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Overview

This Project Summarireport describes work done hiautilus Institute and collaborating

colleaguesn exploring the connectits between nuclear fuel cycle management and nuclear
safety/security by analyzing the risk of radiological releases resulting from an attack on or
accident at nuclear facilities, identifying the factors that increase or decrease this risk, and
making realstic recommendations for changes in the storage, management, and disposal of spent
fuel to reduce this threat. The project drew upon a network of experts on energy futures, energy
security, and nuclear fuel cycle development, safety and security in EastnAlsthe United

States.

Country Teams from the Republic of Korea, Japan, and China, working with Nautilus staff, and
nuclear spent fuel management/modeling experts from the United States worked together to:

1 Update the energy sector scenario and nusieant fuel management work undertaken by
the country teams;

1 Complete and apply a methodology and associated Excel workbook tool for assessing
radiological risks associated with accidents or attacks at nuclear facilities

1 Integrate national regional resuttenergy and spetitiel management modeling through
the updating of Nautilusd analysis of scenar

1 Test the radiological risk assessment methodology both by applications in each of the
participating nations, and by @igcation to the light water reactor (LWR) currently under
construction by the Democratic People's Republic of Korea (DPRK); and

1 Explore the prospects for deep borehole disposal of nuclear spent fuel and other radioactive
wastes in the countries of Nortlse#sia.

The key findings of the collaborative research include the following:

1 The Fukushima accident has had profobatdifferentimpacs on the nuclear sector in each
of the three countries included in this Projetapan has shut down its reactonsdgtensive
safety checks and retrofits related to bapkand other systems that were implicated in the
Fukushima accident. In the ROK, reactors were also checked for sefetyrecent scandal
regarding falsification of certifications for reactor jgdns added to concerns raised by
Fukushima. In China, the Fukushima incident has caused authorities to revisit ambitious
reactor construction plans, and to somewhat slow the pace of nuclear plant construction,
including reconsideration of some plantstaiiy those to be located inland

1 The results of the Fukushima accident have shown, and findings of this project have
underlined, the need for key power and cooling water provision systems at reactors and in
spent fuel pools to be both multiply backa&gland also sufficiently separate that an accident
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in one element (such as a reactor) does not cascade to pose a threat to another unit (another
reactor or a spent fuel pool).

The project has shown that some modes of management of spénhéumedense rackig in

spent fuel pools vs. dense racking, and dry cask storage of cooled spent fuel, including
centralized, belovground storag® are superior to current methods of spent fuel

management. Some of these alternative methods are under investigation irotheoteg

the pace of adopting these methods of risk reduction is slow, in part due to a combination of
a lack of independence between the authorities regulating nuclear power in each nation from
those planning and implementing nuclear power facilitiesjrmpdrt because of existing

laws regarding the siting of nuclear facilities, particularly in Japan and the ROK, that make it
difficult for reactor operators to store spent fuel on site in dry casks, but do not affect the
storage of spent fuel in pools.

Dry-cask storage of spent fuel appears much less vulnerable to release of radiation through
accident or attack than storage in spent fuel pdaisaloy-clad fuel assemblies iredse

racked spent fuel pools, on the other hand, can ignite if water fropothés lost, as dense
racked pools lack the ability to passively release sufficient heat through the air when coolant
is lost, leading to rising temperatures and, eventually, ignition of fuel cladding, resulting in
releases of radioactivity.

Each of the ations involved in the project has at least a general interest in international
collaboration on spent fuel issues, but because of asymmetries between the nations,
collaboration has been difficult to start. These asymmetries include China being a nuclear
weapons state, while Japan and the ROK are not, and Japan having a reprocessing program
and uranium enrichment capability, while the ROK doesaititoughsome ROK nuclear
researchers and officialish to pursuéipyroprocessing a lightly-modified form of

reprocessing.

Deep borehole disposal of nuclear spent fuel and-leiggd waste seems likely to be an
attractive possibility, and there are areas withacountries of the regiothat would make

good hosts for deep borehole facilities from a geologioait of view. Deep borehole
disposal facilities may well even have cost advantages over other forms of disposal (such as
mined repositoriesput wil require both technological advances to assieeeliability of

key operational elements, as welldmnestic and possibly international policy agreements to
allow the siting of deep borehole faciliti€espite their potential simplicity and low cost
relative to mined repositoriekeep borehole disposal of nuclear materglsrobably 30

years from fulscale implementatiombout the same as other disposal optiand the

closed nuclear fuel cycle optioatso undeconsideration irthe region What this means is

that it is inevitable that intermediate spent fuel storage, and most likely dry caglestora
must be employed by all three nations in advance of any final disposal option.

Our preliminary calculations have indicated that the costs of spent fuel management in
general are very modest when compared to the full cost of nuclear generation, and
paricularly when compared with the cost of electricity in Japan, the ROK, and China (Japan
especially). Costs of nuclear cooperation (or-noaperation) scenarios that include

2
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reprocessing are higher than those without reprocessing, and costs¢askigprage are
likely to be a tiny part of overall nuclear fuel cycle co$tis means thahere is no reason
for cost to play a significant role in decisions to modify spent fuel management planning,
rather, that radiological risk and attendant politicatial, and legal concerns should drive
decisions regarding spent fuel management.

Key follow-on activities related to the work described in this Report include:

1 Convene aiversegroupof regional and internationakpersto further investigate options
for spent fuel management, focusingvealys to mitigate the different hazard events (natural
disasters, aerial bombardment, rgtate attack)and in particularto clarify whether
reducing spent fuel pool density is justified to reduce the possible riskdfertent or
malevolent radiological release from spé&uel pools and reactor sitetn addition to expert
meetings, synthesis, analysis, and summarizing of findings for policy input would be carried
out.

1 Work with colleagues and civil society groupsthe region to better understand the
challenges to siting akactor or awayrom-reactor dry cask storage options that would
reduce risks associated with spent fuel pools.

1 Move forward theconsideration ofleep borehole dispos@BD) by the countries of
Northeast Asidy convening a regional meeting, attended by researchers and officials
responsible for designing and managing nuclear waste disposal in the countries of the region,
at which DBD concepts are described, and discussions are held on thie bpecdrs,
especially institutional barriers, to DBD in the countriedloftheast Asia

f Building on previous work on the topic and N
investigate the potential for nuclear fuel cycle cooperation in therreging a combination
of expert analysis and input, development of possible organizational structures and activities
for nuclear fuel cycle cooperation institutions in the region, and one or more workshops to
discuss the political, organizational, institunal, and economic challenges that might be
faced in developing nuclear cooperation.

T The underpinnings of Nautilusd work on nucl e
fuel management in particular, has been our work since 2000 with CouaimsTe energy
sector status, policy, and futures in the countries of the region. Continuing and deepening
this work, including advanced full energgctor and national/regional energy futures
modeling, will continue to provide the full economic, environiag& political and social
context for nuclear energy, and thus, nuclear spent fuel management and nuclear cooperation
scenarios. Broadening the group of participating nations to include those in the East Asia and
Pacific region with nascent or proposedlear energy programs offers significant
opportunities for sharing of knowledge and perspectives, and for uncovering both challenges
to and opportunities for cooperation in nuclear fuel cycle management.

Please note that although this Project Summary Reparsynthesis of work by the individuals
of theProject Team, the opinions and conclusions described in this report are not intended to
reflect theopinionsof all individual Project Team members in all cases.

3
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1 Project Background and Summary

1.1 Background and Goals ofProject

The Fukushima disaster highlighted the relationship between nuclear power and the risk of
radiological exposure, whether such exposure results from radiation released as a result of an
accidend caused by technical or human error, or, as in FukusHhayan overwhelming natural
disasterpr through attack on nuclear facilities by state or-state actors. The earthquake,
tsunami,and nuclear meltdowns in Japan made the locatimmfigurationand physical security

of nuclear plants and speiel sorage facilities priority aresgfor policies aimed atoncurrently
minimizing the potential for diversion dissile materialandthe consequences of an attack on
spent fuel facilities or the impacts of an accidaittated by a natural disaster techical

systems failure.

Since the Fukushima accident, Japan, China, and the Republic of Korea (ROK) have each taken
steps toward i mproving reactor safety. These
adding layers of baelap facilities in the event #t power to cooling systems have been lost, and
improving reactor safety protocols, among others. Not yet included to a significant extent,

however, have been change in the structure of some of the most vulnerable elements of some
nuclear plants and speioiel management systems.

The Seoul Nuclear Security Summit in March 2012 called for coordination to make this
connectiorbetween nuclear fuel cycle management, safety and security, iotilg, af f i r m t h
nuclear security and nuclear safety measuresigt@udesigned, implementadd managed in
nuclear facilities in a coherent ohnudearandner gi s
other radioactive materials also includes spent nuclear fuel and radioactiveweasteourage

States to consid@stablishing appropriate plans for the management of thasials. 0

Although it called for action to address risks related to the management of spent fuel and wastes,
the Summit focused on control of fissile material, did not have a panel on nudietyraad
security,and failed to offer any concrete recommendations for how nuclear facilities should be
designed osecured so as to reduce the risk of accident or attack and the attendant radiological
consequences sfich events.

Since the Fukushimaccident, the countries of Northeast Asia have each stepped back, to

varying degrees, to examine the lessons of Fukushima for their own nuclear programs. In Japan,
this has resulted in the closing for extensive safety assessments of all of its redttansiyva

few units having been brought back on lorean interim basis, and no plants on kseof this

writing. Japan also undertook a comprehensive, ratdkeholder review of its plans for a

nuclear future, resulting, at least temporarily, inangb phase out nuclear power in the long

term, though those planassembled under thveshihiko Nodaadministratiorare being revised,

and probably reversetly the more prenuclear poweShinzoAbe administration Perhaps more
importantly,in the longe-term,the Fukushima accident seems to have galvanized a grassroots
response that has spurred the implementation of energy efficiency and renewable energy sources,

'isSeoul Communi qu® at 201 attp:Muwe.tfreomyiprolig@aton/seaulcopnmBigummi t 0 at :
2012nuclearsecuritysummit/p27735
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as well as other changes, in a way that could not have been foreseen. Independens of what

decided by the government regarding the nuclear sector, these grassroots changes may in fact be
the most important and enduring legacy of Fukushima. In the Republic of Korea (ROK), the
Fukushima accident caused authorities to undertake safety chéckset ROK&6s nucl ear
More recently, a scandal involving falsified information about reactor parts has forced many

reactors offline, resulting in projected power shortages for the summer of 2013. It remains

unclear what the lasting effects of Fukuma will be for the ROK, but it is clear that nuclear

safety is of greater concern in Korean socieanth was before the accident, perhaps reflected in

what appears to be scalddwn plans for nuclear capacity expansion recartlyounced by the

ROK government as a part of its new Energy Plam China, the reaction to the Fukushima
accident was a review of both@tlt ant saf ety arrangements and of
building additional nuclear capacity. These reviews resulted in a modkesbachk of plans for

new reactors, and though Chinads construction
including most or all of those planned for inland locations, have been placed on hold for the time
being.

ThefAfter FukushimaRadiologi@l Riskfrom NonState Diversiorof or Attackon Spent Fueél
Projecthasdirectly addressdthe nexus betweeamuclear fuel cycle security and nuclear safety
by analyzing the risk of radiological releases resulfiiom an attack on or accident at nuclear
facilities, identifying the factors that increase or decréaseisk, and making realistic
recommendations for changes in the storage, managemeuispodal of spent fuel to reduce
this threat. The project e upon a network of experts on enerfgyures, energy security, and
nuclear fuel cycle development, safety and security in East Asia ahbhitieel States. Country
teams from China, Japan, and South Korea exathmow alternativespent fuel storage
locations, management strategies, and storabpadmmies can minimize the risi radioactive
releases caused by nuclear terrorism or by accidents, as well as the impacts of sidéerambs
of energy and nuclear power development on the risk of radioactive releases.

