N
@ NAUTILUS INSTITUTE

NAPSNet Special Report

CONCERTED STRATEGIES FOR MANAGEMENT OF
SPENT NUCLEAR FUEL IN NORTHEAST ASIA

— @8Vietnam @ Taiwan
BRFE BROK

— | OJapan @ Indonesia
2DPRK m China

~ | BAustralia

David F. von Hippeland Peter Hayes

August 17, 2017

Recommended Citation

David F. von Hippel and Peter Hayes, "CONCERTED STRATEGIES FOR
MANAGEMENT OF SPENT NUCLEAR FUEL IN NORTHEAST ASIA",
NAPSNet Special Reports, August 17, 20fTp://nautilus.org/?p=47569



http://nautilus.org/?p=47569

Summary

Within the Na&auwteidluwcs nign sRtiistkutodd sNucl ear Terrori
Vul nerabiliandi At €m@askFulAss mioma : R aSdate ®iveosign ¢ a | Ri
of or Attack on Sperft u e | 0 jfunded by the MacArthur Foundatioas well as in earlier
collaborative research effortdautilus Institute and colleagug®sm Northeast Asia have been

exploring the connections between nuclear fuel cycle management and nuclear safétyfse

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 realistic
recommendations for changes in the storage, managemerisposal of spent fuel to reduce

this threat. This report provides ampdaeof Nauti |l us6 analysis of sce
cycle cooperatiom East Asiawithin the context of three different nuclear energy paths for the

nations of the regian

1 In each of our three nuclear capacity paths (Business as Usual, Minimum, and Maximum),
China is responsible for most of the growth in nuclear capacity in the region. From 2015
capacity of about 80 GWe (gigawatts of electric power) regionwide, regioratiapses to
about 230 GWe in the BAU case, 390 GWe in the MAX case, and 125 GWe in the MIN
case, with most net growth capacity in the BAU and MIN cases taking place before 2035.

1 Our preliminary calculations have indicated that the costs of spent &unglgement in
general are very modest when compared to the full cost of nuclear generation, and
particularly when compared with the cost of electricity in Japan, the ROK, and China (Japan
especially). Costs of nuclear cooperation (or-noaperation) scems that include
reprocessing are higher than those without reprocessing, and castsdasediry-cask
storaggreducing the amount of fuel stored in hidgénsity spent fuel poolsye likely to be a
tiny part of overall nuclear fuel cycle costhis means thathere idlittle reason for cost to
play a significant role in decisions to modify spent fuel management planning, rather, that
radiological risk and attendant political, social, and legal concerns should drive decisions
regarding spent fuel magement.Further, the additional costs associated with dry cask
storage are very small when compared with the likely damage to economic assets and human
health of a worstase accident at or terrorist attack on a spent fuel pool at a reactor near a
majorpopulation center, making accelerated conversion to dry cask storage a relatively
i nexpensive Ainsurance policyo against radio

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

1 Building on previous workonthetapi and Nauti |l usd existing quai
investigate the potential for nuclear fuel cycle cooperation in the region using a combination
of expert analysis and input, development of possible organizational structures and activities
for nuclea fuel cycle cooperation institutions in the region, and one or more workshops to
discuss the political, organizational, institutional, and economic challenges that might be
faced in developing nuclear cooperation.



T The wunder pi nni n g snuctedrfudleycetcoopevatod in geaerak and spent
fuel management in particular, has been our work since 2000 with Country Teams on energy
sector status, policy, and futures in the countries of the region. Continuing and deepening
this work, includingadvanced full energgector and national/regional energy futures
modeling, will continue to provide the full economic, environmental, political and social
context for nuclear energy, and thus, nuclear spent fuel management and nuclear cooperation
scenariosBroadening the group of participating nations to include those in the East Asia and
Pacific region with nascent or proposed nuclear energy programs offers significant
opportunities for sharing of knowledge and perspectives, and for uncovering bothgdslle
to and opportunities for cooperation in nuclear fuel cycle management.



Table of Contents

SUIMIMIAIY ...ttt ettt e oottt tt oo e e ettt bt et e e e e e ettt e e e e et e s bmmmeeetaa e e eeeeetban e eeeeeannneeenes 2
JLIE=L o] (S @] o] (=] o1 R 4
JLIE= o (S0 i T =PSRN 5]
BLIE= Lo (SN = 1] =P UPPPR 7
List of Acronyms and AbDBreviations.............coooiiiiiiiieeen e 8
1 0T (3o 1o o USSP 10
2 Summary of Overall Northeast Asia Energy/Energy Policy Situatian................... 12
2.1 Current Status of Electricity Consumption and Nuclear Generation..................... 16
3 Future Nuclear Capacity and Generation Paths...........cccooooiiiieeciiiiiiiiiie e 18
3.1 Nuclear Capacity Paths for Japan............ccccouuiiiimmmiiiiiii e 21
3.2 Nuclear Capacity Paths for the Republic of Korea.............ccccooiiiieeeeiiiiiicieeeen. 22
3.3 Nuclear Capacity Paths for China..............cccuuuiiimmmiii e 22
3.4 Nuclear Capacity Paths for the Russian Far.East...............cccoovcccevvriiiiiiiiiiiinnennn. 23
3.5 Nuclear Capacity Paths for Taiwan (Chinese Taipei).........cccceeviiiiiiccceeeeeeeeeee 24
36 Nucl ear Capacity Paths for the..Dema2y% ati c
3.7 Nuclear Capacity Paths for Vietnam, Indonesia, and Australia.................ccoeeee.e. 26
4 Regional Scenaws for Cooperation on Spent Fuel Management.......................... 28
4.1 Potential Benefits and Challenges of COOperation..............eeveveiieeeirrereeeeeeeeeeeeenns 29
4.2 Previous Global Nuclear Fuel Cycle Cooperation Proposals in East.Asia............ 30
4.3 Scenarios for Nuclear Fuel Cycle Cooperation in Northeast.Asia.....................ce. 34
4.4 Key Analytical Approaches and ASSUMPLIONS...........covvvvvvvuuiiimmmreeeeeeeeiiieee e ens 37
5 Spent Fuel Management Cooperation Scenario ReSUlLS..........ccoovviiieeeeiiiinnnennnn. 42
5.1 Uranium Production and Enrichment..............ccooiiiiiieeieeee e 42
5.2 Spent FUel MaNagemENL..........cuiiiiiiiiiii e eene e 44
5.3 Spent FUel ProdUCHION............uiiiiiiiii e e e e et e e e e e e e ssammmnees 46
5.4 Relative COStS Of SCENAIQS.......cceiiiiiiiiiieeiieeee e e as 47
5.5 Cooperation Scenario Costs IN CONEXL.........c.ovvvviiiiiiimmmreeeee e smeeeaeeees 51
5.6 Energy Security Attributes Comparison of Scenarios.............cooevvvvicciiiiieeeeeennnnnn. 53



6 Summary of Results and CONCIUSIONS...........cooiiiiiiiiiiiceriee e 55
6.1 Cooperation Scenario ResultS SUMMALY...............uuuuuuuiiccceeeeeeeriirne e eeeerennnns 55
6.2 Implications of Cooperation Scenarios in Consideration of Other Project Findings8

6.3 Conclusions and Interactions with Related ISSUES..............uvvviiiieeeiiiiiiiiiiiiiiiieenn. 60
6.3.1 New Reactolechnologies...........oooiiiiiiiiiiee e 6l
6.3.2 Climate Change ConSIideratiOns.............uuuuiiiiicceeeeririiirineeee e e e e e e emenrnnnee e 62
6.3.3 Longterm Storage/Disposal of Nuclear Wastes, Including Deep Borehole
131 010 1> TSP 62
6.3.4 Management of Radiological Risk from Spent Fuel Paals......................cc...! 64
6.3.5 Nuclear Fuel Cycle Choices and Nuclear Weapons Proliferation................ 65

6.4 Next Steps on Nuclear Fuel Cycle Cooperation, and Feadlowctivities.................... 66

ANNEX 1: Summary Graphics for Nuclear Capacity and Generation by Country and hyPath
ANNEX 2: Selected Inputs, Assumptions, and Additional Results of Regional (East Asia)

Nuclear FUel CYClIe ANAIYSIS...........ooiiiiiiiiiiiemme e e e e e e e e e e e e amaeaaas 76
ANNEX 2A: Selected Inputs and ASSUMPLIONS............uuuiriireriimemiiiiriiiiiereeeeeeeeeeeeeeeeneeee /O
ANNEX 2B: Selected Additional Results for Cooperation Scenarios................cc.ceeuee. 110

ANNEX 2C: Inputs and Selected Results: Estimate of-Roel Cycle Nuclear Power



Table of Figures

Figure 21: Electricity Generation in Northeast Asia, 19BWL5............coeeeeeivvieeeiiieenn e, 17
Figure 31: Trends in Regional Nuclear Generation Capacity, BAU .Rath........................ 20
Figure 32: Trends in Regional Nuclear Generation Capacity, Sum of National MAX Pa2®
Figure 33: Trends in Regional Nuclear Generation Capacity, Sum of National MIN Rat4d

Figure 34: DPRK Experimental LWR as &ummer, 2016..........cccceeeeeiiiiiiiieenne e 26
Figure 51: Requirements for Enriched Uranium by Scenario, Adjusted for MOx Use, BAU
Nuclear Capacity EXPanSIONtRa. .........ooooiiiiiieree e eeee e e en 43
Figure 52: Requirements for Enriched Uranium by Country, Scenario 1, Adjusted for MOx Use,
for the BAU Nuclear Capacity Egmsion Path................ccouiiiiiioeiiiieeee e 44
Figure 53: Regionwide Quantities of Spent Fuel Reprocessed by Year by Scenario, BAU
Nuclear Capacity EXPanSIOBIPL.............ooiiiiiiiieeee e ereeab b e e e e e e e en 46
Figure 54: Production of Cooled Spent UOx Fuel by Year and by Country, Scenario 1 and BAU
Nuclear Capacity EXpansion Path............ooooiiieen e 47
Figure 55: Annual Regional Nuclear Fuel Cycle Costs in 2050................cviiicceeeeeennnnnns 50
Figure 56: Net Present Value of Regional Nuclear Fuel Cycle Casts.............cccvviieeennnes 51
Figure 57: Total Estimated Cost of Nuclear Power in East Asia/Pacific, Excluding Nuclear Fuel
(030l [ 00 ] (TP PPPPPPPPPPPP 53
Figure 61: Sumnary of Year 2050 Annual Costs by Scenario and by Nuclear Capacity
EXPANSION Pathl......ooooiii e e 57



Table of Tables

Table 21: Summary of Nuclear Energy Activities in East Asia/Pacific Countries............. 14
Table 31: Regional Nuclear Generation Capacg&ymmary of BAU, MAX, and MIN Paths19
Table 32: Regional Nuclear Electricity Output, Summary of BAU, MAX, and MIN Paths19
Table 51: Nuclear Power Cost Assumptions by Country and Component.............ccc..... 52




List of Acronyms and Abbreviations

AFR:
BAU:
BWR:
CANDU:
COs:
DBD:
DPRK:
GHG:
GW:
GWe:
GWh:
HLW:
IAEA:
LILW:
LWR:
MOx:
MW:
MWe:
MWth:
NPP:
NRA:
Pu:
PWR:
R&D:
RFE:
ROK:
SNF:
SWU:
tHM:
TWh:

Away from Reactor (spent fuel storage)
Business as Usual

Boiling Water Reactor

CANada Deuterium Uranium reactor
CarbonDioxide

Deep Borehole Disposal
Democratic Peopl eds
Greenhouse gases

Gigawatts

Gigawatts of electric power
Gigawatthour

High Level Wastes

International Atomic Energy Agency

Republic

Low and Internediate Level Radioactive Waste

Light Water Reactor

Mixed Oxide Fuel
Megawatts

Megawatts of electric power
Megawatts of thermal power
Nuclear Power Plants

Japands Nuclear Regul ati on

Plutonum

Pressurized Water Reactor
Research and Development
Russian Far East

Republic of Korea

Spent Nuclear Fuel
Separative Work Units

Tonnes of Heavy Metal (Uranium/Plutonium)

Terawatthour
Uranium

of

Kor ea

Aut hority



UOx UraniumOxide (fuel)



CONCERTED STRATEGIES FOR
MANAGEMENT OF SPENT NUCLEAR FUEL
IN NORTHEAST ASIA

1 Introduction

The energy and, by extension, nuclear energy and nuclear spent fuel management situation in
Northeast Asia is a mix of both shared and unjgpadlems and approaches among a group of

very different countries. Energy demand in the mature Japanese economy is not growing, and
perhaps decreasing, as Japands popul ation con
Fukushima accident has led Japanrertban any other nation, to rethink its national energy

priorities. How that rethink will affect nuclear power and spent fuel management in the

medium and longterm is not yet clearHowevery t he reconsi deration of
has already ltha remarkable impact on deployment of renewable energy, and, to perhaps a

lesser extent, energy efficiency. These developments, coupled with ongoing apthlomep
electricitymarketl i ber al i zati on, may shake up ,hapands e
large part through their effect (together with that of the nucleardsiwih) on the finances of the

large utility companies that dominate the energy sector, and their relationship with government.

In Japan, significant growth in the nuclear enerpta; apart from restarting existing

reactor® in which is still, as of this writing, in its early phases and still uncertain as to how

many reactors will be restari@dseems unlikely.

Both energy demand and nuclganeration capacity the Republicof Korea (ROK) continues

to grow, but at a decreasing rate. Very lasgale additional deployment of new reactors in the
ROK now seems unlikeJydue to a combination of limited remaining available reactor sites and
the social and political difficultiessaociated with siting new plants

Japan and the ROK share several conundrums. First, both are highly dependent on energy
imports, which was a key driver of the development of nuclear energy in the first place. Second,
both are running out @t-reactor pent fuelpool space to store spent nuclear fuehird, both

are hamstrung by a combination of laws and regulationshwlutal opposition, with regard to

siting of alternative ateactor dry cask spent fuel storage. In addition, a lingering comntitmen
among nuclear industry actors inside and outside of government to reprocessing in Japan, and to
anotyet-allowed (by the United Stategariant of reprocessing, call@yroprocessingn the

ROK, also acts to slow movement toward a sustainable spém&magement solution.

China faces different issues. With significant resources of its own, though not enough to fuel its
massive economic growth, its energy imports are increasing, but are not yet apthe 90

percent level in the ROK and Japan. Chi,ma nucl ear sector is young b
the ROK, but growing fast, as most of the reactors built worldwide are being built in China.

With a large land area and a fy@t-powerful civil society sector, siting of nuclear plants and

spent fuefacilities is not yet a major problem for China, though it may grow to be so in the
future. Chinaés use of many different kinds
provinces, and only loosely coordinated with power grid development, may proge to

problematic soon, and may complicate nationally coordinated management of spent fuel.
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Added to this mix are:

1 Taiwan(Chinese Taipej)also suffering from a lack of storage space for spent fuel,
embroiled in a contentious domestic argument over whathevive work on a longtalled
(but nearly complete) fourth reactor complex (Lungmanyl facing difficulties in
developing alternatives for spent fuel storage similar to those in Japan and ttfe ROK

1 Mongolia, rapidly becoming a large exporter of caad anetals to (mostly) China, and with a
large, open land area and a nuclear weafr@eszone status that, some have argued, may
make it a potential host for a regional nuclear facility (though many Mongolians say
otherwise);

1 Russia, which would like to @ort oil, gas, and electricity to the major markets of the region,
and has started to do so, albeit not to the extent that has been projected for many years; and

1 The DPRK, which physically stands in the waywérlandgas and electricity exports from
Russia to the ROK, and whose relationship with its neighbors and the international
community in general, specifically regarding its nuclear weapons program, but in many other
ways as well, adds considerations to nuclear plans in the ROK and Jsghae sare time,
howeverthe desperate situationofh e D Brierigyosector and t he DPRKG6s de
address its energy issuesay offer opportunities to catalyze energy cooperation in the
region.

One goal shared by all nuclear natidriEnot with equal level®f concern among governments,
groups, and individuads is the securing of radioactive materials from release during accidents or
attacks, including terrorist attacks, on nuclear facilities. Here a key distinction is bejvestn

fuel stored in spent fugloolsand in dry casks, the two major ways that spent fuel is stored
pending the development of logrm storage or disposal facilities. Spent fuel pools are deep
pools of circulating water, typically adjacent to and/or contiguous with nuclear reactor
containment buildings, in which irradiated fuel removed from the reactor core is cooled, usually
for at least five years but often longer, before being moved to other storage facilities or being
reprocessed to separate plutonium and uranium from other centpmf the fuel. Drgask

storage typically encases fuel elements in a sealed metal canister from which water has been
removed, and which has been filled with an inert gas. The metal canister is then placed in a
concrete and/or steel overpaclkeatinga massive (tens of tons), robust packagey-cask

storage of spent fuel appears much less vulnerable to release of radiation through accident or
attack than storag#f fuel inin spent fuel pools. Release of radiation from fuel stored in dry
casks esseially requires a concerted effort targeted specifically at the dry cask to not only break
it operd requiring high explosives detonate essentially on the cask or physically drilling into the
cask, requiring proximity of attackérsut to ignite the spent fuassemblies stored in the cask.
Zircaloy-clad fuel assemblies in densscked spent fuel pools, on the other hand, can ignite if
water from the pool is lost, as denseked pools lack the ability to passively release sufficient
heat through the air whexoolant is lost, leading to rising temperatures and, eventually, ignition
of fuel cladding, resulting in releases of radioactivitylost of the spent fuel pools in use in
Northeast Asia (and in many other places, including the United States)usetinseracking

'!See, for example, World Nuclear Association (2016), #fN
September 2016), and availablehdtp://www.world-nuclear.org/informatiottibrary/country
profiles/others/nuclegpowerin-taiwan.aspx
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systems to conserve space in spent fuel pools, due to a lack of alternatives for spent fuel
storage/processing/disposal.

Overall, the complex and varie@ast Asia/Pacificegion shares many energy sector problems,
though not all, and althougiooperation on energy sector and nuclear sector (and other) issues
has not generally been the hallmarkrdérnational relations ithe region, cooperation may, in
fact, bring mutual benefits, as discustaédr inthis Report.

The remainder of thiReport is organized as follows:

1 Section2 provides an overview of the electricity and nuclear energy situation in
Northeast Asia, and in East Asia more broadly

1 Section3 presents three scenarios of future nuclear capacity for the countries of East
Asia.

1 Summaries ofour regional fuel cycle cooperation scenarios explored in this Report are
provided inSection 4 along withsome of the nuclear fuel cycle cooperatiqions
exploredtoda@i ncl uding Afront endod (uranium supp
fabricationy, and n (sEent fuel managément and disposal) options

1 Section 5presents the analytical results, both quantitative and qualitative, of our analysis
of four regional fuel cycle cooperation scenatrios.

91 Section6 provides a results summary ath@ overall conclusions of the reseanto fuel
cycle cooperation scenari@mdidentifiespossible next steps building orettesearch
results

2 Summary of Overall Northeast Asia Energy/Energy Policy Situation

Over the past two decades, economic grawtkast Asi@ and particularly in China, the

Republic of Korea (ROK), Vietnam, Taiwan, and Indonédias rapidly increased regional

energy requirements, especially electricity needs. Although economic growth slowed in much of
the region during the globadcession of 2002010, and electricity demand in Japan declined in

the aftermath of the accident at the Fukushima reactor following the March, 2011 Sendai
earthquake and Tsunami, overall growth in demand for electricity in the region continues. As a
recer, eyeopening example of these increased needs, China added nearly 100 GW of generating
capacityy more than the total generation capacity in the ROK as of@®&dveen 2009 and

2010 alone. Despitacreasingefforts to boost hydroelectric and other renkl@ageneration, the

vast bulk of the capacity Chifeasadcedannually in recenyeasis coatfired, underlining

concerns regarding the global climate impacts of steadily increasing coal consumption.

