad®RA practice has experienced similar
degeneratior®

Figures 3-1 through 3-3 show some fimgis from the NUREG-1150 study that are
relevant to this report. The findings &oe a pressurized-water-reactor (PWR) plant at
the Surry site, and a boiling-water-reacto¥\(B) plant at the Peach Bottom site. These
plants typify many of the OGarnation 110 plants in the pegg worldwide fleet of nuclear
power plants. Using the Livermore suais estimates, the NUREG-1150 findings for
these two plants are roughly comparakith the experienceatived probability
estimates mentioned above Db a core-dapradpability of 1.6 per 10,000 RY, and a
large-release probability of 0.8 per 10,000 RY.

162/12,900 = 1.6 per 10,000; 1/12,900 = 0.8 per 10,000.

"NRC, 1990.

18|n Canada, it appears that PRAs are no loagailable for independent review. To illustrate,
Greenpeace Canada requested a copy of the PRAef@ickering B units. CNSC has refused to order
Ontario Power Generation (OPG)pmvide this PRA. In so doin@NSC has accepted OPG's argument
that the PRA should be available only to OPG parebon a "need to know" basis. See: CNSC, 2008a.
This approach, although it may be well-intentioneitl,inevitably create an entrehed culture of secrecy
that will suppress a clear-headed understanding . riskmore sophisticated approach could allow
independent review of the PRA without disclosing information that would assist malevolent actors.
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The potential for malevolent acts at nuclear power plants

CNSC's criteria for the design of new nuclpawer plants, expressed in the document
RD-337, include resistance to attack akeaign objective. To date, CNSC has not
specified the threats that will be consideiredpplying the design criteria. CEAA's draft
guidelines for the Bruce Power EIS require the consideration of accidents and
malfunctions that include malevolent atts.

A consultant to CNSC has examined potential modes and instruments of attack on a
nuclear power plant, and has recommended proaph to incorporating these threats in
the design criteria for new plarfs.Among the instruments of attack considered by the
consultant were a large commercial aircraft,explosive-laden smaller aircraft, and an
explosive-laden land vehicle. Table 3-kdebes some potential modes and instruments
of attack on a nuclear power plant, and asscribes the defenses that are now provided
at US plants. There is no defense agansinge of credibleti@cks. Defenses at
Canadian plants are no more robust than at US plants.

Among the instruments of attack mentioned @&ble 3-1 is a large commercial aircraft.

In September 2001, aircraft of this type caused major damage to the World Trade Center
and the Pentagon. However, such an airevafild not be optimal as an instrument of
attack on a nuclear power plant. Large comuiaéaircraft are comparatively soft objects
containing a few hard structurssch as turbine shafts. They can be difficult to guide
precisely at low speed and altitude. Aliweformed group of attackers would probably
prefer to use a smaller, general-aviation aftdemlen with explosive material, perhaps in

a tandem configuration in which the first stdg a shaped charge. Table 3-2 provides
some information about shapedaches and their capabilities.

There is no statistical basis for a quantitaggémate of the probability that a nuclear
power plant will be attacked. However, ifaen attack scenario is postulated, one can
apply PRA techniques to estimate the condélgrobabilities of various outcomes.
NRC took that approach in devpling its vehicle-bomb rule of 1994.

Radioactive releases from stored spent fuel

At nuclear power plants in the USA and elsevé large amounts of spent fuel are stored
under water in pools adjacentreactors. All US pools etently employ high-density
racks, to maximize the amount of spent fuel treat be stored in each pool. This practice
has been adopted because it is the cheapestohstwage of spent fuel. Unfortunately,

¥ The CNSC and CEAA documents discussed in this paragraph are cited and reviewed in: Thompson,
2008.

2 Asmis and Khosla, 2007.

*'NRC, 1994.
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the high-density configuration would suppressvective cooling ofuel assemblies if
water were lost from a pool.

Several reputable studies hagreed that loss of wateofn a pool would, across a range
of water-loss scenarios, letmispontaneous ignition of the zirconium alloy cladding of
the most recently discharged fuel assembliése resulting fire would spread to adjacent
fuel assemblies and propagate across the gextinguishing the fire, once it had been
initiated, would be difficult or impossibleSpraying water on the fire would feed an
exothermic reaction between steam andoninem. The fire wuld release a large

amount of radioactive material to the atilosre, including tens gfercent of the pool's
inventory of cesium-137. Large areas ofdalownwind of the plant would be rendered
unusable for decades. Loss of water could amis@rious ways as a result of an accident
or an intentional, malevolent &t.Fortunately, measures are available for dramatically
reducing the risk of a fire in a spent-fyelol, as discussed in Section 4, below.

As discussed in Section 5, below, thdasigns of nuclear power plant are being
considered for construction in Ontario. dwf these plant designs b the AREVA and
Westinghouse designs Bb are PWR plantegppkars that botvendors envision the
equipping of each plant®s spent-fuell pvith a set of high-density rack$.That practice
would bring with it the potential for a largeémospheric release of radioactive material
(especially cesium-137) from the pool.

This author is not aware of any study oa gotential for an accidental release of
radioactive material from spent fuel stdrat a nuclear power plant employing a CANDU
reactor. Absent such a study, the potential remains unknown.

CNSC position on residual radiological risk

CNSC has articulated safety goals for a new nuclear power plant, as shown in Table 3-3.
The safety goals were first set forth in@otober 2007 draft document. Revised safety
goals were then set forth in a May 2a@fi®ument, and were adopted by the CNSC
Commissioners at a meetingdane 2008. As shown in Table 3-3, the safety goals that
were ultimately adopted by CNSC represesigaificant retreat from the draft goals set

forth in October 2007. A logical explanatitor that retreat is a CNSC determination

that compliance with the October 2007 goalsldaot be demonstrated for new plants of
the types being considered for construction in Canada.

Thus, CNSCOs current positiothiat the probability of &arge release of radioactive
material to the environment from a new raal power plant in Canada Ois less thanO 1
per 1 million RY. Apparently, that probaityl does not account for malevolent acts.

2 Alvarez et al, 2003; National Research Council, 2006; Thompson, 2007.
% Thompson, 2008, Section 5.
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CNSC has not specified whether the statethglility is a mean value or some other
expression of the probability density function. this report, it is assumed that CNSCOs
stated probability is a mean value. It wbalso be reasonable to assume an uncertainty
factor of 10°* Given those assumptions, CNSE@sent position would be that the™5
percentile probability of a large reledsem a new plant would be 1 per 100,000 RY.
The 98" percentile value can be regarded as a Ohigh confidenceO estimate.

The discussion in the preceding paragraphrsdfenew nuclear power plants. In the
context of life extension adn existing plant, CNSC geires a licensee to conduct an
Integrated Safety Review, whose purpdsetude Odetermination of reasonable and
practical modifications that should be madesystems, structures, and components, and
to management arrangements, to enhance fagy sd the facility to a level approaching
that of modern nuclear power plafgsnphasis added], and to allow for long term
operation® CNSC does not articulate numerisafety goals for existing plants.

4. Options for Reducing the Radiological Risk Posed by Nuclear Power Plants

The opportunities for reducing residual radiologitsk are, in principle, substantially
greater for a new nuclear power plant thangio existing plant. The design of the new
plant could benefit from new technical knowledgéne safety and security criteria that
the plant must meet could be more stringbah the criteria to which existing plants
were designed. In practice, the new pldrgimg considered for construction in Ontario
would not pose a substantially lower ritlan do the existing plants, for reasons
discussed below.

Trends in construction, safety and security of nuclear power plants

Nuclear power is in a transitional phaseving toward an uncertain future. Annual,
worldwide capacity additions peaked1985 and have been modest since F8%0.
construction of nuclear power plants does nstinge, total capacity will decline as plants
are retired.

During the nuclear industry€tart-up phase (1956-1970), eajiy additions worldwide
averaged about 1 GWe per year. Indeeade 1971-1980, worldwide capacity increased

at an average rate of about 12 GWe per yeareasing to an averagate of 20 GWe per

year during the period 1981-1990. During theque1991-present, the rate of capacity
addition has been much lower, averaging about 4 GWe per year, with an even lower rate
since 2006

2 n this report, the term Ouncertainty da€xis used to designate the ratio of tef@Scentile value to the
mean value of a probability density function.

%5 CNSC, 2008b, page 4.

% ]AEA, 2006a.

27 Keystone Center, 2007, pp 25-26.
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This construction history hasfiehe world with a fleet oéxisting nuclear power plants
that are mostly in the OGeneration 110 cagegbne basic designs of these plants were
laid down more than three decades agothAt time, risk goals were less demanding
than the goals now articulated by CNSCThere was, for example, less concern by
industry and regulators about thetential for malevolent acts.

During the 1970s and 1980s, plant vendorsahdr stakeholders identified innovative
design options that could have reduced residadiological risk to a level substantially

below the level posed by the Generation Il desi Some of those options Db such as
ASEA-AtomOs PIUS design PP are discuasheé Appendix to this report.

The nuclear industry did notapt innovative designs such as the PIUS design. Instead,
the industry chose to pursueé@ration 110 designs thajpresent a comparatively

small evolutionary step from the Generatibdesigns. That decisn has yielded a level

of residual radiological risk, famew plants, that is not substially lower than the risk
posed by existing planfé. Regulators, including CNSCould have sought to steer the
industry toward innovative, lower-risk desigiy adopting highly stringent criteria for
safety and security. Instead, regulatmmge accommodated the nuclear industry, by
adopting criteria that are achievable by Generation Ill designs. The process of
accommodation is clearly evident in CNSCOsatilan of its safety goals for new plants,
as discussed in Section 3, above.

Risk reduction at existghnuclear power plants

At an existing nuclear power plant, effottsreduce residual radmgical risk could be
made in areas including: (i) phgal modification of the plantcapital additions); (ii) new
procedures for operation and maintenand@;p@&rsonnel enhancement (training, etc.);
(iv) enhanced site security (guards, gats.); (v) enhanced capability for onsite damage
control (firefighting, etc.); ad (vi) enhanced capability foffsite emergency response.

Table 4-1 illustrates the potential for redugiresidual radiologicalsk at an existing

plant. The table shows options for reduding risk of a fire in a spent-fuel pool

equipped with high-density racks. As expkl in Section 3, above, such a fire could
occur if water were lost from the podHigh-density pool storage of spent fuel is
standard practice at existing pants, and could be used at new PWR plants in Ontario.

28 Okrent, 1981.
2 Thompson, 2008.
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5. Radiological Risk Posed by Neciear Power Plants in Ontario
5.1 Scope of this Discussion

Sections 5.2 through 5.4, below, outline th&deaal radiological risk posed by operation
of existing and new nuclear power plant€intario. A comprehensive assessment of
that risk would be a major undertaking. Wdtigh some relevant studies have been done,
there are major gaps in knowledge. For theopse of estimating ris&osts, this report
draws from available sources to presentaabtbrush picture of risk. Where possible,
risk estimates developed by the laac industry are used here.

5.2 Types of Nuclear Power Plant that Could Operate in Ontario

The existing nuclear power plants int@mo are CANDU plants at the Darlington,

Pickering and Bruce sites. At present, 18hafse plants are opéamal. All of the

existing plants are in the Generation Il category. These plants are unusual because they
share safety and support systems (e.g., a vabuilding) in 4-unit or 8-unit blocks.

Most nuclear power plants in the wodd not share systems to this extent.

New plants

In January 2007, one of Onta@s nuclear operators (Brucev®x) identified six types of
new nuclear power plant thiatvas considering. Thigroup consisted of two CANDU
plants (the ACR-1000, and tmhanced CANDU-6), two PWR plants (the AREVA US
EPR, %nd the Westinghouse AP1000), andBWR plants (the ESBWR, and the SWR-
1000):

In a March 2008 solicitation of proposals tmnstruction of new plants, the Ontario
government narrowed this list, elimimay the Enhanced CANDU-6 and the SWR-
10003 Subsequently, the vendor of the ESBWighdrew from the competition. Thus,
the field of contending desigirs Ontario now consists of:

() the US EPR, a PWR plant offered by AREVA,

(ii) the AP1000, a PWR plawiffered by Westinghouse; and

(iif) the ACR-1000, a CANDU plant offedeby Atomic Energy of Canada Ltd
(AECL).

30 Bruce Power, 2007, Section 4.4.
31 |nfrastructure Ontario, 2008.



EB-2007-0707

Cost Implications of the ResiduRadiological Risk Exhibit L
of Nuclear Generation of Electricity i@ntario Tab 8
Schedule 5

Page 22 of 63

Each of these plant types is in then@gation Il category, as mentioned abd¥e.
According to Bruce Power, Generation Il negt power plants are "safer, more efficient
and easier to build" than the Generation Il pldné comprise most of the world's fleet
of nuclear power plant§. The Ontario government has announced that the first new
plants would be built ahe Darlington site.

There is no operational experience for anyhefplant types being considered for
construction in Ontario, and limited constiioa experience. Two EPR plants are now
being built, in Finland and France. Camstion of four AP1000 plants has been
scheduled to commence in China during 2088. order has been placed for an ACR-
1000 plant. As a Canadian product, the ACR@LBM likely candidi for construction

in Ontario. However, the technical coetence of AECL Bb the vendor of the ACR-1000
plant DD is under question because of AECLOs experience with the MAPLE reactors.
AECL built these two reactors at the GhRliver laboratories to produce medical
isotopes. In May 2008 the MAPLE reactavere scrapped without ever becoming
operational. AECL had concludé¢hat the reactors were itrtb operate, and that their
deficiencies could not be rectifiedtin any reasonable budget and timefrafne.

The International Atomic Energy Agency @A) has reviewed thplant designs being
considered for use in Ontario, to comptre designs with IAEA safety standarfdsThat
review was conducted at thegreest of the UK Health and Safety Executive. One finding
of the review was that full-scope PRAs have not been completed for the EPR and ACR-
1000 designs.

5.3 Potential Radioactive Releass and their Offsite Impacts

PRASs, despite their limitations, are importantrces of information about the potential
for, and consequences of, releases of ratliamaterial from nuclear power plants. For
new plants that might be constructed in @iotaPRAS are not available. For the existing
plants in Ontario, there iskndy of PRA-related literature, with limitations as discussed
below.

Unfortunately, Canada lacks a fully developed PRA culture. PRAs performed in Canada
for CANDU reactors find very low probaliks for large releases. Based on those
findings, the PRAs do not estimate the radiadagimpacts of large releases. Yet, the

low probabilities are not credibfé. The practice of ignoring large releases deprives
citizens and policy makers of needed infotiora For example, in a recent analysis of

32 Some plant designs are said to be in a Generation Ill+ category. That designation has no technical
meaning, because it presumes a generally-acceptesifidation scheme that does not exist.

3 Bruce Power, 2007, Section 4.4.

% Thompson, 2008, Section 5.4.

3 |AEA, 2008. That review examined the ACR-1000, AP1000, EPR, and ESBWR designs.

% Thompson, 2000; IRSS, 1992.
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the radiological risk of continued operationtbé Pickering B statin, the largest release
considered included 71 TBq of Cesium-£37That is a comparatively small release, and
is categorized as such in Table 3-3.