Participants from the thremuntry teams, Nautilus staff, and nuclear spent fuel
management/modeling experts from the United Statesadorlo war d t he pr oj ect 6s
throughouthe project by:

1 Updating of the energy sectscenaricand nuclear spent fuel management work
undertakerby the country teams;

1 Completing ad applying anethodology and associated Excel workbook tool for
assessing radiological risk of accident or attack at nuclear facflities;

1 Integraing nationalandregional results of energy and sp&ntl management modeg
through the updating of our analysis of scenarios for nuclear fuel cycle coopération

’See, for example, Simon Mundy |(e2a0rl 45)boomi&emdantaryKlor ea c u't
2014, and available dstp://www.ft.com/cms/s/0/4e8c1872f7-11e381dd00144feabdc0.html#axzz2zpxtBb\Wu

® The radiological risk methodology and related tools were prepared for Nautilus by Dr, Gordon D. Thompson, and

is available aslandbook to Support Assessment of Radiological Risk Arising From Management of Spent Nuclear

Fuel, Nautilus Institute Special Reg dated May 14, 2013, http://nautilus.org/napsnet/napspestial
reports/handbocko-supportassessmenif-radiologicatrisk-arisingfrom-managemenrof-spentnuclearfuel/.
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1 Testing applications of the radiological risk assessment methodimiogyclear plants
in China, Japan, and North Kor¢le latter using as its subject the Ligha¥&t Reactor
(LWR) currently wunder construction by the
(DPRK)?>

1.2 Project Meetings

The organization and realizationmfject meetings welleey elemerd of work on the project

Two meet i ndgresilientedne Selufity d? Spént Fuel in EastAsia Wor ki ng Gr ou
meeting, held from April 12to 15in Seoul,anhe 2013 ASpent Fuel and R
Radiological Risk after Fukushima and Deep Borehole and Spent Roasirisia Working

Group Meeting, held froriviay 28 to 30, 2013, held in Beijing, included presentations providing

updates on energy sector activities and energy policies, nuclear energy sector developments
including developments related to nuclear spent fuel management, and, with support from the
Canegie Corporation of New York, on the prospects for deep borehole disposal for nuclear

spent fuel and other nuclear wastes in each naf\gendas, presentations, and other materials

from these meetings are available on the Nautilus website

Nautilusis also continuing itanalytical work to examine the relative risk, and relative cost, of
undertaking modifications to the way that nuclear spent fuel is managed in Northeast Asia to
minimize the potential for radiological risk associated withidens at omon-state attackon
nuclearfacilities. This work in the context of the ongoing MacArthiimded"Vulnerability to
Terrorism in Nuclear Spent Fuel Managemegmtject, focusing on the situation and possibilities
in Japan, and carried out withethctive participation of Japanese and other colleaguasine

the tradeoff between modifying spent fuel management systems so as to minimize exposure to
nonstate attacks (or Fukushirtgpe accidents) that could lead to significant release of
radioactvity from reactors and spent fuel facilities, often, given population densities in the area,
implying significant human health and environmental implications, as well as billions or trillions
of dollars in economic damage. This tradeoff, assuming thabtte of modifying systems are

* An earlier version of a summary of the analysis of scenarios for nucleayfilelcooperation is available as

David F. von Hippel and Peter Hayes (20 B)tential Regional Nuclear Energy Sector Cooperation on Enrichment
and Reprocessing: Scenarios, Issues, and Energy Security ImplicNidRSNet Special Reports, November 19,
2013, athttp://nautilus.org/napsnet/napsisgteciatreports/potentiategionatnhuclearenergysectorcooperatioron-
enrichmenfandreprocessingcenariogssuesandenergysecurityimplications2/.

°The results of the application of the radiollaBi cal ris
is presented in David F. von Hippel and Peter Hayes (20lbtrative Assessment of the Risk of Radiological
Release from an Accident at the DPRK LWR at YongiyARSNet Special Report, May 06, 2014, and available as
http://nautilus.org/napsnet/napetspeciaireports/illustrativeassessmeraf-the-risk-of-radiologicatreleasefrom-
anaccidemtat-the-dprk-lwr-at-yongbyon2/.

® Materials from these meetings are availabletet://nautilus.org/projects/byame/securityf-spentnuclear
fuel/2012working-groupmeeting/#axzz32wD2Vsdéndhttp://nautilus.org/projects/bgame/securityof-spent
nuclearfuel/2013working-groupmeeting/
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shown to be affordable (the indications that we have seen thus far suggessthaf
modificationwill be modest, relative to the cost of electricity from nuclear piasee below),
suggests that these modifications l@ialing possible retrofit of existing reactors) are desirable
from a cost and societal risk management perspective.

1.3 Summary of Key Project Findings

Key findings from the project to daieclude:

1 The Fukushima accident has had a profound impact on theansgeletor in each of the
three countries included in this Project, but the response to the accident has been different
in each country with respect to both the modes of response and the degree of response.
Japan has shut down its reactors for extensifetysehecks and retrofits related to back
up and other systems that were implicated in the Fukushima accident. In the ROK,
reactors were also checked for safety, although a more recent scandal that has come to
light regarding falsification of certificaties for reactor parts has added to concerns raised
by Fukushima. In China, the Fukushima incident has caused authorities to revisit
ambitious reactor construction plans, and to somewhat slow the pace of nuclear plant
construction, including reconsideratiohsome plants, notably those to be located inland
(on rivers where reactor cooling, at times, may be problematic).

1 The project has shown that some modes of management of spénhfualiense
racking in spent fuel pools vs. dense racking, and dry casdgstof cooled spent fuel,
including centralized, beloyground storag® are superior to current methods of spent
fuel managememntith regard to radiological riskSome of these alternative methods are
under investigation in the region, but the pace of adgphese methods of risk reduction
is slow, in part due to a combination of a lack of independence between the authorities
regulating nuclear power in each nation from those planning and implementing nuclear
power facilities, and in part because of @rglaws regarding the siting of nuclear
facilities, particularly in Japan and the ROK, that make it difficult for reactor operators to
store spent fuel on site in dry casks, but do not affect the storage of spent fuel in pools.

1 Each of the nations involden the project has at least a general interest in international
collaboration on spent fuel issues, but because of asymmetries between the nations,
collaboration has been difficult to start. These asymmetries include China being a
nuclear weapons stat®hile Japan and the ROK are not, and Japan having a reprocessing
program and uranium enrichment capability, while the ROK does not (although it wishes
to pursue alightymodi fi ed f or m of r epr od. dnsaddiiong cal | €
longstandingegional rivalries likely impede the potential for cooperation on this
sensitive issue.

91 Dry-cask storage of spent fuel appears much less vulnerable to release of radiation
through accident or attack than storage in spent fuel pools. Release of radiatidnd
stored in dry casks essentially requires a concerted effort targeted specifically at the dry
cask to not only break it opérrequiring high explosives detonate essentiallgach
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individual cask or physically drilling into the cask, requiring pgroity of attacker§ but

to ignite the spent fuelssemblies stored in the caBlense racked spent fuel pools, on
the other hand, can ignite if water from the pool is lost, as d@e&ed pools lack the
ability to passively release sufficient heat throtigh air when coolant is lost, leading to
rising temperatures and, eventually, ignition of fuel cladding, resulting in releases of
radioactivity.

1 Deep borehole disposal of nuclear spent fuel and-leiggl waste seems likely to be an
attractive possibilityand there are areas within the Korean peninsula and China, as well
as in other countries of the region, though possibly not in Japan, that would make good
hosts for deep borehole facilities from a geological point of view. Deep borehole
disposal facilites may well even have cost advantages over other forms of disposal (such
as mined repositories). Deep borehole disposal, however, will require both technological
advances to assure that key operational elements, such as emplacement of wastes, can be
donesafely and in a reliable manner, as well as domestic and possibly international
policy agreements to allow the siting of deep borehole facilitresaddition, materials
stored in deep boreholes should likely be considered essentially irretrievabhejges a
effort will be required to remove emplaced materials from boreholes. This can well be
considered a significant advantage, from a-atkliversiorrof-nuclear materials point of
view, but it brings up significant design considerations, and is of ootc¢hose who
see spent fuel as a potential future resource for energy produtherstatus of
readiness of deep borehole technologies, despite their potential simplicity and low cost
relative to mined repositories probably 30 or so years frofull-scale implementation,
or about the same as other disposal options (or, for that matter, the closed nuclear fuel
cycle options involving the use of fast reactors that are under consideration in all three of
the nations involved in this project). Whhis means is that it is inevitable that
intermediate spent fuel storage, and most likely dry cask storage, must be employed by
all three nations in advance of any final disposal option.

1 Our preliminary calculations have indicated that the costs of speintianagement in
general are modest when compared to the full cost of nuclear generation, and particularly
when compared with the cost of electricity in the three countries (Japan especially).
Costs of nuclear cooperation (or Romoperation) scenariokdt include reprocessing are
higher than those without reprocessing if any reasonable estimates of future uranium
prices are assumed, and costs forchgk storage are likely to be a tiny part of overall
nuclear fuel cycle costs.

1.4 RoadMap of this Report

This Final Report to the MacArthur Foundation provides a summary of the key topics covered
under the three years of the Project. As such, the remainder of this Final Report is organized as
follows:
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1 Chapter 2 covers the activities and results of project elements focusBaadiological
Risk from Accident/Attack on Nuclear Energy Facilities in East As@udinga
summaryof illustrative analysepreparedy Nautilusfor reactors in China and Japas,
well asa summary of a an analysis completed by Nautdushe Experimental Light
Wat er Reactor (LWR) being built in the Dem
(DPRK).

1 Chapter 3 focuses on nuclear energy and nuclear spent fuel management in East Asia,
summarizng, country by country, the current status and future plans for the sector in each
of the participating nations.

1 A possible alternative for longrm spent fuel management is deep borehole disposal, the
prospects for which, both in technological and peditterms, are discussed@mapter
4,

1 The need for nuclear power, and thus for nuclear spent fuel management, is a function of
trends in energy supply and demand and in energy policy. Eseotgr trends and
policies for each of the nations participatin theproject, as well ag the DPRK are
discussed ilfChapter 5.

1 Chapter6di scusses the i nput Doperationasaermariosaspemtt s of
fuel management in East Asia

1 In Chapter 7, we discuss the overall conclusions of the researditalfaboration efforts
under this project, and provide ideas as to possible next steps building on this research.

Throughout thidProject SummarReport, text from papers prepared both by Nautilus authors
and by members of the Project Team, including @guheam members and other experts, has
been summarized and adapted. As suchSiismaryReport is in effect the work of multiple
authors, so passages from individual papers, when used, do not explicitly quote the authors of
those papers. The originahpers from which the summaries have been drawremeenced in

this SummarnyReport.

2 Radiological Risk from Accident/Attack on Nuclear Energy Facilities in
East Asia

2.1 Summary of Activities under this Project

The Fukushima accidemgrhaps even modramatically thathose at Three Mile Island and
Chernobyl before ithrought home to the worlthe lesson that the even events considered highly
improbable can, in fact, happen, and when they do, the fragilities of technologles egnosed

in unexpectd ways.Further, the failure of some technologies can put humans and the
ecosysterathey live in at significant risk. In the case of Fukushima, a combination of the failure

of the Fukushima Daiichi plant to withstand a powerful earthquake and tsunapiedouth
commonmode failures (failures in shared electrical, road access, and other systems) between the
Fukushima reactors and the associated pools where spent nuclear fuel, with a radioactive
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inventory much higher than the cores of the reactors theesseksulted in significant and
ongoing releases of radiation to the atmosphere and ocean. Even more compelling, however,
were the risks of events that could, but for a combination of luck and interverdian,
happenedincluding the release of a sudastial fraction of the inventory of the cesiti87 (Cs

137) in the spent fuel pools, a prospect which had-EreneMinister Naoto Kanagonizing

about how to possibly evacuate 50 million people from the Tokyo'area.