With thedifficult ]| essons of t h ehe @08 ia migdyseveral iofshe soontriesfof t

East Asi@ starting with Japan in the mitB70s, and continuing with the ROK, Taiwan, and, in

the early 1990s, Chidahave sought to diversify their energy sources and bolster their energy

supply security, as wiehs achieving other policy and social objectives, by developing nuclear

power. Several other East Asian nations are currently discussing adopting nuclear power as well,

if not, like Vietham, taking concrete steps toward developing their own nucleaidacilAt the

same time, global security concerns related to terrorism and to the nuclear weapons activities of

t he Democratic Peoplebs Republic of Korea (DP
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(nominally peaceful) uranium enrichment programs purflyedan and, as revealed publically

in 2010, the DPRK, have focused international concern on the potential for proliferation of
nuclear weapons capabilities associated with nuclear power. In addition, old concerns regarding
the management of nuclear sprl and other wastes, including the safety and-kemigp

implications of various means of spent fuel management and/or disposal, as well as the siting of
spent fuel facilities, remain, at best, only partially addressed.

One means of addressing prolifégsatconcerns, reducing environmental and safety risks of

nuclear power, and possibly modestly reducing the costs of nuclear energy to the countries of the
region, is regional cooperation on nuclear fuel activities. A number of proposals for regional
cooperation on safety, enrichment, spéunel and waste management, and other issues have been
offered over the years, some from within the region, and some from outside the region. The net
impact, however, of regional nuclear cooperation on the energytyécaxpressed broadly to

include supply security, economic impacts, environmental security, and security related to social
and military risk® requires a more detailed look at how cooperation on nuclear power might be
organized and operated. Working withetwork of collaborating teams in nine countries of the
region, Nautilus Institute has defined several different scenarios for nuclear fuel cycle
cooperation in East Asia, evaluated those scenarios under different sets of assumptions regarding
the developrant of nuclear power in the region. These evaluations of the physical flows of
nuclear fuel cycle materials and services, and of the costs of different elements of the fuel cycle,
help to shed light on the relative readily quantifiable costs and beoiediiferent regional fuel

cycle cooperation options. At least as important, however, are the relative impacts of different
fuel cycle options on other aspect of (broadly defined) energy security, which can be evaluated
qualitatively.

East Asia and the Bidic includes three nuclear weapons statescluding the United States

based on its physical proximity apdisdiction overseveralPacificterritories, as well as its

geopolitical and cultural importance in tregiord plus one (the DPRK) that has bewrclear

armed since 2006. The region also includes three major economies that are nearly completely
dependent on energy imports and for which nuclear energy plays a key role, a nuclear materials
supplier nation currently without commercial reactors obvis, and at least two populous and
fastdeveloping nations with stated plans to pursue nuclear endrglyle2-1 provides a

summary of the status of major nuclear fagtle activities in each country coveredthg

analysis summarized heréo this listing can be added Mongolia, which has significarium
resources and a history of uranium production and exploration during Soviet times. Though
Mongolia has no other active commercial nuclear facilities, its involvement in regional nuclear

fuel cycle activities related to uranium supply has beengsegf Mongol i ads status
nuclear weaponBee state, a process begun in 1992 and recently (2012) formalized through
recognition by the five permanent members of the United Nations Security Gbalscil
potential ly makes nnuclearweapomshdenucka energygicyinphe ay er o
region though when one of the authors of this Report visited Mongolia, the officials he talked

ZAgvaanluvsan U. (2009), AThe Gl obal ConMangoliaTaddythlucl ear | ndu
Mongolian National News Agency, December 2009, availabldtps/iis-
db.stanford.edu/pubs/22822/AgvaanluvsanMongolia_nuclear_industrySsdf also, for example, J. Berkshire

Miller (2012), @A Mo nthe DiplomatHEarch 6, 2042 avhilebteras Ti e s 0,
http://thediplomat.com/flashpointdog/2012/03/06/mongoliayesnucleatrties/.

’See, for exampl e, Dar yl G. Ki mba-Fit e ¢ 2Brd@@ontroliiddayn gol i a R
October 2012, available a#tp://www.armscontrol.org/act/2012_10/MongeRecognizeehsNuclearFreeZone
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with seemed | ess than enthusiastic about Mong
indicated thatecentstated Mongoliamnergy policies omit nuclear power and related
endeavor$
Table 2-1: Summary of Nuclear Energy Activities in East Asia/Pacific Countries
Country Nuclear Generation Front-end Fuel Cycle Back-end Fuel Cycle
Activities Activities
Japan Mature nuclear industry (~47 GW¢ No significant mining, Significant experience with
as of 2010) with continuing slow | milling. Some domestic | reprocessing, including
growth until Fukushima accident. | enrichment, but most commercialscale domestic
PostFukushima 4 units closed, all| enrichment services facility now in testing
other power reactors in Japan shy imported. (though much delayed), plu
down for inspection as of late May significant reprocessing
2012; some sincat least briefly carried ouin Europe;
restartedincluding Sendai units in interim spenffuel storage
late 2015¢arly 2016 facility (Mutsu) complete
but not yetin use.
ROK Mature nuclear industry 5units No significant uranium No reprocessing, but
totaling 8.0 GWe at 4 sites as of | (U) resources, enrichmenjfipyr opr ocess
late2016°. services imported, but all | consideration; ateactor
fuel fabrication done spent fuel storage thus far.
domestically.
DPRK Has small (5 MWe equivalent) At least modestiranium Repraessing of spent fuel
reactor for heat and plutonium (Py resources and history of | from 5 MWe reactoto
production, partly decommissione( mining; some production | separate Pu for weapons ug
now at least intermittently back in | exported; operating 2000 | Arrangements/plans for
operation policy to acquire LWRs,| centrifuge enrichment spent fuel management for
and currently building LWR with | plant recently revealetl new reactor unknown.
domestic technology estimated at
100 MWItH.,
China Relatively new but rapidhgrowing | Domestic enrichment and| Nuclear weapons state.
nuclear power industn31.6GWe | U mining/milling, but not | Small reprocessing facility;
in 35 units as ofate2016° sufficient for large reactor| plans underway for spent
fleet. fuel storage facilities.
‘David von Hippelo6és personal communi 2044 i on with Mongol i
®Akira Nagano (2012), fCurrent Status and Efforts in Ja
Cooperation Center (JICC), June, 2012, available as
http://www.iaea.org/NuclearPower/Downloads/Infrastructure/meetings/@618-20-TM-
Vienna/10.Status_and_Efforts_after Fukushima.pdf
®See,foreampl e, World Nuclear Association (2016), fNuclear

and available abttp://www.worldnuclear.og/informatiorlibrary/countryprofiles/countries-s/southkorea.aspx
" This thermal output is the equivalent of approximatehB23MWe.

®Hecker,S.S. (2010 Ret urn Trip to North Ko.rNARSNet SpeémahRemos,on Nucl e
dated Noverpber 22, 2010, and available latsp://www.nautilus.org/publications/essays/napsnet/re pemsiain
trip-to-north-korea2@ 9syongbyonnuclearcomplex

Worl d Nucl ear OrNgcearPawertniChinn, (dafi6), Ofitober, 2016, avail

http://mww.world-nuclear.org/informatiotibrary/countryprofiles/countriesa-f/china-nuclearpower.aspx
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Country Nuclear Generation Front-end Fuel Cycle Back-end Fuel Cycle
Activities Activities

Russian One small plant (48 MWe) in far | Domestic enrichment and| Nuclear weapons state.

Far East North of RFE, with others planned.| U mining/milling (but not | Russia has reprocessing

(RFE) (Russia itself has a large reactor | in the RFE). facilities, spent fal storage
fleet); plans for larger (1 GWe facilities (but not in RFE).
scale) units for power export.

Australia No existing reactors above resear| Significant U No backend facilities.
scale; has had plans to build powe mining/milling capacity,
reactors, but currently very major U exporter (over
uncertain. 6000t U in 2011just

under 6000 tU in 2015);
no enrichment.

Taiwan ~5 GWe in 6 reactors at 3 sites, 2| No U resources, no Current spenfuel storage at
additional units at site under enrichmend imports reactor, no reprocessing.
construction since late 1990s, but| enrichment services. Siting of lowlevel waste
their completion is under review and intermediate spent fuel
postFukushima, with conversion t storage under discussion.
gas investigatetf

Indonesia | No current commercial reactors, b Some U resources, but n¢ Consideration of backnd
full -scale reactors planned. production; no enrichmen| facilities in early stages.

Vietham No current commercial reactors, b Some U resources, but n¢ Consideration of backnd
a number of fullscale reactors production; no enrichmen| facilities in early stages.
planned, with agreements signed
recently wih Russia, Japan, ROK
for reactor construction and
finance'? Enthusiasm for nuclear
power in Vietnam seems to have
waned in recent yeats.

“World Nuclear Association (2016), AAustralia's Urani

http://www.world-nuclear.org/informatiotibrary/countryprofiles/countriesa-f/australia.aspx Note that 2010 and

2011 production were substatifdower than the average of over 8000 t U per yeahéngrevious decade (2000

2009), a trend that has continued, with average output and expor0ddstlose to 6000 tU per year.

"sSee, for example, Platts ( 26cdngtiuctionfiuElear powenplamiolgdss conver

firedo, dated November 1, 2012, and availabl e as

http://www.platts.com/RSSFeedDetailedNews/RSSFeed/ElectricPower/7213676

2Seef or example, World Nuclear Association (2012),

available asttp://www.world-nuclear.org/info/vietnam_inf131.html

3 David von Higpel, personal communication with Vietnamese officials. The Vietnamese economy has not
performed as well as hoped, and although nuclear plants remain of interest in Vietnam, it appears that the cost
of the plants may become more of a barrier to lsggeadoption of the technology. See also: Associated
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http://bigstory.ap.org/article/544e8f5088b347f0bf71138bf3flbdbBiamscrapsplansits-first-nuclear

power

plants?mkt tok=eyJpljoiTO0daak56UmtZakZtT XpneClsIinQiOiJKNWxVbIXNKYVVRCdnd4aldSY3RUalwv

a3BLb1wvZTBItTIZES3UXxQIOTOIMZWdOQytxVKdITEFWenVMWTViWjVISGpYem8zUmxkekxZZERVCcFI

TQTUzeExZejArcihseUVOdG5hODdsRTIzPSJ9
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2.1 Current Status of Electricity Consumption and Nuclear Generation

Recent growth in electricity generation and use in East Asia has been remarkable. As an
exampleFigure2-1: Electricity Generon in Northeast Asia, 199P01shows total electricity
generation in the Northeast Asia region more than tripled between 1920 Hnadvith
generation in China increasing mpore thara factor ofnine, generation in Taiwaincreasing by
a factor of nearly three, and generation in the ROK increasing by a factor of 4.4. Even though
electricity production in Jap@nwhich in 1990 had the highest generation in the reépigrew
by only 23 percent (an average 0f8 percent annuly), the fraction of global generation
accounted for by the Northeast Asia region grew from just over 15 percent in 1990 3@ over
percent in 208, even as electricity generation in the rest of the world grew at an average rate of
2.1 percent annuallyAs notable as this increase in overall consumption and of the fraction of
the worl dbés electricity has been in Northeast
electricity generation in Japan, a levehoi of generation in the ROK, and even, beem 2014
and 2015, neazero growth in reported generation in China, though previous (2@082014)
saw annuaincreasesn generation in China in the 6 t8 percent range.
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Figure 2-1: Electricity Generation in Northeast Asia, 19962015

Electricity Generation in Northeast Asia, 1990-2015

9000
®China BChinese Taipei (Taiwan)

8000 1 mpDPRK (North Korea) BHong Kong (China SAR)

7000 - mJapan mMongolia /F
EROK (South Korea) B Russian Far East

Terawatt-hours

Sources: Data from British Pet r2060eum fASt a
workbook* for all countries except the DPRK (based on updated Nautilus Institute

results not yet publishéd, Mongolia (based on data frodSDOE/EIAand other

source¥’), and RFE (estimated from paper by Gulidov and OfjievGeneration

figures shown are for gross generation (that is, includifmant electricity use),

except for Mongolia and the RFE.

! File downloaded 10/28/16 from
http://www.bp.com/content/dam/bp/excel/enemponomics/statisticakview2016/bpstatisticalreviewof-world-
energy2016workbook.xIsx

15See D. von Hippel and P. Hayes (20IR)undtions of Energy Security for the DPRK: 192009 Energy

Balances, Engagement Options, and Future Paths for Energy and Economic Redevehbgumiarg Institute

Special Report, dated September 13, 2012, and availabtgpaautilus.wpengine.netditan.com/wp
content/uploads/2012/12/19200-DPRK-ENERGY-BALANCES-ENGAGEMENT-OPTIONSUPDATED-

2012 changes_accepted dvh_typos fixed fodfan earlier version of the updated DPRK electricity generation

results used for this figure.

18 United States Department of Energy, Energy Information Administr§2016) , fl nt ernati onal Ener
Mongoliado, with data on net electricity generation avali
http://www.eia.gov/tapps/ipdbproject/iedindex3.cfm?tid=2&pid=2&aid=12&cid=MG, &syid=1980&eyid=2012&u

nit=BKWH (through 2009)Kh.Erdenechuluuniugust 2014;Mongolian power sector: Background and current

policy", https:/eneken.ieej.or.jp/data/5590.p@010 through 2013), antllamjil ENEBISH,May, 2016,"Overview

of Energy/Electricity demand and Renewable energy potential in Mondltips;//www.renewable
ei.org/images/pdf/20160525/Enebish_Namijil. petimates for 2014 and 2015).

YGulidov R. and A. Ognev (2007), fiThe Power Sector in t
for the 2007 Asian Energy Security Project Meetg fiEner gy Futures and Energy Coop
Regionodo, Tsinghua Uni v erisNovember2R607.jPresegtationGbailahleat Oct ober .
http://nautilus.wpengine.netdftaln.com/wpcontent/uploads/2011/12/RusstaergyChanges.ppt
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Against this backdrop of growth in eleicityneedd e x i st i ng fAbusiness as u:
call for continuing strong increases in electricity use in the countries of East Asia (with the
possible exception of Jap@njnany of the countries of the region face significant energy

resource constints. The industrialized economies of Taiwan, the ROK, and Japan import over

90 percent of their energy needs. Vietnam and Indonesia, though they have been net energy
exporters for several decades, are at or near the point where they will becomgonietrsn

China, though endowed with large reserves of coal and significant oil and gas reserves, is

obliged to meet the energy needs of an increasingly affluent 1.3 billion people, and the economy
that sustains them. As a result, China is increasinggnargy importer as well. The sparsely

settled Russian Far East has a vast resource endodvinehtding hydraulic energy, coal, oil,

and natural gds that could potentially be harnessed for export to its neighbors. A combination

of severe climatic condins, politics, and huge financial requirements for the infrastructure

needed to accomplish oil, gas, and power exports have slowed development of these resource
sharing schemes. Even massive international pipelines and powerlines, however, will only make
a modest contribution to -huhge neighbert®gy needs of

The resource constraints faced by most of the nations of the region, together with the technical
allure of nuclear power, have made East Asia a world center for nuclear deeejgpment,

and® news reports of a global nuclear renaissance notwithstahding of the few areas of the

world where significant numbers of nuclear power plants are being added. Nations have chosen
nuclear power because they wish to diversify their gnpogtfolios away from fossil fuels

(especially oil) and thus improve their energy supply security, because nuclear power provides a
stable sources of baseload power with low air pollutant emissions (particularly compared with

coal), and for the less praml but still significant reason that being a member of the nuclear
energy fAclubod is seen as offering a certain |

3 Future Nuclear Capacityand Generation Paths

Table3-1 andTable3-2 summarize the nuclear capacity included for each the three
nuclear capacity expansion paths (Businesgsual, Maximum Nuclear, and Minimum
Nuclear) for each country for the years 2010, 2030, and 26%§ure3-1, Figure3-2, and
Figure3-3 shows the capacity treatly year and countrif all nations followeach of the three
paths, though in practice it is likely that the nations of East Asia and the Pacific will not all
choosehe same one of the three paths described, thus the capacities in these three figures shown
could be thought of as an approximate bounding of a wide range of potential combiniations.
fact, the internal and external conditions that would cause eachrcguntt o adopt a fi MA)
AMI NOo (or BAU) path vary by country, although
driven by international events (for example, another Fukushkeavent) or agreements (for
example, nuclear fuel cycle cooperation that redtex@sions and increases citizen confidence in
nuclear power) with impacts in many nations of the regDescriptions of the assumptions
driving Business as Usual (BAU), Maximum (MAX) and Minimum (MIN) nuclear capacity

18 See, for example, von Hippel, D.F., and P. Hayes (2@®&)wth in Energy Needs in Northeast Asia: Projections,
Consequences, and Oppoitigs. Paper prepared for the 2008 Northeast Asia Energy Outlook Seminar, Korea
Economic Institute Policy Forum, Washington, DC, May 6, 2008, and available as
http://s3.amazonaws.com/zanran_storage/www.keia.org/ContentPages/44539229.pdf
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paths in each nation are summaribetbw. In many cases, these assumptions update work done
by project colleagues from each of the different countries as prepared for previous Nautilus
collaborative projects.

Table 3-1: Regional Nuclear Gaeration Capacity, Summary of BAU, MAX, and MIN

Paths
Total Nuclear Capacity Net of Decommissioned Units (GWe)
BAU (Reference) Case Maximum Nuclear Case Minimum Nuclear Case

Nation 2010 | 2030 | 2050 2000 | 2030 [ 2050 2000 [ 2030 | 2050
Japan 49.16 46.39 26.23 49.16 56.36 33.29 49.16 26.14 2.27
ROK 17.72 36.71 32.70 17.72 38.14 41.25 17.72 24.15 20.42
China 10.26 97.28 141.82 10.26 114.35 240.81 10.26 75.55 99.29
RFE 0.05 0.47 0.77 0.05 1.77 8.77 0.05 0.17 0.17
Taiwan 5.14 3.90 3.90 5.14 7.77 11.70 5.14 - -
DPRK - 1.35 3.95 - 5.30 11.40 - 0.13 0.33
Indonesia - 2.10 6.30 - 2.10 10.50 - - -
Vietnam - 3.50 10.40 - 5.80 19.26 - - 2.40
Australia - - - - 2.00 12.00 - - -
TOTAL 82.33 191.70 226.06 82.33 233.59 388.97 82.33 126.13 124.87

Table 3-2: Regional Nuclear Electricity Output, Summary of BAU, MAX, and MIN Paths

Total Nuclear Electricity Output (TWhe)
BAU (Reference) Case Maximum Nuclear Case Minimum Nuclear Case
Nation 2010 | 2030 | 2050 2000 | 2030 [ 2050 2000 [ 2030 | 2050
Japan 288 206 162 288 304 219 288 69 6
ROK 141 284 258 141 295 325 141 185 161
China 71 752 1,109 71 876 1,873 71 585 77
RFE 0 2 5 0 9 61 0 1 1
Taiwan 40 29 29 40 58 87 40 - -
DPRK - 9 28 - 35 90 - 1 2
Indonesia - 16 47 - 16 78 - - -
Vietnam - 26 77 - 43 143 - - 19
Australia - - - - 16 95 - - -
TOTAL 541 1,323 1,715 541 1,651 2,971 541 841 966
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Figure 3-1: Trends in Regional Nuclear Generation Capacity, BAU Path
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Figure 3-3: Trends in Regional Nuclear Generation CapacitySum of National MIN Paths
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Units: Minimum Nuclear Capacity Expansion Case
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Key assumptions by countnsed to determine nuclear capacity and output for the other
nations of East Asia and the PacHiepresented beloyalong with summary capacitgsuts.
Graphs showing capacity and output by year and by nation are available in Annex 1.