The high point of PRA practice in Canagtas reached by Ontario Hydro in its
preparation of the Darlington Probabilistic Safety Evaluation (DBSEPSE was
conducted for internal initiating events only.was conducted to Level 3, except that the
impacts of the largest releases b in ErtlRalease Category 0 (EPRCO0) Bb were not
evaluated. It was not subjectixlan official, independeméview. Thus, DPSE did not
rise to the quality of NRCOs NUREG-1150 studyich is discussed in Section 3, above.

A focused review of DPSE was conducted by a team led by this dttSeveral
deficiencies were revealed. For examplPSE had failed to identify an event sequence
DD involving failure of service water supply DD that would be familiar to analysts
conducting PRAs for PWR plants. In lighttbat and other defiencies in DPSE, our
team concluded that a reasonable estimatieeoprobability of a large, accidental
radioactive release to the atmosphere fthenDarlington plant would be 1 per 10,000
RY. Our value is comparable to the prolibderived from occurrence of the TMI and
Chernobyl accidents. (As mentioned above, those events suggest a core-damage
probability of 1.6 per 10,000 RY, and a langgease probability of 0.8 per 10,000 RY.)
Interestingly, our value ialso comparable to the ®percentile (highzonfidence) value

of DPSEQs estimate of the probability céaeé category EPRCO, adjusted to account for
external initiating events. The adjusted” @&rcentile probability of EPRCO is 1.2 per
10,000 RY?°

PRAs are not available for new plants thagimibe built in Ontario. Lacking a PRA, one
can take two approaches to estimating the foitibaof a large, accidental atmospheric
release from a new plant. First, one canm@mesa 10-fold reduction in release probability
for a new (Generation Ill) plant, by companiswith an existing (Gesration Il) plant.

That assumption yields a release probghifor a new plant, of 1 per 100,000 RY.
Second, one can rely on the CNSC safety godlgch are discussed in Table 3-3. Those
goals, as now revised, state that the probalfgisgumed here to be the mean probability)
of a large release from a new plant is L penillion RY. As discussed in Section 3,
above, one can reasonably assume that CNSCOs position is th&tgaeestile (high-
confidence) probability of atge release is 1 per 100,000 RY.

3 SENES, 2007, Table B.5.3-1.

3 Ontario Hydro, 1987.

¥|RSS, 1992.

“0 DPSE (Ontario Hydro, 1987) states in its Tab# that the probability of EPRCO is 4.4 per 1 million
RY. Applying an uncertainty factaf 14 (see Table 5-5 of DPSE), and a multiplier of 2 to account for
external initiating events, one finds &'9%ercentile value for EPRCO of 1.2 per 10,000 RY.
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Table 5-1 assembles a set of selected alavait radioactive releases and their offsite
impacts. Those data support this repeesimation, in Section 7.3, below, of the risk
costs of offsite impacts. The metric used in Table 5-1 for offsite impacts is lifetime
population dose. In this report, populatiorselds assumed to scale linearly with the
amount of cesium-137 released to the apphese. That assumption is supported by the
finding that most of the offsite poptikan dose from the 1986 Chernobyl accident was
from cesium-137*

5.4 Potential Onsite Impacs of Fuel-Damage Events

As discussed in Section 2, above, a rangeafdamage events could occur at a nuclear
power plant, and the fraction tife material released frotine fuel that reached the
environment would vary according to the charasties of each event. Ontario Hydro, in
its DPSE study, estimated the risk of onsitenomic impacts from fuel-damage events
at the existing CANDU nuclear power plaatsthe Darlington site. That estimate
considered only accidents initiated by intdrevents. Table 5-2 shows Ontario HydroOs
findings, adjusted to 2008 Can $.

An interesting observation from Table 5-2 iatthlmost 90 percent of the risk of onsite
economic impacts arises from fuel damagtegories FDC6 through FDC9. The lowest
mean probability for one of these categorge$ per 500 RY. Thus, the overall risk is
dominated by events with amparatively high probability.

6. The Canadian GovernmentOs Consideratiarf Costs Related tdRadiological Risk

The Canadian Government provides little imf@tion or guidance regding: (i) the level

of residual radiological riskosed by operation of nucleaower plants in Canada; and

(i) the cost implications of that risk. CNSC@gety goals for new plants, as discussed in
Table 3-3, provide one source of information. The GovernmentOs perspective on
radiological risk is also evident, indiregtin the liability limit sgecified by the Nuclear
Liability Act.

At present, the Act limits the liability & nuclear operator to a maximum of $75 million.
Legislation is pending to raise that linat $650 million. In determining the new limit,
the Government did not attempt to assthe impacts of unplanned releases of
radioactive material. Instdathe Government sponsoredtady to estimate the impacts
of releases arising fromIseted design-basis accidefitsThe assumed releases were
very small by comparison with the unpieed releases that could occur.

“1 DOE, 1987.
421SR, 2003.
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The Canadian Government gave financigdort to a study, by two UK analysts, of the
implicit subsidy that arises from the provisions of the Nuclear Liability"Adthe

concept of an Oimplicit subsidyO is similahtoconcept of non-insured risk costs, as
addressed in this report. The study soughake an OempiricalO approach to estimating
the implicit subsidy. It generated a rangdidings for that indictor, expressed as cent
per kWh of nuclear generation. The agmio taken was interesting. Unfortunately,
however, the study had severe flaws as follows:

(1) the study assumed a formula, for grebability density function of monetized
offsite damages, that lacked a credible rationale;

(ii) the assumed formula can, deperglon the parameters chosen, yield a
probability density function with a vetgng right-hand tail thais inconsistent
with the phenomena that can cause offsite damages;

(ii) the study did not disclose thparameters used for its formula;

(iv) the analysts misunderstood exdertlings regarding worst-case damages,
believing (incorrectly) that #se findings referred todhprobability that damages
would be Oequal to or greatearild a particular $ value; and

(v) equation (3) of the study shows a lovkeund of integratin that is too high
by six orders of magnitude.

7. This ReportOs Estimation of Costs Asing from Residual Radiological Risk
7.1 Scope of this Discussion

Drawing upon analysis in preceding sectiohshis report, Sections 7.2 through 7.5
address the cost implications of residual e&mtjical risk. Sectin 7.2 discusses the costs
of measures intended to reduce residadiological risk. Section 7.3 provides
guantitative estimates ofdrisk costs of offsite imgrts of unplanned radioactive
releases. The releases could arise frondaats or from malevolent acts. Section 7.4
provides guantitative estimatestbg risk costs of onsite impacts of fuel-damage events.
An overview of risk costs is provided in Sect 7.5. The estimates presented here reflect
assumptions and sources that are identifiglemarrative of the report, and in the notes
to tables and figures. A reader could regkatanalysis with different assumptions.

Relevant information was sought from OBy submission of Inteogatories 91 through
99, by the Green Energy Coalition et al. AOprovided no information in response to
these Interrogatories.

*3Heyes and Heyes, 2000.
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7.2 Costs of Measures Intended to Reduce Residual Radiological Risk

Experience in the USA during the 1970s 48&0s provides important information about
the cost implications of efforts to reduce ttesidual radiologicaisk from operation of
nuclear power plants. During that period theras growing awareness of safety issues,
leading to actions thatwolved cost increments. The growth of awareness was
significantly, but not exclusively, attributaltie the occurrence of the TMI accident in
1979.

Charles Komanoff, in a book published in 198famined the escalating trends of costs
associated with nuclear generation in the U$Ade showed that efforts to reduce
residual radiological risk wereraajor driver of cost escalation, and he predicted that this
effect would continue during the 1980s. dbsequent compilation of data showed that
his prediction was correét. Construction/capital costs the 1970s averaged 1.95 cent
per kWh (1990 $), but rose to an averaj 3.51 cent per kWh (1990 $) in the 1980s.
Annual capital additions grew from an average of 0.35 cent per kWh (1990 $) in the
1970s to 0.89 cent per kWh (1990 $) in the 19808fforts to reduce residual risk were

a major driver of those trends.

Analysts examining the potential for a nuclear power OrenaissanceO are well aware of the
history of cost escalatiolf. Plant vendors and othethacates of the renaissance
recognize that substantial cost escalation pvgivent their ambitions from being realized.
They hope to curb this escalation through raesssuch as standardizing of designs and
OstreamliningO of regulation. It is netac|] however, that they fully appreciate the
potential for an unplanned release, at anyeargoower plant in ganworld, to override
those measuréé. Such an event, whether caused by an accident or a malevolent act,
would increase public pressure for adoptidmisk-reducing measures at plants in
Ontario and elsewhere. Thaessure could become especially powerful if the public
became aware that the nuclear industry hgatted innovative plant designs Bb such as
the PIUS design DD in favor of Generationléiigns that pose aghier residual risk.

The potential for cost escalation to be dnvby an unplanned release could be assessed
through use of probabilistic cost analy8isin that context, notthat this report assumes

“4 Komanoff, 1981.

“5 Komanoff and Roelofs, 1992.

48 K omanoff and Roelofs, 1992, pp 17-20.

*"Hultman et al, 2007.

“8 The 1986 Chernobyl accident had a less visible effecost trends than did the 1979 TMI accident.

Two factors may explain that outcome. First, @ernobyl accident occurréal a closed, non-Western

society. Second, annual capacity additions were already beginning to decline in 1986. Those factors would
not apply over the coming years.

“9Roques et al, 2006.
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that the probability of a lasy unplanned release from anstixig nuclear power plant is 1
per 10,000 RY. Given that 439 plants everently operational worldwide, that
assumption translates to a probabitify}.4 percent per calendar year.

If the nuclear renaissance takes hold, ewsgt data are published, trends in costs
associated with new nuclear power plantd m@come evident over the coming years.
The influence on costs of efforts to reducedeal risk may become discernible. At any
point, however, that influence could becoameplified by the occurree of an unplanned
release.

Examples of the cost of risk reduction

Table 7-1 provides an example of a capital#ioial cost that would lead to risk reduction
at a new or existing PWR nuclear power plartis example would be relevant to
Ontario in the future if a PWR plant were Ibin the province. The cost would arise
from the re-equipping of the plantOs spentioel with low-deniy racks, an option
shown in the first row of Table 4. That measure would reige the transfer of spent
fuel to dry storage after 5 yesanf storage in the pool.

Another example of a cost of risk reduction is the additional expenditures in Canada since
2001 to enhance security measures at nucleditiess. Capital costs for these measures
have totaled about $300 million, and ongoigts are about $60 million per y&ar.

Licensees are bearing the majority of thesescoltcan be presumed that most of the
expenditure has beenraiclear power plants.

7.3 Risk Costs of Offsite Impats of Radioactive Releases

The potential for unplanned radioactive reledsas nuclear power plants in Ontario is
discussed in Section 5.3, above, with a famusitmospheric releases. That discussion
also addresses the offsite radiologicgbauts of releases, with a focus on lifetime
population dose (collective dose commitmenf)able 5-1 summarizes information that
is relevant to an assessment of the risitcof offsite impacts. Note that Table 5-1
considers the potential for releases from reactor cores and spent-fuel pools.

Monetizing radiological impacts

One of the steps in assessing the risk costadblogical impacts is to assign a monetary
value to radiation dose. Here, the rel@v@ose is the lifetime population dose arising
from a release. That dose is statistichiiited to the incidere of radiation-caused
morbidity and mortality in the exposed population.

*0 The cost estimate in Table 7-1 assumes that tHeagdd be re-equipped with low-density racks prior
to the 11" year of plant operation.
*1 Frappier, 2007.
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The potential for a population dose, as altesfuan unplanned release from a nuclear
power plant, would be a foreseeable outcofm decision to opetathe plant with a
particular level of residual radiological kis As discussed in Section 4, above, options
are available to reduce the residual radiaabrisk. Implementation of those options
would involve expenditures. Thus, the mtamg value to be assigned to population dose
should reflect the tradeoff between the costakiving a dose and the cost of avoiding
that dose. That tradeoff is made routinelyhia operation of nuclegower plants, in the
context of small, routine releases of raditve material. The tradeoff is formalized
through the concept of keeping radiatiopesure Oas low as reasonably achievableO
(ALARA).

CNSC has provided regulatory guidance for implementing the ALARA contéfie
CNSC guidance document notes that immatation of ALARA requires the assigning
of a monetary value to population dose, eaférs the reader to an IAEA report that
discusses specific monetary vald&sThe IAEA report is titledDptimization of

Radiation Protection in the @trol of Occupational Exposuré Table IlI-2 of the IAEA
report shows that owners of US nuclear poplants were, in thearly 1990s, assigning
an average value of US $1 million to each person-Sv of occupational exposure. The
same value (in Can $) was used at the Gentilly plant in Canada.

Analysis published in 1992, by a team Bdthis author, noted that NRC was then
recommending a value of $1,000 per persem-($100,000 per person-Sv) for population
dose in the ALARA context. NRC alsoagsa dose value of $1,000 per person-rem at
that time to determine if a risk-reducing glamodification was economically justified. A
value of $1,000 per person-rem, if updated 1992 value to account for inflation and
new scientific information about the heaéffects of radiation, would amount to $1
million per person-Sv°>

In this report, a potential population dosassigned a value of 1992 Can $1 million per
person-Sv. That value is adjuste®@98 Can $ by a factor of 1.36, a CPI inflator
provided by Bank of Canada.

Estimating risk costs

The data in Table 5-1 are used to depehe release cases shown in Table 7-2.
Application of a population-dose value208 Can $1.36 million per person-Sv to those
cases yields the risk costs shown in Tabf 7n that table, the CANDU plants at the
Darlington site represent the ettigg CANDU plants in Ontario.

2 CNSC, 2004.

>3 CNSC, 2004, page 3.

> |AEA, 2002.

*|RSS, 1992, Volume 2, page 22.
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Table 7-3 extends Table 7-2 by showing tls& dosts for specific values of: (i) the

plantOs capacity factor; and (ii) the probhbif a release cauddy malevolent action.

In addition, Table 7-3 combines the riskstofor accidental and malevolent releases.

The capacity factors shown in Table 7-3 arsdehere in this repoatre illustrative, and

do not imply that nuclear power plants@mtario will achieve any particular capacity

factor. The malevolent release probab#it{®#RPs) shown in Table 7-3 are not the

product of statistical analysis. Instead, tipegvide a range of quantitative probabilities

that serves as a proxy for a qualitative assessment of the potential for malevolent action.

Table 7-3 shows some very large risk cdstgeleases from spent-fuel pools at new
plants. In the worst instance, the risk sdst pool releases would be 99 cent per KWh.
That is a remarkable finding, bista true reflection of thegk posed by storage of a large
amount of spent nuclear fuel a high-density pool.

As discussed in Section 4, above, optionsaaeelable for dramatically reducing the risk
of a release from a spent-fuel pool, especiajlyeverting to the @sof low-density racks
and transferring fuel to dry storage. Tdwst of implementing that option would be
comparatively modest, as shown in Tablg. 7This report assumes implementation of
that option.

Table 7-4 simplifies the findings in Table3, by excluding releases from spent-fuel
pools and by assuming that the capaattdr of each plant would be 0.9. Further
simplification is provided in Table 7-5, wdh sets forth recommended risk costs of
offsite impacts of radioactive releases.blEa7-5 considers releases caused by accidents
and by malevolent acts, and shows risk £ést existing plants and new plants in

Ontario.