A key problem, however, with the caeqat of radiological risks associated with rare and severe
incidents at nuclear reactdrsvhether accidents initiated by some combination of human error,
technological failure, and/or natural disaster, or by attack on a nuclear facility by state or, more
likely, nonstate acto® is understading the extent of such riskie order to provide an

objective and systematic assessment of the radiological risk of emissions from a reactor and/or
spent fuel storage facilities compromised in an accident or attacklusaagmmissioned Dr.

Gordon Thompson of thiastitute for Resource and Security Studies (IR®®Syeate a

Handbook and analytical methodology to describe the key issues relatedrtmutina

radiological releases from nuclear energy facilities and ablerusers to perform a rapid
assessment of the radiological releases from an accident at or attack on nuclear energy facilities,
and potential human radiation exposure resulting from such releases.

TheHandbook commissioned by Nautilus as a part of tlogept, and subsequently prepared by
Dr. Thompsonis entitledHandbook to Support Assessment of Radiological Risk Arising From
Management of Spent Nuclear Ffi@ind has been made available on the Nautilus website.
Thompson also prepared an Excel viarék tool to allow users testimate the radiological
consequences of an incident at a nuclear facility usingddstribing a particular facility, but
with sufficient generic data and general estimates to niekewvierall exercise tractabk.

Us e r e wa&also prepared to aid in the applicatioih® Excel Workbook templat&he
first draft Handb@k was madeavgilable fordhe April, 2012 Working Group
meeting on the project, and was informally reviewed by Working Group participants
Subsequent to the Working Group meeting, expert review dfidmelbook was solicited, and the
Handbook was revised taking ainaccount the review comments.

Nautilus project stdfused the Handbook prepared by Dr. Thompson to carry out approximate
esimates of the radiologicdbr illustrative nuclear facilities in ChirendJapan The results of
these estimates are provided below.

Nautilus authors also undertook, as a part of the project, an assessment of estimated radiological
releases from an accident at or attack on the experimental LWR now under construction by the
DPRK at the Yongbyon nuclear complexNorth Pyongan Provinde t he DPRK®&s nort
A first draft of this assessment was reviewed by a number of US and European nuclear experts;
their comments were taken into account in the final version of the paper, which has been

" Seehttp://www.democracynow.org/2014/3/11/ex_japanese _pm_on_how_fukufgtine text of an interview on

the topic with Prime Minister Kan.

® Gordon R. Thompson (2013)andbook to Support Assessment of Radiological Risk Arising From Management of
Spent Nuclar Fuel, NAPSNet Special Reports, May 14, 2013, http://nautilus.org/napsnet/napsoet
reports/handbocko-supportassessmertf-radiologicatrisk-arisingfrom-managemenrof-spentnuclearfuel/
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published on the Nautilus websitellgstrative Assessment of the Risk of Radiological Release
from an Accident at the DPRK LWR at YonghYand is summarized later in this Chapter

2.2 Summary of Key Issuesn Radiological Risk Related to Nuclear Energy
Facilities

Harnessing nuclear fission createsoas types of risk. This project, and tHandbookprepared

for the project by Dr. Thompsofgcusedon a particular type of risk with two major features.

First, the risk is associated with spent nuclear fuel (SNF) discharged from the fission reactors at
NPPs. Although the fuel i s As plamtiunandi t contai-r
plutonumiand a | arge amount of radioactive mater.
referring to the potential for harm to humans as a result of their exposangzing radiation

due to an unplanned release of radioactive material.

Although the danger of a nuclear accident at any given power plant may be relativi@ly low
experience suggests a rate of one major accident in 1500 rgeatsrof operatiah Japan in
March 2011 is the place and time where risk became reality.

Storage of spent fuel at many reactors that have been in operation for a decade or more involves,
as described below, dense packing of spent fuel assemblies in wet storage fatilgises
dersepacked pools are particularly vulnerable to incidents leading to significant radiological
releases in the event of an accident or attack.

Risks Associated with Spent Nuclear Fuel Storage

The radiological risk posed by SNF has existed since fissiotoredizstbegan operating in the
1940s° The radiological risk posed by SNF has existed since that time. Over the intervening
decades, the risk has increased due to: (i) growth in SNF inventories; (ii) changed properties of
nuclear fuel; and (iii) desigchoices regarding modes of SNF storage.

Through 2010, som226,000fuel assemblies representi6f,200tonnes of initial uranium

constituted the inventory of SNF discharged from commercial reactors in the USA through

2010 The average age of the sperglf(time since discharge) was on the order of 15 years.

About threequarters of that inventorig stored in speruel pools adjacent to operating reactors,

the remainder being storeddny casks. Other countries have accumulated smaller inventories of
SNF, determinedie ach i nstance by the size, type, and

°David F. von Hippel and Peter Hayes (2014)strative Assessment of the Risk of Radiological Release from an
Accident at the DPRK LWR at Yongbybdlautilus Institute Special Report, dated April 29, 2014, and available as
http://nautilus.org/napsnet/napsisgteciatreports/illustrativeassessmeraf-the-risk-of-radiologicatreleasefrom-
anaccidertat-the-dprk-lwr-at-yongbyon2/#axzz32x70k64x

19 Natural, geological fission reactors are known to have operated in uranium deposits at Oklo, in Gabon,
Africa.

Y For an overview of practices and regulations regarding SNF storage in the USA, see: Electric Paveh Rese
Institute,Industry Spent Fuel Storage Handbd®talo Alto, California: EPRI, July 2010).
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of NPPs. The International Panel on Fissile Materials has published a useful review of
worldwide experience in managing SNF.

The growth in SNF inventorieround the world reflects a losigrm trend away from the
reprocessing of spent fuel. When the nuclear fission industry was launched in the 1950s and

1960s, the industryds managers assumed that S
assumption is #t the spentuel pools at NPPs were originally designed to hold only a few
yearso discharge of spent fuel from the react

reprocessing. For example, commercial SNF in the USA has not been reprocessed gince 197

Growth in SNF inventories would, other factors remaining equal, have yielded a proportional
increase in SNF radiological risk. The risk has actually grown at a faster, disproportionate rate,
as a result of design decisions by the nuclear industry. @rd these decisions relates to the
properties of nuclear fuel, and the other to choices regarding modes of SNF storage.

One of the risks associated with nuclear fuel is related to the materials used in the fuel

assemblies. The active portion of tesemblies consists of uranium oxide pellets, in some

instances, mixed plutonium and uranium oxide (MOX) pelletside thinrwalled metal tubes.

When the fuel is fresh, the uranium is lewriched (up to 5% 4235). The tubes are typically
knownasicl addi ngo. I n contemporary NPPs the ¢l ad
ingredient is zirconium.

Zircaloy is not the only material that can be used for fuel cladding. Stainless steel is an
alternative cladding material, and was used in a numbeatgfrcooled reactors during the early
years of development of this type of reactor. As of-a8d9, about 7% (about 1,500 fuel
assemblies) of the commercial SNF inventory in the USA was fuel with stainless steel cladding.
Generally, this fuel performedell. In illustration, a thorough examination was made of a
stainlesssteelclad PWR fuel assembly that was driven to a burnup of 32h&ials per Mg U

in the Connecticut Yankee reactor and then stored for 5 years in dspgobol. No
degradationwastns er v e d . Ot her tests and analyses hav
to use either stainless steel or zirconium or one of its alloys as structural material, fuel cladding
or f ue ® Zdcaldy is.chowte\ier, used in the vast majority afdern LWRs because it

allows uranium of lower enrichment to be used, and thus reduces fuel costs.

Although the economic advantage of zircaloy cladding during routine operation of an NPP is
clear, there is a price to be paid in terms of radiological Ziskaloy, like zirconium, is a

chemically reactive material that will react vigorously and exothermically with either air or

steam if its temperature reaches the ignition poattout 1,000 deg. C. This temperature is well
above the operating temperatofea watercooled reactor, where zircaloy exhibits good

corrosion resistance. The potential for ignition of zircaloy is well known in the field of reactor

risk, and has been observed in practice on a number of occasions. For example, during the Three

2 nternational Panel on Fissile Materidiéanaging Spent Fuel from Nuclear Power Reactors: Experience and
Lessons from Around the WollErinceton, New Jersefzrogram on Science and Global Security, Princeton
University, September 2011).

13 Manson Benedict, Summary Repdtonomic Comparison of Zircaloy and Stainless Steel in Nuclear Power
ReactorgCambridge, Massachusetts: Columbiational Corporation, 6 February 1958).
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Mil e Island (TMI) reactor accident of 1979, steainconium reaction occurred in the reactor
vessel, generating a substantial amount of hydrogen. Some of that hydrogen escaped into the
reactor containment, mixed with air, and exploded. Fortunately, théimgguiessure pulse did

not rupture the containment. Similar explosions during the Fukushima #1 accident of 2011
caused severe damage to the reactor buildings of Units 1, 3, and 4. Measures to reduce risks
associated with zircaloy cladding could involvéstituting stainless steel cladding for zircaloy,
although, stainless steel can react exothermically with air or steam, albeit with a lower heat of
reaction than is exhibited by zircaloy, or by substituting ceramic cladding options that are now
under devalpment, although ceramic claddings may not be available for deployment until 2030
or so.

At every NPP with a waterooled reactor, a spefitel pool is located adjacent to the reactor.

Fresh fuel enters the reactor via the pool, and spent fuel is disdhiatgéhe pool. The pools

were originally designed to hold only a few vy
part of that design, the pools were equipped withd@nsity, opesframe racks into which fuel

assemblies were placeaks shown irrigure2-1. Similar racks were used for BWR fuel.
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Figure 2-1: Typical Low-Density, OpenFrame Rack for Pool Storage of PWR Spent Fu&i

If water were lost from a pool equipped witlw-density racks, there would be vigorooatural
convection of air and steam throughout the rapksyviding cooling to the SNH hus, in most
situations, the temperature of the zircaloy cladding of SNF in the vamkisl not rise to the
ignition point.Exceptional circumstances that could lead to ignitmiude the presence of SNF
very recently discharged from a reactor, and deformatidineofacks. Even then, propagation of
combustion to other fuel assemblies would be comparatively ineffectivéheanotal release of
radioactive material would be limited to the comparatively small inventory in the pool.

Faced with the problem of growing inventories of SNF, the nuclear industry could have
continued using lowdensity racks in the pools while placiagcess fuel in dry casks. That

14 Adapted from Figure B.2 of: Anthony Nera,Guidebook to Nuclear ReactdBerkeley, California: University
of California Press, 1979).
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approach would have limited SNF radiological risk. Insteaast nuclear plant operators

adopted a cheaper option. Beginning in the 1970s, the industguigped its pools with higher
density racks. In the higtlensity raks that are now routinely used around the world, the center
center spacing of fuel assemblies approaches the spacing in a reactor. To suppress criticality, the
assemblies are separated by plates containing neaitsmorbing material such as boral (boron
cabide particles in an aluminum matrix). The neutedrsorbing plates divide the racks into

long, narrow, vertical cells, open only at the top and bottom. If water were lost from a pool, this
arrangement would suppress heat transfer by convection andomadidte presence of residual
water in the lower portion of the pool, which would occur in many wags situations, would

limit heat transfer to only one effective mechanisoonvective cooling by steam rising from

the residual water. Over a range @terloss scenarios, radioactive decay heating in the SNF
would cause cladding temperature to rise toward the ignition point.

The preceding discussion sets the scene for
incident would involve the followig sequence of events:

() loss of water from a spedffiiel pool due to leakage, boiling away, siphoning, or
other mechanism;

(i) failure to provide water makeup or cooling;

(iif) uncovering of SNF assemblies;

(iv) heatup of some SNF assemblies to the tigmi point of zircaloy, followed by combustion of
these assemblies in steam and/or air;

(v) a hydrogen explosion (not inevitable, but likely) that damages the building surrounding the
pool;

(vi) release of radioactive material from affected SNF assentblib® atmosphere; and
(vii) propagation of combustion to other SNF assemblies.