3.1 Nuclear Capacity Paths for Japan

Assumptions fodapan are based on recent work by Nautilus, but informed by work prepared by
Dr. Kae Takase and other colleagues inctwerse of previous MacArthiiunded work'® In the

MAX path, he nuclear industry starts most of its existing fleet of light water reactors in the next
five years, extends reactor lifetimes to sixty years, and constructs new reactors that have been
planned, mostly on existing sites. Overall,
Sendai units restarted in 2015) are assumed to restart within 10 years, excluding those at
Fukushima Daiichi, where all units remain offline and decommissionittgeadamaged reactors
and undamaged reactors (in all, units 1 through 6) contir@teer older reactors for which
decommissioning is underway are also decommissioned. In the MAX path for Japan, nuclear
generation capacity increases to a maximum of ab®@We in 2022033, declining slowly
thereafter to about 33 GWe in 2050 as older plants are decommissioned.

TheBAU path for Japan follows the MAX pathut returngeactors to operatioat a slower
pace under the assumption that it will take more tionget the necessary permissions for reactor

The three nuclear generation paths for Japan are base:t
evaluation of which are described in the forthcoming Nautilus Institute Special Report David F. von Hippel and

Peter Hayes (2016}, a p a n 6Fakudhima Ghoice: Future Nuclear Fuel Cycle Paths and Their Implications

dated March, 2016.
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restart and construction/operation of other facilities in placeabhanmed in the MAXath.

Here, the nuclear industry starts 10 of its existing fleet of light water reactors in the next five
years (beyonthe two Sendai units restarted in 2015), with 15 more started by 2030. Reactor
lifetimes are extended to sixty years, but only five of the new reactors that have been planned for
construction a existing sites are built (by 2035). Decommissioning of Bhkuaa Daiichi units

1-6 continues, as does decommissioning of other older reactor &#itd path nuclear capacity

rises to a maximum of about 48 GWe in 288133, falling thereafter t86 GWe in 2050 as

reactors are decommissioneth theMIN path,in addition to the two Sendai reactors restarted

in 2015, 10 reactors are restarted over a period of five years, focusing on those in areas of Japan
that are most powdrungry, and restarting reactors that are relatively new.

In theMIN path, Ife extension s not applied to Japanbds exi stir
reactors are built. It is, however, assumed that the standard reactor operating lives are calculated
such that the pogtukushima outage period is not courdetiat is, if, for example, a reactwas

offline from 2011 through 2016, it would be decommissioned 45, not 40, years after it began

initial operation MIN path capacity falls steadily from about 44 GWe in 2015 to just over 2

GWe in 2050. The MIN path is thus, effectively, a nuclear gbas path for Japan.

3.2 Nuclear Capacity Paths for the Republic of Korea

TheROK is in a slightly different position than Japan, in that its reactor fleet has gone through
safety checks, but remained largely in operation-pagushima, and its program ofaor
construction, though somewhat delayed, is continuing. Vi€ path, it is assumed that

reactor additions largely follothose reported by the World Nuclear Association through about
2030, and that thereafter one 1425 MWe unit is added approkeatsy three years through

2045, when units are added annually through 2049 to replace units shut down after the expiration
of (extended) 6@ear operating lifetime® Under this path, nuclear capacity rises steadily

through 2033 to about 37 GWe, thenmaslowly to about 41 GWe by 2050.

In theBAU path for the ROK, the units listed by the World Nuclear Association through about
2030 are assumed to be slightly delayed in commissioning. After 2030, new advanced reactors
are added in 2035, 2040, and 2045 older units are shut down as they reach an operating life
of 60 years. The result is that capacity falls from a high of about 37 GWe in 2035 to about 33
GWe by 2050.

TheMIN path for the ROK assumes that a combination of factors, including, for &amp

reduced electricity demand, difficulties in siting new nuclear units, and/or increased competition
from other electricity sources, serve to progressively delay the installation of planned (but not
already undeconstruction) plants such thae last ew plants on the World Nuclear

Association list are installed in 2035 and 2036, as opposed to 2029 and 2030 in the MAX path.
Thereafter, no new units are installed through 2050, and as a result of older reactors being shut
down after their nominal 4Qearlifetimes, overall nuclear capacity remains in the 23 to 26 GWe
range from 2022 through 2036, falling slowly thereafter to 20 GWe by 2045.

3.3 Nuclear Capacity Paths for China

# Existing and planned reactors after about 2013 from World Nuclear Association (2016), "Nuclear Power in South
Korea", updated October 2016, availabldtp://www.world-nuclear.org/informatiottibrary/country
profiles/countrieso-s/southkorea.aspx
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In any nuclear capacity path for the East Asia/Pacific re@dm,i nnaigdear capacity, and

growth in nuclear capacity, dominates. Inthe MAX path, Ghisa nucl ear gener ati ¢
assumed toise to about 241 GWe by 2050, meaning construction of more than 200 GWe

between 2017 and 2050. This path assumes that pdantkich the World Nuclear Association

provides an estimated data of operation begin to operate as scheduled, that the reactbes listed
reactors listed as "planneldy theWorld Nuclear Association but without a listed operatilate

are all phased ihy 2026, andhat about 80 percent of ti®5 GWe ofreactors listedby the

World Nuclear Association as "proposed"” (or replacements similar in total capacity) are all

phased in by 2058. The MAX path also assumes that PWRs and BWRs in China are operated

for 50 years, meaning that oriDaya Bay unig-1 and2 andQinshanl areshuttered by 2050,

along with Chinads two QG@ybbas)) units (which ope

For theBAU path, capacity assumptions start with the World Nuclear Association roster of

addtions, but are tempered by a continuation of recent reported slowdowns in the Chinese

nuclear industry? such that some plants now under construction are delayed, plants listed as

planned are spread out further into the future, amdiehsmaller fraction(less than a quarter) of

the 195 GWe of capacity |listed by the World N
In addition, more plants are decommissioned under the BAU path relative to the MAX path,

because PWR and BWR plant lifetimes areiased to be 40 years. The net result is that the

operating nuclear capacity in China by 2050 is about 142 GWe in the BAU path, still more than

40 percent higher than the current nuclear capacity in the United Statesnawildads the

world.

TheMIN pathfor China assumes that a combination of unfavorable economics, competition

from other electricity sources (such as wind and solar power), civil opposition to nuclear power,
and demand for electricity that grows more slowly than anticipated results vemmere

significant delay in the commissioning of unaemnstruction and planned and planned plants

than in the BAU path, antthat after 2035 only an average of about one (advanced) reactor unit

per year is commissioned. Even so, and with an assumgebdlifetime for PWRs and BWRs,
Chinabés nuclear generation capacity rises to

Readers should note that none of these paths account for potential shocks that might arise from a
serious accident in a Chinese nuclear power plant, with potentially devastating consequences for
large populations. The timing of such an event, shoulcciipcsnot knowable in advance,

although there is a strong argument that it is statistically likely over the time frame of these paths
given historical rates of major accidents per year of reactor opefation.

3.4 Nuclear Capacity Paths for the Russian Far Est

2L Reference for under construction, planned, and pespptants in China from the year 2014 onward: World
Nuclear Association (2016), "Nuclear Power in China", updated October 2016, availbtife/Asww.world
nuclear.org/informatiotibrary/countryprofiles/countriesa-f/china-nuclearpower.aspx

# gee, for example, Steve Thomas (2016), "China's Nuclear Power Plans Melting Dbeniiplomat October
29, 2016, available d#tp://thediplomat.com/2016/10/chirasiclearpowerplansmeltingdown/.

2 See HZ U 0 X | u, AChinese nucl ear dGhigaaDabgeMafthlo, @08, gt pr obabl e
https://www.chinadialogue.net/article/show/single/en/5&0®IS. Wheatley, B. Sovacool, D. Sornef@917) @ Of

Di sasters and Dragon Kings: A StatisticRskAnAlysal ysi s of |
Volume 37, #1pages 99115, availableas http://onlinelibrary.wiley.com/doi/10.1111/risa.12587/epdf

23


http://www.world-nuclear.org/information-library/country-profiles/countries-a-f/china-nuclear-power.aspx
http://www.world-nuclear.org/information-library/country-profiles/countries-a-f/china-nuclear-power.aspx
http://thediplomat.com/2016/10/chinas-nuclear-power-plans-melting-down/
https://www.chinadialogue.net/article/show/single/en/5808

The vast territory of thRussian Far East(RFE) is sparsely settled (about 6 million people) but
contains a wealth of energy and mineral resources. At present, the only nuclear plants in the
region are the four small (12 MWe each) Bilibinskaganbined heat and power units installed

in thecity of Bilbino in the Chutotka Autonomous Okrug of the RFE. This plant has the
distinction of being themallest and the northernmost operating nuclear power plant in the

world. In each of the three patlthe RFEadds some capacitthrough2020by replacing the
Bilibinskaya units with a floating power plaloicated about 250 km away at Pevek on the Arctic
seacoastand by adding two additional floating power plants, based on icebreaker nuclear reactor
techhology, at two other coastal RFE locations.tieBAU case, the only other additions

through 2050 are a pair of 300 MWe units aduetthe far southern Primorsky province of the

RFE in 2030 and 2032, respectively, disted as "proposeddy theWorld Nuclear

Associatior?* This capacityvould serve the cities of the regipviladivostok, Nakhodka, and
Khabarovsk, for example, and the region around treard)possiblyrovidesome exports to

China. BAU capacity thus rises to about 770 MWe by 2032, andirestad that level through

2050. In theMAX case, these two units are assumed to be completed earlier, in 2025 and 2027,
respectively, and are augmented by four pairs of 1000 MWe reactors installed between 2030 and
2045 raising 2050 capacity to just undeGWe These larger reactors would be designed to
mostly serve export markets and/or to provide power for prodetéuagricity-intensiveexport
commodities such as aluminurin theMIN case, onlyhe undeiconstruction floating power

plants are complet, and nuclear capacity in the RFE is about 170 MWe from 2022 through
2050.

3.5 Nuclear Capacity Paths forTaiwan (Chinese Taipei)

In Taiwan, as in Japan and the ROK, limited space for new reactors and a declining population

limit the extent to which nucée capacity can increase. In AU case, theéeungmenreactors

which have long been under construction, and which have been a focus of political and social
contention for many years, are assumed to be finally brought on line in 2019 and 2020, just as

older units start to be decommissioned following the expiration of theied0operating

lifetimes. One additional unit is brought on line in 2028, probably on an existing reactor site,

foll owing the decommi ssi oni nlgenesMunitbengs@®8no6s r em
through 260 capacity toa3900 MWe.

In theMAX casethe Lungmen units are brought on line in 2016 and 2019, practically the
earliest dates possible given a®2fdadditodeci si on
1300 MWe it is added in 2025 in the MAX case, basedational utility Taipoweb plansas

reported by the World Nuclear AssociatfnThe life of existing reactors is extended to 50

2 World Nuclear Association (2016), "Nuclear Power in Russia", updated 30 September 2016, and available as
http://www.world-nuclear.org/informatiotibrary/countryprofiles/countrieso-s/russianuclearpower.aspx

% The completed (or nearyompleted) and undéesting Lungmen units were reportedly "sealed" for three years

starting in mid2015. The assumption here is that they will come on line in 2019 and 2020, respectively, for the

BAU case, and a year ear | sedsLungnmen Nohlewclebhdactdrgveae Today See AT a
dated July 1, 2015, available lat$p://taiwantoday.tw/ct.asp?xltem=232105&ctNode=2182

% The World Nuclear Association (2016) "Nuclear Power in Taiwan", Updated 26 September 2016, reported that

Taipower had "projected one further unit beyond Lungmen 1&2 being on line by 2025". Despite recent protests, we
assume that for this MAX case the wmill not be delayed, and thus assume that it will come on line in 2025.
Seehttp://www.worldnuclear.org/informatiotibrary/countryprdfiles/others/nucleapowerin-taiwan.aspx
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years,andlarger react@are added at existing sites when older reactorderemmissioned,
pushing capacity to 12 GWe in 9 unitsoy 2050.

In theMIN case, older reactors aslecommissioned after 4@ar lifetimes andot replaced, and
theLungmenreactors areever commissioned r esul ting i n Tai wa@ayos nuc
falling to zero by 206.

36 Nucl ear Capacity Paths for t he Democrat.

The nuclear energy future of tB¥PRK is highly dependent on the political and economic path

that the country takes with respect to the international comnbug . As a resul t, t
nuclear generation capacity could be anywhere between practically nothing, if the isolation

related to its nuclear weapons program continues, to more than 10 GWe, if actutdaiode

(economic) reunification with the ROK aars relatively soon.

In theBAU case for the DPRK, we assume thatihE x p er i me nt Bidure34yRo ( s e e
estimated at 25 MWand now apparently largely complete, but reportedly not yet operafibnal,

is brought on line in 2020 at an average capacity factor of 60 percent. Wilgakikd in

developing the Experimental LWR, and perhaps, given a political opening, assistamtle
ROK,inthe BAUpatt he DPRK devel ops and commi ssions a
reactors suited to the size of its grid, with the first unit on line in 2023, and seven more units of

the same size following by from 2027 through 2049. Intaddirenewed cooperation with the

ROK allows three 1050 MWe LWR undsfull-size reactoi® to be finished in 2025 through

2039, possibly at the existing Sinpo site where reactors built by the Korean Peninsula Energy
Development Organization (KEDO) were undenstruction until 208, when construction, later
terminated, was first suspend@dThesenew (or completed, though doubtless with many safety

and other upgrades, given the passage of tieators would be built using ROK designs and

with ROK and intenational laboandoversight,as well as DPRK labognd would be connected
directly to the ROK grid, as they are too large to operate on a-atane DPRK grid. The

resulting DPRK nuclear generation capacity by 2050 would be just under 4 GWe, ofwdnich

than 3 GWe would be directly connected to the ROK grid (and/or, though somewhat less likely,
the Chinese or Russian grids).

In theMAX case for the DPRK, the experimental LWR is brought on line earlier, in 2019, the

first 100 MWe domestic reactor follvs shortly, in 2021, and ROG&onnected units, possibly at

Sinpo, are commissioned in 2022 and 2024. This path essentially requires an almost immediate
(post2016) rapprochement between the DPRK and the ROK. By 2050, the MAX path assumes

that eight 100MWe reactors are built between 2023 and 2049, andithatdvanced 1400 MWe

units are built in ROK/DPRK joint ventures, with international oversight, between 2028 and

2043, to serve first the ROK grid, and later, a united Korean grid, following

refurbishme nt / r epl acement of the DPRKO6s existing gr
political reunification.

’See David Al bright, Sarah Burkhard, Allison Lach, and
Yongbyon Nuclear Sitedo, dated S atptlissobireorg/@bads/igs0 16 ( Rev. .
reports/documents/Sept 2016 _Yongbyon_Update 20Sept2016_Final.pdf

#g5ee KEDO2016?)A About Us: Our Hhitps/ivewkedd.org/avhistory.ash | e as
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Figure 3-4: DPRK Experimental LWR as of Summer, 2016°

Operation of the Experimental LWR is delayedhe MIN case until 2023, and the DPRK adds

three 100 MWe units in 2028, 2037, and 2045, respectively, operating at average annual capacity
factors of 60 percent. Although the DPRK could receive some help from the ROK and/or other
parties (perhaps Russiin developing its 100 MWe model, the MIN case is consistent with the
DPRKG6s economic isolation generally continuin
be consistent with other political/technical/economic paths, such as actual or effective

reunfication together with a Korewide decision to phase out nuclear power, and/or nuclear

power losing market to innovative renewable energy technologies.

3.7 Nuclear Capacity Paths forVietham, Indonesia,and Australia

ForVietnam, Indonesia andAustralia, which do not have and are not yet building nuclear
power capacity, thBAU case includes first reactors that come onilinine last years of the
2026i n Vi etnam and I ndonesia, with Vi(@unitsambs pr

29 |mage from Google Earth,
https://www.google.com/maps/place/Yongbyon+Nuclear+Scientific+Research+Center/@39.7956293,125.7549256,
295m/data=!3m1!1e3!4m5!3m4!1s0x0:0x47e303bb5423c566!8m2!3d39.775026114d125.74361.31/7/6.
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totaling over 105We by 2046%han in the other two natiof$ Recent news suggests that this

may in fact be an ambitiousBAJr eports i ndicate that Vietnamods
planso for its first two pairs of ydemamt ors, d
forecast® but given that construction on the first plants included in the BAU might not start

until the mid2020s the possibility remains that Vietham could come back to nuclear power by

that time3! The BAU path for Indonesia totals 6.3 GWe apacity by 2048 Australia is

assumed not to adopt nuclear power in the BAU path.

TheMAX path includes greater use of nuclear power for each nation by both 2030 and 2050
with Vietnam installing over 19 GWe of generation from 2024 through 2050, Indonesia

installing its first reactor in 2025, and 10.5 GWe by 2047, and Australia making the decision to
build a nuclear fleet, perhaps in part to export power to East Asia, with reactors starting to come
on line in 2026, and 12 GWe built and operating by 2050.

In theMIN path only Vietnam adopts nuclear power, but builds only its first two reactors, which
come on linen 2033 and 2035 (totaling 2.4 GWsegveral years later thamthe BAU path, and

no further reactor construction, perhaps as a result of@ahgconomic slowdown, high costs,
competition with other electricity sources, and/or other factbigither Indonesia nor Australia
ultimately adopts nuclear power in the MIN path.

®¥For Vietnam, the ABAUO path is based roughly on a comtl
"Vietnam Energy Review and Power Development Plan: Period 2085 with outlook to 2025", prepared for the

"Asian Energy Security Project Meetingeijing, PRC, October 3November 2, 2007, and available as
http://nautilus.wpengine.netditalin.com/wpcontent/uploads/2011/12/VietnaEnergy.ppt andWorld Nuclear

Association 2016 "Nuclear Power in Vietnam'tjated July, 2016, aravailable attp://www.world
nuclear.org/informatiotibrary/cowntry-profiles/countrieg-z/vietham.aspx Assumes capacity additions from 2030

through 2050 will be abotuivice additions by 2030 For Indonesia, we assume that the first set of reactors

referenced in Indriyanto A.R.S., B. T. Wattimena, and F. \Mdia (2007), "Indonesia Energy Overview"

(prepared for théAsian Energy Security Project Meeting", Beijing, PRC, OctobeN8%ember 2, 2007, and

available as

http://nautilus.wpengine.netdftalin.com/wpcontent/uploads/2011/12/Indonesi@nergy.pp}, are delayed but

ultimately built in the BAU case in 28202. For Australia, the MAX path includes about 50 percent of the
additions suggekowdkbyt abkf dZced, as quoted in Falk, J.
the 2007 Asian Energy Security Project Meeting "Energy Futures and Energy Cooperation in the Northeast Asia

Region", Tsinghua University, Beijing, China, October-3ovember 2, 2007, and available at
http://nautilus.wpengine.netditalin.com/wpcontent/uploads/2011/12/Australduclear.ppt

3L Associated Press (2016),Vi et nam scraps plans for its first nuclear
available ahttp://bigstory.ap.org/artle/544e8f5088b347f0bf71138bf3f1bdb3/vietranrapsplansits-first-

nuclearpowerplants
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4 Regional Scenarios for ©operationon Spent Fuel Management

Nautilus has worked with colleagues in the regiodewelop anénalyze four cooperation
Ascenarioso for nuclear fuel enrichment and f
(but hardly all) of the key policy issues they suggest, are as follows:

1. fANational Enrichment, National Reprocessing: | n t hi s scenari o the
nuclear energy users in East Asia (Japan, China, and the ROK), and perhaps others as
well, each pursue their own enrichment and reprocessing programs. Disposal of high
level nuclear wastes from reprocessing would be up to each individual country, with
attendant political and social issues in each nation. Security would be up to the individual
country, and as a result, transparency in the actions of each country is not a given.