7.4 Risk Costs of Onsite Impats of Fuel-Damage Events

The potential for onsite impacts of fuel-dage events at existing CANDU plants in
Ontario is discussed in Section 5.4, above. Table 5-2 shows an estimate by Ontario
Hydro of the risk of such onsite impactBhe risk is expressed in 2008 Can $ per RY of
plant operation.

Table 7-6 converts Ontario HydroOs findingssio costs of onsite impacts of fuel-

damage events. Ontario Hydro considered only accidents initiated by internal events. It
is reasonable to double Ontario HydroOs estiofiaisk to account for external initiating
events and malevolent acts. It is aleasonable to use the Darlington estimate for all
existing CANDU plants in Ontario.

*% In this instance, pool release cases 1B-H (hmfidental-release probabiltgnd 2B (high malevolent-
release probability) are combined, and the plantOs capacity factor is 0.8.
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Note that the dominant component of the dekts shown in Table 7-6 is the cost of
replacement power due to forced outage ofgarogenerating units. (See the notes to
Table 5-2.) Analysts considering the econ@tnuclear generation in Ontario should
be wary of double counting the costs of forced outages.

7.5 An Overview of Risk Costs

The risk-cost estimates in Tables 7fisl&-6 are combined in Table 7-7, which
summarizes this reportOs oveiiatlings regarding the risk sts of nuclear generation in
Ontario. Also shown in Table 7-7 are the esti®d insurance premiums that are paid to
provide coverage of the riglosts. Clearly, most of thiésk costs are not insured.

The limited coverage provided by nuclear-facility insurance in Canada can be illustrated
by comparing the anticipated liability limit ($650 million) with some costs of unplanned
releases.

For an example of offsite impacts, note frm first row of Table 7-2 that an accidental
release from an existing CANDU plant wduylield an estimated population dose of 1.5
million person-Sv. At a dose value of $1.36 million per person-Sv, the monetized impact
of the release would be $2.0 trillion.

For an example of onsite impacts, note froable 5-2 that the onsite economic impacts
of an FDC6 fuel-damage event were esteddty Ontario Hydro at $1.9 to 3.7 billion.
The estimated mean probability of FDC6 is 1 per 500 RY.

8. Conclusions

C1. Future operation of the existing nuclpawer plants in Ontario, and of the new
plants whose construction in Ontario is nbeing considered, auld pose a significant
residual radiological risk. Ay of these plants could exjence an unplanmerelease of
radioactive material to the environment or witthe plant. The tease could be caused
by an accident or a malevolent act. The vighuld be OresidualO in the sense that it
would persist if each plant were ctmgted and operated according to CNSC
regulations.

C2. The residual radiological risk operating existing (Gesration 1) or new
(Generation IIl) nuclegpower plants in Ontario would lggnerally comparable to the
residual radiological riskf operating similar plants iother industrialized countries.

C3. CNSC acknowledges that an unplannéshse could be caused by an accident or
malevolent act beyond the design basis of exgstir new nuclear posv plants. IAEA
and regulators in other countries have alsknowledged this potential. In response,
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various stakeholders have called for meastoéscrease the sdfeand security of
existing and new plants.

C4. Measures are available for reducingdeal radiological riskat existing or new
nuclear power plants. The potential for risétuetion is greatest aiew plants. During
the 1970s and 1980s, plant vendors and oth&elblders identified innovative plant
designs that would have posed a residuabtadical risk substantially lower than is
posed by existing (Generation Il) planBhose innovative designs were not adopted.
The new Generation Il plants, such as thokese construction in Ontario is now being
considered, represent a comparatively seadlutionary step from the Generation Il
plants. Plant vendors claim that this steglds a significant improvement in the safety
and security of a plant. The actual impnoant is smaller than the vendors claim.

C5. Two of the Generation Il plant designs lgegonsidered for use in Ontario currently
feature high-density pdstorage of spent nuclear fuelhat option would lead to very

high risk costs of offsite impacts of radioaetireleases. The risk of such releases could
be dramatically reduced by transferring seet to dry storagafter 5 years of pool
storage. The cost of that transfer wolélmodest DD about 0.04 cent per kWh of nuclear
generation, beginning in the L ¥ear of plant operation. (Bts are expressed here as
2008 Can $ or cent.) This report assumesdgpant fuel would be transferred to dry
storage after 5 years of pool storage.

C6. In response to demand from various staldshs, it is likely tlat nuclear power plant
vendors, owners and regulators will engagan ongoing pursuit of improved safety and
security of existing and new plant$hat pursuit would drive increases in
construction/capital costs, capital additipasd operating & maintenance costs. This
report does not provide a quidative estimate of trends those indicators.

C7. The occurrence of a substantial, unplameézhse of radioactive material from or
within a nuclear power plant at any Itica worldwide, caused by an accident or a
malevolent act, would increase public pressaredoption of risk-reducing measures at
nuclear power plants in Omta and elsewhere. Thosseasures could include: (i)
temporary or permanent shutdown or reduciorated power at Ontario plants, with
attendant costs for replacement power andaaprite-off; and (ii) other measures at
Ontario plants that lead to increasesanstruction/capital costs, capital additions, or
operating & maintenance costs. To assessffest, it is reasonable to assume that the
probability of a substantial, unplanned ese is 1 per 10,000 reactor-year. Given the
present size of the world fleet of nuclear powlants (439 plants), that assumption is
equivalent to a probability @f.4 percent per calendar year.

C8. From worldwide operattg experience and technicakdysis, one can estimate the
probabilities and offsite thological impacts of unplanneddioactive releases from
nuclear power plants in Ontario, as a restiiccidents or malevolent acts. Estimates of
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that type are performed in this report, liegdto recommended values of risk costs of
offsite impacts of radioactive releasesf@mws (see Table 7-5)i) 2.7 to 5.4 cent per
kWh for existing CANDU plants; and (il).5 to 15.4 cent per kWh for new Generation
lll plants. (Costs are expressed here as 20088Ca cent.) The range of risk costs for
each plant type reflects, at the low end, a probability of malevolent release of 1 per 1
million reactor-year and, at the high end, abability of malevolent release of 1 per
10,000 reactor-year. The higher values correspond to a more pessimistic, and more
prudent, view of human behavitiran do the lower values.

C9. Any substantial, unplannedease of radioactive material from a nuclear power plant
to the environment would involve damagentalear fuel within or outside the reactor
core, and the movement of that radioactiaterial through the plamo the point where

the material would escape to the environtnék portion of theradioactive material
released from damaged fuel would remain imithe plant. In some fuel-damage events,
most of the radioactive material would remuairthin the plant, and the release to the
environment would be correspondingly smalore generally, a range of fuel-damage
events could occur, and the fraction of the malteeleased from the fuel that reached the
environment would vary according teetbharacteristics of each event.

C10. Ontario Hydro estimated the riskarfsite economic impacts from fuel-damage
events at the existing CANDU nuclear power fdaat the Darlington site. That estimate
considered only accidents initiated by interexaénts. It is reasonable to double Ontario
HydroOs estimate of risk to account for extenitiating events and malevolent acts. It
is also reasonable to use the Darlingtstimate for all existing CANDU plants in
Ontario. With those assumptions, this refiods risk costs of onie impacts of fuel-
damage events at existing CANDU plant©intario, as follows (se€able 7-6): (i) 0.5 to
1.1 cent per kWh for Ontario HydroOs mean estirof fuel-damage pbability; and (ii)
2.7 to 5.6 cent per kWh for Ontario Hydro®% gércentile estimate of fuel-damage
probability. The 9% percentile estimate can begarded as a OhighndidenceO estimate.

C11. For new nuclear power plants in Ontaifie, risk costs of onsite impacts of fuel-
damage events are likely to be smaller tthenequivalent costs shown above for existing
CANDU plants. Two factors account for tl@gpectation. First, the Darlington CANDU
plants are in a 4-plant block with sharefespand support systems. As a result, fuel
damage at one plant could cause radioactwgamnination of other plants. By contrast,
new plants would have separate containmeitdings and relatively few shared systems,
thus reducing the potentialrfoross-contamination. Second, the probability of fuel
damage is likely to be lower at new plants.

C12. Assessment of the risk costs of nuctgareration is not an exact science. The
assessment process requires the developmeutaotitative estimates of the probabilities
of unplanned radioactive relesss and of the adverse impacts of those releases. Such
estimates are subject to numerous uncditsin In the context of existing and new
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nuclear power plants in Ontario, muchtleé analytic work that could support the
development of quantitative estimates has not been done. (Such work should be
sponsored primarily by the nuclear indusind the regulators.) Judgment must be
exercised at many points of the assessment, asitie assignation afonetary values to
adverse impacts, or the repeatation of an uncertain indicator (e.g., by its mean value,
or by its 98" percentile value). Despite these diffies, risk costs are real and cannot be
ignored. Separate efforts to assess thecosks of nuclear geration in Ontario are

likely to reach differing findings. Thosefféirences would be a reflection of the
uncertainty and controversy associated i residual radiologal risk of nuclear
generation.

C13. In regard to Issue No. 12 identified OEB (Ols the IPSPOs plan to use nuclear
power to meet the remaining base-loaguieements economically prudent and cost
effective?0), the preceding conclusions stiawnuclear generation in Ontario would
yield substantial, non-insured risk castAlso, ongoing pressure from various
stakeholders to reduce residuadiological risk is likely tdead to increased costs of
nuclear generation. That pressure warolw if a substantial, unplanned release
occurred at any nuclear pewplant worldwide.

C14. In regard to Issue No. 13 identified byBD)@In the context of the determination of
economic prudence and cost effectivenesthe IPSP sufficiently flexible to
accommodate building new nuclear plants éuni@shing existing plants or both?0), the
preceding conclusions show that the riskts@f nuclear generation are uncertain, and
could differ significantly between existing ptarand new plants. There could also be
differences in the costs that arise at #xgsand new plants from public pressure to
reduce residual radiological risk. Moreovierture expenditures for reduction of residual
radiological risk cannot beeliably predicted. Thus, the IPSP would need to
accommodate: (i) substantial differences leatwthe risk-related costs of nuclear
generation by existing and new plants; andsfipstantial uncertainties in those costs.



EB-2007-0707

Cost Implications of the ResiduRadiological Risk Exhibit L
of Nuclear Generation of Electricity i@ntario Tab 8
Schedule 5

Page 34 of 63

9. Bibliography

(Alvarez et al, 2003)

Robert Alvarez and seven other authtiReducing the Hazards from Stored Spent
Power-Reactor Fuel in the United Staté&xience and Global Securityolume 11,
2003, pp 1-51.

(Asmis and Khosla, 2007)

G. J. Kurt Asmis and Jagjit Khosla, Report to the CNSdidance on Meeting
Regulatory Expectations for the Engineer Safety Aspects Protection from
Malevolent Events, RSP-02{Bttawa: Asmis Consulting, 19 March 2007).

(Bruce Power, 2007)
Bruce PowerBruce Power New Build Project Einonmental Assessment: Project
Description, Version 8Tiverton, Ontario: Brue Power, January 2007).

(CEAA, 2008)

Canadian Environmental Assessment Agef@yidelines for the Preparation of the
Environmental Impact Statement for BruceM@os New Nuclear Power Plant Project,
Draft (Ottawa: CEAA, April 2008).

(CNSC, 2008a)

Canadian Nuclear Safety Commission, "Wntgibmissions regarding the request by
Greenpeace Canada on the release of ttiefng B Probabilistic Risk Assessment
Document, CMD 08-H4.29", 11 April 2008.

(CNSC, 2008b)
Canadian Nuclear Safety Commissitife Extension of Nuclear Power Plants, RD-360
(Ottawa: CNSC, February 2008).

(CNSC, 2007a)
Canadian Nuclear Safety CommissiBesign of New Nuclear Power Plants, RD-337,
Draft (Ottawa: CNSC, October 2007).

(CNSC, 2007b)
Canadian Nuclear Safety Commissi&ite Evaluation for New Nuclear Power Plants,
RD-346, Draft(Ottawa: CNSC, October 2007).

(CNSC, 2004)

Canadian Nuclear Safety Commissi®ggulatory Guide, Keeping Radiation Exposures
and Doses OAs Low as Reasonably Achievable (ALARA)O, G-129, Refiamwa:
CNSC, October 2004).



EB-2007-0707

Cost Implications of the ResiduRadiological Risk Exhibit L
of Nuclear Generation of Electricity i@ntario Tab 8
Schedule 5

Page 35 of 63

(Dallaire et al, 2008)

Mark Dallaire and two other authors, Infieation and Recommendations from Canadian
Nuclear Safety Commission (CNSC) Stafjaeding Regulatory Documents RD-346 and
RD-337, a document submitted to the CNS@nmissioners for approval at the
Commission meeting of 10 June 2008. Toeument was published on 27 May 2008.

(DOE, 1987)
US Department of Energifealth and Environmental Consequences of the Chernobyl
Nuclear Power Plant Accident, DOE/ER-03@®ashington, DC: DOE, June 1987).

(Duncan, 2006)
Dwight Duncan, Ontario Ministesf Energy, letter to Ja@arr, CEO of Ontario Power
Authority, Re: Integrated Pow&ystem Plan, 13 June 2006.

(Frappier, 2007)

Gerry Frappier, OEnhanced Security in the Nuclear InduBty@iline Security Spring
2007, accessed from the CNSC website,
<http://www.nuclearsafety.gc.a@ig/newsroom/articles/2007-04-

18 nuclear_safety.cfm>, on 28 May 2008.

(Hannerz, 1983)
K. Hannerz,Towards Intrinsically Safe Light Water React@@ak Ridge, Tennessee:
Institute for Energy Analysis, February 1983).

(Heyes and Heyes, 2000) .
Anthony Heyes and Catherine Heyes, OAn engiginalysis of the Nuclear Liability Act
(1970) in Canada®gesource and Energy Economig®lume 22, 2000, pp 91-101.

(Hirsch et al, 1989)

H. Hirsch and three other autholBEA Safety Targets and Probabilistic Risk Assessment
(Hannover, Germany: Gesellschaft fdkologische Forschung und Beratung, August
1989).

(Hultman et al, 2007)

Nathan E. Hultman and two other authors, OWhat History Can Teach Us about the Future
Costs of US Nuclear Powef®nvironmental Science & TechnolodyApril 2007, pp
2088-2093, plus Supporting Information.

(IAEA, 2008)
International Atomic Energy Agency, AEA Generic Review for UK HSE of New
Reactor Designs against IAEA Safety Staddg prepared for UK Health and Safety



EB-2007-0707

Cost Implications of the ResiduRadiological Risk Exhibit L
of Nuclear Generation of Electricity i@ntario Tab 8
Schedule 5

Page 36 of 63

Executive, 3 March 2008, revised 14 March 2008, accessed at
<http://www.hse.gov.uk/newreactors/teatadreports.htm> on 20 May 2008.

(IAEA, 20063a)
International Atomic Energy Agenciuclear Power and Sustainable Development
(Vienna: IAEA, April 2006).

(IAEA, 2006b)
International Atomic Energy Agencjdvanced nuclear plant design options to cope
with external events, IAEA-TECDOC-14@8%enna: IAEA, February 2006).