A pool-fire event sequence would unfold over a timeframe ranging from a few hours to a number
of days. During this timeframe, there would be opportunities for personndt tur haitigate the

event sequence through actions such as plugging holes in a pool, or adding water. However,
addition of water after zircaloy ignites could be counterproductive, because the water could feed
combustion. Circumstances accompanying the-paokvent sequence, such as a ataeage

event sequence at an adjacent reactor, could preclude mitigating actions.

At NPPs, a sperfuel pool is located adjacent to each readtoBWRs, spent fugbools are

often located adjacent to and above the mraatssel. At PWR plants, the pool is typically
located in a separate building thabigside the reactor containment but immediately adjacent to
it. There may, however, be open spageg., rooms, corridors) below the pool floor, into which
water coulddrain.

Systems to cool the water in the pool, and to provide makeup water, are integratchilath
systems that support reactor operation. Thus, cooling and water makeupdoltheuld be
interrupted during many of the potential event sequencesdb#l lead taeactor core damage.
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This interruption could initiaté or contribute td a sequence avents that lead to a pool fire.

As mentioned above, that sequence would unfold otieredrame ranging from a few hours to a
number of daysTherewould be opportunities during this period for personnel to halt or mitigate
the evensequence. In some cases, simply adding water to the pool would be sufficient to
preventa pool fire. However, accompanying circumstances could prevent personnel frogn taki
the necessary actions. For example, the site could be contaminated by radmatsived

released from one or more reactors, and structures and equipment cdafddged by

hydrogen explosion and/or the influence (e.g., an earthquake) that initiatedent sequence.
Indeed, these circumstances arose during the Fukushima #1 acdesgbstantially impeded
mitigating actions by onsite personnel.

A reactor and its adjacent pool (if filled with SNF at high density) can be thought cbagplad
risk system. The reactor and the pool can affect each other in ways that itteedasa risk
posed by the system. To illustrate, consider the following hypothsggalence of events. First,
a reactor experiences core damage and a breadmtainmentThese events lead to severe
contamination of the site by shdnted radioisotopethat are released from the reactor. Intense
radiation fields from thigontamination, together with damage from a hydrogen explosion,
preclude onsitenitigating actions byersonnel. The pool then boils dry, or drains due to a
relatedinfluence. That outcome initiates a pool fire that leads to another hydrogen explosion and
a large release of longéved radicisotopes (especially Cesiutr87) from the poolThose
phenomenéurther preclude onsite mitigating actions by personnel, phoi®nging the reactor
release and, potentially, initiating releases from other reactonsamtsli on the site.

This hypothetical sequence of events is nefdééched. The Fukushima #1 accideotlld have
followed a similar course, given a few changes in site preconditions, imtiaéng
earthquake/tsunami, and/or in site management during the accidenatcase, the accident
would have involved a much larger release of radioactiverrabtieanwas actually experienced.

The potential for a linked sequence of reactor and pool events is especially ominousmi@hen
considers the possibility that a malevolent group of people would deliberately thgger

sequence. A technicalknowledgeable and operationally capable group could facdgime an

attack in such a manner that both a reactor release and a pool fire wokddybeutcomes.The
groupdbés investment of r es owithtoeadamageanflidtednthee s mal
attacked country. Thus, from a militasyrategigerspective, a reactor and an adjacent pool

filled with SNF at high density are, taktgether, a large, premplaced radiological weapon

awaiting activation by an enemy.

Public awareness of SNF iatbgical risk was low before the 2011 accident atRbkushima
Dai-ichi (#1) nuclear site in Japan. Awareness grew during that accident, as dgi@ered that
SNF was stored in pools adjacent to the affected reactors, and that tharpatastial fo a
large release of radioactive material from this SNF to the atmosphere.

The present level of SNF radiological risk is not inevitable. Instead, it reflects choices made by
the nuclear industry and accepted by regulatory organizations. Options arblawdilareby the

risk could be substantially reduced. Some options would affect the operation of NPPs, while
others would not.
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Handbook and Methodoloqy for Simplified Radiological Risk Assessment

The Handbookprepared for this Project by Dr. Thompsatdresses a range of technical issues.
As can be seen from the summary aboaehassue is complex, andassociated with a
substantial technical literature and body of practical experi@&yceontrast, the Handbook
avoidsmuch of the complexityand sts forth acomparatively simple approach to assessing SNF
radiological risk is set forth, involving various assumptions and simplifications. tisth
approach, analysts can assess the risk using a sequence of hand calculapimigreerds that

is easy® follow. The findings could be used for a variety of puplicy purposesThe
findingsfrom application of the Handbook methodolagould nothoweverpe used in

situations where a moudetailed analysis is required.

Under this projegtthe risk ofradiological releastllowing accident at or attack on nuclear
facilities has been assesdgdcompiling qualitative and quantitative information regarding the
radiological consequences of accidents at or attacks on key facilities under different sadnario
nuclear fuel cycle development. The Handbook developed by Dr. Thompson identifies major
factors that determine the potential for an unplanned release of radioactive material, and the
impacts of such a release, including "internal” and "externalatois that are examined in a
typical risk assessment of a release caused by forces of nature, deliberate, malevolent acts of
various types, and/or gross errors on the part of plant operators. The analytical steps for
determining radiological risk as iddéfred by Dr. Thompson are as follows:

Step 1: Specify the system

Step 2: Characterize SNF in the system

Step 3: Assess the potential for atmospheric release of radioactive material
Step 4: Estimate the behavior of a radioactive plume

Step 5: Characterizéownwind assets

Step 6: Assess harm to downwind assets

Step 7: Assess collateral implications of SNF radiological risk

For some of these steps, Thompson has provided quantitative tools for estimating key parameters
and results, while for other stépscluding steps 5 and 7 abayemore qualitative approaches
or other quantitative tools are likely to be needed.

As noted abovehe Handbookas beemised by théroject Team, together with an array of

nuclear fuel cycle and nuclear energy development sceriayioseach of the participating

nations, as well as other data, to produce illustrative assessments of the radiological risk at key
nuclear facilities in Japan, South Korea, and China under different scenarios.

A guidance document entitlédstructions fo Workbook to Calculate Aspects of SNF
Radiological Riskvas prepared by Thompson to complement the Handbook, and incorporates
portions of the sevestep process described above into a workbook consisting of a Microsoft
Excel file. Instructions for use the workbook are set out in the guidance document. The
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workbook calculates aspects of SNF radiological risk that are amenable to numerical calculation
using a spreadsheet. Subst astepprecéss ggeameéenabtemos o f
this appoach, as will be seen below. Other portions of the sstemprocess require a user to
exercise informed judgment or obtain information from other sources. Thus, the workbook is a
useful aid in assessing SNF radiological risk, but Thompson stressestlia@sagdithors of this
SummaryReport) that it does not substitute for judgment and knowledge.

2.3 Radiological Risk Attitudes and Estimate in China

A pair of illustrativecalculatiors of radiological riskwere carried out for Chinese reactors by

Nautilus projetstaff, and are described below. The first of thesefarae oldest large plant

in China, theDaya Bay plant near Hong Kong and Guangzhblie Daya Bay plant is a BWR

facility, but does not use dense packing in its spent fuel pools, sending cadleddn offsite
facility instead. The second calcul ation was
adjacent to the Daya Bay plant, and thus near
densepacked spent fuel pools.

Some nucleagexperts in China (and elsewhere) takedherall attitude, that while radiological
risksareadmittedlysubstantial in extreme events, those evarggnprobable, and the risks of
more probabl@uclear releasevents(with more limited impactsarefairly manageable,
particularlyin relationto other risks (climate change, energy supply security, and local air
pollution among them) that China chronically facésthough we are mindful of and understand
this point of view, we feel that an exploratiof the potential consequences of accident at or
attack on nuclear facilities is worthwhile, even if the underlying event is improbable, as one (of
many) inputs to policymaking.

Interestinglythough not unexpectedlihe topic of radiological risk assement in the event of
accident or attack is not new to China, as in 2005 a Chinese team prepared and published in a
Chinese scientific journal an assessment of the potential implications of a terrorist attack on a
Chinese nuclear power plarind specifially, on a spent fuel pod? Investigating three

scenarios in which the spent fuel in the pool was subject to different degrees of damage, the
authors of the paper found radiuses in which the effective dose was greater than 50 mSv were
about 80 34, and 9km, respectively

15 Zheng Qiyan, Shi Zhonggi, andWangXing ( 2005) , fAConsequence Assessment
Fuel Pool Rgdiafioe PratectioniVelums 25, No 1, January 2005 (in Chinese). Available as
http://www.cnki.net/kcms/detail/detail.aspx?dbcode=CIFQ&dbName=CJFQ2005&FileName=FSFH200501007 &v=
MTY4MjdSvMkjPs1msbgelMyujOVihH4PfT67H2e Y THIMduOrETQWsJREVEBISVKOc=&uid= and
.http://caod.oriprobe.com/articles/575372/CONSEQUENCE_ASSESSMENT_OF ATTACKING_NUCLEAR_SPE
NT_FUEL POOL BY THRRORI.htm A rough, partial translation is available from Nautilus upon request.
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2.3.1 Radiological Risk Estimate for Daya Bay Nuclear Powe&tation
Reactor and Spent Fuel PooDperational Parameters

The Daya Bay Nuclear Power Station is located on a coastal site in Guangdong province, close
to Hong Kong(seeError! Reference source not found). The Daya Bay units use the French

-310 PWR desigrandeach unit has a gross generation capacity of 984 MWe and thermal
capacities of 2905 MWth. Historically, capacity factors at the plants have averaged about 85
percent since their first operation in 1994. Spent fuel in the Daya Bay glatdsed in at

reactor spent fuel pools. Based on data from the World Nuclear Organization, "A standard 18
month fuel cycle is the normal routine for Daya Bay, 6%y and early M310 to CRRO00

reactors. This has averageburpp of 43 GWd/ t, wi t 1 Fonthixi mum of
analysis, we assume an average huyprof 43 GWd/tHM. The reactor core in each unit contains
72.4 tHM}" We assume that 40% of the fueldiach ofthe Daya Bay reactors is replaced every

18 months, which implies that the fuel that is removedrdurefueling has been in the reactor

for about 45 months, that the burnup in the fuel removed from the cores is abous842

days, and that there is about 2,282 total G'déis of burnup in the core at the time of refueling,
under routine loading/difiarge conditions.

The spent fuel pools at the two Daya Bay units are reported to contain 282 and 284 tHM of spent
reactor fuel, respectively, which is consistent with the paeisg essentially fult® As a result,

cooled spent fuel is removed fronetepent fuel pools and sent to awsaym-reactor storage at
Lanzhou or another storage location. We assume that the transport casks used for Daya Bay
spent fuel transport to Lanzhou or another location are of the SICtype'® These casks

hold 26 assemlies each, meaning that they haldout 12HM each, andhusto hold a

refuelings’ worth of cooled spent fuel from the spent fuel pod feactors will requirgust

under 5czaasks This isroughlyconsistent withthe 104 assemblies per year (appareptgported

by Zhou:

The combination of the assumptions regarding reactor loading/unloading and spent fuel
management listed above yields the Cesiig# (Cs137) inventories shown iRigure2-3.

Here, radioactivity in the reactor core builds up after refueling until the next refueling cycle (the
area shown in red), while the radioactivity in the spent fuel pool, as well as iontiéned

reactor and spent fuel pool, varies by a few hundred PBq (jegtegvel) over the load/unload

YWorl d Nucl ear Or g a-NudeartuelcCycle(agadabléas http:fn@iv.ivarlc
nuclear.org/info/CountrProfiles/CountriesA-F/China-NuclearFuelCycle/.