2. ARegionalCenter(sp: Thi s scenario features the wuse
enrichment and reprocessing/waste management, drawn upon and shared by all of the
nuclear energy users of the region. We avoid identifying particular country hosts fo
facilities, but China and Russia are obvious candidates.

3. fiFuel Stockpile/Market Reprocessing : Here, the countries of
natural and enriched uranium internationally, but cooperate to create a fuel stockpile that
the nations of theegion can draw upon under specified market conditions. Reprocessing

services are purchased from international
Russia, while some spent fuel continues to be stored in nations where nuclear generation
is used.

4. fiMarket Enrichment/Dry Cask Storaged : I n this, |Iikely the | e.

scenarios for participants, countries in the region (with the possible exception of China)
would continue to purchase enrichment services from international suppliers such as
URENCO in Europe, the USEC in North America, and Russia. All spent fuel, after
cooling in ponds at reactor sites, would be put into dry cask storage either at reactor sites
or at intermediate storage facilities.

Cooperation on nuclear fuel cycle activitiesitd take place between all of the countries of East

Asia and the Pacific, or a narrower group of several countries within the region, or a broader

group of countries that could include nations outside the region. At their least demanding (in
terms of cots and institutional arrangements between nations), cooperation options can involve
relatively modest types of activities such as straightforward scientific, educational, and technical
exchanges, or collaboratiahgor example, through the International At Energy Agency

(IAEA) or other international agenci@oo n s haring of information on
More complex options include consortiums for purchasing of raw uranium or of enriched fuel.

More complex still are arrangements to share Bnmrent and sperfiel management facilities.

An IAEA Expert Group in 2005 produced a generic review of multilateral approaches to the
nucl ear fuel cycle, and some of that groupos
proposals by other grougsmmarized below, as well as in the regional cooperation scenarios

28



elaborated and evaluated in this papeA few of the benefi and challengés of regional
cooperation on nuclear fuel cycle issues are listed h&lawng with a discussion of some of
theprevious global nuclear fuel cycle cooperation initiatives that have been discussed, more
detailed descriptions of the nuclear fuel cycle scenarios summarized above, and a discussion of
the key analytical approaches used in this report to evaluate dhiee@osts and benefits of the

four cooperation scenarios.

4.1 Potential Benefits and Challenges of Cooperation

Some of the benefits of cooperation on nuclear fuel cycle issues could include:

9 Scientific, educational, and technical exchanges on nucleanyftielissues help to assure
that countries have a common understanding and knowledge base with regard to fuel cycle
issues.

9 Sharing nuclear facilities, whether enrichment, reprocessing, orf@ifiacilities, provides
viable alternative for countrighat may, due to political, social, geological, or other
concerns, have few positive prospects for domestic siting of such facilities.

9 Achieving economiesf-scale for enrichment facilities, reprocessing centers, or geologic
repositories, though economiefsscale likely are stronger for some types of facildiesich
as enrichment plants or mined geologic repositérigen for others, such as spémel
storage based on doask technologie¥®

9 Creating a new revenue source for a host country.

9 Sharing nuetar facilities may help to assure that all countries maintain consistent practices
and quality control standards in working with nuclear materials, as well as consistent levels
of safeguards, monitoring, and verification in nuclear fuel cycle activitedsirg to build
confidence between nations.

9 Sharing of spentuel and reprocessing facilities can help to reduce proliferation risks by
avoiding unnecessary accumulation of separated plutonium.

Implementing regional or international facilities, includihgse for spent fuel/radioactive waste
storage/disposal, also will likely involve overcoming obstacles such as:

91 Ethical issues in the region. There is some public perception that countries that have the
benefits of nuclear power generation should beabtinden of storing and disposing of their
radioactive wastes. This argument raises ethical and fairness issues that would oppose the
concept of a regional/international repository. To obtain public and political support, an

32 |nternational Atomic Energy Agency (IAEA, 200%)lultilateral Approaches to the Nuclear Fuel Cycle: Expert
Group Report submitted to the Director General of thermational Atomic Energy Agencypocument #
INFCIRC/640, dated 22 February 2005, and available as
http://www.iaea.org/Publications/Documents/Infcircs/2005/infcircpdD.

¥ Kang, J. (2007)Regional Spent Fuel Management in Northeast Asia: Status, Initiatives, and |8separed for
the Nautilus Institute East Asia Science and Security Collaborative project

% Bunn, M. and et al. (2001pterim Storage of Spent Near Fuel: A Safe, Flexible, and Cetfective Near

Term Approach to Spent Fuel Manageméndoint Report from the Harvard University Project on Managing the
Atom and the University of Tokyo Project on Sociotechnics of Nuclear Energy. June 2001. Avadabl
http://www.whrc.org/resources/publications/pdf/BunnetalHarvardTokyo.01.pdf
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arrangement for the regional/imt@tional repository should be based on a fair and equitable
sharing of benefits between a repository host and other participating countries.

91 Complicating national policies in the management of spent fuel andeéhighwaste (HLW).
A regional/internationlarepository could distract national spent fuel and radioactive waste
management programs with hopes for an international facility.

9 Perceptions of attempéd coercion by nuclear supplier states felt by states that would
potentially participate in fuelycle cooperatiod essentially, perceptions by the nuclear fuel
cycle Anhave notso that nuclear supplier stat
of those that do not have enrichment and/or reprocessing in the guiserbiiteration®

9 Atendency toward decisiemaking in the nuclear sectors that focuses on the requirements
and concerns of a single group of nuclear actors, rather than taking a more holistic approach.
For example, groups responsible for the security and profitability of anuaactors will
likely reach different conclusions as to optimal policy paths than groups focusing on national
security/nonproliferation or on nuclear waste manageniént.

91 Increasing transportation requirements in the region. The regional/interhatipository
will involve frequent transportation of spent fuel/radioactive waste from participating
countries to a host country, and increasing concern over nuclear accidents during the
transportation that may lead radioactive release to the envirorfmelieration risks due to
diversion of materials during transport are also a concern.

4.2 Previous Global Nuclear Fuel Cycle Cooperation Proposals in East Asia

Regional (East Asia), and indeed, global nuclear fuel cycle cooperation proposals have been
offeredby a number of groups and individuals over the past two decades and earlier. Below we
provide brief descriptions of selected prior proposals. Other authors have reviewed these and
other proposals in greater detail than is possible Here.

% yudin, Y. (2011) Multilateralization of the Nuclear Fuel Cycle A Long Ro&tead, United Nations Institute for
Disarmament Researcheport number m UNIDIR/2011/5, available as
http://www.unidir.og/files/publications/pdfs/multilateralizatienf-the-nuclearfuel-cycle-a-long-roadahead
378.pdf expresses this perception of coercion as follows:
AA | egacy of exclusiveness and coerciveness may make
fuel cycle rather dim. Many nesupplier states have expressed concerns that suppliers may try to broaden the
NPT division between nucleaveapon states and nawiclearweapon states under the guise of-non
proliferation. This suspicion can be traced eatst in part, to some early proposals for multilateral
approache$ the 2004 Bush proposal, the Global Nuclear Energy Partnership, theusixy concept,
and the World Nuclear Association propés#iat required nosupplier states to foogdomestic
development of sensitive fueycle technologies. Such preconditions were met with strong disapproval.
These proposals can be blamed for giving rise to a false impression that multilatecgtfeeghechanisms
necessarily imply discriminatn between nuclear technology haves and frawet s . 0
% See, for example, Sharon Squassoni (20M@)kshop Report, Nuclear Security And Regional Fuel Cycle
Decisions: Northeast Asi@enter for Strategic and International Studies, dated January 26, B@X6adlable as
https://csisprod.s3.amazonawsm/s3fs
public/legacy files/files/publication/20160126_Sharon_Squassoni_Workshop_Report_Nuclear Security And_Regi
onal_Fuel_Cycle Decisions Northeast Asia%?20.pdf
37See Yudin, Y. (2009WMultilateralization of the Nuclear Fuel Cycle: Assessing the ExjsfiroposalsUnited
Nations Institute for Disarmament Research, report # UNIDIR/2009/4, available as
http://www.unidir.ch/pdf/ouvrages/pdf-97892-9045195-2-en.pdf Yudin, Y. (2011),ibid; Suzuki, T. (1997),
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Interest in rempnal/international spent fuel/radioactive waste storage/disposal increased
significantly in the 1970s and early 1980s. In 1977, the IAEA reported that regional fuel
cycle centers were feasible and would offer considerable nonproliferation and economic
advantagesin 1982, the IAEA concluded a project of the International Fuel Cycle
Evaluation (INFCE) in which IAEA expert groups suggested an establishment of
international plutonium storage and international spentfizelagement’

9 Inthe mid1990s, the corapt of the International Monitored Retrievable Storage System
(IMRSS) was proposed by Wolf Hafele. The IMRSS envisioned international sites where
spent fuel, and possibly also excess separated plutonium, could be stored under monitoring
for an extended pird but could be retrieved at any time for peaceful use or disposal

9 Inthe mid1990s through the late 1990s, a number of proposals for nuclear power sector
cooperation in the Asi®acific region, on topics ranging from safety to proliferation to waste
management, were develope@atsujiroSuzukf® prepareda comparisomf various
proposals for regional nucleanoperation offered during the peri@hd concluded that
there are potential areas of cooperation where common needs and intereataaxisthe
countries of Northeast Asiat present, however, none of these proposals have been
implemented to a significant degree.

9 The past decade has seen a number of additional profmsed®peration omranium
enrichmentmanagement afuclear sperfuels,or both,many involving East Asian and
Pacific countries Brief summarizesf justsome of the cooperation propasah
international enrichmerand/or lowenriched uranium (LEU) fuel supply and spent fuel
managemerthat have come forth in thadt 10 years or Sollow.*!

9 TheGlobal Nuclear Energy Partnership (GNEP) proposed by the United States during
the George W. Bush administration (in 2006), had as its enrichment component a proposal to
establish a group of enriched fuel supplier states aamequirement that those states provide
enriched fuel to nosupplier nations at a reasonable cost, while reducing the potential for
proliferation of sensitive technologies, in part through cooperation with the IAEA on nuclear
safeguardé? GNEPproposedoupling thesduel supply guarantees amdth spent fuel
fitake back arrangementsGNEP has received when the U.S. Congress cut funding to the
program in 2008, and el i minat eddvanoedBuelng ( exc

ANucl ear Power in Asi a: | ssues anUhitetl Nagidnd Karmtavao ns of " AS|
Symposium on Regional Cooperation in Northeast,A&mazawa, Japan. Juné21997; and Tanabe, T. and

Suzuki, T.(198 ) . Al nstitutional and Policy-Plaxsdes MRaifici Cmopern a
Basin Nuclear Conferenc8anff, Canada, May-3, 1998.

3 Bunn et al., (2001), ibid.

¥Hafele, W. (1996), fiThe Concemtbl|lef Samrlanmamyst ieonal M
Institute Symposiupbondon, UK, August 1996.

40Suzuki (1997), ibid.

“Suzuki, T. and T. Katsuta (2009), AA Proposal of Multi
Nuclear Fuel Management Arrangements (IN6A), pr e s e n tfoaA-MA® Project MinpVelorkghdp on

Policy Recommendations for Nuclear Disarmament andtoliferation, September, 2009, and available as
http://amad.org/download/MNA_Suzuki_Katsuta AMAD_090930.pdf

“Tomero, L., (2008), AThe f ut uBuketinofithe GtbhiickScientisieb i nt er nat i
edition, dated 31 July 2008, availabletéip://www.thebulletin.org/wetedition/reports/thduture-of-gnep/the
future-of-gnepthe-internationalpartners
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Cycle Initiatived  tfunds reprocessing research and development) for 2009. GNEP has,
however, been recast as th&ernational Framework for Nuclear Energy Cooperation
(IFNEC),  w his acphrtndiship of countries aiming to ensure that new nuclear in
initiatives meet theighest standards of safety, security andquosiiferatioro  a inviblves
both political and technological initiatives, and extends to financing and infrastiuéture

9 Thelnternational Uranium Enrichment Center (IUEC) and LEU Nuclear Fuel Bank,
was proposd byRussiain 2006, and initiated by Russia shortly thereafter. The concept is
for Russia to host the IUEC at its existidggarsk Electrolytic Chemical Combitfe
Member ship in the enrichment c d@isctildmatory i nt ende
basi s6, requires charter states to forego de
compliance witttheir nonproliferation obligations (including membership in the Treaty on
the NonProliferation of Nuclear WeaponsReserves of LEU were placedfatgarskin late
2010, and the I UEC Agreement wdhelLEUireretve f or c e
in Angarsk has been available for IAEA Member States const i tuti nay At he |
nuclear fuel supply asgnces to have been put into pradiite

9 In 2006,NTI (the Nuclear Threat Initiative) pledged $50 million toward anternational
Fuel Bankto be run by the IAEA. Since then, $100 million in matching contributions have
been pledged by other countries. $amto the Russian proposal, but not affiliated with a
specific enrichment center, the goal of the
supplies from the international market more secure by offering customer states, that are in
full compliancewith their nonproliferation obligations, reliable access to a nuclear fuel
reserve under impartial IAEA control should their supply arrangements be disrupted. In so
doing, it is hoped that a state's sovereign choice to rely on this market will be made more
s e ¢ {f.r As of early 2010, the IAEA was planning to site the LEU repository at a remote
site in Kazakhstan, at a metallurgical factory with existing storage infrastructure. IAEA
member states voted in favor of the fuel bank in late 2010.

9 In April of 2007, Germany proposed to the IAEA the creationafnultilateral enrichment
facility , established by a group of interested states, to be placed in a host states but on an

“World NuclearAs soci ati on (2012), filnternational Framework fo
(formerly Gl obal Nucl ear Ener gy PahtipHvevwswdrd p) 6, updated
nuclear.orghfo/infl17_gnep.html

“Loukianova, A. (2008), fAThe International Uranium Enri
Supply?o0, NTI | ssue Br i ef , hitp/dav.nd.org/eNreseacii®3ed3.html2 008, av ai
“See International Atomic Energy Agency (Il AEA, 3011), i
LEU Guaranteed Reserveo, dated 31 October, 2011, and a:
http://www.iaea.org/OurWork/ST/NE/NEFW/AssuranakeSupply/iuec.html

“Nucl ear Threat I nitiative (NTI, 2009), ANTI/ I AEA Fuel
Fulfills Buffett Monetary Condit on 6, NTI press release dated March 5, 20
http://www.nti.org/c_press/release_Kuwait_Fuel Bank 030509df;l (2010), Al AEA t o Pur sue
BankinKazak st ano. Gl obal Security Newswire, dated Jan. 11,
http://gsn.nti.org/gsn/nw_20100111 3105.phpand Hor ner , D. (2010) , Al AEA Board

P | aArnas,ControlTodayJanuary/February 2010, availablehdip://www.armscontrol.org/act/2010 01

02/FuelBank

“Nucl ear Threat Initiative (NTI, undated, bvuai pbabbabay
http://www.nti.org/about/projects/internationaliclearfuel-bank/
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Aextrat er fiLikedtheiRassian prapssialsand.similar to the Fuel Bafik N
proposal, the facility would help assure supplies of enriched fuels to nations that qualify
based on adherence to their qooliferation treaty commitments and related IAEA
safeguard$’

I The secalledi SiCountryo Proposal of BackbpSgstemar Fuel
offered in 2006 by the enriched fuel supplier nations France, Germany, the Netherlands,
Russia, the United Kingdom, and the United States, proposed that enrichment suppliers
would substitute enrichment services for each other to cover sdigplyptions for enriched

f uel consumers that have fichosen to obtain s
pursue sensitive fuel cycle activitieso. F u
virtual o reserves oeftthat &her fdelassurantesfil. use i n t he

9 Also in 2006 Japan proposed atAEA Standby Arrangements System for the Assurance
of Nuclear Fuel Supply This system would be managed by the IAEA and would offer
information, provided voluntarily by nuclear fuel glipr countries, on the status of uranium
ore, reserves, conversion, enrichment, and fuel fabrication in each country. The goal of this
system is to help prevent disruption in inte
war ni ngo nmpendirng supplies $hortfalls for states purchasing fuel or fuel services.
If a disruption in supply takes place, under this system, the IAEA acts as intermediary in
helping a consumer country find a new supplier coutitry.

9 Inthe1990s, a commercial growalledPangeawas looking for annternational geologic
repository for both spent fuel and radioactive wastesEnvisioning a facility for disposing
of 75,000 MT heavy metal of spent fuel/HLW, Pangea initially selected Australia for its
proposedepositorybut is seeking other sites around the world after confronting political
opposition in Australid?

9 During the late 1990s to early 2000s, two proposals involving depository sites in Russia were
presented. On@as a concept of thlonproliferation Trust (NPT) that called for
establishing a dry cask storage facility in Russia that would accept 1d;DB@avy metal of
spent fuel from abroad, and would include eventual spent fuel disposal. Thevagreer
concept offered bMINATOM ( Ministry for Atomic Energy ®Russig) thatsuggested a
plan for an international spent fuel service involving offering temporary storage with later
return of the spent fuel, or reprocessing of spent fuel without return of plutonium or
radioactive wastes for customer countrigs

“Rauf, T., and Z. Vovch dANEA BuReindd2) Marchi2Ba8pates 5%3 ravailabloas g ht o .
http://www.iaea.org/Publications/Magazines/Bulletin/Bull492/49204845963.pdf

“9International Energy Agency (IAEA, 20)Zommunication regived from the Resident Representative of

Germany to the IAEA with regard to the German proposal on the Multilateralization of the Nuclear Fuel Cycle

IAEA document # INFCIRC/704, dated 4 May 2007, and available as
http://www.iaea.org/Publications/Documents/Infcircs/2007/infcirc704.pdf

®United Nations Institute for Disarmament eRetteear ch (20 (
Nucl ear Fuel C ywaviv. enddir.org/pdf/Activiteis/bdéict896.pda s

*! Rauf and Vovchok,( 2007), ibid; Yudin (2009), ibid.

*2Bunn and et al. (2001), ibid.