(IAEA, 2002)

International Atomic Energy Agenc@ptimization of Radiabn Protection in the
Control of Occupational ExposurBEA Safety Reports Series No.(®lenna: IAEA,
2002).

(Infrastructure Ontario, 2008)
Infrastructure Ontario, Request for Propss&luclear Procurement Project, RFP No.
OIPC 08-00-1027, 7 March 2008.

(IRSS, 1992)

Institute for Resource and Security StudRisk Implications of Potential New Nuclear
Plants in Ontario(Toronto: Coalition of Environmental Groups for a Sustainable Energy
Future, November 1992).

(ISR, 2003) .
International Safety Research, OReview of the Coverage Limit in the Canadian Nuclear
Liability Act, Task 5, Final Report@resented to CNSC, 17 September 2003.

(Keystone Center, 2007)
Keystone CenteNuclear Power Joint Fact-Findin(Keystone, Colorado: Keystone
Center, June 2007).

(Komanoff and Roelofs, 1992)
Charles Komanoff and Cora Roelofsscal Fission: The Economic Failure of Nuclear
Power(Washington, DC: Greenpeace USA, December 1992).

(Komanoff, 1981)
Charles KomanoffPower Plant Cost Escalation: Nlear and Coal Capital Costs,
Regulation, and Economi¢blew York: Van Nostrand Reinhold Co., 1981).



EB-2007-0707

Cost Implications of the ResiduRadiological Risk Exhibit L
of Nuclear Generation of Electricity i@ntario Tab 8
Schedule 5

Page 37 of 63

(Koomey and Krause, 1997) .

Jonathan Koomey and Florentin Krausetutuction to Environmental Externality
CostsO, inCRC Handbook on Energy Efficien@oca Raton, Florida: CRC Press,
1997).

(Lunn, 2007)

Gary Lunn, Minister of Natural Resourc€anada, letter of 8 June 2007 to Shawn-
Patrick Stensil, Greenpeace Canada (GR&Sponding to Petition No. 193 submitted by
GPC to the Auditor General of Canada on 23 January 2007.

(National Research Council, 2006)

National Research Council Committee on the Safety and Security of Commercial Spent
Nuclear Fuel Storage (a committeetlod Council's Board on Radioactive Waste
Management)Safety and Security of Commercial Speuclear Fuel Storage: Public
Report(Washington, DC: National Academies Press, 2006).

(NRC, 1994)

US Nuclear Regulatory @amission, "10 CFR Pai3, RIN 3150-AE81, Protection
Against Malevolent Use of Vehies$ at Nuclear Power Plant&ederal RegisterVolume
59, Number 146, 1 August 1994, pp 38889-38900.

(NRC, 1990)

US Nuclear Regaltory CommissionSevere Accident Risks: An Assessment for Five US
Nuclear Power Plants, NUREG-11%®/ashington, DC: Nuclear Regulatory
Commission, December 1990).

(NRC, 1987)

US Nuclear Regaltory CommissionReport on the Accident at the Chernobyl Nuclear
Power Station, NUREG-1250Vashington, DC: Nuclear Regulatory Commission,
January 1987).

(OEB, 2008)

Ontario Energy Board, OEB-2007-0707, In the Matter of an Application by the Ontario
Power Authority, Integrated Power Systetan Issues, Decision with ReasonsO, 26
March 2008.

(Okrent, 1981)
David OkrentNuclear Reactor Safety: On thedtbry of the Regulatory Process
(Madison, Wisconsin: University of Wisconsin Press, 1981).



EB-2007-0707

Cost Implications of the ResiduRadiological Risk Exhibit L
of Nuclear Generation of Electricity i@ntario Tab 8
Schedule 5

Page 38 of 63

(Ontario Hydro, 1987)
Ontario HydroDarlington NGS Probabilistic Safety Evaluation: Summary Report
(Toronto: Ontario Hydro, December 1987).

(Overbye et al, 2002)
Thomas J. Overbye and three other autidasional Energy Supergrid Workshop Report
(Urbana-Champaign, lllinois: Univetg of lllinois, November 2002).

(Roques et al, 2006)

Fabien A. Roques and two other authalsing Probabilistic Analysis to Value Power
Generation Investments under Uncertai(@ambridge, UK: Elecicity Policy Research
Group, University of Cambridge, July 2006).

(SENES, 2007)

SENES Consultants Limite@redible Malfunction and Acdent Scenarios Technical
Support Document (Final), Refurbishment and Continued Operation of Pickering B
Nuclear Generating Station Environmental AssessifiRinhmond Hill, Ontario: SENES
Consultants, December 2007).

(Sovacool, 2008) .
Benjamin K. Sovacool, OThe costs of failukereliminary assessment of major energy
accidents, 1907-2007Energy Policy Volume 36, 2008, pp 1802-1820.

(Thompson, 2008)

Gordon R. Thompsorgcope of the EIS for New Nuclear Power Plants at the Bruce Site
in Ontario: Assessment éiccidents and Malfunction€ambridge, Massachusetts:
Institute for Resource and Seity Studies, June 2008).

(Thompson, 2007)

Gordon R. Thompsomisk-Related Impacts from CGorued Operation of the Indian
Point Nuclear Power Plant@Cambridge, Massachusetts: Institute for Resource and
Security Studies, 28 November 2007).

(Thompson, 2000)

Gordon ThompsorA Review of the Accident RiBksed by the Pickering ‘A’ Nuclear
Generating StatioiCambridge, Massachusetts: Ihge for Resource and Security
Studies, August 2000).

(Watson et al, 1972)

M. B. Watson and four other authotsnderground Nuclear Power Plant Siting
(Pasadena, California: Environmentala@ity Laboratory, California Institute of
Technology, September 1972).



EB-2007-0707

Cost Implications of the ResiduRadiological Risk Exhibit L
of Nuclear Generation of Electricity i@ntario Tab 8
Schedule 5

Page 39 of 63

(Wiel, 1995)

Stephen WielThe Science and Art of Valuing Extalities: A Recent History of
Electricity Sector Evaluation@Berkeley, California: Lawrence Berkeley National
Laboratory, May 1995).



Cost Implications of the ResiduRadiological Risk
of Nuclear Generation of Electricity i@ntario

Table 1-1

EB-2007-0707
Exhibit L
Tab 8
Schedule 5
Page 40 of 63

Classification of Potential Accidents ad Malfunctions at a Nuclear Power Plant

Mode of Impact of
Accident or
Malfunction

Type of Accident or Malfunction

Accidents Initiated
by Internal Events

Accidents Initiated
by External Events

Releases and
Diversions
Initiated by
Intentional,

Malevolent Acts

Unplanned release
of radioactive
material from the
reactor core

X

Unplanned release
of radioactive
material from spent
fuel, during storage
or transfer to/from
storage

Unplanned release
of radioactive or
hazardous chemica
material from
another part of the
plant

Diversion of fissile
or radioactive
material for illicit
use

Not applicable

Not applicable

Note:

The symbol X indicates that there is aguital for accidents and malfunctions in the

designated category.
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Table 3-1
Some Potential Modes and Instrumentsf Attack on a Nuclear Power Plant
Attack Mode/Instrument Characteristics Present Defenses
at US Plants
Commando-style attack ¥ Could involve heavy | Alarms, fences and lightly-
weapons and sophisticated armed guards, with offsite
tactics backup

¥ Successful attack would
require substantial planning
and resources

Land-vehicle bomb ¥ Readily obtainable Vehicle barriers at entry
¥ Highly destructive if points to Protected Area
detonated at target

Small guided missile ¥ Readily obtainable None if missile launched

(anti-tank, etc.) ¥ Highly destructive at pointfrom offsite
of impact

Commercial aircraft ¥ More difficult to obtain | None

than pre-9/11
¥ Can destroy larger, softef

targets
Explosive-laden smaller | ¥ Readily obtainable None
aircraft ¥ Can destroy smaller,

harder targets
10-kilotonne nuclear ¥ Difficult to obtain None
weapon ¥ Assured destruction if

detonated at target

Notes:

(a) This table is adapldrom: Thompson, 2007, Table4z-Further citations are
provided in that table aritk supporting narrative.

(b) Defenses at Canadian plants are no maivast than at US plants. See: Frappier,
2007.
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The Shaped Charge as a Poteiall Instrument of Attack

Category of Information

Seleced Information in Category

General information

¥ Shaped charges have many civilian and military
applications, and have been used for decades
¥ Applications include human-carried demolition charge
warheads for anti-tank missiles
¥ Construction and use does not require assistance fron
government or access to classified information

Use in World War Il

¥ The German MISTEL, designed to be carried in the n
of an un-manned bomber aircratft, is the largest known
shaped charge
¥ Japan used a smaller versabthis device, the SAKURA
bomb, for kamikaze attacks against US warships

ose

A large, contemporary
device

¥ Developed by a US government laboratory for mountir
in the nose of a cruise missile

¥ Described in detail in amclassified, published report
(citation is voluntarily withheld here)

¥ Purpose is to penetrate large thicknesses of rock or
concrete as the first stage of a "tandem” warhead

¥ Configuration is a cylinderitl a diameter of 71 cm and
length of 72 cm

¥ When tested in November 2002, created a hole of 25
diameter in tuff rock to a depth of 5.9 m

¥ Device has a mass of 410 kg; would be within the pay
capacity of many general-aviation aircraft

19

J

Cm

oad

A potential delivery
vehicle

¥ A Beechcraft King Air 90 general-aviation aircraft will

carry a payload of up to 990 kg at a speed of up to 460

km/hr

¥ A used King Air 90 can be purchased in the US for $0

4-

1.0 million

Source:

Thompson, 2007, Table 7-6. Further citatians provided in that table and its

supporting narrative.
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Table 3-3
Safety Goals for a New Nuclear Poweprlant, as Specified in CNSC Draft
Regulatory Document RD-337

Type of Outcome Safety Goals
Sum of frequencies ofll event sequences
that can lead to this outcome EE..
Should be less than Shall not exceed

Small Release to the 1 per 1 million 1 per 100,000
Environment plant-years plant-years
(more than 1,000 TBq of
lodine-131)
Large Release to the 1 per 10 million 1 per 1 million
Environment plant-years plant-years
(more than 100 TBq of
Cesium-137)
Core Damage 1 per 1 million 1 per 100,000
(significant core plant-years plant-years
degradation)
Notes:

(a) The table as shown describes the sajea}s set forth in the October 2007 draft of
CNSC Regulatory Document RD-33Jesign of New Nuclear Power PlantSee:

CNSC, 2007a, page 5.

(b) In May 2008, the CNSC Staff completedaument (Dallaire atl, 2008) containing
a revised version of RD-337, which thefStaubmitted to the CNSC Commissioners for
approval at their meeting of 10 June 200®at approval was granted, and the revised
version of RD-337 will be published by CNS@t page 5 of the revised RD-337, revised
safety goals are set forth, exhibiting thédeing changes from the table above. First,
the numerical goals in the "should bede¢han” category are abandoned. Second, the
numerical goals in the "shall not exceedtegory are retainedut with different
language. The revised RD-337 states thastime of frequencies @l event sequences
that can lead to a specified outcofigless than" a numerical value. Each of these
changes represents a sigeaint retreat from the safety goals in the draft RD-337.
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Selected Options to Reduce the Risk of a Spent-Fuel-Pool Fire at a Nuclear Power Plant
that Employs High-Density Pool Storage

Option Passive | Does Option Address Comments
or Fire Scenarios
Active? Arising From:
Malevolent | Other
Acts? Events?
Re-equip pool with low- Passive Yes Yes ¥ Would substantially reduce
density, open-frame racks pool inventory of radioactive
material
¥ Would prevent auto-
ignition of fuel in almost all
cases
Install emergency water | Active Yes Yes ¥ Spray system must be
sprays above pool highly robust
¥ Spraying water on
overheated fuel could feed
Zr-steam reaction
Mix hotter (younger) and | Passive Yes Yes ¥ Could delay or prevent
colder (older) fuel in pool auto-ignition in some cases
¥ Would be ineffective if
debris or residual water
block air flow
¥ Could promote fire
propagation to older fuel
Minimize movement of Active No (Most | Yes ¥ Could conflict with
spent-fuel cask over pool cases) adoption of low-density,
open-frame racks
Deploy air-defense system| Active Yes No ¥ Implementation would
(e.g., Sentinel and Phalanx) require presence of military
at plant personnel at plant
Develop enhanced onsite | Active Yes Yes ¥ Would require new
capability for damage equipment, staff and training
control ¥ Personnel must function in
extreme environments

Source:

Thompson, 2007, Table 9-1. Further citationspaozided in that tableOs supporting narrative.
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Table 5-1

Radioactive Releases and Offsite Impas for the 1986 Chernobyl Accident and

Some Potential Accidents at Nuclear Power Plants: Selected Data

Accident Case| Inventory of | Probability of Fraction of Lifetime
Cesium-137 Release to Cesium-137 Population
Available for Atmosphere Inventory Dose
Release Released to (million
Atmosphere person-Sv)
Chernobyl ¥ Reactor core:| ¥ Reactor core:| ¥ Reactor core:| 1.2
Unit 4 in 1986 | 223 PBq 1.0 (known) 40% (estimated (estimated from|
(capacity = 1.0 | ¥ Spent-fuel ¥ Spent-fuel from known known release)
GWe) pool: ? pool: 0 (known)| release)

¥ Spent fuel:
0% (known)

Generation I
plant (generic)

Varies by plant
type & mode of

¥ Reactor core:
1/12,900 =

Varies by plant
type and

Varies by plant
type, scenario

spent-fuel 7.8E-05 per RY| scenario and site
storage ¥ Spent fuel: ?
Darlington ¥ Reactor core:| ¥ Reactor core:| ¥ Reactor core:| 2.7
CANDU plant | 67 PBq 1.0E-04 per RY| 50% (est.) from| (estimated)
(capacity = 0.88 ¥ Spent-fuel (estimated) each of two
GWe) pool: ? ¥ Spent-fuel reactors
pool: 0 ¥ Spent fuel:
(assumed) 0% (assumed)
Indian Point ¥ Reactor core:| ¥ Reactor core:| ¥ Reactor core:| ?
Unit2 PWR | 420 PBq 7.4E-05 per RY| 23% (est.)
plant ¥ Spent-fuel (estimated) ¥ Spent fuel:

(capacity = 1.08
GWe)

pool: 2,500
PBq

¥ Spent-fuel
pool: 2.0E-06
per RY (est.)

50% (est.)

Generation Il | ¥ Reactor core:| ¥ Reactor core:| ¥ Reactor core:| ¥ Reactor core:
plant at 390 PBq 1.0E-06 per RY| 50% (est.) 7.9

Darlington site | ¥ Spent-fuel (CNSC goal) | ¥ Spent fuel: | ¥ Spent fuel:
(amounts in thig pool: 2,300 ¥ Spent fuel: 50% (est.) 46

row are PBq 1.0E-06 per RY (both amounts
normalized to a (CNSC goal) are extrapolated
plant capacity from the

of 1.0 GWe) Darlington

CANDU case)

(Notes are on the following page.)
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Notes for Table 5-1:

(a) Actual releases would includ®eispes in addition to cesium-137.