Y Nuclear Division of The Hong Kong Institution of Engineers (HKIE) (2008), "Guangdong Nuclear Power Base",

available as http://home.pacific.net.hk/~nuclear/info0211.htm.

See, for example, fADaya Bay Nucl eapoweRower Pl ant Unit :
plants.findthedata.com/I/599/Daygay-NuclearPowerPlantUnit-2.

19 See Liu Xuegang (20125 hi nads Nucl ear Energy Devel op,Nautlis and Spen
Special Report available as http://nautilus.org/napsnet/napgaeiaireports/cinasnuclearenergydevelopment
andspentfuel-managemenplans/.

®Yun Zhou (2011), "Chinads Spent Nuclear Fuel Manageme:
Working Paper, Center for International and Security Studies at Maryland, dated Matclin2Qudes "Since then

[2003], the plant has transported 104 assemblies of spent fuel twice a year to the interim storage pool.".
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cycle, with an average of around 1400 PEBee Annexes 1A and 1C to this Report for
additional details of input data and assumptions beyond those ebene.

Figure2-22 Location of Daya Bay (and LingdAo)

DAYA BAY NUCLEAR POWER STATION

« 7Skm
« 50km

. 301:"; M

—

New Territories ' | S

“@W

2 Figure from https://www.hknuclear.com/dayabay/location/pages/locationsiteselection.aspx.
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Figure 2-3: Cs-137 Inventory in Daya Bay Reactor Core and Spent Fuel Pool &odeled
(Unit #2 shown, Unit #1 would be similar)
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Incident Modeling Assumptions

We consider two main scenarios for incidents involving the Daya Bay reactors and spent fuel
pool. For the first scenario, which we call "Wetsise Reactor Incident” (881"), one of the
reactors is assumed to suffer a core breach and subsequent loss of coolant due to an extreme
seismic event or attack. In this case, the spent fuel pool may or may not suffer a loss of coolant,
either through being breached by the sanentar by losing cooling capacity when utilities

(power and/or water) are lost as a result of the incident, but because the spent fuel pool is not
densepacked, the spent fuel in the pool is able to cool in air and a zirconium cladding fire does
NOT ensue.We assume, in scenario 1, since the two Daya Bay units are physically separated,
that the second reactor core remains intact, and standard or emergency cooling can be
maintained, even if there is damage to the second reactor. This scenario thersfo doe

include common mode failuresuch as the interruption of pumping and water utilities affecting
both units, coupled with radiation or other conditions that prevent emergency cooling measures
from being undertaken.

For the second scenario, which wdl t@&/orst-case Spent Fuel Pool Incident" (or "S2"), we
assume that as a result of a seismic event, catastrophic operational accident (such as dropping a
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transport cask into the pool), or terrorist attack, the pool suffers a coolant loss and cooling cannot
be restored before cooling water mostly or completely evaporates. Further, those regions of the
stored spent fuel that have been most recently (within the past few montleg)defdl from the

two reactors are assumed to reach temperatighssnough focladding failure and ignition,

resulting in a zircomim fire that engulfs an amount of spent fuel equal to the most recent off
loading The "Participation Fraction'The variabléPART FRAC", in the analytical Handbook

and workbook prepared by Gorddhompson of the material in the spent fuel pool is assumed

to be a function othe density of racking in the pool. We assume that the racking continues to be
low-density in both scenarios.

In S1 we assume that even if the incident focused on a reaetrcdose a loss of coolant in a
spent fuel poolpassive cooling in air is sufficient that the cladding does not reach ignition
temperature, and thus the Participattwaction for each of the spent fuel pools in Sieiy and
the release fractioffraction of radioactive material in the spent fuel pool released to the
atmospherejs similarlyzero. h S2, however, we assume that the most recentlipaffed spent
fuel, a total of 28.98HM, does participate in a pool firdhe Participation Fraction fdhe spent
fuel pool (assumed to be unit 2) in scenario 2 would therefo@ellfe In this scenario involving
cladding failure and significant €s37 emissions (S2¢ release fraction @3 is assumed.

We assume that in this scenario only the spentpfo@ for the first unit is affected, and thus the
participationand release fractions for the spent fuel pool for the first unit arezbath

For one of the reactors, for S1, we assume that it expesiarame melt, and thus its
participation fractio is1, thoughthe participation fraction for the second reactor is assumed to
bezerg and the release fraction is similazgra

Based on consideration of Table Hz3n the Handbook, as well as estimates of fraction of the
Cs137 inventory in thé&ukushima reactor cores that were released to the atmosfihveze,

assume a release fraction of 0.05 for one of the reactors for Sihich assume an incident

that would breach containment and the reactor vessel, and severely damage the reactor and the
fuel within. For the both of the reactors, for S2, we assume that the incident involving one of the
spent fuel pools does not affect the reactmsugh to cause a core melt (or emergency

procedures are sufficient to prevent a core melt if the reactors is dgmaggttius the

participation fraction for both reactors is by definitzaro. The release fraction ("REL FRAC")

for S2 for the reactors is assumed t@bg since neither reactor is assuntedindergo a core

melt.

In either scenario, though dry caskgsmansport casks are present at the time of the incident (and
transport casks, at least, may well ve@,assume that the casks will be sufficiently distant from

the reactor and spent fuel pool and/or sufficiently rothedttheir participation and relea

fractions are alkera A possible exceptional case might be if the incidaotident or attack)

occurs the period when transport casks are being loaded, in which case, depending on where they
are physicalljjocated near the spent fuel pool and howcmiuel is in them at the time of the

incident, there could be additional complicatioii$ie spent fuel placed in transport casks,

%2 gee, for example, Stohl et 8012 fttp://www.fukushimaishere.info/AtmosphereRprt_mar12).paiid Koo et al,
2014 (abstract at http://www.sciencedirect.com/science/article/pii/S0149197014000444).
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however, has been cooled for several years, and is thus likely to be passively comdéghifis

lost. The spent fuel ia notyet-closed transport cask might be vulnerable to terrorist attack with
an incendiary devicthat would ignite the cladding in the spent fuel in the cask, but this
eventuality is not explicitly considered in our scenarios.

We assume an average wimgesd of 3.4neters/second, based very roughiyconsiderations of
recent annual windspeed values for the spring and fall (when prevailing winds are mostly East to
West forShanwei, which igastalong the coast from Daya Bay, aiod Hong Kong, which is

West and South from Daya B&Y.An older document entitleBnvironmentaRadiation

Monitoring in Hong Kong, Technical Report No. 3, Surface Meteorological Conditions in Daya
Bay, 19841988%* suggests that average wind speeds in Daya Bay are more likedystmilar

to those in Shanwei than in Hong Konbhis wind speed is equivalent1@.07km/hour. We

use a deposition velocity ("DEP VEL") @fcm/second, od.01meter/secondyhich is a typical

value used with the wedge model.

Nearby Populations

TheDy a Bay (and Ling6Ao) nuclear stations are
Province. We assume a prevailing wind at the time of the incidenttfremast or northeast,

which is common in the area for most times of year except the summer (Jumgh tAtgust),

when winds from the southwest prevail. There are some smaller populationdewvitarens

of thousands of residei@swithin about 30 km of the plans, and major population cediters
multi-million-residentShenzhen and Zhongshan to the West,Hmaly Kong to the Southwest
starting at about 40 km from the plant&gure2-4 shows a satellite view of the ngalant area

and the nearest nearby community, abokinGaway. Figure2-5 shows a map of the area

overlaid with trajectories for emissions clouds traveling in two potential directions, assuming
wedge angles of about &.2adians. Note thalhe impacts associated with these two trajectories
are not additivé they represent different trajectory scenarios, but each is associated with winds
that are not uncommon in the area.

% Data fromhttp://www.windfinder.com/windstatistics/
%BY. Lee, M.C. Wong and W.Y. Chan of the Royal Observatory, Hong Kong, dated July, 1991, and available as
http://www.hko.gov.hk/publica/rm/rm003.pdf.
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Figure 2-4: GoogleEarth | mage of t he DG@oyplex Brallpw Qval)ramdd A o
Nearby Community (Red Circle)

Figure 2-5: GoogleEarth| mage of the Daya Bay/ LingdAo/ Sout
Area with Assumed Directions of Emissions Clouds

Google
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Modeling Results

Table2-1 summarizes the atmospherite@ses of G437 in each of the two scenarios evaluated
for incidents occurring at various time intervals after the first refueling modeled. Because the
inventory of radioactivity in the Daya Bay reactor cores vary significantly over the refueling
cycle,the total release in Scenario 1, which affects the reactor core, can change depending on
when the incident occurs. The spent fuel pool inventory ef3Fsvaries relatively little over

the refueling cycle, because cooled fuel is removed whenever newsgléatadded to the

pool, so the variation of emissions of-C37 depending on when the release occurs is relatively
small for Scenario 2.

Table 2-1: Summary of Cs137 Emissions Results fronBoth ScenariosBased on Timing of
Incident

Atmospheric Emissions of Cs-137 (PBq) for an Incident Occuring

1 year after |3 years after |5 years after |10 years after| 20 years
Scenario refueling refueling refueling refueling |after refueling
S1: Worst-case Reactor Incident 10.7 13.3 8.1 10.7 8.1
S2: Worst-case Spent Fuel Pool Incident 36.9 37.7 37.3 36.8 37.2

Figure2-6 andFigure2-7 show the estimated ground contamination from a radiological release
incident at one afhe Daya Bay reactors for Scenario 1 (reactor incident) and Scenario 2 (spent
fuel pool incident), respectively.In both cases, an incident 20 years after the first refueling
modeled would produce similar results to those shown.
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Figure 2-6: Estimated Ground Contamination from a Radiological Release Incident at One
of the Daya Bay Reactors Involving the Reactor Core (Scenario 1)
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Figure 2-7: Estimated Ground Contamination from a Radiological Release Incident at One
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of the Daya Bay Reactors Involving the Spent Fuel Pool (Scenario 2)

Estimated Ground Contamination from
Incident at Daya Bay PWRs
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Figure2-8 andFigure2-9 show the estimated firgear dose for a person at various distances

from the Daya Bay reactors for incidents involving releases df3Zdrom a reactorare and a

spent fuel pool, respectivel]WSEPA recommendationsdicate that a firsyear dose 020 mSv

(millisievert) is thethresholdtriggeringabandonment of lants For scenario 1, varying

somewhat with when during the refueling cycle the incidestrs, the modeled area over 20

mSy falls just short of the heavily populated areas near Daya Begyradius of land area
nominallycontaminated to a dose threshold of 20 mSv would be abet@ Blometersin this
scenario. In Scenario 2, involviniget spent fuel pool of one of the reactors, the radius
contaminated to a dose threshold of 20 mSv exparalsawt 100 km, intersecting with the
major population centers of Shenzhen (for a prevailing wind blowing toward the west) and Hong
Kong (for a wind bbwing to the southwest), but falling short of the Zhongshan area.

% Gord 0o n

Thompson (2013, ibid) describes the

EPAOGS

t hresh

nuclear incidents, the US Environmental Protection Agency (EPA) recommends that the general population be
relocated if the cumulative tgear dose to amdividual at a radioactivelgontaminated location is projected to
exceed 0.02 Sv. EPA states that the projected dose should account for external gamma radiation and inhalation of re
suspended material during the 1st year, but should not account falirgiiiedbm structures or the application of

dose r

educti on

Agency documentyianual of Protective Action Guides and Protective Actions for Nuclear Inci¢@fashington,
DC: EPA, Revised 1991, Second printing May 1992).
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Figure 2-8: First-year Estimated External Dose from a Radiological Release Incident at
One of the Daya Bay Reactors Involving the Reactor Ge (Scenario 1)
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Figure 2-9: First-year Estimated External Dose from a Radiological Release Incident at
One of the Daya Bay Reactors Involving the Spent Fuel Pool (Scenario 2)
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Figure2-10 andFigure2-11 show the cumulative dose over time for exposures resulting from
radiological release incidents involving one of the Daya Bay reactors and one of the spent fuel
pools, respectively. Here, avéor Scenario 1, exposure at the major nearby population centers

up to about the center of Zhongshan exceetdtBeE PAG s cumul ayeardose 50 mSyv
guidelinefor an exposed individudl, with cumulative doses under Scenario 2 considerably
exceeding th& SEPA guidelines over a radius of over 200 kin.both cases, releases were

modeled as occurring 3 years after the first refueling modeled.