3 Bunn ancet al. (2001), ibid.
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9 In 2003, Dr. Mohamed BBaradei suggested multinational approaches to the management
and disposal of spent fuel and radioactive wast@ 2005, commissioned at Dr. M. El
Baradei's suggestian 2003 the IAEA published a report on Multilateral Approachetht®
Nuclear Fuel Cycle in which the IAEA concluded that such approaches are needed and worth
pursuing, on both security and economic groutids

9 InJanuary 2006, Russian President Vladimir Putin announGédbal Nuclear Power
Infrastructure (GNPI) initiatve to provide the benefits of nuclear energy to all interested
countries in strict compliance with nonproliferation requirements, through a network of
international nuclear fuel cycle centers (INFCC). INF&€ conceived as being related to
the provisionof enrichment services and to spamlfmanagement issues throuphk
provison of reprocessing and the disposal of residual waste within the framework of INFCC,
under IAEAsafeguards®

9 In 2008, Tatsujiro Suzuki and Tadahiro Katsytiaposed the idea ahinternational
Nuclear Fuel Management Associatiof | N Fas a mltilateralnuclearfuel cycle
approach’. The central principles of the INFA arsiversality meaning avoiding
discrimination betweenuclearii h ssv ea n d sdht@ansgaremcygneanng that the
IAEA fAdditional Protocab or equivalent safeguards arrangements should be applied for all
facilities, and @mand should come first before sup@pd €onomicviability, meaning that
the activities of the Association sHdwbe consistent witlglobal nuclear fuel market
activities and that theanomic rational®f the Associatiorshould be clearly defined to
support nuclear fuel cycle programs

9 The Northeast Asia Peace and Cooperation Initiative, an-R@Igrocess that proposes to
address seeral (often interrelated) topics of mutual concern to the countries of the region,
one of which is fAnucl ear saf¥Thebitiatvelsr ough a
notable in the iexplicitly seeks to include the DPRK, but it does not yet sedme
articulated specific goals or proposals for regional nuclear fuel cycle collaboration.

4.3 Scenarios for Nuclear Fuel Cycle Cooperation in Northeast Asia

The descriptions below updagea r | i er Nawutilus analyses of four
nuclear fuel enrichmernd for spent fuel managemenhese generic scenarios borrow many

concepts fronearlierenrichment and speffitel management cooperation proposatsne of

which aresummarizedabove Each scenario includes specific assumptions by country for each
ofseveralfuec ycl e Anodeso: uranium mining and mil |

E| Baradei, M. ( 200 3TJheEcdndnusiatober 162083af er Wor | do.

%5 International Atomic Energy Agency (IAEA, 200%)lultilateral Approaches to the Nuclear Fuel Cycle: Expert

Group Report submitted to the Director Geslesf the International Atomic Energy Agen8&ocument #

INFCIRC/640, dated 22 February 2005, and available as
http://www.iaea.org/Publications/Documents/Infcircs/2@@Birc640.pdf

®Ruchkin, S.V. and Loginov, V.Y. (2006)AEABuB®48(dr i ng t he
September 2006.

" Suzuki, T. and T. Katsuta (2009), ibid.

8 See, for example, ROK Ministry of Foreign Affairs (MOFA), Northeast Asia Peace and Cooperation Initiative,

undated, but probably 2014 or 2015, availablatgs//www.mofa.go.kr/ENG/North _Aa/res/eng.pdf

34


http://www.iaea.org/Publications/Documents/Infcircs/2005/infcirc640.pdf
http://www.mofa.go.kr/ENG/North_Asia/res/eng.pdf

conversion and enrichment, fuel fabrication, transportation of fresh reactor fuelceectr
generation, spent fuel management (including reprocessing), spent fuel transport, and permanent
disposal of nuclear wastes. Key attributes of the scenarios are as follows:

1. fiNational Enrichment, National Reprocessing : I n this scemmuaearo t he
energy users in East Asia (Japan, China, and the ROK) each pursue their own enrichment and
reprocessing programs, with all required enrichment in those countries accomplished
domestically by 2025 or 2030For Japan, domestic enrichment ofadlits own uranium
needs in the BAU or MAX nuclear capacity paths would require the construction of facilities
beyond the total of 1.5 million SWU per year scheduled to be on line by’2pg&shably
together with stockpiling some enriched uranium prightofull restart of reactordNote
that enrichment and reprocessing activities by the ROK under this scenario would imply and
require the assent of -RdpalicdfiKoreadNdcles8t at es unde
Cooperation Agr e eaignechtthe US and ROK éndune 2085 Other
countries may also pursue domestic enrichment, though this scenario assumes that other
countries import enrichment services through 2050. Reproces&s@Oysercent ohewly
cooledspent fuel (SF) in the ROKandthe DPRK)in each patfi* In China, reprocessing
uses60 percent of newly cooled spent fuel in the Batdl MIN paths, and 80 percent in the
MAX path.®? In Japan, reprocessimgperaesat 85 percent of capacity in the MAX pagmd
55 percent in the BAlpath, but not at all in the MIN patandis in place in Japan by 2020
(or, more accurately, the Rokkasho facility is assumed to be commissioned and operational
by then). Reprocessing is in place in R@K/China by 2030 Nuclear fuel is assumed to
be fabricated where uranium is enriched and/or fuel is reprocessed. Half of the reactors in
China andhe ROK eventually use 20% mixed oxide fuel (fuel including mixed uranium and
plutonium oxides, or MOx)with half of the reactors Japarusing 30 percenlOx fuel in
the MAX and MIN paths, and 40 percent of reactors using MOx in the BAU ImattivMOx
use starts earlier in Japan than in the other nations.,Jegiaran,and the ROK import
uranium; other nations in the region eventually produce half oftheegeds domestically
except Australia, which produces all of its needs, and the Russian Far East, which imports all
of its modest needs from elsewhere in Russia. Arrangements for disposallefvieigh
nuclear wastes from reprocessing would be up to ieadvidual country, with attendant
political and social issues in each nation. Security would be up to the individual country, and

World Nuclear Association (2016), fAJapan's Nuclear Fu
http://www.world-nuclear.org/informatiottibrary/countryprofiles/countriesy-n/japannuclearfuel-cycle.aspxand

Park Younwon, "Securing Nuclear Safety in Northeast Asia: ROK Proposal on Northeast Asia Nuclear Safety
Mechanism", NAPSNet Special Reports, May 0312, http://nautilus.org/napsnet/napssapéciaireports/securing
nuclearsafetyin-northeastasiarok-proposalon-northeas@asianuclearsafetymechanism/

0 see, for example, United States Congressional Research Service (CRS, 2015), CRS InsigresibliS of

Korea Nuclear Cooperation Agreement, dated June 30, 2015, and available as
https://www.fas.org/sgp/crs/nuke/IN10304.pdf

®L For the DPRK, the assumption is that spent fuel from the taayetors in the DPRK that are connected to the

ROK grid in the BAU and MAX paths, which would dominate the overall DPRK spent fuel production, would be
reprocessed in an ROK facility (or an-Klibrean facility in a unified Korea).

“The growth in Chinaés nuclear generation, particularl)
the reprocessing of newly cooled (eigiearold) spent fuel, insufficient plutonium will be available to supply MOx

for Chinese reactors.nlpractice, it is likely that older cooled spent fuel and/or spent fuel from other natiens (

latterin Scenarios 2 and 3) would be used to make up any gap betveeamount of separat@li neededb meet

MOx fuel demandand Pu produced via reprocessing
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as a result, transparency in the actions of each country is not a given. Disposal of spent fuel
and of highlevel nuclear wstes from reprocessing is assumed to be carried out in each
individual country, with interim storage or dry cask storage use assumed through 2050.

2. ARegionalCenter(sp : Thi s scenario features the use o
enrichment and repeessing/waste management, drawn upon and shared by all of the nuclear
energy users of the region. We avoid identifying particular country hosts for the facilities,
but China and Russia are obvious candidates, though the potential involvement of other
courtries, including Mongolia, has been sugge$ted@he centers are assumed to be operated
by an international consortium, and drawn upon and shared by all nuclear energy users in
region. The consortium imports uranium for enrichment from the internatraréet, and
shares costs between participants. China limits its own production of uranium to current
levels whi ch provides a progressively smaller
nuclear sector grow¥ Nuclear fuel (including MOX) is fakrated at the regional center(s),
with use of MOx by country the same as in Scenario 1. Reprocessing of spent fuel from the
ROK, the DPRK,and China also occurs in the same amounts as in Scenario 1, but is
accomplished in regional centergsarting in2025 with phasein complete by 203tand
with reprocessing of half of the spent fuel from other nateamged out in regional centers
by2050.J apands domestic reprocessing is initial
transitions to regional centestarting in 208 and ending in 280 (still without reprocessing
in the MIN path) Disposal of spent fuel and hidével nuclear wastes from reprocessing is
done in coordinated regional interim storage facilities, pending development of permanent
regionalstorage in the post050 period.

3. fiFuel Stockpile/Market Reprocessing : Here, the countries of th
and enriched uranium internationally, but cooperate to create a fuel stockpile (the equivalent
of one year 60s c oransmu ang eniicbed fued) that tha riationsafi the u
region can draw upon under specified market conditions. Enrichment is purchased from
international sources except for the existing modest Japanese and Chinese capacity.
Reprocessing services are purchdsedom i nt ernati onal sources, s
from Russia, while some spent fuel continues to be stored in nations where nuclear
generation is used. Nuclear fuek¢luding MOX) is fabricated where uranium is enriched.
Reprocessing of spent fusldone in the same amounts as in Scenario 2, but is carried out at
international center(s), where MOXx fuel is fabricated for use in the region (with MOXx use as
in Scenarios 1 and 2)lhe exception is in Japan, where, as in Scenario 2, domestic
reprocesisig operates starting in 2018 and ending by 2025, when international reprocessing
is used.Management of spent fuel and hilglvel nuclear wastes from reprocessing is
accomplished using international interim storage facilities, possibly including &xilitithe
region, pending development of permanent regional storage@56t

83 Again, recent informal discussions with Mongolian officials suggest that participating in the regional nuclear fuel

cycle was not at all of interest to the Mongolian government as of 2014/2€4&te the existence of substantial U
resourcesintheeont ry (see, for example, World Nuclear Organi za
2016, and available dstp://www.world nuclear.org/infomationlibrary/countryprofiles/countriesy-

n/mongolia.asp but we note that government positions can and do change over time, thus the mention of

Mongolia heréfor the sake of completeness

% Australia, as a major uranium supplier, is assumed to peoalliof its domestic uranium needs in all scenarios,

although that assumption is only relevant for the MAX path, which is the only path in which Australia adopts

commercial nuclear generation.
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4. fAMarket Enrichment/Dry Cask Storageo : I n this scenari o, countr
possible exception of China) would continue to purchase enrichment services from
intermational suppliers such as URENCO in Eur¢ged the US)the USEC in North
America, & well as fronRussiaexcept that existing Chinese capacity enrichment capacity
would continue to be used, and existing Japanese capacity would be used until it is closed
after 2020. Uranium and enrichment services purchases would be through an international
consortium, as in scenarios 2 and 3. Japan and China cease reprocessing in 2015, and no
other countries reprocess spent fuel after that point either at internationaégion
facilities. Japands MOx use would be phased
elsewhere in the region. All spent fuel, after cooling in ponds at reactor sites, would be put
into dry cask storage either at reactor sites or at interneestiatage facilitie®> High-level
wastes from reprocessing (before 2016) would also be placed in interim storage facilities.

These scenarios are not by any means intended to exhaust the universe of possible nuclear fuel
cycle cooperation (anon-cooperation) options for the regioiVe believethat these scenarios
do, howeverrepresent a reasonable range of the different optionsdhlatbe adopted.

4.4 Key Analytical Approaches and Assumptions

In order to the estimate the relative costs lagwkefits of the four nuclear fuel cycle cooperation
scenarios summarized above, the following analytical approach was taken. What is presented
here is necessarily a condensed description of the methods and data used; please see our more
detailed 2010 repofor further detailsbut please note that some model parameters have been
updated consistent with the assumptions described here to prepare the results reporf&d below
Additional details of assumptions used in the analyses described here are awvailable

printouts provided in Annex/Ato this Report.

As a first step, nuclear paths specified by EASS country working groups, in some cases modified

as noted above by the authors, served as the basis for calculating nuclear fuel requirements, and
spent fiel arisings (including arisings from decommissioned plants). To these estimates of fuel
requirements, calculated for each of the thre
above, we overlaid the four scenarios of regional cooperation on nfieéaycle issues over a

timeline of 2000 through 2050. Simple stock and flow accounting was used to generate

estimates of major required inputs to and outputs of the nuclear reactor fleet in each country, and

of other nuclear facilities such as enrichmnand reprocessing facilities. The fuel cycle nodes

modeled were uranium mining and milling, uranium transportation and enrichment, fuel

fabrication and reactor fuel transport, and reprocessing and spent fuel management. Key inputs

% As noted in the Introduction to this Reponty-dtask storge of spent fuel appears much less vulnerable to release

of radiation through accident or attack than storage in spent fuel pools. Release of radiation from fuel stored in dry
casks essentially requires a concerted effort targeted specifically at thesérp not only break it op&rrequiring

high explosives detonate essentially on the cask or physically drilling into the cask, requiring proximity of

attackerd but to ignite the spent fuel assemblies stored in the cask. Zirckdyuel assemblies imenseracked

spent fuel pools, on the other hand, can ignite if water from the pool is lost, agaekesd 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.

% von Hippel, D., T. Suzuki, T. Katsuta, J. Kang, A. Dmitriev, J. Falk, and P. Hayes (Fdt®e Regional

Nuclear Fuel Cycle Cooperation in East Asia: Energy Security Costs and BeRefitiius Institute Report, June,

2010, available asttp://nautilus.wpengine.netditan.com/wpcontent/uploads/2012/01/EASS_Report 6

2010 rev.pd

37


http://nautilus.wpengine.netdna-cdn.com/wp-content/uploads/2012/01/EASS_Report_6-2010_rev.pdf
http://nautilus.wpengine.netdna-cdn.com/wp-content/uploads/2012/01/EASS_Report_6-2010_rev.pdf

at each (applicable)adle included the mass of uranium (in various forms) and plutonium,
energy, enrichment services, transport services, and money, accounted for by country and by
year. Key outputs at each node included uranium and plutonium, spent UOx (uranium oxide)
and MOxfuel, and major radioactive waste products, again by country and year. Costs are
presented and calculated in approximately 2009 dollars, except where noted.

Using this approach, quantitative results for 12 different regional cooperation scenario and
nuclear power development path combinations were generated. These quantitative results were
coupled with qualitative considerations to provide a-biglgside comparison of the energy

security broadly defined to include not just energy supply and price sgchuit technological,
economic, environmental, social/cultural, and military security aspects &walttributes of

four cooperation scenarios. As such, we used the energy security comparison methodology
developed by Nautilus Institute and its partnerder a series of initiatives starting in 1998.

Many of the parameters incorporated in the analysis described here are uncertain, with the future
costs of nuclear materials and facilities perhaps the most uncertain. As such, numerous
assumptions informely a variety of literature sources were used in this analysis. Some of the
key assumptions used in the analysis are as follows:

f  Uranium Cost/Price: @YkgU in 2016,° escalating a6.5%/yr through 2035 as demand
increases and inventories are used up im#ae term, and at 3.5 percent per year thereafter
through 2050.Note that these prices are indicative of spot market pricesgterm prices,
associated with uranium purchased under-@mm contracts, have historically been about
$25 more per kgU thmaspot market pricesThispr oj ecti on serves as a A
but uncertainties are, as noted, substaniatt in the lastdecade, @ ni um pri ces NSy
2007 at over $260/kg, fell to about the $120/kg level by 28@AD, rose again in earBp11,
then began to fall, particularly after the Fukushima acciatit,continueddecline, on
average (though not in every yeaver 2012hroughSeptembeR016 to about $0 per kg
due to an international glut in uranium production and inventoAssalternative projections
of uranium prices, we prepared a fAHighod proj
growth through 2035, and 5 percent average d
projection case below, we assume an increase in uramusts of 3.0% annually through
2020 from the current (2016) very low U prices, and@desiD.50%annual real increase in
uranium costshereafter® It might be considered reasonable to pair the different projections
of uranium prices with the different nuclear energy development paths, as we have done for
enrichment prices (see below). We have decided against doing so, however, because it
seems likely that uranium supply can respond to different levels of demand much more
quickly than can enrichment capacity. We thus use the medium uranium price projection for
all four scenarios of cooperation and for all three nuclear energy capacity pathg but us

67 See, for example, von Hippel, David F., Suzuki, Tatsuijiro, Williams, James H., Savage, Timothy, and Hayes,

Peter (2011), AEnergy Security and Sustainability in N
Energy Policy 39(11), 67186730; and von Hippel, David F., Suzuki, Tatsujiro, Williams, James H., Savage,
Ti mothy, and Hayes, Peter (2011), AEvaluating the Ener

Sovacool (Ed.)The Routledge Handbook of Energy Secypty. 75 95), Oxon, UK: Routledge.

% Recentistorical prices from Cameco "URANIUM PRICES, Uranium Spot Price History, thSegitember

2016, available as http://www.cameco.cinvest/markets/uraniusprice.

% This is the same escalation rate used by a team of MIT researchers in preparing "Update of the MIT 2003 Future
of Nuclear Power Study”, dated 2009, and availablgtas/webmit.edu/nuclearpower/pdf/nuclearpower

update2009.pdf
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alternative price projections to prepare sensitivity analyses.

1 Average uranium (U) concentration in ore purchased from international market sources:
2.5% Note that this estimated average, based mostly on 2011 output data, is heavily
influenced by the nium concentration of a single highly productive mine in Canada with
an ore concentration of on the order of 20 percent. Excluding this mine, the global average U
concen7t0ration in ore is about 0.1%, though in practice uranium concentrations in ore vary
widely.

1 Thirty percenwof the eariched uranium from the international marketsproduced in
gaseous diffusion plants in 2007, with the remainder in centribaged plantdutall
enrichmenwassourced from centrifugbased plants by 2@ as gaseous fiusion capacity,
mostlythe Paducah plant in Kentuckythe United Statesyasretired’* Although some
enriched uranium will continue to be sourced from highly enriched uranium from retired
nuclear weapons, and it is possible that some laser enriclntidmtgin to be used in the
international market, we assume that centrifbgsed plants will effectively continue to be
the predominant supplier of enriched uranium for East Asia through 2050.

1 Enrichment costs have fallen faell over ® percenin the bstfive years, from about
$160/kg per separative work unit (SWU) in 2008 through early 20abBdat$72 per kg in
2015, andto $51 in the first twethirds of 2A.6, likely as a result of the combination of the
global economic recession and the impactghemuclear industry of the Fukushima
accident. We assume, for the BAU nuclear generation capacity expansion case, that costs per
SWU rise aR.0percent annually in real terms fratre 2016 level, meaning that real 2050
costs per SWU will beubstantialf lowerthan they were at the cost peak in 2008/2009.
Since the MAX nuclear capacity expansion case results in higher demand for SWU, we
assume that the costs per SWU will rise faster than for BAU capacity expansion, at an
average rate @.0percent annaily. Conversely, a low rate of nuclear generation capacity
expansion reduces SWU demand, so we assuin@ percent annuedal escalation of costs
per SWUfrom (very low) 2016 levelss associated with scenarios in based on the MIN
capacity expansion sa. Associating particular enrichment cost trajectories with specific
nuclear capacity expansion/use scenarios is admittedly a modeling decision in and of itself,
and one that can be questioned. If the region being modeled represented a smaller part of the
current and expected market for enrichment, then one could justifiably argue that world SWU
market prices should be largely independent of changes in nuclear generation in the region.
In this case, however, the converse is true, and changes in theaeglikely to have a
large impact on enrichment demand. The supply of enrichment services, on the other hand,
is arguably fairly inelastic, as enrichment plants are expensive and take a long time to plan,
site, and build.Still, over a 3@plus year timénorizon one might expect more enrichment to
come on line, and affect international prices. We thus use senstidlysis to look at the
impacts of different enrichment price trajectories on different combinations of scenarios and
nuclear capacity paths

“World Nuclear Association (2012), "World Uranium Mining", last updated August, 2012, and available as
http://www.world-nuclear.org/info/if23.html.