(b) RY = reactor-year

(c) "Population dose" is also known as "eclive dose commitment". Lifetime dose is
typically calculated for a 50-year period.

(d) Data in the first row are frol@OE, 1987; NRC, 1987; IRSS, 1992, Volume 2,
Annex lll. Lifetime population dose is from: DOE, 1987, Table 5.16.

(e) In the second row, the probability of a gahsal reactor-core release is determined
by the occurrence of one such evenGlaernobyl Unit 4) during the 12,900 RY of
worldwide commercial reactor operatiaocrued through 2007 (see IAEA data in:
Thompson, 2008, Section 4.2).

(f) Data in the third row are from: IRS$992, Volume 2. The probability of a reactor-
core release is an IRSS estimate for irdketnexternal initiating events, excluding
malevolent acts. The estimated lifetime papioh dose is a weighted average over the
set of the most frequent weather conditiah®arlington, where that set accounts for
20% of the frequency of all weather conditi@ighe site. Dose was calculated by the
MACCS code up to a distance of 1,000 kisswming no relocation of populations. The
estimated release of cesium-137 is 67 PBdviorreactors, which is equivalent to a
release of 67/(2 x 0.88) = 38 PBq per GWe.

(g) Data in the fourth row are from Enggrand the author, in: Thompson, 2007. Entergy
estimates a core-damage probability, accountinghfernal + external initiating events +
uncertainty, excluding malevoleacts, of 1.4E-04 per RY. Entergy's estimate of the
conditional probability of an Early Highlemse is adjusted here to account for
containment bypass during High/Dry core-damage sequences (see: Thompson, 2007,
Table 5-3). The estimated probability of eeade from the spent-fuel pool is taken from
the NRC study NUREG-1353 (see: Thompson, 2007, Table 6-2).

(h) In the fifth row, inventories of cesium-13are adjusted from the Indian Point Unit 2
inventories in proportion tplant capacity. Release prohélss are set to the CNSC
safety goal for a Large Release (see: CNED/a; Dallaire et a008). The estimated
release of cesium-137 is 0.5 x 390 = 195 RBghe reactor core and 0.5 x 2,300 = 1,150
PBq for the spent-fuel pool. Lifetinpopulation dose is extrapolated from the
Darlington CANDU case by assuming that desproportional to tl release of cesium-
137, yielding an estimated dose of (195/67) x 2.7 = 7.9 million person-Sv for the reactor
release and (1,150/67) x 2.7 = 46 million person-Sv for the spent-fuel release.
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Ontario Hydro Estimate of the Risk of Onsite Economidmpacts from Fuel-Damage
Events at the Darlington Nuclear Power Plants (Existing CANDU Plants)

Fuel Damage Est. Mean Est. Onsite Risk of Onsite Economic
Category Probability Economic Impacts
Impacts (million 2008 Can $ per RY)
(Uncertainty (million 2008 Using Mean Using 93"
Factor) Can $) Estimate of Percentile
FDC Estimate of
Probability FDC
Probability
FDCO 3.8E-06 per RY| ? ? ?
(UF =6)
FDC1 2.0E-06 per RY 6,400 to 11,500 0.013t00.023 0.077 to 0.14
(UF =6)
FDC2 8.0E-05 per RY 5,800 to 10,200 0.46 to 0.82 2.80t0 4.90
(UF = 6)
FDC3 4.7E-04 per RY 3,400 to 5,900 | 1.60 to 2.80 6.40 to 11.10Q
(UF =4)
FDC4 3.0E-05 per RY 3,400 to 6,200 | 0.10to0 0.19 1.02 to 1.90
(UF = 10)
FDC5 1.0E-04 per RY 2,700 to 5,200 | 0.27 to 0.52 2.70t0 5.20
(UF = 10)
FDC6 2.0E-03 per RY 1,900 to 3,700 | 3.80to 7.40 38.0to 74.0
(UF =10)
FDC7 3.0E-03 per RY 790 to 2,500 2.40to 7.50 11.90 to 37.5
(UF =5)
FDC8 2.0E-03 per RY 120 to 600 0.24t0 1.20 2.40t0 12.0
(UF =10)
FDC9 2.3E-02 per RY 390 to 700 8.97 to 16.10 26.9 to 48.3
(UF =23)
Total Risk 17.9 to 36.6 92.2 to 195.0

(Notes are on the following page.)
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Notes for Table 5-2:

(a) Estimates are from the Darlington Prioitiatic Safety Evalation (DPSE). See:
Ontario Hydro, 1987, Tables 5-2, 5-8 and 5Far additional data from the full version

of DPSE, see: IRSS, 1992, Volume 2, Annex IV.

(b) DPSE provided cost estimates in 1985 Gamhese are adjusted here to 1991 Can $
by a multiplier of 1.25 (see: IRSS, 1992, Volume 2, Annex V), and from 1991 Can $ to
2008 Can $ by a multiplier of 1.36 (CPI inflafoom Bank of Canada). The combined
multiplier is 1.70.

(c) DPSE did not estimate the riskafsite economic impacts for FDCO.

(d) These estimates are limited to fuel damage in a reactor core or a fueling machine,
caused by accidents initigtdy internal events.

(e) Replacement power is the dominanhponent of the estimated onsite economic
impacts. The other component considered by DPSE is the cost of decontamination and
repair.

(f) The range of estimated onsite economic impacts is from a Obest estimateO (lower
bound) to a Oprobable maximumO (upper bound).

(9) The Darlington station has four CANDUIitm(plants) that share many safety and
support systems (e.g., fueling duct and vacbwitding), which means that a fuel-
damage event at one unit could readily leaddverse impacts on the other units. DPSE
determined that accidents in categories FEt@@ugh FDC9 would lead to forced outage
of all four units. For example, given thecurrence of an FDC1 accident, the estimated
duration of the forced outage would be 45-72ths for all four units, and an additional
65-126 months for the unit that suffered fuel damage.

(h) The uncertainty factor (UF) in the secamdumn is DPSEOs estimate of the ratio of
the 95" percentile value to the mean value.
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Table 7-1
Estimation of Cost to Transfer Spent Fel from a PWR Spent-Fuel Pool to Dry
Storage After 5 Years of Storage in the Pool

Estimation Step Estimate

Average period of use of a fuel assembly Byears
the reactor core

Period of storage of a spent-fuel assemblyb years
in the spent-fuel pool, prior to transfer to
dry storage

Point in plant history when transfer of 11" year of plant operation
spent fuel to dry storage begins

Average annual transfer of spent fuel fron86 fuel assemblies
pool to dry storage

Capital cost of transfring spent fuel from| $3.2 million per year
pool to dry storage
(given a dry-storage cost of $200 per kgU,
and a mass of 450 kgU per fuel assembly)

—

Capital cost of transfring spent fuel from| 0.04 cent per kWh of nuclear generation
pool to dry storage
(given a plant capacity of 1.08 GWe, and a
capacity factor of 0.9)

Notes:

(a) This calculation employs data that applytte Indian Point 2 nuclear power plant in
New York state. Comparable data would apply to a new PWR plant in Ontario.

(b) Data in this table are from Bles 2-1 and 9-2 of: Thompson, 2007.

(c) The capital cost begins in the™ylear of plant operation, and continues while the
plant operates.

(d) The cost can be regarded as being in 2008 Can $.
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Risk Costs of Offsite Impacts of Accidental or Malevolent Releases of Radioactive Material

from Nuclear Power Plants in Ontario: Selected Cases

Release Case Lifetime Probability of Risk Costs of Risk Costs of
Population Dose Release Release Release
(million (million 2008 (2008 Can cent
person-Sv) Can $ per RY) per kwh)

Case 1A:
Accidental
release at
existing CANDU
reactor

Reactor release:
1.5

1.0E-04 per RY

Reactor release
210

: Reactor release:
2.4/C

Case 1B-L:
Accidental

¥ Reactor releast
7.9

b ¥ Reactor core:
1.0E-06 per RY

¥ Reactor releast
11

b ¥ Reactor releass
0.13/C

1”4

c.

release at new | ¥ Spent-fuel (CNSC goal) ¥ Spent-fuel ¥ Spent-fuel

Gen lll reactor o1 release: 46 ¥ Spent fuel: release: 63 release: 0.72/C
spent-fuel pool 1.0E-06 per RY

(lower (CNSC goal)

probability)

Case 1B-H: ¥ Reactor releas¢¥ Reactor core: | ¥ Reactor releas¢¥ Reactor releass
Accidental 7.9 1.0E-05 per RY | 110 1.3/C

1”4

E.

release at new | ¥ Spent-fuel (10 x CNSC ¥ Spent-fuel ¥ Spent-fuel
Gen lll reactor orn release: 46 goal) release: 630 release: 7.2/C
spent-fuel pool ¥ Spent fuel:
(higher 1.0E-05 per RY
probability) (10 x CNSC

goal)
Case 2A: Reactor release:| MRP per RY Reactor release| Reactor release:
Malevolent 15 MRP x 2.1E+06 | (MRP x
release at 2.4E+04)/C

existing CANDU
reactor

Case 2B:
Malevolent
release at new
Gen Il reactor or
spent-fuel pool

¥ Reactor releast
7.9

¥ Spent-fuel
release: 46

2 ¥ Reactor core:
MRP per RY
¥ Spent fuel:
MRP per RY

¥ Reactor releast
MRP x 1.1E+07
¥ Spent-fuel
release: 6.3E+07

b ¥ Reactor releass
(MRP x
1.3E+05)/C

¥ Spent-fuel
release: (MRP x

1%

7.2E+05)/C

(Notes are on the following page.)
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Notes for Table 7-2:

(a) Population dose (in person-Sv) and risgtsdgin $ per RY) are shown here for a 1
GWe-capacity plant, and can be schlinearly to other capacities.

(b) C = average annual capacity factor of a plant.

(c) Malevolent release probabyl (MRP) = probability (peRY) that a malevolent act
will yield a large atmospheric release.

(d) In this table, lifetimgoopulation dose is assigned a monetary value of 1992 Can $1
million per person-SV. That value is coneglto 2008 Can $ using a CPI inflator of
1.36, from Bank of Canada.

(e) In the first and fourth rows, the releasntains 38 PBq of cesium-137. Population
dose is scaled linearly from the Darlington CANDU case.

(f) In the second, third and fifth rows, theactor release contains 195 PBq of cesium-
137, and the spent-fuel releasontains 1,150 PBq of cesium-137. Population dose is
scaled linearly from thBarlington CANDU case.
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Range of Risk Costs of Offsite Impacts oAccidental and Malevolent Releases of
Radioactive Material from Nuclear Power Plarts in Ontario: Existing or New Plants

)

Cases Risk Costs of Release@008 Can cent per kWh)
Av. Capacity Factor (C) = 0.8 Av. Capacity Factor (C) = 0.9
Malevolent Malevolent Malevolent Malevolent
Release Prob.| Release Prob.| Release Prob.| Release Prob.
(MRP) = (MRP) = (MRP) = (MRP) =
1.0E-04 per 1.0E-06 per 1.0E-04 per 1.0E-06 per
RY RY RY RY
Cases 1A & ¥ Case 1A: 3.0| ¥ Case 1A: 3.0| ¥ Case 1A: 2.7 | ¥ Case 1A: 2.7
2A: Release at | ¥ Case 2A: 3.0 | ¥ Case 2A: 0.03 ¥ Case 2A: 2.7 | ¥ Case 2A: 0.03
existing ¥ TOTAL: 6.0 | ¥TOTAL:3.0 |¥TOTAL:54 |¥TOTAL: 2.7
CANDU plant
Cases 1B-L & | ¥ Case 1B-L ¥ Case 1B-L ¥ Case 1B-L ¥ Case 1B-L
2B: Release at | (reactor): 0.16 | (reactor): 0.16 | (reactor): 0.14 | (reactor): 0.14
new Gen llI ¥ Case 1B-L ¥ Case 1B-L ¥ Case 1B-L ¥ Case 1B-L
plant (lower (pool): 0.9 (pool): 0.9 (pool): 0.8 (pool): 0.8
accident prob.) | ¥ Case 2B ¥ Case 2B ¥ Case 2B ¥ Case 2B
(reactor): 16.0 | (reactor): 0.16 | (reactor): 14.0 | (reactor): 0.14
¥ Case 2B ¥ Case 2B ¥ Case 2B ¥ Case 2B
(pool): 90.0 (pool): 0.9 (pool): 80.0 (pool): 0.8
¥ TOTAL: ¥ TOTAL: 2.1 | ¥TOTAL: 95.0| ¥ TOTAL: 1.9
107.0
Cases 1B-H & | ¥ Case 1B-H | ¥ Case 1B-H | ¥ Case 1B-H | ¥ Case 1B-H
2B: Release at | (reactor): 1.6 | (reactor): 1.6 | (reactor): 1.4 | (reactor): 1.4
new Gen llI ¥ Case 1B-H | ¥ Case 1B-H | ¥ Case 1B-H | ¥ Case 1B-H
plant (higher (pool): 9.0 (pool): 9.0 (pool): 8.0 (pool): 8.0
accident prob.) | ¥ Case 2B ¥ Case 2B ¥ Case 2B ¥ Case 2B
(reactor): 16.0 | (reactor): 0.16 | (reactor): 14.0 | (reactor): 0.14
¥ Case 2B ¥ Case 2B ¥ Case 2B ¥ Case 2B
(pool): 90.0 (pool): 0.9 (pool): 80.0 (pool): 0.8
¥ TOTAL: ¥ TOTAL: 11.7 | ¥ TOTAL: ¥ TOTAL: 10.3
117.0 103.0

Note:

Amounts in this table are calculated from the formulae shown in Table 7-2.
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Table 7-4

Selected Range of Risk Ggis of Offsite Impacts of Accidental and Malevolent
Releases of Radioactive Mateal from Nuclear Power Plants in Ontario: Existing or
New Plants, Excluding Releases from Spent-Fuel Pools

Cases Risk Costs for Accidentaland Malevolent Releases,
(Excluding Releases from Assuming Av. Capacity Factor of 0.9
Spent-Fuel Pools) (2008 Can cent per kWh)

Malevolent Release Prob.| Malevolent Release Prob.
(MRP) = 1.0E-04 per RY | (MRP) = 1.0E-06 per RY

Cases 1A & 2A: Release at 5.4 2.7
existing CANDU plant
Cases 1B-L & 2B: Release 14.1 0.28

at new Gen lll plant (lower
accident prob.)

Cases 1B-H & 2B: Release 154 1.5
at new Gen Il plant (highef
accident prob.)

Notes:

(a) Amounts in this table are from Table 7-3.

(b) There are two rationales for excludingeges from spent-fuel pools when assessing
risk costs. First, the potential for suckesses could be greatly reduced by adopting
alternative modes of storagéspent fuel. Second, thevientory of cesium-137 in a pool
would grow over time, reaching its maximwalue after several decades of reactor
operation.
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Table 7-5
Recommended Risk Costs of Offsite Impactsf Accidental or Malevolent Releases
of Radioactive Material from Nuclear Power Plants in Ontario

Case Risk Costs for Accidental
or Malevolent Releases
(2008 Can cent per kWh)

High Probability of
Malevolent Release

Low Probability of
Malevolent Release

Existing CANDU plant

5.4

2.7

15

New Generation Il plant 15.4

Notes:

(a) Amounts in this table are from Table 7-4.