% As described by Gordon Thompson (2013, ibid).
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Figure 2-10: Cumulative Estimated External Dose from a Radiologial Release Incident at
One of the Daya Bay Reactors Involving the Reactor Core (Scenario 1)
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Figure 2-11: Cumulative Estimated External Dose from a Radiological Release Incident at
One of the Daya Bay Reaadrs Involving the Spent Fuel Pool (Scenario 2)
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Table2-2 andTable2-3 estimate the number efrly, or prematur&’, deaths from cancer

resulting from the exposures associated with reactor and spent fuel pool incidents at Daya Bay.
For a reactor incident, abb80,000 premature deatlig the communities included in this
assessmentgsult at rates ranging from aba@ in the community closest to Daya Bay to under
1% in the nearby big urban areas. For the scenario postulating an incident involving a $pent fue
pool, the impacts are greater, with about 80,000 premature dgedtiesincluded communities
andrates of premature death of more than 20%hénclosest community and more than 2

percent in the big nearby cities.

?"That is, deaths that occur earlier than they would otherwise would have occurred as a result of airatlieédn
cancer.
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Table 2-2: Calculation of Collective Dose at Selected Locations along Deposition Psth
from Daya Bayfor Release3 Y ears after First Refueling Modeled for Scenario 1, Reactor

Incident
First Year
Collective
Population Radiation
Diameter (km) Density Dose
Location Inner Outer persons/km? | person-Swviyr
Ling'Ao Community 5.5 7.5 10,308 4,862
Starling Inlet 28 32 1,333 1,173
Shenzhen 40 64 7,500 37,072
Zhongshan 104 120 3,600 9,918
Hong Kong 44 52 32,720 54,547
Implied
Cumulative Percent Number of
Collective Exposed Premature | Premature
Radiation Dose [ Population Deaths Deaths
Location person-Sv People %
Ling’/Ao Community 49,122 33,500 7.478 2,505
Starling Inlet 11,848 40,000 1.511 604
Shenzhen 374,555 | 2,340,000 0.816 19,102
Zhongshan 100,206 [ 1,612,800 0.317 5111
Hong Kong 551,118 3,141,120 0.895 28,107
TOTAL of first four locations (not total of
exposed area) 535,731 4,026,300 0.679 27,322
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Table 2-3: Calculation of Collective Dose at Selected Locations along Deposition Psth
from Daya Bayfor Release3 Years afterFirst Refueling Modeled for Scenario 2, Spent

Fuel Pool Incident

Initial
Collective
Population | Radiation
Diameter (km) Density Dose
Location Inner Outer  |persons/km? person-Swiyr
Ling'Ao Community 5.5 7.5 10,308 13,745
Starling Inlet 28 32 1,333 3,315
Shenzhen 40 64 7,500 104,804
Zhongshan 104 120 3,600 28,039
Hong Kong 44 52 32,720 154,209
Implied
Cumulative Percent Number of
Collective Exposed | Premature | Premature
Radiation Dose | Population Deaths Deaths
Location person-Sv People %
Ling’Ao Community 138,872 33,500 21.142 7,082
Starling Inlet 33,495 40,000 4.271 1,708
Shenzhen 1,058,891 | 2,340,000 2.308 54,003
Zhongshan 283,290 | 1,612,800 0.896 14,448
Hong Kong 1,558,049 | 3,141,120 2.530 79,460
TOTAL of first four locations (not total of
exposed area) 1,514,549 4,026,300 1.918 77,242

As with the estimates of radiological exposure prepared for nucleds plalapan and the

DPRK, as described in subsequent sections of this Chapter, we prepared rough estimates of
damageselated tgorematurenumandeathsth ased on t wo esti mat es
l'ifed compiled in a .rOneodfthese valles framthewnitedeState® f
(about $10 million per person in 2012 dollars) and oneois the ROK (about $1.1 million per
person)® These particular values were not chosen as representative of or applicable to the
residents of any givecounty they just represent an illustrative range from the estimates that
have been prepared\pplying these estimatésand remembering that these calculations include
both the extrapolation of the calculationppématuredeaths to very low doses of radctivity
andthe application of the value of a statistical life, each of which invahvesyassumptions

about which there is considerable deBaygelds values in the rangg $30to $400billion for an
incident involving a Daya Bay reactor, aperhaps 80 billion to $1 trillion for an incident
involving a spent fuel pool. These totals do raatdrin population areas that the plume of

of t |
stu

% ROK value from p. 27 of W. Kip Viscusi and Joseph E. Aldy (2003), "The Value of a Statistical Life: A Critical
Review of Market Estimates Throughout the Worlthe Journal of Risk and Uncertain®7:1; 5 76, 2003, one
version of which is available dstp://yosemite.epa.gov/ee/epa/eerm.nsf/vwANEB309.pdf/$file/EE0483

09.pdf The US value roughly of $10 million per premature death from solid cancesponds to the high end of a
range cited in Gordon R. Thompson (2013), Handbook to Support Assessment of Radiological Risk Arising from
Management of Spent Nuclear Fuel, and is used in the Methodology set out in the Handbook.
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material released will encounter that are not includedeanT ables above Note, however, that

the range of valuesep excess death that has been used here is adopted with no attempt to adapt

it to Chineseconditions or practiceslt is important for readers to keep in mind that the range of
prematuredeaths and value thereof is enormous in this sensitivity analysis due to the
combination in the calculations of highw dose response assumptions with Hmgl estimated
values of excess deaths.

232 Radi ol ogi cal Ri sk Esti mat eonf or Li
Reactor and Spent Fuel Pool Operational Parameters

ngo

The Ling6Ao Nuclear Power Station is |l ocated

coast of Guangdong Province. The Lingb6Ao
two nuclear unit®f 990 MWe gross capacity each, which entered commercial operation in May
of 2002 and January of 2003, respectiv@lyPhase 1, with two additional units, was added in
2010 and 2011. The analysis below, however, focuses on the Phase | reactors.

TheLingg Ao Phase | CiPRIOQOGNitshases omilee dFrerich 900 MWe three
cooling loopPWR design® Their output is sent to Guangdong Provingégure2-12 showsa
phot o o fAoRhhse |Iréactarsgaidd related buildinggrough 2013, the two Phase |
reactors operated at capacity factors averaging 88 and 89 pespemit fuel in the Daya Bay
plants is stored in akactor spent fuel pools. Based on datanfthe World Nuclear

Organizatonas noted above (and | ike the &angaed Bay

18-month fuel cycleand we assume an average bumof 43 GWd/tHMand U235 enrichment
of 4.45% The reactor core in each unit contai@sAAHM. As with the Daya Bay plants, we

assume that 40% of the fuel in each of the reactors is replaced every 18 months, which implies

st a

p |

that the fuel that is removed during refueling has been in the reactor for about 45 months, that the

burnup in the fueremoved from the cores is about363Wth-days, and that there is about
2,374total GWthdays of burnup in the core at the time of refueling, under routine
loading/discharge conditions.

2 See, for example, the IAEactor database documents
http://www.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?currerdaré3
http://www.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?currerané http://nucleapower
plants.findthedata.com/I/601/Lirgo-NuclearPowerPlantUnit-1.

¥See, for example, NucleanmgTHWoe&ucl eiari #bpiwee EPNHAhN!
http://www.nti.org/facilities/780/ and Government of Hong Kong Speci al
Bay Contingency Pl an:ilabktashtpévawv.diempgmehk/en@dafatyglastehtm a v a
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Figure2-12Phot o of Ling6Ao Phas' | Nuclear F

Given the time that the reactors have been operating, the implied number of discharges for
reactor 1 would be 7.79 through 1/1/2014, with di8dharges for reactor 2, or a total of 15.13
discharges as of the end of 2013. This implies that the inventory of spent fuel in the two pools as
of that time was 21,121 GWAttays, equivalent to 405.44 tHM discharged total, or 202.72 tHM

for reactor 1 an@02.72 for reactor 2 (counting full discharges onlyjamatomeepors spent

fuel pool capacity of 1200 assemblies (presumably per reaatioighappears to correspond to
about 553.38 tHM per pool (one pool per reactdr)The descriptioprovide by Famatome

suggests that typical operations leave room for the equivalent of about 3.50 fuel replacement
cycles (for one reactor), suggesting that maximum effective working capacity would be 452.02
tHM per pool (at one pool per reactor). Some referencesvi@nd elsewhere) list the design
capacity of the LingAo spent fuel pools as 20 years with dense packing. This seems close to the
estimated capacity above, based on an estimated 19.31 tHM/yr discharge per reactor.

The combination of the assumptions refjag reactor loading/unloading and spent fuel
management listed above yields thel33 inventories shown iRigure2-13. Here,

radioactivity in the reactor core lids up after refueling until the next refueling cycle (the area
shown in red), while the radioactivity in the spent fuel pool, as well as in the combined reactor
and spent fuel pool for each reactor, builds up over time until the pool is full (assumseg den
packing) at an inventory of slightly under 2000 PBq in abou6202 years from the start of
modeling), at which point we assume that cooled fuel begins to be removed for dry storage either

Photo from Hong Kong Observatory (2012), fALingao Nucl e
http://www.hko.gov.hk/education/dbcp/powageng/r2.htm

¥Framatome ANP (2010), ALING AO 2 x 1000 MWe PWR: A su«
http://ecolo.org/documents/documents_in_english/chingAo-successtory.pdf (see page 20).
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at or near the nuclear power plant complex, or at an inteateestiorage facility such as
Lanzhou.

Figure2-13Css137 I nventory in One Ling6Ao Phase |
as Modeled (Unit #2 shown, Unit #1 would be similar)
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Incident Modeling Assumptions

We consider three main scenarios for incidents involving thedRmgeactors and spent fuel

pools. For the first scenario, which wall "Worstcase Reactor Incident” (or "S1"), one of the
reactors is assumed to suffer a core breach and substrgseot coolant due tan extreme

seismic event or attack. In this case, the spent fuel pool may or may not suffer an initial loss of
coolant, either through being breached by the same event or by losing cooling capacity when
utilities (power and/or watgiare lost as a result of the incident, but becaoséng is assumed

to be restored to the pool, the spent fuel in the pool is able to be cooled sufficiently that a
zirconium cladding fire does NOT ensud/e assume, in scenario 1, since the two &ug

Phase Lnits are physically separated, that the second reactor core remains intact, and

standard or emergency cooling can be maintained, even if there is damage to the second reactor.

This scenario therefore does motlude common mode failuresuch & the interruption of
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pumping and water utilities affecting both units, coupled with radiation or otimelitions that
prevent emergency cooling measures from being undertaken.

For the second scenario, which we call "Waase Spent Fuel Pool Incidenst ('S2"),we
assume that as a result of a seismic evan@strophic operational accident (such as dropping a
transport cask into the pool), or terrorist attack, the pool suffers a coolant lassoéind cannot
be restored before cooling water mostlycompletely evaporates. Further, because the spent
fuel pool is densg@ackedfuel that ha been most recently afbaded from the reactor is
assumed to reach temperatunegh enough for cladding failure and ignition, resulting in a
zirconium fire that dtimately engulfs all of the fuel in the pool.