"Roughly consistent with information in World Nuclear
October 2016, and available latsp://www.world-nuclear.org/informatiotibrary/nucleasfuel-cycle/conversion
enrichmentandfabrication/uraniurrenrichment.aspx
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Raw uranium transport costs are set at roughly cont&igight rates.

1 The cost of YOs conversion to Ug(uranium hexafluoride, which is processed by
enrichment plants) is $14/kg. ¥

1 The cost of UOx fuel fabrication is $270/kg heavy metal (lManing uranium and
plutonium)”

The cost of MOXx fuel blending and fabrication is $1800/kg heavy tfietal
The fraction of plutonium (Pu) in (fresh) MOXx fuel is 7%
Spent fuel transport costs by ship are about $40/kAM°®

The cost of reprocessing$4200/kg HM ' except in Japan, where it is $3400/kg HM based
on the costs of the existing Rokkasho pi&nt

= =2 =2 =2

1 The effective average lag between placement of nuclear fselrunce (in reactors) and its
removal from spent fuel pools at reactors is 8 years.

1 Thecost of treatment and disposal of higlel wastes is $150/kg HM reprocessed, the mass
of Pu separated during reprocessing is 11 kg/t HM in the original spent fuel, and the cost of
storage and safeguarding of separated plutonium is $3000/4a Pu

1 The average capital cost of dry casks (for UOx or MOx spent fuel) is $0.8 million/cask and
the operating cost of dry cask storage is $10,000 per-jeaSk

1 The cost of interim spent fuel storage (total) is $360/kg HM placed in storage, and the cost of
permanenstorage of spent fuel is assumed to be $1000/kg HM placed in storage
Permanent storage, however, is not implemented, and its costs are not charged, in any of the

“The World Nuclear Association (2012), einber, 012haad Ec on o mi «
available asttp://www.world-nuclear.org/info/inf02.htn)| lists costs for Ufconversion as of March 2011 as $13

per kg UQ. This is more than twice the cost listed in thdieastudy Deutch, J., C. W. Forsberg, A.C. Kadak, M.S.
Kazimi, E. J. Moniz, J.E. Parsons, Y. Du, and L. Pierpoint (2008dlate of the MIT 2003 Future of Nuclear Power
Study MIT Energy Initiative, available agtp://web.mit.edu/nuclearpower/pdf/nuclearpowedate2009.pdf
“World Nuclear Association (2012), in The Economics of
ashttp://www.world-nuclear.org/info/inf02.htm| lists costs for fuel fabrication as of March 2011 as $240 per kg
Uo.,.

" Bunn, M., S. Fetter, J. P. Holdren, B. van der Zwaan (2008 EconomicsfdReprocessing vs. Direct Disposall

of Spent Nuclear Fuel: Final Reppf/12/19997/30/2003. Project on Managing the Atom, Belfer Center for
Science and International Affairs, John F. Kennedy School of Government, Harvard University, dated December
2003,Report number DEEG26:99FT4028, and available a#ip://belfercenter.ksg.harvard.edu/files/repro

report.pdf

S Massachusetts Institute of Technology (MIT, 2003)e Future of Nuckr Power, An Interdisciplinary MIT

Study Available attp://web.mit.edu/nuclearpower/pdf/nuclearposidt.pdf.

' Organization for Economic Cooperation and Development Nucleaggdegency (OECD/NEA, 1994 he
Economics of the Nuclear Fuel Cycle

"MIT, 2003, ibid.

8 Katsuta, T. (2010), personal communications.

" OECD/NEA, 1994, ibid.

8 Capital and operating costs based very roughly on United States Department of Energy (US®Xp&ulti-
purpose Canister Evaluation: A Systems Engineering Apprdaeport DOE/RW0445, September, 1994l and

TRW Environmental Safety Systems, Inc. (TRW, 1923)Reactor Dry Storage IssydReport # E00000060
01717220000002, September, 1993..

81 Based roughly on OECD/NEA, 1994, ibid.
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scenarios above by 2050.

1 The annual cost of storing cooled spent fuel, including both &@AXMOXx spent fuel, in
pools is $11,700 per tHRf. Note that this cost does not apply to spent fuel before it has

cooled, as costs for-a¢actor cooling for 8 years are assumed to be part of reactor operating
and maintenance costs.

82 A recent estimate for the operating costs of spent fuel pools was not immediately available, but an older (1991)
US study, S.R. Rod (1991 0st Estimates of Operating Onsite Spent Fuel Pools After Final Reactaio®imut

Report Number PNi7778, dated August, 1991, and availablétgs//www.osti.gov/scitech/servlets/purl/5349359/
lists an average (mean) cost of operating spent fuel po8lg.4iper kg Uyr, presumably in 1991 dollars or

similar, which implies$11.71 per kg byr in 2009 dollars.
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5 Spent Fuel ManagementCooperation Scenario Results

Results for the spent fuel management cooperation scenarios described above are provided in
this section of thifroject SummarRe por t . These results update |
the topic. Additional detailed resultsr@ available in Annex 2B to this Report.

5.1 Uranium Production and Enrichment

Over the period from 2000 through 2050, the countries of East Asia and the Pacific included in
this study are projected to use a cumulatid¥ fo 1.46 million tonnesof natural uraniungas U)

in the BAU capacity expansion case, with usage under Scenario 4 about 7 percent higher than in
Scenarios 1 and 2. Producing these quantities of uranium will require the extraction @about
(Scenarios 2 through 4) &Y0 milli on tonnes (Scenario®)of uranium ore, with extraction in
Scenario 1 being much higher because more of the ore is mined domegticallly in China)

rather than being sourced from higlggade Canadian (and other) deposits. As large as these
figures £em, they are dwarfed by the annual volume of coal extracted in China alone in a single
year (over 3.5 billion tonnes in 2034although of course Chinese cdakd power plants

generatean the order of 10 times as mysbwer during 2011 than did all tfe reactors in the

region combined).This comparison is, of course, inexact, because coal ash and other wastes
have different disposal attributes and environmental impaatsl thus costior disposad than

do uranium tailings Milling the uranium needefbr reactors in the region will require abdu4

to 1.5 billion cubic meters of water over the period from 2000 through 2050, which, to put the

|l evel of resource use in perspective, i s abou
Yangtze River tolte ocean, or about a tenth of annual domestic water use in Japan.

The enrichment services requirements for the BAU paths across scenarios ad® aind(it
million kg SWU in 2050 in Scenarios3, and abou#4 M for Scenario 4 (which includes no
MOx use) For the MAX generation capacity expansion path, needs rise to&bgusWU/yr

in 2050 in scenarios without substantial MOx use, and are 8lout3 percent less in scenarios
with MOx use. For the MIN path, requiremeatgabout20-22 million SWU in the 2020s

rising slowly (on the strength of continued growth in the Chinese nuclear sector, offsetting
declines elsewhere in the regim23-25 million SWU in 2050.

Under Scenario 1, additional enrichment capacity in the countries of the region reijude=d

under all nuclear capacity expansion pathst hough under the MIN path
SWU demand (2020 2029) is quite close to the reported full capacity (1.5 million SWU/yr) of
theJapan Nuclear Fuel Ltd (JNFL) commercial enrichmenitma Rokkash8® Under other

scenarios, global enrichment capacity by 2015 would need to be expanded to meet 2050 regional
plus outof-region enrichment demand under the BAU or MAX expansion paths. ltheler

MAX expansion path and Scenario 1, China aloeld need to build new enrichment capacity

8 In the MAX capacity expansion case, cumulative 2000 through 2050 uranium ore extaationtiZ0 million

tonnes in Scenario 1.

8 British Petroleun{ 2012), Excel workbook ABP Statistical Review
http://www.bp.com/assets/bp_internet/globalbp/globalbp _uk _english/reports_and_publications/statistical_energy re

view 2011/STAGING/local_assets/spreadsheets/statistical_review_of world_energepfuit 2012.xIsx

®See World Nuclear Association (2016), fJapan's Nucleart
http://www.world-nuclear.org/informatioflibrary/countryprofiles/countriesy-n/japannuclearfuel-cycle.aspx
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by 2050 approximately equaltooretharh al f of todaydés gl obal <capac
expansion path, however, international enrichment facilities extant as of 2015 are likely

sufficient to meet regional amait-of-region demand without significant expansiassuming

existing facilities (or replacement facilities) continue to operkigure5-1 summarizes the

required egional volume of enrichment service required, botbaantry and oubf-country

(that is, from regional or international facilities), for the period from 2000 through 2050 for each

of the four scenarioskFigure5-2 shows enrichment requirements over time by country. Though

the ROK and Japan account for almost all enriched uranium pesBskushimathe rapid

growth of Chinads nucl eagspowferr esstcdarotri ragndJ d fhe
thatChi nads demand f or needsirtheadstrofehe tegiowell lbdfored0R0t st r i p

Figure 5-1: Requirements for Enriched Uranium by Scenario, Adjusted for MOx Use, BAU
Nuclear Capacity Expansion Path
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Figure 5-2: Requirements for Enriched Uranium by Country, Scenario 1, Adjusted for
MOx Use, for the BAU Nuclear Capacity Expansion Path

Enrichment Requirements by Country, 2000-2050,
Scenario 1, BAU Capacity Path
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5.2 Spent FuelM anagement

The increase in production of spent fuel has implications for the sufficiency of space for storage
of spent fuel at reactors (spent fuel pools) and other facilities. In Scenario 1 undatthe

nuclear capacity expansion path, China, Japan, and the ROK will require new spent fuel storage
capacity by the early 2020s or sooirethe ROKand possiblylapan depending on whether

spent fuel pools remain densscked, and the timeline for startititge Mutsu dry cask storage

facility in Japanandby the mid2030s (China). By 205 the BAU casestorage, disposal, or
reprocessing foabout3800to 4100tHM of spent fuel will need to be added annually, with

about 60 percerdf that requirement i€hinaalone In the absence of regional cooperation on

spent fuel management, the countries of East Asia, and in particular Japan, the ROK, and China,
will in the next 10 to 20 years need to begin opening a large amountof-ragctorpool spent

fuel storage or disposal space, or develop the same equivalent amount of storage space in
reprocessing facilitie@r a combination) This result is based, as noted above, on the

assumption that new reactors will (mostly) be designed with 15 years of sgestbfage

capacity. Though it may be that new nuclear plants will be designed with larger spent fuel pools,
the tendencyto build larger spent fuel pooisay be tempered by consideration of the risks-of at
reactor pool storage of large quantities of speel, particularly when, as in many existing

plants in Northeast Asi@nd elsewhereg) s pent f uel pools are fdense
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assemblies. These risks were underscored by the damage to spent fuel in pool storage that
occurred during the FukushaDaiichi Plant accident in Japan starting in March 2011. Given the
recent history of public opposition to new nuclear sites in Japan and the ROK, one would expect
the process of developing new storage/disposal/reprocessing facilities to be diffiaol, Wdth

more lightlypopulated aresthan the ROK or Japan, and less of a tradition of civic involvement

in security and environmental issyesay find an easier path to siting such facilities. On the

other hand, in the twenty years between now and \@ema will need such facilities, and given

the recent trend of a growing civil society voice in key issues, spent fuel management facilities
may also become progressively harder to site in China as well.

Figure5-3 summarizes the regiewide use of reprocessing over time in each of the four

Scenarios. A similar amount of reprocessing takes place in each of Scenarios 1 through 3, rising
to about2200 tonnes of heawyetal annually by 2050, but reprocessing in Scenario 1 takes

place mostly in the countries of the region, while in Scenarios 2 and 3 reprocessing is mostly
done either outside the region, or in shared reprocessing facilities in the region. In Scesario 4,

a result of the scenario assumptions, no reprocessing takes place after abolNd@8lhat the

scale in the graph for Scenario 4nisich smaller thathe scale in the other three panels of

Figure5-3. Combinatiors of active reprocessingrogramsandhigh or mediungrowth in

nuclear generation capacity yield laygigough transitionainventories of plutoniud on the

order of75to 95tonnes. Scenario 1 coudle wi t h t he AMAXO capacity ex
a maximum regional inventory of plutoniym@t nearly95tonnesin 2038, but that inventory is

more tharused in MOXx fuel by 205@ivenScenario 1 assumption$Severalkcenario/path
combinations actually resutet negative plutonium stocks regionwidehe last two to four

years of the modeling period (ending in 2Q50)plying that Pu from other international

separation programsor, perhaps, conversion of Plutoniumginally produced for weapofs

would be used to produce MOx fuelthose few years (and/or MOx fuel use would be

decreased) Plutonium inventories remain at ab&@3tonnes in all Scenario 4 capacity variants

from about 2015 on. Placed in perspectingglmost all yearany of these quantities of Pu are
sufficient that diversion of even a few hundredths of one percent of the total regional stocks
would be enough to produce one or more nuclear weapons.
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Figure 5-3: Regionwide Quantities of Spent Fuel Reprocessed by Year by Scenario, BAU

Nuclear Capacity Expansion Path
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5.3 Spent Fuel Production

Figure5-4 summarizes aaed spent fuel (UOXx fuel only) production by country in Scenario 1
for the BAU capacity expansion path. By 2050, an annual volurseenoéwhat undet000
tonnes of spent fuel regionwide will be cooled and ready for storage, reprocessing, or disposal.
An additional280 tonnes per year of MOx spent fuel will be cooled and require further
managemedt but likely somewhat different management than UOx fuel, due to its different
radiological propertiegs in 2050, with all cooled MOXx fuel coming from Japan, Chirad the
ROK. Note, inFigure5-4, thatthe dip in cooled spent fuel production corresgindhe very
low (or zero)capacity factors for nuclear power in Japathm aftermath of the Fukushima
accident. The actuatooledspent fuel productiom the midto-late 2020snay be even lower, as
the capacity factors used in this study for the {fagtushima years in Japan may prove to be
overstated.
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Figure 5-4: Production of Cooled Spent UOx Fuel by Year and by Country, Scenario 1 and
BAU Nuclear Capacity Expansion Path
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5.4 Relative Costsof Scenarios

Along with the inputs to and outputs of nuclear fuel cycle facilitiesesitienated costs of key

elements of the nuclear fuel cycle have been evaluated for each combination of scenario and
nucl ear capacity expansion path. Il n gener al,
been used, expressed, for example, on dguereheavy metal processed basis, to include a
multitude of operating and maintenance as well as capital costs, often for vetiyéuahg

facilities. In other cases market trends in prices have been extrapolated, for example, for
uranium prices and enriotent services, while providing for the option of modeling different

price trends. All costs in the figures in this section are provided in 2009 dollars. The figures
below focus on the results of the BAU nuclear capacity expansion path. As with other
parameters, cost estimates are in many cases by their very nature quite speculative, as they often
specify costs for technologies that have not yet been commercialized (permanent waste storage,
for example), or are commercialized but practiced in only golages in the world (reprocessing

and highlevel waste vitrification, for example), or are subject to regulatory oversight with the
potential to considerably change costs, or for which specific costs were not immediately

available for this analysis (suels most nuclear materials transport costs). As such, the costs
estimates provided here should be taken as indicative only, for use primarily in comparing
regional scenarios.
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Not yet included in the cost analysis summarized here are the costs of nuckzatige, apart

from fuelrelated costs. These costs have been omitted (capital costs and O&M costs, for
example) in analyses thus far because a full comparison of different nuclear paths also requires
inclusion of the capital costs of other electricigngration sources and of other methods of
providing energy services (such as energy efficiency improvements) that might be included in a
given energy sector development path for a given country. It should be noted, however, that
using MOx fuelinsomedf he r egi ondés reactors wil/ require
operation that will vary in cost by plant, but will likely be in the range of tens of millions of
dollars in capital costs and tens of millions of dollars in annual operations costsager (see,

for example, Williams, 1999 These costs would accrue to scenarios with substantial MOx

use, but not to scenarios where reprocessing (and MOx use) is avoided.

Highlights of the cost results summarized as annual costs inf@0&@ BAU path(Figure5-5)
include:

1 Uranium mining and milling costs for the region are estimated@b%$o $11.4 billion per
year by 2050, with the inclusion of reprocessing in Scenarios 1 through 3 redosia@nly
modestly (3 to ercent) relative to Scenario #.should be remembered that the BAU
scenari o uses a AMedi umo raniany, enden\ahich cost e price
kgU returns to near the historical (but transient) high price spike of 2007, in real terms, by
2050. Use of a lower uranium price forecast would substantially lower estimated mining and
milling/purchase) costs.

1 Natural uraniuntranspaet costs, at an estimatédo 5 million dollars per year in 2050, are a
negligible fraction of overall costs.

1 Uranium conversion costs range fr&T0to 630 million dollars per year by 2050 for the
countries of the region.

1 Uranium enrichment costs for the region abeut 30 percent ahining and milling costs, at
an estimated at3® to $3.5 billion per year by 2050, with the inclusion of reprocessing in
scenarios again reducing costs only modedily.noted above, enrichent costs, like
uranium costs, have been historically volatildecreasing by a factor of three between 2009
and 2016 alorg souse of a higher price trajectory could substantially increase this cost,
relative to the medium enrichment price scenario (ratgrto only 2013 price levels by
2050) reflected in these results.

UOXx fuel fabrication costs are estimated a2$a.$123 billion annually by 2050.

Though the quantity of MOx fuel used is much lower than that of UOx fuel, MOx fabrication
costs are estinbed at about &0-700 million annually by 2050 in Scenarios 1 through 3
where MOXx is used.

1 Reprocessing costs ranfyjem about$2.9to 3.7billion per year in those Scenarios (1
through 3) that feature reprocessiagth Scenario 1, with more (and more erpive)
reprocessing in Japan having the highest reprocessing costs.

1 Treatment of higHevel wastes from reprocessing ad@4@bto 360 million per year to the

8 See, for example, Williams, K.A. (1999)ife Cycle Costs for the Domestic ReagBarsed Plutonium Disposition
Option Oak Ridge National Laboratory Report ORNL/T1899257, Dated October, 1999, and available as
http://www.ornl.gov/~webworks/cpr/rpt/105050.pdf
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costs of Scenarios 1 through 3, with treatment of mediawal, low-level, and solid wastes
from reprocessing, and of uranium separated from spent fuel during reprocessing (less
uranium used for MOx fuel) adding an aggreg&2aio 230 million per year to costs by
2050.

1 Plutonium storage costs range fraeroto $160 million/yr in 2050, with those scenarios that
result in higher Pu inventoridsy 2050 (those where Pu is not substantially used up in MOXx
fuel) showing higher cost®r that year

1 Interim storage of noneprocessed spent fuels (and of MOx fuel), in Scenarios 1ghr®u
has estimated costs in 2050 @O8 million to $850billion per year. In Scenario 4, using
Dry Cask Storage, estimated costs in 2050 are al&@0trfiillion per year, or somewhat
lower, though the amount of spent fuel being handled in Scenarioudléatthe fuelthat
would otherwise have beesent to reprocessirg the other scenarios Estimated costs for
transportation of spent fuel in are aboidd $illion annually in 2050 in Scenario 1, about
$210 million/yr in Scenarios 2 and 3, and3million/yr in Scenario 4.