(b) Releases from spent-fuel pools are excluded here.

(c) The average capacity factortbé plant is assumed to be 0.9.

(d) High probability of malevolent releasel per 10,000 RY; low probability = 1 per 1
million RY.

(e) Here, the probability ain accidental release from an existing CANDU reactor is 1
per 10,000 RY, and the probability of an acai@é release from a new Generation 11l
reactor is 1 per 100,000 RY.
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Table 7-6

Risk Costs of Onsite Impacts of Fuel-Damge Events at Existing CANDU Plants in
Ontario, Using an Ontario Hydro Estimate ofthe Risk of Economc Impacts at the
Darlington Plants

Indicator Value of Indicator

Using Mean Estimate of
Probabilities of Fuel
Damage Categories

Using 93" Percentile
Estimate of Probabilities
of Fuel Damage
Categories

Risk of onsite economic
impacts

17.910 36.6

(million 2008 Can $
per RY)

92.21t0195.0

(million 2008 Can $
per RY)

Risk costs of onsite
economic impacts

(OH estimate for internal
initiating events only)

0.26 to 0.53

(2008 Can cent per kWh)

1.331t02.81

(2008 Can cent per kWh)

Risk costs of onsite
economic impacts
(internal initiating events +
external events +
malevolent acts)

05t01.1

(2008 Can cent per kWh)

2.7t05.6

(2008 Can cent per kWh)

Notes:

(a) Ontario Hydro considered the occuee of accidents involving Fuel Damage
Categories FDC1 through FDC9, but not the most severe Category (FDCO).

(b) Ontario Hydro considered fuel damageireactor core or a fueling machine, caused

by accidents initiated by internal events.
(c) Values in the first row are from TalBe2. Values in the second row are calculated

from the first row.

(d) Values in the third row are adjusted upsvicom values in the second row by a factor

of 2, to account for accidents initiated by external events, and for malevolent acts.
(e) Each Darlington plant has a capacitp@8 GWe. A capacity factor of 0.9 is

assumed here.
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Table 7-7
Risk Costs of Nuclear Generation in Ontdo: Summary of this ReportOs Findings

Category of Category of Risk Magnitude of Risk Costs and
Impacts from Costs and the Insurance Premiums
Unplanned Insurance For an Existing For a New
Releases of Premiums that are CANDU Plant Generation llI
Radioactive Paid to Provide Plant
Material Coverage of these
Costs

Offsite Impacts Risk Costs 27t05.4 15t015.4
(2008 Can cent per
kWh)

Insurance Premiums0.02 As for existing
(2008 Can cent per CANDU plant?
kWh)

Onsite Impacts Risk Costs 2.7t05.6 Smaller amount
(2008 Can cent per than for existing
kWh) CANDU plant
Insurance PremiumsNo explicit No explicit
(2008 Can cent per| premium is evident | premium is evident
kWh)

Notes:

(a) Risk costs in the first row are from Table 7-5.

(b) Risk costs in the third row are from Table 7-6, using tfep@Bcentile probability
estimate, and considering internal events + external events + malevolent acts.

(c) Insurance premiums in tisecond row consider conventional insurance and Oterrorist
riskO insurance. For comtmnal insurance, a 1995 premium of $125,000 per RY for a
Darlington plant is taken from: HeyesdHeyes, 2000, page 93. That premium is
adjusted upward to 2008 Can $ by a factbt.36, and further adjusted upward by a
factor of 650/75 to account for an expectettéase in the NLA liability limit from $75
million to $650 million. Those adjustmenyield a premium of 2008 Can $1.47 million
per RY. For Oterrorist riskO insuramwge that in 2006 the Government of Canada
provided 80% of the coverage for Canade®sperating nuclear power plants for an
aggregate premium of $280,000. See: Lunn, 200t yields a total premium of 2008
Can $280,000/(18 x 0.8) = $19,400 per RY, whicadpisted upward by a factor of
650/75 to account for the expected incraagbe NLA liability limit, resulting in a
premium of 2008 Can $0.17 million per RYhe combined premiums of 2008 Can
$1.64 million per RY translate, assuming a plant capacity of 0.88 GWe and a capacity
factor of 0.9, to an amount, in 2008 Can cent, of 0.024 cent per kwWh.
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Figure 3-1
Core Damage Frequency for Accidents at a Surry PWR Nuclear Power Plant, as
Estimated in the NRC Study NUREG-1150
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Notes:

(a) This figure is adapted from Figure 8.7 of: NRC, 1990.

(b) The bars range from th& Bercentile (lower bound) to the"®percentile (upper
bound) of the estimated CDF.

(c) Two estimates are shown for the CDF freanthquakes (seismic effects). One is
from Lawrence Livermore National Laboragdt.ivermore), the other is from the
Electric Power Research Institute (EPRI).

(d) CDFs are not estimated for external initigtevents other than elaguakes and fires.
(e) Malevolent acts are not considered.
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Figure 3-2
Core Damage Frequency for Accidents at a Peach Bottom BWR Nuclear Power
Plant, as Estimated in the NRC Study NUREG-1150
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Notes:

(a) This figure is adapted from Figure 8.8 of: NRC, 1990.

(b) The bars range from th& Bercentile (lower bound) to the"®percentile (upper
bound) of the estimated CDF.

(c) Two estimates are shown for the CDF freanthquakes (seismic effects). One is
from Lawrence Livermore National Laboragdqtivermore), the other is from the
Electric Power Research Institute (EPRI).

(d) CDFs are not estimated for external initigtevents other than elaguakes and fires.
(e) Malevolent acts are not considered.



Cost Implications of the ResiduRadiological Risk
of Nuclear Generation of Electricity @ntario

Figure 3-3

EB-2007-0707
Exhibit L
Tab 8
Schedule 5
Page 59 of 63

Conditional Probability of Containment Failure Following a Core-Damage Accident
at a Surry PWR or Peach Bottom BWR Nuclear Power Plant, as Estimated in the

NRC Study NUREG-1150

Surry — Internal Events

Late Failure

Vessel Breach/No Containment Failure
Surry — Fire

Late Failure

Early
4 Failure

Vessel Breach/No Containment Failure

Surry — Seismic

Late Failure

Bypass
Early
Failure

No Vessel Brea
or
Vessel Breach/No Containment Failure

Note:

Vessel Breach/No Containment Failure

Peach Bottomm — Internal Events

Early Failure

No Vessel Breavh
or

Peach Bottom - Fire

Early Failure

Vent

No Vessel Breach
Late Failule or

Vessel Breach/No Containment Failure

Peach Bottom - Seismic

Early
Failure
Vent
Late
Failure

This figure is adapted from Figure 9.5 of: NRC, 1990.
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Appendix A:
Designing Nuclear Power Plants to Pose Low Level of Residual Radiological Risk’

The most reliable option for reducing the desll radiological risk posed by a nuclear
power plant would be to design the plant acoaydo highly stringent criteria of safety
and security. During the 1970s and 1980s, splaet vendors and other stakeholders
sought to develop designs that could meehstriteria. One design approach was to
provide a highly robust containment Db Wwhmaght be an underground cavity Db to
separate nuclear fuel from the environmefnother approach was to incorporate
principles of OinherentO onttisicO safety into the dgsi The two approaches could
be complementary.

Underground siting

In the 1970s, there were several stadia constructing nuclear power plants
underground. Those studies are exenguliby a report published in 1972 under the
auspices of the California liistte of Technology (Caltech§. The report identified a
number of advantages of underground sitilgose advantages included highly-effective
confinement of radioactive material iretkvent of a core-damage accident, isolation
from falling objects such as aircraft, andtection against malevolent acts. Based on
experience with underground tieg of nuclear weapons, tiheport concluded that an
appropriately designed plant would provisentially complete containment of the
radioactive material liberated from a rematore during a core-damage event.

The Caltech report described a prelimindegign study for undergund construction of

a light-water-reactor power goht with a capacity of 1,000 M&/ The minimum depth of

the underground cavities containing the plornponents would bE50 to 200 feet. The
estimated cost penalty for underground siting would be less than 10 percent of the total
plant cost.

In an appendix, the Caltech report desatifmur underground nuclear reactors that had
been constructed and operated in Eurofi@ee of those reaatsupplied steam to
turbo-generators, above or below ground e Tdrgest of those reactors and its above-
ground turbo-generator made up the ChooztptaRrance, which had a capacity of 270
MWe. In describing the Eurean reactors, the report not&d:

"The motivation for undergrounding tipdant appears to be insurance of
containment of accidentally released caditivity and also physical protection
from damage due to hostile military action.”

" A lengthier version of this discussion is provided in: Thompson, 2008.
8 Watson et al, 1972.
9 Watson et al, 1972, Appendix I.
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Since the 1970s, underground siting of nucfeawer plants has been considered by
various groups. For example, in 2002 a vebidp was held under the auspices of the
University of Illinois to discuss a propose-wide "supergrid”. That grid would
transmit electricity DD via supercondougtDC cables DD and liquid hydrogen, which
would provide cooling to the DC cables anddigributed as fuelMuch of the energy
fed to the grid would be supplied by nuclgamer plants, which could be constructed
underground. Motives for placing thosamis underground would include "reduced
vulnerability to attackoy nature, man or weather" atréal and perceived reduced public
exposure to real or hypothetical accidefits".

The PIUS reactor

In the 1980s the reactor vendor ASEA-Atdeveloped a preliminary design for an
"intrinsically safe" commercial reactor knavas the Process Inherent Ultimate Safety
(PIUS) reactor. An ASEA-Atom offial described the company's motives for
developing the reactor as follofs:

"The basic designs of today's lightteareactors evolved during the 1950s when
there was much less emphasis on safetyos@& basic designs held certain risks,

and the control of those risks led toiaareasing proliferation of add-on systems
and equipment ending up in the pressorhplex plant designs, the safety of

which is nevertheless being questioned. Bathan to continue into this 'blind

alley', it is now time to design a trulptiving' light water reactor in which

ultimate safety is embodied in the primary heat extraction process itself rather
than achieved by add-on systems that have to be activated in emergencies. With
such a design, system safety would begletely independent of operator actions
and immune to malicious human intervention.”

The central goal of the PIUS design was tesprve fuel integrityunder all conceivable
conditions". That goal translated to @@ specification of "complete protection
against core melting or overheating in case of:

¥ any credible equipment failures;

¥ natural events, such as earthquakes and tornadoes;
¥ reasonably credible operator mistakes; and

¥ combinations of the above,;

andagainst:

0 QOverbye et al, 2002.
1 Hannerz, 1983, pp 1-2.
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¥ inside sabotage by plant personnel, completely knowledgeable of reactor design
(this can be considered an envelapgering all possible mistakes);

¥ terrorist attacks in collaboration with insiders;

¥ military attack (e.g., by aircraft withff-the-shelf' non-nuclear weapons); and

¥ abandonment of the plant by the operating persoffnel".

To meet those requirements, ASEA-Atonsigeed a light-water reactor bb the PIUS
reactor DD with novel features. The reactsqure vessel would contain sufficient water

to cool the core for at least one week afezictor shut-down. Most of that water would
contain dissolved boron, so that its entry into the core would inherently shut down the
reactor. The borated water would not erkee core during normal operation, but would
enter through inherent mechanisms duriffgnormal conditions. The reactor pressure
vessel would be made of pre-stressed conavéte a thickness of 25 feet. That vessel
could withstand an attack using 1,000-pounanbs. About two-thirds of the vessel
would be below ground.

ASEA-Atom estimated that the construction aafsa four-unit PIUS station with a total
capacity of 2,000 MWe would be about the sam¢he cost of a station equipped with
two 1,000 MWe "conventional” light-wateraetors. The PIUS station could be
constructed more rapidly, which would offsetstgihtly lower thermal efficiency. Thus,
the total generating cost would be aboet $hme for the two stations. ASEA-Atom
estimated (in 1983) that the first commer&#US plant could enter service in the early
1990s, if a market existéd. To date, no PIUS plant has been ordered.

Design criteria for reducingesidual radiological risk

Table App-1 sets forth criteria for designiagd siting a nuclear power plant that would
pose a residual radiological risk substantiédlyer than is posed by the Generation Il
plants that are now in use worldwide, dydthe Generation Ill plasa whose construction
in Ontario is being considered. Thesketra are similar to ASEA-AtomOs design
specification for the PIUS plant. Thus, thés evidence that theziteria set forth in
Table App-1 are achievable. If ASEA-Atosn€dst projections were accurate, there
would be no overall cost premium foomplying with such criteria.

An initial review of the three types of Generation Ill plants whose construction in Ontario
is being considered shows that none of thedtlesigns could metie criteria in Table
App-1°*

2 Hannerz, 1983, page 3.
3 Hannerz, 1983, pp 73-76.
® Thompson, 2008, Section 5.
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Criteria for Design and Siting of a Nev Nuclear Power Plant that Poses a Residual
Radiological Risk Substantially Lower thanis Posed by Generation Il or Il Plants

Application of Criteria

Criteria

Safety performance of
the plant during reactor
operation
(design-basis criteria)

No significant damage of the reactare or adjacent stored spent f
in the event af

¥ Loss of all electrical power (AC & DC), compressed air, other
power sources, and normal heat sifdesan extended period (e.g., 1
week);

¥ Abandonment of the plant by operating personnel for an exteng
period (e.g., 1 week);

¥ Takeover of the plant by hostileowledgeable persons who are
equipped with specified explosive devices, for a specified period
(e.g., 8 hours);

¥ Military attack by specified @ans (e.g., 1,000-pound air-dropped
bombs);

¥ An extreme, specified earthquake;

¥ Conceivable erroneous operator actions that could be accompl
in a specified period (e.g., 8 hours); or

¥ Any combination of the above.

hel

ed

shed

Safety performance of
the plant during reactor
refueling

(design-basis criteria)

A specified maximum release of radioactive material to the acces
environment in the event :of

¥ Loss of reactor coolant at a specified time after reactor shut-do
with replacement of the coolant by fluid (e.g., air, steam, or unbo
water) creating the chemical and nuclear reactivity that would
maximize the release of radioactive material, at a time when the
plant's containment is most compromised; and

¥ Any combination of the events specified above, in the context @
reactor operation.

sible

wn,
ated

="

Site specification
(radiological-impact
criteria)

In the event of the maximum releadaadioactive material specified
above, in the context of reactor refueling, radiological impacts wd
not exceed specified values regarding
¥ Individual dose;

¥ Population dose; and

¥ Land areas in various usage categories that would be contamin

|
uld

ated

above specified levels.

Notes:

(a) The criteria in the first two rows of this tabould apply to spent fuel stored adjacent to the
reactor core. Separate criteria would applgriandependent facility for storing spent fuel,

whether onsite or offsite.

(b) For a more detailed discussion, see: Thompson, 2008, Section 4.3.
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Curriculum Vitae for Gordon R. Thompson

October 2007

Professional expertise

¥ Technical and policy analysis in theldis of energy, environment, sustainable
development, human securityydhinternationasecurity.

Current appointments

¥ Executive director, Institute for Rescai& Security Studies (IRSS), Cambridge,
Massachusetts (since 1984).
¥ Research Professor, George Perkins iMastitute, Clark University, Worcester,
Massachusetts (since 2002).