For the third scenario, which we call "Worst Case Reactor and Spent Fuel Pool Incident" (or
"S3"), we assume that one of the spent fuel paotsone of the reactors (probably for the same
unit) are compromiskto the extent that the reactor suffers a meltdown as in S1 and the spent
fuel pool has a pool fire as in S2. This could come as a fsauit accident or attack that
breaches reactor containment and the spent fuel pool at the same time, or damidiges a un
reactor or poglcausing commomode failures in cooling utilities (electricity for pumps and/or
water supplies), that cannot be rectified in time to pretrentfailure of the unit's pool or reactor.

The "Participation Fraction" ("PART FRAC") of tmeaterial in the spent fuel pool is assumed to
be a function othe density of racking in the pool. We assume that the racking continues to be
high-density in all scenariodn S1 we assume that even if the incident focused on the reactor
does cause ads of coolant in the spent fuel pomstored cooling happens rapidly enough that
the cladding does not reach ignition temperature, and thus the Partickaiion for the spent
fuel pool in S1 izerg and the release fraction is similaggro.In S2 and S3, however, we
assume that the full complement of fuel in the pool, wkiantes based othe time of the
incidentfor eachreactor, does participate in a pool fifehe Participation Fraction for the spent
fuel pool in scenarios 2 and 3 for reactoor 2 would therefore ey definition1.0Q In the
scenarig involving cladding failure and significant €187 emissions (S&nd S3J, a release
fraction 0f0.3is assumed.

Spent fuel in the second spent fuel pool is assumed to suffer no damagmaidér under any
scenarios, and thus its participation andas¢ fractionsrre both assumed to bero. We
assume thatne of the reactors, in both S1 and &§eriencea core melt, and thus its
participation fraction i4.00, althoughthe particip#ion fraction for the second reactor is
assumed to beero,and the release fraction is similadgro.

As in the Daya Bay analysiwe assume a release fractior0Od5for one of the reactors for S1

and S3which assumgan incident that would breach containment and the reactor vessel, and
severely damage the reactor and the fuel witkior. both of the reactors, for S2, we assume that
the incident involving the spent fuel pool does not affect the reactors enoughd@aznrs melt

(or emergency procedures are sufficient to prevent a core melt if the reactors is damaged, and
thus the participation fraction for both reactors is by definitiern The release fraction ("REL
FRAC") for S2 for the reactors is assumed t@&a since the neither reactor is assumed to
undergo a core meltin all three scenarg) though dry casks or transport casks may be present at
the time of the incident (especially if the incident occurs after about 2084ssume that the
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casks willbe sufficiently distant from the reactor and spent fuel pool and/or sufficiently robust

that their participation and release fractions arealb. As with Daya Bay, jpossible

exceptional case might be if the incidéatcident or attack) occurs the jpekrwhen transport

casks are being loaded, in which case, depending on where they are phigsiatdly near the

spent fuel pool and how much fuel is in them at the time of the incident, thedebeoatiditional

complications.The spent fuel placed inainsport casks, however, will have been cooled for

many years (perhaps even 20), and is thus likely to be passively coobedaift is lost. The

spent fuel in a neyet-closed transport cask might be vulnerable to terrorist attack with an
incendiary deice that would ignite the cladding in the spent fuel in the cask, but this eventuality
is not explicitly considered in our scenarios.

Nearby Populations

Guangdong Province, with a population that would rarfkdl@bally as a country if it were its
i Daya

ownnd i on, i s

home

t o

bot h

t he

description of nearby populations provided for the Daya Bay plant, above.

Modeling Results

Bay

Table2-4 summarizes the atmospheric releases e1&&in each of the three scenarios
evaluated for incidents occurring at various time intervals after January 2014, which is used as

the start t i

me

f or

mo d e | i nsg Asaonith thee Daya Bag andl e n t

and

Lin

at

most other lightwvater reactors, because the inventory of radioactivity in the reactor cores varies
significantly over the refueling cycle, the total release in Scenario 1, which affects the reactor
core, can change dependingwhen the incident occurs. The spent fuel pool inventories-of Cs

137 for t he

LingbAo

reactor s,
up, but then vary relatively little over the refueling cycle, because cooled fuel is removed

as

not ed

above,

whenever new spent fuel is added to the pool, so the variation of emission&f Gspending
on when the release occurs is relatively small for Scenario 2 and 3 after about year 12.

Table 2-4: Summary of Cs-137 Emissions Results fromAll Three ScenariosBased on

Timing of Incident

Atmospheric Emissions of Cs-137 (PBq) for an Incident
Occuring
1 year 3 years 5 years 10 years | 20 years

after Jan. | after Jan. | after Jan. | after Jan. | after Jan.
Scenario 2014 2014 2014 2014 2014
S1: Worst-case Reactor Incident 11.2 13.9 8.4 11.2 8.4
S2: Worst-case Spent Fuel Pool Incident 343.7 375.9 454.9 545.2 586.9
S3: Worst-case Reactor and Fuel Pool Incident 354.8 389.7 454.9 556.3 595.4
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Figure2-14, Figure2-15, andFigure2-16, respectivelyshow the estimated ground

contamination from a radiological release incident at one df then gumitsfor Scenario 1

(reactor incident) and Scenario 2 (spent fuel pool incidant),Scenario 3 (reactor and spent

fuel pod incident). Because so much of the inventory of the desxdeed spent fuel pools are
assumed to be involved in a pool factor, and thus released, in Scenarios 2 and 3, the resulting
ground contamination for those scenarios is on the order of 40 or & dsrhigh as that

estimated for Scenario In Scenarios 2 and 3, which are not very different in terms of their
results, ground contamination increases for incidents that happen later in time until the spent fuel
pools are full, with incidents after thiamed about 2026 having approximately the same

impact.

Figure 2-14: Estimated Ground Contamination from a Radiological Release Incident at
One of theL i n g ReAators Involving the Reactor Core (Scenario 1)
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Figure 2-15: Estimated Ground Contamination from a Radiological Release Incident at

One of theL i n g ReAators Involving the Spent Fuel Pool (Scenario 2)
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Figure 2-16: Estimated Ground Contamination from a Radiological Release Incident at

One of the LingdAo Reactors I nvol vi
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Figure2-17, Figure2-18, andFigure2-19 show the esthated firstyear dosef radiationfor a
person at various distances from thé n gréagtors for incidents involving releases of 135
from a reactor core and a spent fuel pool, respectivedywith Scenario 1 for Daya Bay, the
fir sty ear dose esti mated based on scenario
USEPA recommeretifirst-yearthresholddose 0f20 mSvtriggeringabandonment dandsat a
radius of about 3@0 km, whch isjust short of the major cities in the are&orScenario2 and
3, the involvement of a spent fuel pool in-C37 releases means thia¢ modeled areaith a
first year dose obver 20 mSvs very large, with firsiyear dose ranging from about 70120
mSv even at a distance of 200 km from the reactdrthat distance, for a prevailing wind

blowing toward the west, the plume would intersect population sectors well past the Zhongshan

area. IBr a wind blowing to the southwegite modeling resultsuggest that Hong Kong
residents would receive a firgear dose on the order of 20 to 50 times the USEPA
recommended level for abandonment of lands.

Figure 2-17: First-year Estimated External Dose from a Rdiological Release Incident at
One of theL i n g ReAators Involving the Reactor Core (Scenario 1)

Estimated External Dose after Deposition
from Incident atLingAoPWRs

250 — Ling'Ao
Community Shenzhen  Zhongshan
200 + Starling
Inlet Hong —o—1 year after Jan 2014
E\ 150 - Kong
S -3 years after Jan 2014
0
£ 100 - 5 years after Jan 2014
=10 years after Jan 2014
50 20 years after Jan 2014
- T - T T =i = — i

0 25 50 75 100 125 150 175 200
Downwind Distance from Site (km)

54



for Security and Sustainability

@)\ The Nautilus Institute

Figure 2-18: First-year Estimated External Dose from a Radiological Release Incident at
One of theL i n g ReAators Involving the Spent Fuel Pool (Scenario 2)
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Figure 2-19: First-year Estimated External Dose from a Radiological Release Incident at
One of the Lingo0Ao Reactors | Poul@kenarim3d t he Re
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9,000 ~— . .
ing'Ao

8,000 T Community‘ Shenzhen ZhongShan

7,000 - Starling

6,000 - Inlet Hong —o—1 year after Jan 2014
< 5,000 - Kong —-3 years after Jan 2014
UE) 4,000 - 5 years after Jan 2014

3,000 =10 years after Jan 2014

2,000 =420 years after Jan 2014

1,000

0 25 50 75 100 125 150 175 200
Downwind Distance from Site (km)

55



@\ The Nautilus Institute

for Security and Sustainability

Figure2-20, Figure2-21, andFigure2-22 show the cumulative dose over time for exposures
resulting from radiological releaggcidents involving one of the i n gréaatorsone of the

spent fuel poolsand a reactor and a spent fuel poegpectively.For Scenario 1, exposure at

the major nearby population centers up to about the center of Zhongshan ex¢¢&IEhR A 6 s
cumulatve 50 mSv 56year dose guidelin®r an exposed individuaith cumulative doses

under Scenarm?2 and 3exceeding the USEPA guidelinkg a factor of 15 to 20ver a radius of

200 km. Inall casesreleases were modeled as occurring 3 years aftstdheof the period

modeled in January 2014. For an incident occurring later (when spent fuel pools have higher Cs
137 inventories, cumulative doses under Scenarios 2 and 3 are even higher

Figure 2-20: Cumulative Estimated External Dose from a Radiological Release Incident at
One of theL i n g ReAators Involving the Reactor Core (Scenario 1)
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Figure 2-21: Cumulative Estimated External Dose from a Radiological Release Incident at
One of theL i n g ReAators Involving the Spent Fuel Pool (Scenario 2)
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Figure 2-22: Cumulative Estimated External Dose from a Rdiological Release Incident at

One of the LingdAo Reactors Involving the
Estimated Cumulative External Dose from
Incident atLing’AoPWRs
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Table2-5 andTable2-6 presenestimats ofthe number of premature deaths from cancers
resulting from50-yearexposures associated with reactor eeattorépent fuel pool incidents at

t he Li ng 6(8cenamsd and 8)Resullts for Scenario 2, an incident involving a spent
fuel pool only, are not shown, but are just slightly lower than those shown for Scenario 3, since
the release of radioactivity from the spent fuel pool dominates the Scen&imo)larto the

results for the Daya Bay plangrfa reactoonly incident, about30,000 premature deaths in the
communities included in this assessment result at rates ranging fron8&twouthe community
closest tahe nuclear plantsp underl% in thenearby big urban aregShenzhen or Hong

Kong, depending on wind directian}-or the scenario postulating an incident involving a spent
fuel pooland a reactotthe impacts armuchgreater, with about &)000 premature deaths in the
included communitiesgand rates of premature deathl60% in the closest community aoc

the order of 2fpercent in the big nearby cities.
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Table 2-5: Calculation of Collective Dose at Selected Locations along Deposition Psth
fromL i n gforAa®eleasel Years afterJanuary, 2014Modeled for Scenario 1, Reactor

Incident
Initial
Collective
Population | Radiation
Diameter (km) Density Dose
Location Inner Outer persons/km2 person-Sv/yr
Ling'Ao Community 5.5 7.5 10,308 5,058
Starling Inlet 28 32 1,333 1,220
Shenzhen 40 64 7,500 38,565
Zhongshan 104 120 3,600 10,318
Hong Kong 44 52 32,720 56,745
Implied
Cumulative Percent Number of
Collective Exposed | Premature | Premature
Radiation Dose [ Population Deaths Deaths
Location person-Sv People %
Ling'Ao Community 51,101 33,500 7.780 2,606
Starling Inlet 12,325 40,000 1571 629
Shenzhen 389,643 | 2,340,000 0.849 19,872
Zhongshan 104,243 1,612,800 0.330 5,316
Hong Kong 573,320 | 3,141,120 0.931 29,239
TOTAL of first four locations (not total of
exposed area) 557,313 4,026,300 0.706 28,423
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Table 2-6: Calculation of Collective Dose at Selected Locations along Deposition Psth
from L i n gforRelease3 Years afterFirst Refueling Modeled for Scenario3, Reactor
and Spent Fuel Pool Incident