Overall, the conclusion from the ab@vsimilar to the conclusion that a number of other
researchers have reached usingupet costs (not from regional scenarios), is that reprocessing
of spent fuel results in much higher c@stsigherby on the order ofbillion per year (about

20-23 percent), regiotwide, in 205@ than using drycask storage and avoiding reprocessing of
spent fuel, as shown Figure5-5. Figure5-6 shows net present value costs from 2010 through
2050 (calculated with three different discount rates) for the nuclear fuel cycle elements.
Scenaios 1 through 3 yield total costs thateaboutl12 to 18 (at a discount rate of 5.0

percent/yr) tdl6to 21 percent (at a zero discount rate) higher overall than in the least expensive
scenario (Scenario 4). The absolute cost difference between scenarios declines somewhat as the
discount rate used increases. Results at three different real discount ratesaréo reflect a

range of potential perspectives as to the time value of money in nuclear investments. Present
interest rates in Japan, for example, are near(aawin the negative range in real ternis)

addition, one could argue that as investraevith decidedly intergenerational implications,

nucl8e7ar fuel cycle costs should be evaluated with azezaxr, zero, or even negative discount

rate.

87See,forexample,HeIIweg,S.,T.B.I—Iofetter, and K. Hungerbg¢ghl er (2003) , f
Should Current |I mpacts be Weighted Dif fleemnatiortall y t han | mj
Journal of LifeCycle Analysig/olume 8 (1), pagesB818. Available as

http://www.|caforum.ch/Portals/0/DF _Archive/DF22/Steffi.pdf
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Figure 5-5: Annual Regional Nuclear Fuel Cycle Costs 2050

Million USD
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Figure 5-6: Net Present Value of Regional Nuclear Fuel Cycle Costs

Net Present Value of Regional Nuclear Fuel Cycle Costs, 2010 -
2050: BAU Capacity Path, Three Discount Rates
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5.5 Cooperation Scenario Costs in Context

Although significant, nuclear fuel cycle costs are only a portion of the overall costs of nuclear
generation. In order to gauge the magnitude of fuel cycle costs relative to other costs, we
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prepared a rough estimate of the overall costs of nuclear powach of the countries of the
region over the period from 2010 through 205Fable5-1 shows our assumptions used in
preparing an overall estimate of the costawtlear power in the region for major costs
excluding fuelcycle costs, which are covered abovdwe costs categories included here are

capital costs (annualized using a cost recovery factor based on an interest rate of 5 percent/yr in

real terms), annuidixed (O&M) operating and maintenance costs, variable-fnehcycle)

O&M costs (typically small for nuclear plants), and decommissioning c@stpital and other
costs for nuclear power plants are notoriously hard to estimate, particularly wheeechgts
are involved, but the estimates below generally fall within the range of costs available from
various literature sourcég.

Table 5-1: Nuclear Power Cost Assumptions by Country and Component

Components of Nuclear Power Costs: Assumptions
All costs assumed to be in approximately 2009 dollars

Cost Component/Parameter Units Japan ROK China RFE Taiwan DPRK Indonesia Vietnam Australia

Fleet Average Initial Capital Cost, 2010 $/kW $ 4,000 $ 2,200 $ 2,200 $ 2,200 $ 4,000 $ 2,200 $ 2,200 $ 2,200 $ 3,500
Fleet Average Initial Capital Cost, 2030 $kW $ 4,500 $ 2,600 $ 2,600 $ 2,600 $ 5,000 $ 2,600 $ 2,600 $ 4,000 $ 4,000
Fleet Average Initial Capital Cost, 2050 $IkW $ 4,500 $ 3,000 $ 3,000 $ 3,000 $ 5,000 $ 3,000 $ 3,000 $ 5000 $ 5,000
Interest Rate for Annualizing Capital Costs, 2010 %lyr 5% 5% 5% 5% 5% 5% 5% 5% 5%
Interest Rate for Annualizing Capital Costs, 2030 %lyr 5% 5% 5% 5% 5% 5% 5% 5% 5%
Interest Rate for Annualizing Capital Costs, 2050 %lyr 5% 5% 5% 5% 5% 5% 5% 5% 5%
Economic Lifetime years 40 40 40 40 40 40 40 40 40
Implied Annualized Capital Costs, 2010 $/KW-yr $233.11 $128.21 $128.21 $128.21 $233.11 $128.21 $128.21 $128.21 $203.97
Implied Annualized Capital Costs, 2030 $IkW-yr $262.25 $151.52 $151.52 $151.52 $291.39 $151.52 $151.52 $233.11 $233.11
Implied Annualized Capital Costs, 2050 $IKW-yr $262.25 $174.83 $174.83 $174.83 $291.39 $174.83 $174.83 $291.39 $291.39
Fixed Operating and Maintenance Costs, 2010 SkW-yr | $ 160 $ 100 $ 100 $ 100 $ 140 $ 100 $ 100 $ 100 $ 100
Fixed Operating and Maintenance Costs, 2030 $SKW-yr | $ 160 $ 100 $ 100 $ 100 $ 140 $ 100 $ 100 $ 100 $ 100
Fixed Operating and Maintenance Costs, 2050 SKW-yr | $ 160 $ 100 $ 100 $ 100 $ 140 $ 100 $ 100 $ 100 $ 100
Variable (non-fuel-cycle) O&M costs, 2010 $/MWh $ 050 $ 050 $ 050 $ 050 $ 050 $ 050 $ 050 $ 050 $ 0.50
Variable (non-fuel-cycle) O&M costs, 2030 $/MWh $ 050 $ 050 $ 050 $ 050 $ 050 $ 050 $ 050 $ 050 $ 0.50
Variable (non-fuel-cycle) O&M costs, 2050 $/MWh $ 050 $ 050 $ 050 $ 050 $ 050 $ 050 $ 050 $ 050 $ 0.50
Decommissioning Costs, 2010 $kwW $ 500 $ 350 $ 350 $ 350 $ 500 $ 350 $ 350 $ 350 $ 350
Decommissioning Costs, 2030 $/kW $ 550 $ 400 $ 400 $ 400 $ 550 $ 400 $ 400 $ 400 $ 400
Decommissioning Costs, 2050 $kW $ 600 $ 450 3 450 $ 450 $ 600 $ 450 3 450 $ 450 3 450

For the BAU capacity expansion pa#ts, shown irFigure5-7, we estimate the overall regional
undiscounted cost of nuclear power in East Asia/Pacific over the p&lddiRrough 2050 to be
about $2.1 trillion This figureexcludesfuel cycle costsso the overall total cost for nuclear
generation igbout $2.5 to $2.6 trillion including the estimates (at a discount rate of zero) for
fuel cycle costs shown for the focmoperation scenarios Figure5-6. The bulk of the noiffuel
cycle costs are annualized capital costs (60 percent) and fixed O&M costs (37 percent), with
nonfuel variable costs and decommissioning costs making up a much smaller fraction of the
total®® Total nonfuel nuclear costs if all countries pursue MAX capacity expansion paths are
estimated at $2.7 trillion over the same period, versus $1.5 trillion for the MIN capacity

8 The rough estimates shown are based on a variety of literature sources, somesp@aificy and some more

general. Seepfr exampl e, Worl d Nuclear Association (2016),

2016, and available dwtp://www.world-nuclear.og/informationlibrary/economieaspects/economias-nuclear
power.aspxand Dan Drollette Jr (2014), The rising cost of decommissioning a nuclear poweBpltiin of the
Atomic Scientistttp://thebulletin.org/risingcostdecommissioningpuclearpowerplant7107

28 April 2014

8 For simplicity, decommissioning costs were treated as incurred in the first year of decommissioning. This is of
course not entirely realistic, as decommissioning costs are typically spread over many years, and are often
accumulated in advance from ratgpes. Decommissioning costs are much higher in countries with older reactor
fleets (especially Japan), but still make up a small part of total nuclear costs.
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expansion pathAdditional detailed resultslated tahis estimate are avable in Annex 2C to
this Report.

Figure 5-7: Total Estimated Cost of Nuclear Power in East Asia/Pacific, Excluding Nuclear
Fuel Cycle Costs

Total Cost of Nuclear Power, Excluding
Fuel Cycle Costs, East Asia/Pacific, 2010-
2050, BAU Capacity Expansion Path
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Overall, the difference between tbests of thdour cooperatin sc@ario® betweer75 to

$100 billion over the entire region from 2010 through 2056presents only a few percent of

the overall cost of nuclear power. Given the broad span of time and space over which these
estimates are calculated, and the substantizertainties in many of the parameters involved,

this result suggests that costs should not be the overriding factor in deciding between nuclear fuel
cycle options. Rather, parameters that are difficult or impossible to accurately estimate
guantitativéy, such ashe impacts of different fuel cycle options on radiological risks, security

of the sector from attack, and/or the responses of local communities to different fuel cycle
choices, should be regarded as more significant in informing nucleaytleldecisions, as

described below.

5.6 Enerqy Security Attributes Comparison of Scenarios

The broader energy security definition referred to earliseation4.4 of this reportwas
used to develop a multipktribute method of compare national energy policy scenarios. This
method was adapted to compare the energy security attributes of the four regional nuclear fuel
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cycle scenarios developed and evaluated asidedaibove. It should be emphasized that while
many different attributes and measures could be chosen for this analysis, the approach taken here
has generally been to focus on attributes that are significantly different between scenarios, in
order to prowde guidance on the key policy trad#s involved in choosing one scenario over

another. Key results of this comparison are as follows:

Energy supply securityArguably, Scenario 1, in which the major current nuclear energy
nations of the region own amdn their own enrichment and reprocessing facilities, provides
greater energy supply security on a purely national level. On a regional level, depending on the
strength of the agreements developed to structure regional cooperation on nuclear fuel cycle
issues, Scenarios 2 and 3, and possibly 4, may offer better energy supply security. Scenarios 3
and 4 also offer the added security of shared fuel stockpiles.

Economic securityScenarios including reprocessing have significantly higher annual
costs, whewiewed over the entire fuel cycle, than the scenario without reprocessing. The
additional cost is still, howevéas noted abovepnly a relatively small fraction of the cost of
nuclear power as a whole. dtrsaid, theise of reprocessing and relateduieed wate
management technologies nexpose the countries of the region to additional economic risks if
the technologies have costs that are unexpectedly high (as has been the case, for example, with
Japands Rokkasho r epr,dheesegused additiopal irevastimént, probably | n
by governments dry companie®acked by governments (tens of billions of dollars, at least) in
facilities related to fuel reprocessing may divert investment from other activities, within the
energy sector and other sectorsf potentially more benefit to the loigrm health of the
economies of the region. On the other hand, developmenicolimtry and irregion nuclear
facilities will have its own jokcreation benefits in the nuclear industry and sorfae@
industries.

Technological securityScenario 4, which depends on provenchigk storagaeliesthe
least on the performance of complex technologies, but implicitly also depends on future
generations to manage wastes generated today. Sincehalaiher scenarios, however, depend
on interim storage of spent fuels, plutonium, and Héytel wastes from reprocessing, and thus
imply dependence on a future means of safe disposal, the scenarios are not so different in this
long-term outlook.

Environmental security Scenarios 1 through&evaluated offer somewhat (on the order
of several to 10 percent) less uranium mining and processing, with its attendant impacts and
waste streams, relative to scenariolis reduction in mining ibalanced by thadditional
environmental burden of the need to dispose of a range of solid, liquid, and radioactive
reprocessing wastéom reprocessing, MOXx fuel fabrication, and related processes related to the
use of plutonium in nuclear fuelsDifferences betweehe scenarios with regard to generation
of greenhouse gases and more conventional air and water pollutants are likely to be relatively
small, and are inconsequential when compared with overall emissions of such pollutants from the
full electricity sector&nd entireeconomies of the region.

SociatCultural security To the extent that some of the countries of the region have
growing civil-society movements with concerns regarding nuclear power in general,
reprocessing in particular, and local siting of eaclfuetcycle facilities, Scenario 4 arguably
offers the highest level of socialltural security. This advantage has likely been exacerbated by
the social/political fallout from the Fukushima accident, although the different countries of the
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region ardinding and will find that the Fukushima accident has impacts of different types and
magnitudes on social and cultural issues relatedittear power In some cases current laws

in Japan, for exampdewould have to be changed to allow the ldgagn atreactor storage
included in Scenario 4, and changing those laws has its own risks.

Military security. From a national perspective, safeguardirganntry enrichment and
reprocessing facilities in Scenario 1, including stocks of enriched uranium and dégpeci
plutonium, puts the largest strain on militaandbr police) resources. Those responsibilities are
shifted largely to the regional level in Scenario 2, and to the international level in Scenario 3,
with less stress on national resources, but mar@ceon the strength of regional and
international agreements. The level of military security (guards and safeguard protocols)
required of Scenario 4 is arguably considerably less than in the other scenarios.

6 Summary of Resultsand Conclusions

Belowwe summarize the results of the cooperation scenarios analyses presented above, describe
the implications of the analysis for how nuclear fuel cycle decisions should be considered, and
describe how the conclusions regarding spent fuel cycle cooperatibhinmayact with other

issues related to nuclear power. We end this section with some thoughts on what types of
projects might be undertaken to build on the work presented here.

6.1 Cooperation ScenarioResultsSummary

The results of the regional scenari@keation above indicate that Scenario 4, which focuses on
atreactor dry cask storage and coordinated fuel stockpiling, but largely avoids reprocessing and
mixed-oxide fuel (MOX, that is, reactor fuel that uses a mixture of plutonium reprocessed from
spentfuel and uranium and as its fissile material) use, results in lowecyokd costs, and offers
benefits in terms of soci@ultural and military security. These results are consistent with (and,
indeed, draw ideas and parameters from) broader studmfér research groups, including, for
example, the joint work by the Harvard University Project on Managing the Atom and the
University of Tokyo Project on Sociotechnics of Nuclear Energy.

That said, there are definite tradis between scenarios. &mario 1, by using much more

domestic enrichment and reprocessing than the other scenarios, arguably improves energy supply
security for individual nations, but results in higher technological risk due to national reliance on
one or a small number of erfniment and reprocessing plants, rather than the larger number of
plants that constitute the international market. Scenario 1 would also raise significant
proliferation concerns (not the | east of whic
and repocessing). Scenario 1 also results inghkeast transieriiuild-up of stockpiles of

plutonium (Pu) in each of the nations pursuing reprocessing. Though the magnitude of the
plutonium stockpiles, and the rate at which they are used, varies considsrabiglear path

and scenario, the quantities accrued, rangmgpabout95 tonnes of Pu at a maximum in

Scenario 1 in théate 2030s, are sufficient for tens of thousands of nuclear weapons, meaning

that the misplacement or diversion of a very small portion of the stockpile becomes a serious
proliferation issue, and thus requires significant security measures in each country where
plutonium is produced or stored. Scenario 4, without additional reprocessing, maintains a
stockpile of aboub3tonnes of Pu from about 2010 on. This still represents a serious

proliferation risk, but does not add to existing stockpiles or create stockpisviplaces.
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Scenarios 1 through 3, which include reprocessing, result, as noted above, in higher annual costs
about 8 to $5billion per year higher in 2050 relative to Scenario 4, over the entire region.
Scenarios 1 through 3 reduce the amousipeht fuel to be managed substanté@lly 50

percent or more over the period from 2000 through 2050, relative to Sceddid #4nply

additional prauction ofmore thar20-fold morehigh-level waste that must be managed instead
(thousands versus hundredsobic meters) This in addition to mediusrand lowlevel wastes

from reprocessing, and wastes from MOXx fuel fabrication that must be managed in significant
guantities in Scenarios 1 through 3, but not in Scenario 4. Scenarios 1 through 3 offerta modes
reductio® less thanl10 percent in the BAU nuclear capacity path$ dastae amount of

natural uranium required regiamde, and in attendant needs for enriched uranium and
enrichment services. This reduction is not very significant from a cost pérepgdess

uranium costs rise much, much higher in the next four decades. The quantities of electricity and
fuel used for uranium mining and milling, as well as production of depleted uranium, are
generally somewhat lower under Scenarios 1 through 3uthder Scenario 4, though results for
Scenario 1 differ from Scenarios 2 and 3 because of the emphasis on sourcing uranium from
domestic mines in the regiofrigure6-1 shows aggregated freend (fuel preparation) and

backend (spent fuel management) costs by Scenario and for each of the three nuclear capacity
paths for the region.
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Figure 6-1: Summary of Year 2050 Annu# Costs by Scenario and by Nuclear Capacity
Expansion Path

Comparison of Annual Costs in 2050 by Scenario and
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Scenarios 2 and 3, though they include reprocessing, place more of the sensitive materials and
technologies in the nuclear fuel cycle in regional and international facilities, and as a
consequecre, are likely to be superior to Scenario 1 in terms of reducing proliferation
opportunities, reducing security costs, and increasing the transparency of (and thus international
trust in) fuel cycle activities. The costs of Scenarios 2 and 3 shown entlligsis are not
significantly different, overall, from those of Scenario 1, but a more detailed evaluation of the
relative costs of nuclear facilities (particularly, enrichment and reprocessing facilities) in

different countries, when available, mighsué in some differentiation in the costs of these three
scenarios. Overall, however, although the total costs of the scenarios may vary by several billion
dollars per year, it must be remembered that these costeansequentiaio the overall annual

costs of electricity generation in generhd modest even when compared to the cost of nuclear
generation alone, as described in seciid@n In considering theosts of electricity generation in
general in the region, iund terms, if one assumes that the total electricity demand in East Asia
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in 2050 is on the order of 20,000 TWh, or about three times electricity demand in the countries in
the region as of 201And that the peunit total cost of electrical energy at that time is on the

order of 10 US cents/kWh (perhaps somewhat greater than the average in the region today, but

possibly an underestimate for 2050), then the implied total cost of electricityesupR050 in

the countries under consideration in this Working Paper is on the ordetrdfi&2 per year.

The nuclear fuel cycleelated costs considered here are therefore just a percent or so of the total,

and the differences between scenariasjissta smallfraction of a percent. Both of these values

are easily lost in the margin of uncertainty regarding future power costs.

Scenarios 2 and 3 result in significantly more transport of nuclear madepatticularly spent

fuel, enriched fuel, M® fuel, and possibly higkevel wastes around the globe, likely by ship,

than Scenario 1, though there would be somewhat more transport of those materials inside the
nations of East Asia in Scenario 1.

The scenarios described and evaluated above have, of necessity, to a certain extent suspended
consideration of national and international political and legal constraints in order to focus on
alternatives for regional fuel cycle management. It is morediean, however, that there are
substantial legal and political constraints to regional cooperation on nuclear fuel cycles, and that
these constraints will either limit the opportunities for cooperation, or need to be overcome in
some way, in order to alloregional arrangements to proceed. These constraints include (but
are unlikely to be limited to) legal and/or political constraints on regional spent fuel
management, enrichment, and integrated facilities. Specifidetailedliscussion of these

issues is beyond the scope of tiiRgport but will play a crucial role in determining the

practicality of specific cooperation schemas disassed briefly below.

6.2 Implications of Cooperation Scenarios in Consideration of Other Project
Findings
The key finding of the cooperation scenario analyses summarized in se¢@mub of this

Report, when combined with other findings of previous related Nautilus projects, have a number
of ramifications.

First, it is clear that the costs of fuel cycles including reprocessing will be higher than those

including alternative methods of spéueél storage, including dry caskiaactor or centralized

storage, unless the costs of raw uranium and enrichment services rise far higher than levels of the
recent past. Using basase assumptions, scenarios involving reprocessing by 2050 are

projectal to cost several billion dollars per year, regiom d e, mor e t han f@Aonce t
scenarios in which spent fuel is simply placed in dry cask storage after a period of cooling in

spent fuel pools.