Education

¥ D.Phil., applied mathematics, Oxford University (Balliol College), 1973.

¥ B.E., mechanical enginesg, Univ. of New South Wate Sydney, Australia, 1967.
¥ B.Sc., mathematics & physics, Univ. of New South Wales, 1966.

Project sponsors and tasks (selected)

¥ World Health Organization, 2006-2007: cortddgolicy analysis on the potential for
"health-bridge" programs to improve coogigon within and between nations.

¥ Various sponsors, 2005-2007: co-caracethe Working Group on US-Iran Health
Science Cooperation.

¥ Sierra Club of Canada, 2006-2007: preparsuategy for development of planning and
public-engagement tools to faciliégeaction on climate change.

¥ Mothers for Peace, California, 2002-2007: yead risk issues and prepared expert
testimony associated with the DialCanyon nuclear power plants.

¥ Riverkeeper, New York, 2007: analyzed isdues and prepared expert testimony
associated with the Indian Point nuclear power plants.

¥ Attorney General of Massachusetts, 2006¢2808alyzed risk issues and prepared
expert testimony associated with the Pilgand Vermont Yankee nuclear plants.

¥ Minnesota Center for Environmendalvocacy, and Minnesotans for an Energy
Efficient Economy, 2005-2006: conductexthnical analysis and provided expert
testimony regarding management of spent fuehfthe Monticello nuéar power plant.

¥ California Energy Commission, 2005: conducesthhical analysis and participated in
an expert workshop regarding safety and sgcaf commercial nalear facilities.

¥ Committee on Radioactive Waste Management (a committee appointed by the UK
government), 2005: provided expert adviod &éechnical analysis on long-term safety
and security of radioaige waste management.
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¥ Legal Resources Centre, Cape Tovautls Africa, 2004-2007: conducted technical
analysis regarding the proposed South Afripabble bed modular nuclear reactor.

¥ STAR Foundation, New York, 2002-200dviewed planning and actions for
decommissioning of researcbactors at Brookhavexational Laboratory.

¥ Attorney General of Utah, 2003: condudeszhnical analysis and provided expert
testimony regarding a proposed nationalagerfacility for spent nuclear fuel.

¥ Citizens Awareness Network, Massachus2@82-2003: conducted analysis on robust
storage of spent nuclear fuel.

¥ Tides Center, California, 2002-2004: conddietealysis for the Santa Susana Field
Laboratory (SSFL) Advisory Panel regardiihg history of releases of radioactive
material from the SSFL.

¥ Orange County, North Carolina, 1999-2002eased risk issues associated with the
Harris nuclear power plangentified risk-reduction optins, and prepared expert
testimony.

¥ William and Flora Hewlett Foundationdaother sponsors, 1999-2007: performed
research and project development fonftict-management piects, through IRSS's
International Conflict Management Program.

¥ STAR Foundation, New York, 2000-2001: assksis& issues associated with the
Millstone nuclear power plant, identifietsk-reduction options, and prepared expert
testimony.

¥ Massachusetts Water Resources Authority):28¢aluated risks associated with water
supply and wastewater systethat serve greater Boston.

¥ Canadian Senate, Energy & Environment Committee, 2000: reviewed risk issues
associated with the Pickeritduclear Generating Station.

¥ Greenpeace International, Amsterdam, 2000: reviewed impacts associated with the La
Hague nuclear complex in France.

¥ Government of Ireland, 1998-2001: devetbfszamework for assessment of impacts
and alternative options associated with 8ellafield nuclear complex in the UK.

¥ Clark University, Worcester, Massachtset998-1999: participatl in confidential
review of outcomes of a major foundat®grants related to climate change.

¥ UN High Commissioner for Refuge@9898: developed a strategy for conflict
management in the CIS region.

¥ General Council of County Councils (lredd, W. Alton Jones Foundation (USA), and
Nuclear Free Local Authorities (UK), 1996-ZD@ssessed environmental and economic
issues of nuclear fuel reprocessingha UK; assessed alternative options.

¥ Environmental School, Clark UniversiWprcester, Massachusetts, 1996: session
leader at the Summer Institute, "Locat$peectives on a Global Environment".

¥ Greenpeace Germany, Hamburg, 1995-19%6udy on war, terrorism and nuclear
power plants.

¥ HKH Foundation, New Yorlkand Winston Foundation faWorld Peace, Washington,
DC, 1994-1996: studies and workshops on prevemction and its role in US national
security planning.

¥ Carnegie Corporation bew York, Winston Foundatiofor World Peace, Washington,
DC, and others, 1995: collaboration with theganization for Security and Cooperation
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in Europe to facilitate improved coordinati of activities and exe@mge of knowledge in
the field of conflict management.

¥ World Bank, 1993-1994: a study on managerokdata describing the performance of
projects funded by the Global Environment ikgc(joint project of IRSS and Clark
University).

¥ International Physicians for the Pretv@m of Nuclear War, 1993-1994: a study on the
international control of weaponssable fissile material.

¥ Government of Lower Saxony, Hannovergr@my, 1993: analysis of standards for
radioactive waste disposal.

¥ University of Vienna (using funds suppliey the Austrian government), 1992: review
of radioactive waste management at the Dukovany nuclear power plant, Czech Republic.
¥ Sandia National Laboratories, 1992-1993: @lto the US Department of Energy's
Office of Foreign Intelligence.

¥ US Department of Energy and Batt&lkecific Northwest.aboratories, 1991-1992:
advice for the Intergovernmental Panel dimm@te Change regarding the design of an
information system on technologies that Gamt greenhouse gas emissions (joint project
of IRSS, Clark University and the Center fatrategic and International Studies).

¥ Winston Foundation for World Peace sBm, Massachusetts, and other funding
sources, 1992-1993: development and publioatiorecommendations for strengthening
the International Atomic Energy Agency.

¥ MacArthur Foundation, Chicago, lllino/. Alton Jones Foundation, Charlottesville,
Virginia, and other funding sources, 1984-198@licy analysis and public education on
a "global approach” to arme®ntrol and disarmament.

¥ Energy Research Foundation, Columbia, South Carolina, and Peace Development Fund,
Amherst, Massachusetts, 1988-1992: review of the US government's tritium production
(for nuclear weapons) drits implications.

¥ Coalition of Environmental Groups, Toronto, Ontario (using funds supplied by Ontario
Hydro under the direction of the Ontagovernment), 1990-1993: coordination and
conduct of analysis and preparation of testimomyccident risk of nuclear power plants.
¥ Greenpeace International, Amsterdam, &ihds, 1988-1990: review of probabilistic
risk assessment for nuclear power plants.

¥ Bellerive Foundation, Geneva, Switaed, 1989-1990: planning for a June 1990
colloquium on disarmament and editing of proceedings.

¥ ller Research Institute, Harrow, Ontafi®89-1990: analysis of regulatory response to
boiling-water reactor accident potential.

¥ Winston Foundation for World Peace sBm, Massachusetts, and other funding
sources, 1988-1989: analysis of future optifmmNATO (joint project of IRSS and the
Institute for Peace and Imt&tional Security).

¥ Nevada Nuclear Waste Project Office, GarSity, Nevada (via Clark University),
1989-1990: analyses of risk aspeof radioactive waste management and disposal.

¥ Ontario Nuclear Safety Review (condddby the Ontario government), Toronto,
Ontario, 1987: review of safety aspects of CANDU reactors.

¥ Washington Department of Ecology, Olympivashington, 1987: analyses of risk
aspects of a proposed radioactivaste repository at Hanford.
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¥ Natural Resources Defense Council, Wagtbn, DC, 1986-1987: prapation of expert
testimony on hazards of the Savannah River Plant, South Carolina.

¥ Lakes Environmental Association, @yion, Maine, 1986: analysis of federal
regulations for disposal of radioactive waste.

¥ Greenpeace Germany, Hamburg, 1986: paatioip in an international study on the
hazards of nuclear power plants.

¥ Three Mile Island Public Health FundjlRtielphia, Pennsylvania, 1983-1989: studies
related to the Three Milelend nuclear power plant and ergency response planning.

¥ Attorney General, Commonwealth of Massmetts, 1984-1989: analyses of the safety
of the Seabrook nuclear power plgmigparation of expert testimony.

¥ Union of Concerned Scientists, Caitipe, Massachusetts, 1980-1985: studies on
energy demand and supply, nuclear arms coranal,the safety of nuclear installations.
¥ Conservation Law Foundation ofWé&ngland, Boston, Massachusetts, 1985:
preparation of expert testimony on cogetierapotential at a Maine paper mill.

¥ Town & Country Planning Associati, London, UK, 1982-1984: coordination and
conduct of a study on safety and radioactiveteamplications of the proposed Sizewell
nuclear power plant, testimonyttze Sizewell Public Inquiry.

¥ US Environmental Protection Agengyashington, DC, 1980-1981: assessment of the
cleanup of Three Mile Island r2 nuclear power plant.

¥ Center for Energy & Environmental Sesli Princeton University, Princeton, New
Jersey, and Solar Energy Research Instit@olden, Colorado, 1979-1980: studies on the
potentials of renewable energy sources.

¥ Government of Lower Saxony, Hannowexderal Republic of Germany, 1978-1979:
coordination and conduct of studies on safind security aspects of the proposed
Gorleben nuclear fuel cycle center.

Other experience (selected)

¥ Principal investigator, project on "Exphayithe Role of 'Sustainable Cities' in
Preventing Climate Disruption”, involwgj IRSS and three other organizations, 1990-
1991.

¥ Visiting fellow, Peace Research Cen#estralian National University, 1989.

¥ Principal investigator, Three Milddad emergency planning study, involving IRSS,
Clark University and dter partners, 1987-1989.

¥ Co-leadership (with Paul Walker) aoftady group on nuclear weapons proliferation,
Institute of Politics, Harvard University, 1981.

¥ Foundation (with others) ah ecological political movement in Oxford, UK, which
contested the 1979 Parliamentary election.

¥ Conduct of cross-examination and presemtaf expert testimny, on behalf of the
Political Ecology Research Group, at the 19dBIR Inquiry into proposed expansion of
reprocessing capacity at Windscale, UK.

¥ Conduct of research on plasma theory (wahilePhil candidate), a associate staff
member, Culham Laboratory, UK AtacrEnergy Authority, 1969-1973.
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¥ Service as a design engineer on coal-pager plants, Newd&ith Wales Electricity

Commission, Sydney, Australia, 1968.

Publications (selected)

¥Assessing Risks of Potential Malicious A at Commercial Nuclear Facilities: The
Case of a Proposed Independent Spent Btalage Installatiomt the Diablo Canyon
Site a report for San Luis Obispo Mothers for Peace, 27 June 2007.

¥Health as a Bridge for Peace: Achievemefbkallenges, and Opportunities for Action
by WHO(with Paula Gutlove), a report for tBepartment for Health Action in Crises,
World Health Organization, 31 December 2006.

¥ "Using Psychosocial HealingRostconflict Reconstruction” (with Paula Gutlove), in
Mari Fitzduff and Chris E. Stout (ed9)he Psychology of Resoilg Global Conflicts:
From War to PeacePraeger Security International, 2006.

¥ "What Role for Nuclear Power anSustainable Civilization?The Green Cross
Optimist Spring 2006, pp 28-30.

¥Radiological Risk of Homeport BasingafNuclear-Propelled Aircraft Carrier in
Yokosuka, Japara report for the Citizens Cotidin Concerning the Homeporting of a
CVN in Yokosuka, 29 June 2006.

¥Risks and Risk-Reducing Optiokssociated with Pool Storage of Spent Nuclear Fuel
at the Pilgrim and Vermont Yankee Nuclear Power Planteport for the Attorney
General, Commonwealth of Massachusetts, 25 May 2006.

¥Reasonably Foreseeable Security Events: Riatkthreats to options for long-term
management of UK radioactive wastereport for the UK Committee on Radioactive
Waste Management, 2 November 2005.

¥ "Plasma, policy and progresshe Australian Mathematical Society Gazettelume
32, Number 3, 2005, pp 162-168.

¥ "A Psychosocial-Healing Approach tosB@onflict Reconstruction™” (with Paula
Gutlove),Mind & Human InteractionVolume 14, Number 1, 2005, pp 35-63.

¥ "Designing Infrastructure for New Geand Constraints”, Proceedings of the
conferenceWorking Together: R&D Partnerships in Homeland SecuBiyston,
Massachusetts, 27-28 April 2005, sponsdrngthe US Department of Homeland
Security. (A version of this paper halso been published as CRS Discussion Paper
2005-02, Center for Risk and Security, Gedpgekins Marsh Institute, Clark University,
Worcester, Massachusetts.)

¥ "Potential Radioactive Releases fldommercial Reactors and Spent Fuel”,
Proceedings of the conferent®orking Together: R&D Partnerships in Homeland
Security Boston, Massachusetts, 27-28 April 20§f0nsored by the US Department of
Homeland Security. (A version of this pap@s also been published as CRS Discussion
Paper 2005-03, Center for Risk and Segufeorge Perkins Marsh Institute, Clark
University, Worcester, Massachusetts.)

¥Safety of the Proposed South édm Pebble Bed Modular Reactarreport for the
Legal Resources Centre, Cape Town, South Africa, 12 January 2005.
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¥Decommissioning of Research ReactorBratokhaven National Laboratory: Status,
Future Options and Hazarda report for STAR Foundain, East Hampton, New York,
April 2004.

¥ "Psychosocial Healing and Post-Comnfocial reconstruction in the Former
Yugoslavia" (with Paula GutloveMedicine, Conflict and Survival/olume 20, Number
2, April-June 2004, pp 136-150.

¥ "Reducing the Hazards from Stored Sprawer-Reactor Fuel in the United States”
(with Robert Alvarez, Jan Beyea, Klaus Janberg, Jungmin Kang, Ed Lyman, Allison
Macfarlane and Frank N. von HippeB¢ience and Global Securityolume 11, 2003, pp
1-51.

¥ "Health, Human Security, and Socigdanstruction in Afghanistan" (with Paula
Gutlove and Jacob Hale Russell), in J&hrMontgomery and Dennis A. Rondinelli
(eds),Beyond Reconstruction in Afghanist&algrave Macmillan, 2004.
¥Psychosocial Healing: A Guide for Pradiners, based on programs of the Medical
Network for Social Reconstrueti in the Former Yugoslaviavith Paula Gutlove), IRSS,
Cambridge, Massachusetts and OMEGA HeGhine Center, Graz, Austria, May 2003.
¥A Call for Action to Protect the Nation Agait Enemy Attack on Nuclear Power Plants
and Spent Fuelnd a Supporting Document, Mothers for Peace, San Luis Obispo,
California, April 2003 and May 2003.

¥ "Human Security: Expanding the Scop®uwoblic Health" (with Paula Gutlove),
Medicine, Conflict and Survival/olume 19, 2003, pp 17-34.

¥Social Reconstruction in Afghanistan through the Lens of Health and Human Security
(with Paula Gutlove and Jacob Hale RUi3sERSS, Cambridge, Massachusetts, May
2003.