Initial
Collective
Population Radiation
Diameter (km) Density Dose
Location Inner Outer persons/km?| person-Sviyr
Ling'’Ao Community 55 7.5 10,308 141,943
Starling Inlet 28 32 1,333 34,236
Shenzhen 40 64 7,500 1,082,306
Zhongshan 104 120 3,600 289,554
Hong Kong 44 52 32,720 1,592,500
Implied
Cumulative Percent Number of
Collective Exposed Excess Excess
Radiation Dose | Population Deaths Deaths
Location person-Sv People %
Ling'’Ao Community 1,434,120 33,500 100.000 33,500
Starling Inlet 345,903 40,000 44,103 17,641
Shenzhen 10,935,073 | 2,340,000 23.833 557,689
Zhongshan 2,925,506 | 1,612,800 9.251 149,201
Hong Kong 16,089,825 | 3,141,120 26.124 820,581
TOTAL of first four locations (not total of
exposed area) 15,640,603 4,026,300 18.827 758,031

As with the other radiological exposure results presented in this remoprepared rough

estimates of @mageselated toprematurehumandeathsbasedontwe st i mat es of t he
a statistical | ifed compi,éandlracketngarangesfrddpi.bw of a
million to $10 millionper persorin 2012 dollars Applying these estimatagelds values in the

rangeof $30to $400billion for an incident involving & i n gréa&toronly, rising toperhaps

$800 billion to $10trillion for an incident involving aeactor and apent fuel pool Again, the

vast bulk of the radiation release is from the spent fuel pool, and as in the Daya Bay plan
estimates,htese totals do noattorin population areas that the plume of material released will
encounter that are not includedtive Tables aboveOnce again, the reader is urged to bear in

mind uncertainties in this calculation causedh®scombmnation of highlow dose response

assumptions with higlow estimated values of excess deaths.

233 Conclusions from Daya Bay and Lingo6A

The results of the radiological rel ease model
(Phase 1) nuclear powéacilities provide a convenient way to compare the impacts of near

identical reactors in essentially the same location, but with one crucial différémee@ise of
densepacked spent fuel pools at the LingbdAo Phas
radiological impacts of a reactanly incident as modeled would, if Chinese authorities use
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criteria similar to that of the USEPA to identify areas to be abandoned, require the evacuation

and at least temporary abandonment of an area stretching from tles¢éactearly the borders

of Shenzhen or (depending on wind direction) Hong Kong, though in the latter case most of the
intervening area is ocearn incident at the Daya Bay plant involving the spent fuel pool,

assuming the participation and releasetfracons we have used are plaus
event, would be much more serious, with accumulateg/¢a®) doses in big cities as far away

as Zhongshan and beyond considerably exceeding USEPA guidelines. As serious as such an
incident would be, howeer , an incident involving one of t|
far worse, withexposures sufficient to cause hundreds of thousands of premature cancer deaths

and almost certainly require the abandonment of one or several big cities, depentmg on t

prevailing wind direction at the time of the incident.

The sum of these results suggédke following:

T At both the Daya Bay and LingdAo reactor s,
to reduce the risk of cooling failure in both the reactors and spent fuel pools, including
the installation of redundant emergency systems for water and power sumply,
attention to potential commemode failures involving, for example, loss of water,
power, and or safe access to reactors or spent fuel pools. Implementation of many such
measuress likely already underway as a result of the peskushima safety reews
required of Chinese reactors.

T I'n addition, the spent fuel pools at+ the L
densepacked format to reduce the potential for radiological release in the event of a
sustained lossf-coolant incident.This implies moving some of the existing inventory of
spent fuel in the Ling6bAo Phase | pools to
storage away from the reactors, as is the practice at Daya Bay. The result would likely be
t hat t he Li n geachastepdy stdtesof transfars inland out within the next
few years.

However | ow the risk of an incident |ike thos
be, the radiological results of such an incident are potentially so severe, weanguédthat the

relatively modest investmetitin outof-pool spent fuel storage and related infrastite cannot

fail to be prudent and socially justifiabl&ee Annegs1B and 1Dto this Report for additional

details of results of hanalygsofincident s at t he Daya Bay and Lingé

¥ See discussions and analysis presented later in this repestifoates of the costs of moving from depseked
spent fuel pools.
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2.4 Radiological Risk Attitudes and Estimate in Japan

Below we explore the potential radiological releases associated with an accident at or attack on a
nuclear power plant in Japan, with the Hamaoka plant, southwest of the Tokyo area, taken as an
example. We explore several scenarios for radiological edeasorder to estimathe

potentialimpacs of an accident or attack, and thus the potebéiaéfitsin measures taken to

avoid those impacts, including measures reflected in the three Restart paths presented later in this
Report. We do not, howevdocus ondetermining how such garticular accident or terrorist
attackmight proceed and result in damage to reactors and/or spent fuel pabég,iaghe
subjectofothepr esent at i ons and Vynerpbdity ® TeprorienpimaNueedr f or
Spent FSIjeI Managemeént Pr oj ect a n dcemnariodworkshopbetd énGepeember A

of 2015:

2.4.1 Reactor and Spent Fuel PodDescription and Operational Parameters

Nautilus staff prep&da radiological risk assessment for th@maokanuclear power lant, a
complex ofolderand one neweBWR-type unitslocatedsouthand east othe Tokyo area The
Hamaoka site hosts five reactors, Units 1 and 2, at 540 and 840 gross MWe, respectively, went
into service in 1980 and 1982, and were taken out of sarvealy 2009. Units 1 and 2 are

now being decommissionéd.Units 3 and 4 have gross capacities of 1100 and 1137 MWe,
respectively, and were commissioned in 1991 and 1997. Unit 5, an advanced BWR (ABWR)
unit with a gross generation capacity of 1380 M\WWeas commissioned in early ZR0Figure

2-23 provides a diagram of the Hamaoka power plant,Fagdre2-24 shows an aerial photo of
the facility. Until they were taken off line for safety assessments following the Fukushima
accident, Hamaoka units 3 and 4 had operated at average capacitydbabmnst 78 percent

over their lifetimes, and unit 5 had operated at a capacity factor of 43 p&rdere.Hamaoka
complex is located near the town of OmaezalShizuoka Prefectur@bout 170 km from
Yokohama and 200 km from Tokyo.

Our analysis of radiogical releases from the Hamaoka plant focuses on the older operable (but
as of this writing, still not restarted) units #3 and #4. Units 3 and 4 use uranium enriched to
3.0% U-2353" use about 140 tHM (each) in their reactor cores, and are assumettoeted

every 12 months, with 20 percent of the core replaced, and an average capacity factor of 70
percent® implying an average bumap of about 30 GWtl/tHM, 2524 GWthdays of burnup in

3 papers and presentations forthcominbtt:/nautilus.org/projects/bgame/vulnerabilityto-terrorismin-nuclear
spentfuel-management/

% Data from IAEA reactor database, available as
http://www.iaea.org/PRIS/CountryStatistics/CountryDetails.aspx?currergmdFrom
http://hamaoka.chuden.jp/english/about/facilities.html

% Data from IAEA reactor database, ibidnit)5 was offline for much of 2009 and all of 2010.

3" Data from findthedata.com/I/468/HamaekaclearPowerPlantUnit-3 and similar.

3 This is an analytical assumption on our part, but is very close to the historical weighted average capacity factor for
all Japanese nuclear power plants from 1970 through 2010 (that-Bukuwshima), which was about 69 percent.
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the reactor core at the time of refueling and an annual spgrdifegharge of just under 28

tHM/yr per reactor. The websitdtp://hamaoka.chuden.jp/english/about/managementlistis|

the endof fiscal year EY) 2013 spent fuel pool inventory Hamaoka Unit 3 a,060

assemblies, 0876.98tHM, andthe endFY-2013 spent fuel poahventory at Hamaoka Unit 4
asl1,977assemblies, d361.79tHM. This suggests that each of the Unit 3 and Unit 4 spent fuel
pools had room for about 7 fuel replacemgyties as of the end of 2013, and were thus

effectively nearly full, given that typical operation leaves room in the pool for a full reactor core
(in this case, the equivalent of five replacement cycles) and the fuel from one replacement cycle.
See Annex2A to this Report for additional details of input data and assumptions beyond those
presented in this section and secttofh.2 below.

Figure 2-23: Diagram of Hamaoka Nuclear Power Plant’
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39 Diagram of plant layout frorhttp://hamaoka.chuden.jp/english/about/|ayiouml.
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Figure 2-24: Aerial Photo of Hamaoka Nuclear Power Plant’

We assume that no transport casks are on site Hiatim@aoka complex, as fuel is not being
transported ofkite (but this assumption should be confirmed). The article "Chubu Electric
applies with NRA to build dry storage facility at Hamaoka nuclear pfastiggests that the
utility owners of the Hamaokaauts have applied to build a degsk storage facility with a
capacity of 400 tonnes of spent fuel (assumed to be tHM), which would start operating as of
fiscal 2018. An older referentesuggests an earlier start date (2016) atatger size (700 tU)
for this facility. Either size facility will be full in less than 10 years if all three Hamaoka units
operate as above and the spent fuel pools are operated at a relatively steady state of fuel
placement and removal, even if the pools remain dense pakeav{ll be full even more
quickly if they are not), so we assume that theahsk storage facilities, when and if they are
built, will be able to expand to accommodate additional casks as needed.

The combination of the assumptions regarding reactorrigadiloading and spent fuel
management listed above yields thel33 inventories shown iRigure2-25. Here,

radioactivity in the reactor core builds up after réhgeuntil the next refueling cycle (the area
shown in red), while the radioactivity in the spent fuel pool, as well as in the combined reactor
and spent fuel pool for each react@mains at close to the same levetiotimeasthe pool is

“Photo from As ahChubBHiettnt bohait reacos in ling with Kanreqaest dat ed May 7, 2
and available abttp://ajw.asahi.com/article/0311disaster/fukushima/AJ201105071833

“I Available at http://www.fukushimis-still-newscom/2015/01/dnstoragefor-hamaoka. html
“https://www.inmm.org/AM/Template.cfm?Section=Spent_Fuel_Seminar_2012&Template=/CM/ContentDisplay.c
fm&ContentID=3603.
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essentiallyfull (assuming dense packing) at an inventoralodut1200 PBgeven after restart,

rising very slightly over timas fresher spent fuel replaces older spent fued. agéume that

cooled fuel begins to be removed for dry storage either at othreeaucleapower plant

complex as soon as the first refueling following reactor restart, given the need to provide space
in the pool for subsequent spent fuetlofidings.

Figure 2-25: Cs-137 Inventory in One Hamada Reactor Core and Spent Fuel Pool as
Modeled (Unit #3 shown, Unit #4 would be similar)
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2.4.2 Incident Modeling Assumptions

We considethreemain scenarios for incidents involving the Hamaoka reactors and spent fuel
pools. For the first scenario, which we call "Werase Reactor Incident” (or "S1"), one of the
reactors (unit #3 or 4) is assumed to suffer a core breach and subsequertdotanbdtue to an
extreme seismic event or attack. In this case, the spent fuel pool or pools may or may not suffer
a loss of coolant, either through being breached by the same event or by losing cooling capacity
when utilities (power and/or water) arest@s a result of the incident, but because cooling is
assumed to be restored to the pool(s), the spent fuel in the pool(s) is able to be cooled sufficiently
that a zirconium cladding fire does NOT ensue. We assurig, that even though Hamaoka

units #8 and 4 are naignificantlyphysically separate@yven ifthe second reactor core also
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