¥Robust Storage of Spent Nuclear FuWeNeglected Issue of Homeland Secuaty
report for Citizens Awareness Network, ShetimiFalls, Massachusetts, January 2003.
¥Medical Network for Social Reconstructiomthe Former Yugoslavia: A Survey of
Participants' Views on the Network's Goals and Achievemi®ES, Cambridge,
Massachusetts, September 2001.

¥The Potential for a Large, Atmosphericl&ese of Radioactive Material from Spent
Fuel Pools at the Harris Nuclear Power Plafithe Case of a Pool Release Initiated by a
Severe Reactor Accidemat report for Orange County, North Carolina, 20 November
2000.

¥A Review of the Accident Risk PosedhgyPickering 'A' Nuéar Generating Statiora
report for the Standing Committee on EmerEnvironment and Natural Resources,
Canadian Senate, August 2000.

¥High-Level Radioactive Liquid Wasa¢ Sellafield: An Updated Review report for the
UK Nuclear Free Local Atiorities, June 2000.

¥Hazard Potential of the LHague Site: An Initial Revieva report for

Greenpeace International, May 2000.

¥A Strategy for Conflict Managementtégrated Action in Theory and Practi¢@ith
Paula Gutlove), IRSS, Cambridge, Massachusetts, March 1999.

¥Risks and Alternative Options Associatdth Spent Fuel $tage at the Shearon
Harris Nuclear Power Planta report for Orange County, Nbr€arolina, February 1999.
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¥High Level Radioactive Liquid Waste all&keld: Risks, Alternative Options and
Lessons for PolicgRSS, Cambridge, Massachusetts, June 1998.

¥ "Science, democracy and safety: why publooantability matters'in F. Barker (ed),
Management of Radioactive Wastissues for local authoritiesSThomas Telford,
London, 1998.

¥ "Conflict Management and the OSCE" (with Paula Gutl@8};E/ODIHR Bulletin
Volume 5, Number 3, Fall 1997.

¥Safety of the Storage of Liquitigh-Level Waste at Sellafie(avith Peter Taylor),
Nuclear Free Local Authorities, UK, November 1996.

¥Assembling Evidence on the Effectivenesdeventive Actions, their Benefits, and
their Costs: A Guide for Preparation of EvidentRSS, Cambridge, Massachusetts,
August 1996.

¥War, Terrorism and Nuclear Power PlanBgace Research Centre, Australian National
University, Canberra, October 1996.

¥ "The Potential for Cooperation by the OS®@id Non-Governmental Actors on Conflict
Management" (with Paula Gutlovéjelsinki Monitor Volume 6 (1995), Number 3.

¥ "Potential Characteristics $évere Reactor Accidents at Nuclear Plants”, "Monitoring
and Modelling Atmospheric Dispersion of dRaactivity Following a Reactor Accident”
(with Richard Sclove, Ulrike Fink and Peteryla), "Safety Status of Nuclear Reactors
and Classification of Emergency Action Levelsnd "The Use of Probabilistic Risk
Assessment in Emergency Response Plannindglear Power Plant Accidents™ (with
Robert Goble), in D. Golding, J. Xasperson and R. E. Kasperson (eBsg¢paring for
Nuclear Power Plant Accidentg/estview Press, Boulder, Colorado, 1995.

¥A Data Manager for the ®bal Environment Facility(with Robert Goble),
Environment Department, The World Bank, June 1994.

¥Preventive Diplomacy and National Securifyith Paula Gutlove), Winston
Foundation for World Peace, Washington, DC, May 1994.

¥Opportunities for International Contr@f Weapons-Usable Fissile Materal
International Physicians for the PreventadNuclear War, Cambridge, Massachusetts,
January 1994,

¥ "Article 11l and IAEA Safeguards”, in F. Barnaby and P. Ingram (&igngthening
the Non-Proliferation Regimé®xford Research Group, tixd, UK, December 1993.
¥Risk Implications of Potential New Nuclear Plants in Ontafpyepared with the help
of eight consultants), a report for thedliton of Environmental Groups, Toronto,
submitted to the Ontario Environmental Assasst Board, November 1992 (3 volumes).
¥Strengthening the Internathal Atomic Energy AgenciRSS, Cambridge,
Massachusetts, September 1992.

¥Design of an Information System oachnologies that can Limit Greenhouse Gas
Emissions(with Robert Goble and F. Scott Bus@gnter for Strategic and International
Studies, Washington, DC, May 1992.

¥Managing Nuclear Accidents: A Model Ergency Response Plan for Power Plants
and Communitiegwith six other authors), Wegéw Press, Boulder, CO, 1992.

¥ "Let's X-out the K" (with Steven C. Shollf3ulletin of the Atomic Scientist§larch
1992, pp 14-15.
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¥ "A Worldwide Programme f@ontrolling Fissile Material"and "A Global Strategy for
Nuclear Arms Control", in F. Barnaby (e®lutonium and SecuriffMacmillan Press,
UK, 1992.

¥No Restart for K Reactofwith Steven C. Sholly), IRSS, Cambridge, Massachusetts,
October 1991.

¥Regulatory Response to the Potential for Rea&ccidents: The Example of Boiling-
Water ReactordRSS, Cambridge, Massachusetts, February 1991.

¥Peace by Piece: New Options for Intational Arms Control and DisarmameiRkSS,
Cambridge, Massachusetts, January 1991.

¥Developing Practical Measures to Prevent Climate Disruptfaith Robert Goble),
CENTED Research Report No. 6, Clark Usmisity, Worcester, Massachusetts, August
1990.

¥ "Treaty a Useful RelicBulletin of the Atomic Scientistduly/August 1990, pp 32-33.
¥ "Practical Steps for the 199081’ Sadruddin Aga Khan (ed)lon-Proliferation in a
Disarming World Proceedings of the Groupe de Bellerive's 6th International
Colloquium, Bellerive Foundation, Geneva, Switzerland, 1990.

¥A Global Approach to @ntrolling Nuclear WeapondRSS, Cambridge, Massachusetts,
October 1989.

¥IAEA Safety Targets and Prohbstic Risk Assessmeriivith three other authors),
Greenpeace International, Amsterdam, August 1989.

¥New Directions for NATQwith Paul Walker and Pam Solo), published jointly by IRSS
and the Institute for Peace and Inional Security (both of Cambridge,
Massachusetts), December 1988.

¥ "Verifying a Halt to the Nuclear Arms Race", in F. Barnaby @&dandbook of
Verification ProceduresMacmillan Press, UK, 1990.

¥ "Verification of a Cutoff in the Productiar Fissile Material”, in F.Barnaby (ed),
Handbook of Verification Procedurgslacmillan Press, UK, 1990.

¥ "Severe Accident Potential of 8RU Reactors," Consultant's Reporflihe Safety of
Ontario's Nuclear Power Reactqr®ntario Nuclear Safetireview, Toronto, February
1988.

¥Nuclear-Free Zonegedited with David Pitt), Cran Helm Ltd, Beckenham, UK, 1987.
¥Risk Assessment Review For the Socioemic Impact Assessment of the Proposed
High-Level Nuclear Waste Reposit@tyHanford Site, Washingto(edited; written with
five other authors), prepared for féashington Department of Ecology, December
1987.

¥The Nuclear Freeze Revisitdtvith Andrew Haines), Nelear Freeze and Arms Control
Research Project, Bristol, UK, November 1986. Variants of the same paper have
appeared as Working Paper No. 18, Pé&aesearch Centre, Australian National
University, Canberra, February 1987, and\DIU Report University of Sussex,
Brighton, UK, Jan/Feb 1987, pp 6-9.

¥International Nuclear Reactor Hazard Studwith fifteen other authors), Greenpeace,
Hamburg, Federal Republic of Germany (2 volumes), September 1986.

¥ "What happened at Reactor Foune(Chernobyl reactor accideriylletin of the
Atomic ScientistsAugust/September 1986, pp 26-31.
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¥The Source Term Debate: A Report by the Union of Concerned ScigniifitsSteven
C. Sholly), Union of Concerned ScientisBambridge, Massachusetts, January 1986.
¥ "Checks on the spread"réview of three booksn nuclear proliferation)\ature 14
November 1985, pp 127-128.

¥ Editing ofPerspectives on Proliferatioiugust 1985, published liie Proliferation
Reform Project, IRSS.

¥ "A Turning Point for the NPT ?ADIU Report University of Sussex, Brighton, UK,
Nov/Dec 1984, pp 1-4.

¥ "Energy Economics”, in J. Dennis (e Nuclear Almanadddison-Wesley,
Reading, Massachusetts, 1984.

¥ "The Genesis of Nuclear Power", in J. Tirman (€dg, Militarization of High
TechnologyBallinger, Cambridge, Massachusetts, 1984.

¥A Second Chance: New Hampshire's EleityriEuture as a Model for the Natiofwith
Linzee Weld), Union of Concerned Seiests, Cambridge, Massachusetts, 1983.
¥Safety and Waste Management Inmgtliens of theSizewell PWR(prepared with the
help of six consultants), a report tethiown & Country Planning Association, London,
UK, 1983.

¥Utility-Scale Electrical Storage in the USA: The Prospects of Pumped Hydro,
Compressed Air, and BatterigRrinceton University report PU/CEES #120, 1981.
¥The Prospects for Wind and WeaPower in North Amerig&@rinceton University report
PU/CEES # 117, 1981.

¥Hydroelectric Power in the USA: Evolving to Meet New NegBdaceton University
report PU/CEES # 115, 1981.

¥ Editing and part authorshop "Potential Accidents & TheiEffects", Chapter Il of
Report of the Gorleben International Revjgwblished in German by the Government of
Lower Saxony, FRG, 1979; Chapter Ill publidhe English by the Political Ecology
Research Group, Oxford, UK.

¥A Study of the Consequences to the Puflec Severe Accident at a Commercial FBR
located at Kalkar, West Germariolitical Ecology Research Group, 1978.

Expert presentations and testimony (selected)

¥ Abt Associates, Cambridge, Massachus2®37: presentatioriCreating Informed
Action on Climate Change".

¥ Universities of Medical Science inbfe and Isfahan, Iran, 2007: presentation,
"Healthy Design of the Built Environment".

¥ Minnesota Public Utilities Commissidt06: testimony regarding trends, risks and
costs associated with management of spentffael the Monticello nuclear power plant.
¥ Presentation, "Are Nuclear Installatidrsrorist Targets?", at the conferenleiclear
Energy: Does it Have a FutureProgheda, County Louth, Ireland, 10-11 March 2005.
¥ Presentation at the session, "UN Sec@ayncil Resolution 1244 and Final Status for
Kosovo", at the conferenckeessons Learned from the Balkan Conf|i&sston College,
Chestnut Hill, Massachuts, 16-17 October 2004.
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¥ California Public Utilities Commission, 20Géstimony regarding the nature and cost
of potential measures for enhanced defengbeoDiablo Canyon nuclear power plant.

¥ European Parliament, 2003: invited presemtdo EP members regarding safety and
security issues at the Sellafield nucle&e 81 the UK, and broader implications.

¥ US Congress, 2002 and 2003: invited preentaat member-sponsored staff briefings
on vulnerabilities of nuclear-powécilities to attack and options for improved defenses.
¥ Numerous public forums in the USZ)01-2006: invited preséations to public

officials and general audiences regardingreubilities of nuclear-power facilities to
attack and options for improved defenses.

¥ UK Consensus Conference on Radioadaste Management, 1999: invited testimony
on information and decision-making.

¥ Joint Committee on Public Enterprise dnansport, Irish Parliament, 1999: invited
testimony on nuclear fuel reprocesgiand international security.

¥ UK and Irish Parliaments, 1998: indtpresentations to members on risks and
alternative options associated withctear fuel reprocessing in the UK.

¥ Center for Russian Environmental Pgligloscow, 1996: invited presentation at a
forum in parallel with the G-7 Nuclear Safety Summit.

¥ Lacey Township Zoning Board, New Jersey, 1995: testimony regarding radioactive
waste management.

¥ Ontario Court of Justice, Toronto, Omad993: testimony regarding Canada's Nuclear
Liability Act.

¥ Oxford Research Group, seminar on "Phégonium Legacy", Rhodes House, Oxford,
UK, 1993: invited presentation on nuclear safeguards.

¥ Defense Nuclear Facilities Safety BhaWashington, DC, 1991.: testimony regarding
the proposed restart of K-réar, Savannah River Site.

¥ Conference to consider amending theid@adrest Ban Treaty, United Nations, New
York, 1991: presentation on a global approachrms control and disarmament.

¥ US Department of Energy, hearing oafdEIS for new production reactor capacity,
Columbia, South Carolina, 1991: testimony atium need and implications of tritium
production options.

¥ Society for Risk Analysis, 1990 annoaeting, New Orleans, special session on
nuclear emergency planning: presentatiarreal-time techniques for anticipating
emergencies.

¥ Parliamentarians' Global Action, 11th AninRarliamentary Forum, United Nations,
Geneva, 1990: invited presentation on the potefarainultilateral nuclear arms control.
¥ Advisory Committee on Nuclear FacilBafety, Washington, DC, 1989: testimony on
public access to information and on government accountability.

¥ Peace Research Centre, Australian Natidnadersity, seminar on "Australia and the
Fourth NPT Review Conference"”, Canbedf89: invited presentation regarding a
universal nuclear weapons nprliferation regime.

¥ Carnegie Endowment for InternatibRaace, Conference on "Nuclear Non-
Proliferation and the Role of Privatedanizations”, Washington, DC, 1989: invited
presentation on options for refowhthe non-proliferation regime.
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¥ US Department of Energy, EIS scopmegring, Columbia, South Carolina, 1988:
testimony on appropriate scope of ais Ebr new production reactor capacity.

¥ International Physicians for the Preti@m of Nuclear War, 6th and 7th Annual
Congresses, Koln, FRG, 1986 and MoscbM8SR, 1987: invited presentations on
relationships between naar power and the threatt nuclear war.

¥ County Council, Richland County, South Qiaeg 1987: testimony oimplications of
severe reactor accidents a thavannah River Plant.

¥ Maine Land Use Regulation Commission, 198&timony on cogeneration potential at
facilities of Great Northern Paper Company.

¥ Interfaith Hearings on Nuclear Issues;,ohto, Ontario, 1984nvited presentations on
options for Canada's nuclear trade and Canadaiésement in nuclear arms control.

¥ Sizewell Public Inquiry, UK, 1984: tesony on safety and radioactive waste
implications of the proposedZ&iwell nuclear power plant.

¥ New Hampshire Public Utilities Conssion, 1983: testimony on electricity demand
and supply options for New Hampshire.

¥ Atomic Safety & Licensing Board, UNiclear RegulatgrCommission, 1983:
testimony on use of filtereeenting at the Indian Pdimuclear power plant.

¥ US National Advisory Committee orc€ans and Atmosphere, 1982: testimony on
implications of ocean disposal of radioactive waste.

¥ Environmental & Energy Study Confererd8§, Congress, 1982: invited presentation
on implications of radiodive waste management.

Miscellaneous

¥ Married, two children.

¥ Extensive experience in public speakingiatetviews by represeatives of print and
electronic media.

¥ Author of numerous essays ancelstin newspapers and magazines.

Contact information

Institute for Resource and Security Studies
27 Ellsworth Avenue, Cambridge, Massachusetts 02139, USA
Phone: 617-491-5177 Fax: 617-491-6904