That said, even several billion in the full contextofthegri on6s el ectricity sys
relatively smallsum of money. All of the fuedycle costs tracked in this analysis amount to on

the order of a few percent of overall costs of power from all sources in the region, and are thus
dwarfed by uncedinties in the future costs of electricity provision. Future electricity costs are

rendered uncertain by potential changes in costs of generation technologies, costs associated with
climate change mitigation (for example, carbon taxes) and pollutiontreauand/or costs

related to regulatory compliance, particularly as civil society becomes more active in scrutinizing
infrastructure plans in the region.
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These findings with regard to the relative overall direct financial cost of different cooperation
options suggest that decisions with regard to how spent fuel is managed, and whether
cooperation is attractive for spent fuel management, largely boil down to political decisions that
weigh proliferation and radiological risks with other, largely+gost fators. This is not to say

that certain nuclear sector ac@rmcluding nuclear plant operators, nuclear technology vendors,
government regulators, and, ultimately, consuderay be affected economically in different
ways, but the overall unit costs of ne&t electricity generation to societll be affected

relatively little by spent fuel management decisions.

If the conclusion holds that management of spent fuel will, or should, if incentives are properly
structured, be decided by neconomic criteriaactual and perceived radiological risk from

spent fuel management approaches becomes a more critical factor in the overall calculus, as does
proliferation concerns. Both considerations point toward expanded use of dry cask storage in the
nearterm to redice densgacking in spent fuel pools in Japan and the ROK (and Taiwan), and

to avoiding reprocessing. Getting spent fuel out of deas&ed pools and into much more

attack and accidentesistant dry casks is a key to reducing the radiological riskiassd with
accidents or nostate attack at nuclear energy facilities. Potential radiological risks associated
with reprocessing facilities, though not a central topic of this project, would also be reduced by
not moving forward with reprocessing, andpgcing the spent fuel now in inventory at

reprocessing plants into doask storage.

Further, an emphasis on drgsk storage in the neand mediurterm provides time for

technologies for longerm storage and/or disposal of spent fuel and othelasiyniadioactive

wastes (including higevel wastes from reprocessing and wastes from the Fukushima accident)
to mature. This could include both geologic storage/disposal and deep borehole disposal, both of
which will require decades for research, desend siting.

The prompt movement of spent fuel now stored in d@asi&ed spent fuel pools to dry cask
storage would also provide a form of insurance against the diffezgticulate but potentially
considerable cost of damages caused by an accidentatst attack on a vulnerable spent fuel
pool. The damages from such an event could vary considerably depending on the plant affected,
the prevailing wind direction in the days following the incident, and the proximity and
vulnerability of local poputions and economic infrastructure, The worst case scenarios for such
an eventfor example, for the Tokyo area or for a reactor in South Chomad cause damage to
economic assets and human health due to radioactivity releasesultalbeon the orde of

hundreds of billions or trillions of dollars. As such, the relatively modest additional cost of
moving to dry cask storage appears small in comparison with the potential hevefits

factoring in the considerable uncertainty of a waeste event Moving to dry cask storage

could also, if communicated appropriately to residents of the area, provide an additional benefit
in the form of reassurance that the worst risks of a radiological incident due to accidenkor attac
are being avoidedThe valie of such a benef{teassurance of safetig) of course very difficult

to estimate, but might be compared, for example with the peace of mind that residents and
businesses purchase by measures designed to mitigate other risks, such as the risk abiburglary
attack mitigated bguards and/calarm and surveillance systems.

Regional cooperation in the nuclear fuel cycle could include shared uranium provision and
enrichment services, but regional cooperation in spent fuel management pertains morealirectly
the current project. Regional cooperation could contribute to spent fuel management by
establishing or strengthening regimes for the oversight of nuclear fuel cycle activities and
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accounting for nuclear materials. Given the difficulties that somengtmost notably Japan

and the ROK (and Taiwan) face in siting interim or-ofipool atreactor storage of spent fuel, it

is possible that regional cooperation could help to facilitate the establishment of intermediate,
shared, awajrom-reactor storagacilities. Further, international cooperation will be very

helpful in undertaking deep borehole disposal of nuclear spent fuels, as it will both help to spread
the costs of research and development on deep borehole disposal technologies, and will help to
overcome reluctance on the part of nuclear sector actors in individual countries to explore new
options for spent fuel management.

Additionally, in the long run, if deep borehole disposal is to be undertaken, it may be that its
operation on a regionatale will offer benefits in terms of accounting for nuclear materials

disposed of, and thus build confidence between the nations of the region in the transparency of
nuclear sector activities in other nations. This will likely be particularly criticaltimately,

existing (or, if reprocessing starts/continues in nations of the region, new) stocks of plutonium

are disposed of by blending with other materials, followed by deep borehole disposal. The

process of accounting for plutonium disposal is paldirly critical, because diversion of even a
small fraction of existing stocks poses the t
bombso, thus clear and open accounting for al
boreholes (or, fothat matter, by other means) is crucial for maintaining the integrity of disposal
practices from a noproliferation perspective.

6.3 Conclusionsand Interactions with Related Issues

Nuclear power will certainly continue to play a significant role in theneooes of the countries

of the East Asia and Pacific region for decades to come, but the extent of that role, and how the
various cost, safety, environmental, and proliferatiek issues surrounding nuclear power are

and will be addressed on the natioaadtl regional levelgrenot at all certain, and, in the wake

of both the Fukushima accident and a host of remettupcoming (for example, in the United
States and the ROKgadership changes, is perhaps more uncertain than it has been in decades.

Eachof the nations ifNortheast Asidias 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 nuaieapons state, while Japan

and the ROK are not, and Japan having a reprocessing program and uranium enrichment
capability, while the ROK does natlthough it wishes to pursue a lightlyodified form of
reprocessing c aol Rweds ifgsdsed oderesbin osirggifual gycle

cooperation has failed to gain much traction internationally, in large part due to resistance, for
reasons including concerns about whether Russia would reprocess spent fuel accepted from other
countries, on the parf the United State¥ In addition, longstanding regional rivalries likely

impede the potential for cooperation oe slensitive issuef nuclear materials transfer

The analysis summarized above indicates that different policy choices today, particularly with
regard to cooperation between nations on nuclear fuel cycle issues, can lead to very different
outcomes regarding the shape of the nuclear energy deamalrof elated international security
arrangements over time. Regional cooperation on nuclear fuel cycle issues can help to enhance

%' Whether the US stance on Russian reprocessing will change as the Trump Administrationitakissabfthis
point (November, 2016) entirely unknown, though Mr. Tr
sympathetic approach to Russia may be in the cards.
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energy security for the participating countries, relative to a scenario in which several nations
pursue nuclear fuel cycle developnt on their own. From a number of energy security
perspectives, however, a regional nuclear fuel cycle approach (such as that modeled in Scenario
4) that rapidly phases out reprocessing and MOx fuel use, and uses interim spent fuel storage in
dry casks@r similar technologies) to manage spent fuel until indefinite storage faéilities
potentially incl udi°W®dashignéicam adbaotagesh Anapprodchthat o s a |
avoids reprocessing and MOx fuel use would be less expensive as well, thasghipla
perspectivethe $-4 billion or sosaved annually in 2050 under Scenario 4 relative to other
scenarios is just a small fraction of the overall cost of nuclear power, and a tiny fraction of the
overall costs of power in general. What this meatisat relative fuel cycle costs, at least for

the range of LWRbased fuel cycles cooperation/romoperation options explored here, should

in most cases playwery minorrole in decisions about nuclear spent fuel management, and the
other considerations deribed here should thus dominate the policy development process. Of
these, it is likely to be the least quantifiable consideradiswial and cultural factors,

preventing nuclear weapons proliferation, nuclear safety, and military securitydigba¢ae

the most important to decisions regarding nuclear spent fuel policy. Unfortunately, these are the
very issues that are some of the most difficult to address, particularly in the many instances
where addressing those issues require a coordinated trdaaiaand intercultural, response.

Nuclear power choices intersect strongly with other energy policies and with security policy
issues. As such, the exploration of the implications of different nuclear fuel cycle cooperation
(or norrcooperation) optionand opportunities in East Asia inforrasd potentially affects (and

is affected by)ssues such as deployment of new nuclear technologies, climate doaggerm
storage/disposal of spent fuel and highel wastes, management of radiological risk fepant

fuel storageand nonrproliferation, but needs to be expanded to more fully address those issues.

6.3.1 New Reactor Technologies

A number of new types of reactérs ncl udi ng, for example, small,
reactors using and producing motum fuels, and reactors based on a Thorium fuel cycle, to

name just a fe& have been proposed for implementation in the coming decades (typically after

2030, and often later). In addition, variants on the existing LEU/MOx fuel cycle, including a
versionof reprocessing called Apyroprocessingo, h
including,most prominently, byROK nuclear researchers and officialdow might the

implementation of these new nuclear technologies affect the form or prospects of natlear fu
cycle cooperation in East Asi a? Given that,
| VO reactor desi grl520gearsfrom commérgalizatignit feemsaléar | e a s t
that such reactors will play only a small role in the oveealttor fleet by 2050, or perhaps at

most a moderate role in a AMAXO0O nucl ear capac
uncertainty as to which negeneration reactors will be deployed, how much they will cost, and

as to the implications theirdeglane nt may have for the regionods

1 See, for example, von Hippel, D., and P. Hayes (2@i8)aging the DPRK Enrichmentd Small LWR
Program: What Would it Take®Rautilus Institute Special Report, dated December 23, 2010, and available as
http://nautilus.wpengine.netditain.com/wpcontent/uploads/2011/12/De&wreholeDisposaivonHippelHayes
FinatDec112010.pdf

92 3ee, for example, Goldberg, S.M, and R. Rosner (20ublear Reactors: Generation to GeneratioAmerican
Academyof Arts and Sciences, availabletdfp://www.amacad.org/pdfs/nuclearReactors.pdf
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uncertainties, consideration of the impact of rgetteration reactors has been beyond the scope
of thisReport but should be included in future work.

6.3.2 Climate Change Considerations

Climate dange is a major and growing concern worldwide, with countries andagidmal

jurisdictions making plans not just for reducing GHG emissions, but for adapting to impacts of
climate change that seem inevitable. Nuclear pdasrto some degremjoyedaresurgence of

interest worldwide As yet,however with thesignificantexception of China, relatively little

new reactor construction is underwagridwide®® A part of the interestin nuclear poweis

rel ated to nucl ea megingenengyoneedspmthtowd substaatial GHGo | e i n
emissions. Some of the major issues associated with the linkages between nuclear power and
climate change include the environmental 1 mpl
emissions reduction, the ecaniz, social, and political implications of a broad program of

nuclear power development, relative to other GHG mitigation strategies, and the benefits and
challenges posed by nuclear power in terms of adaptation to a changing,dhiciaténg, for

exampe, the availability of water for reactor cooling as climates change, particularly at inland

sites

6.3.3 Long-term Storage/Disposal of Nuclear Wastes, Including Deep
Borehole Disposal

Although not considered directly in the analysis presented here, the radttbesegion, and

indeed all nations using nuclear energy, will at some point within the next few decades have to
make plans for longerm storage/disposal of nuclear wast&eep borehole disposdBD) of

nuclear spent fuel and higavel wasts, which was the topic of an earlier Nautilus Institute

project? seems likely to be an attractive possibility, and 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 god hosts for deep borehole facilities from a geological point of view. Deep
borehole disposal facilities may well even have cost advantages over other forms of disposal
(such as mined repositories). Deep borehole disposal, however, will require baothdgal
advances to assure that key operational elements, such as emplacement of wastes, can be done
safely and in a reliable manner, as well as domestic and possibly international policy agreements
to allow the siting of deep borehole facilitids addition, materials stored in deep boreholes

should likely be considered essentially irretrievable, as a huge effort will be required to remove

% n the United States, for example, the recently completed Watts Bar 2 reactor, on which construction started in the
1970s and was halted for many years, is the first new US reactor to be commissioned in decades. Four additional

units are under constructi in the United States at present, representing about 4 percent of the total US reactor fleet.

These additions will roughly offset the nuclear capacity decommissioned between 2010 and 2014 alone, and more

US plants may be decommissioned in the next fevayr s . See, for example, Chris Mo
new U. S. nucl ear reactor in decades. ThAWabshingtbniPoslunee c hang
17, 2016, available d#tps://www.washingtonpost.com/news/eneemwironment/wp/2016/06/17/thes-is-
poweringup-its-first-newnuclearreactorin-decades/?utm_ie=.10fe7a0aldhénd World Nuclear Organization

(2016), A

Nucl ear Power in the USAO, u p ditpt/remv.weld-nueartom/mfermation2 0 1 6, a |
library/countryprofiles/countrieg-z/usanuclearpower.aspx

% See, for example, participant papers related to deep borehole disposal of spent nuclear fuel prepared for the

Nautilus Institute Security of Spent NucleareF(20122014) 2013 Working Group Meeting, available as
http://nautilus.org/projects/bgame/securityof-spentnuclearfuel/2013working-groupmeeting/paperand

presentations/
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emplaced materials from borehqglest least because waste emplacement in boreholes would be
between 3 and 5 kitoeters undergroundThisisolationcan well be considered a significant
advantage, from a ristf-diversionof-nuclear materials point of view, but it brings up

significant design considerations, and is of concern to those who see spent fuel as & potentia
future resource for energy production. Dr. Neil Chapman summarized the status of readiness of
deep borehole technologies, despite their potential simplicity and low cost relative to mined
repositoriesas probably being 30 or so years from-dhle inplementation, or about the same

as other disposal optiows, for that matter, the closed nuclear fuel cycle options involving the
use of fast reactors that are under consideratidapan, the ROK, and Chifa What this

means is that it is inevitableahintermediate spent fuel storage, and most likely dry cask
storage, must be employed by most or all ofriagonsof the regionn advance of any final
disposal option.

Among the perceived favorable characteristics of deep borehole disposal of nuatkrzalsnare

its inherently modular nature, potentially lower costs, and widespread applicability. As a results,
there is the possibility of sharing international R&D, and ultimately, of separately licensing the
borehole technology and the disposal factihat allows nuclear waste to be disposed of in
boreholes, analogous to generic reactor design licensing of different technologies.

Discussions on borehole operations focus on the need to understand drilling damage (extent and
properties of the disturblezone close to the borehole) and on the need for high integrity, low
permeability seals to assure letegm isolation. Characteristics of the interface between the seals
and the borehole wall will be particularly important. Potential operational prololerimg
emplacement, including damage to canisters and waste during the trip down the borehole, should
be minimized, and it may be desirable to line the hole for its entire length with steel casing. A
reference design concept to provide a baseline for @uaduperformance and impacts of

alternative approaches may be useful. International cooperation, including, perhaps, cooperation
between the countries of Northeast Asia, could help to move the concept forward through
evaluation of the generic aspectgslo# technology. Such an effort would be amenable to an
international ceoperation project, and there is potentially sufficient interest from a number of
countries to consider such a shared multinational project. The project would ultimately need a
host coutry for the engineering trials. A first step in consideration of DBD by the countries of
Northeast Asia, however, might be convening a regional meeting, attended by researchers and
officials responsible for designing and managing nuclear waste dispdbal countries of the

region, at which DBD concepts are described, and discussions are held on the specific barriers,
especially institutional barriers, to DBD in the countries of the region.

In the ChinaJaparROK region, the amounts of radioactive evél to be disposed of make

shared disposal facilities look less attractive, for many reasons, but shared R&D could be highly
appropriate, particularly given some of the potential institutional resistance to DBD (due to
nuclear sector priorities) in mawy the countries of the region. That is, it may be easier for a
country to participate in a multiation project exploring DBD in than to negotiate internally for
funding and support for a national DBD program.

“See Dr. Chapmanés presentation fiDeep Borehole Disposal
I nternational O \higpr/naitiesmoeg/wecanterd/uploaa 920 18/084Chapmidiautilus Beijing-

May-2013.pdf
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Ultimately, if DBD proves to be an attraathand acceptable means of spent fuel disposal, the
location of a shared site remains a key question. Several countries of the region, including
nuclear weapons states Russia and China, almost certainly have suitable geology suitably remote
from populationcenters. Mongolia has been mentioned as a potential participant in the nuclear
fuel cycle, likely has suitable sites for DBD, and is considered a neutral party, though indications
are that substantial nuclear sector development in Mongolia appearsftdhzetable from a

political perspectivé® As a consequence, a regional DBD facility, as with other shared nuclear
facilities, would likely require years of patient international negotiation and institution building,
as well as the types of technicesearch and developmementioned above, to come to fruition.
Convening of an international workshop to begin to discuss these issues would therefore be a
significant first step in this direction.

6.3.4 Management of Radiological Risk from Spent Fuel Pools

Anothe issue of potential intersection between international cooperation on fuel cycle
management and spent fuel security is in the management of radiological risk from spent fuel
pools. Reducing spent fuel density at existing and future reactors would r&tanges in

design and operation, especially in BWRs (boiling water reactors). The resulting incremental
cost of these changes per unit of electricity is highly likely to be tiny, but the benefits in terms of
avoided risk of radiological emissions and @@® could be huge, as could the benefits of

avoided public anxiety. Conversely, the risks of not changing spent fuel pool practices could be
catastrophic. Moreover, reducing pool density implies choices with regard to dry cask storage
versus surface omalerground spent fuel pools outside existing secure reactor containment
buildings, posing different and new risks of technological accident and/or malevolent attack (in
the ROKor Japan, oDPRK missile or bomb attack; @hing of nonstate actor attacky

particular). The decision to reduce spent fuel pool density has ramifications for potential
cooperation on spent fuel management, as an aggressive progranetosdg spent fuels means
that much more spent fuel, particularly in Japan and the ROKpedd to find homes in dry

cask interim storage sited somewhere, whether at local, national, or international facilities.

It is clear that further work is needed to identify technical means of reducing the risks associated
with current common practices spent fuel storage, to more rigorously estimate the relative

costs and benefits of adopting Asdduction approaches, to communicate the results of those
assessments to decisionmakers, and to work with decisionmakers to develop policies that work
towad risk reduction. One approach to accomplishing these tasks might be to convene an expert
group on spent fuel management that includes both advocates of changed spent fuel management
and critics and skeptics of the case that spent fuel pool density sleordduced. This might

start in one country, probably Japan. Subsequently, the expert group could be broadened by
convening a regional workshop involving representatives from the ROK, Taiwan, and China, as
well as US and Japanese experts to addresisshis, and ways to mitigate the different hazard
events (natural disasters, aerial bombardmentstate attack). In addition to expert meetings,
synthesis, analysis, and summarizing of findings for policy input would be carried out.

In Japan, there 13ow a strong civil society and business constituency, as well as-afeethed
nuclearexpert community, able and willing to address this issue in policy contexts, as part of the
over al l battle to reform t he ialpastthhteustainsthe | | age
LWR-reprocessingpreeder reactor strategy in Japan. In Korea, there is less public interest, but

% personal communications from a Mongolian official to D. von Hippel, 2013.
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keen political and bureaucr ati eROKnmutlearr est gi ve
cooperation % Zheré aekey gotitical aad sbc@lrcenstraints on fuel storage

options in both nations that need further exploration in light of recent events. Policy options are
less constrained and therefore more open in China, and we believe that Chinese experts and
policymakers will respond to new data and analysis.

In short, it is critical to nuclear security to clarify whether reducing spent fuel pool density is
justified to reduce the possible risk of inadvertent or malevolent radiological release from spent
fuel poolsand reactor sites.

Particularly in Japan and the ROK, dry cask storage at or away from reactor sites is clearly an
attractive option for reducing radiological risks associated with spent fuel pools in théoshort
mediumterm. There are, however, a hobtemal, political, and institutional barriers preventing

the wider use of this technology in both countries. Better understanding these barriers, and how
to overcome them in each nation, is therefore a key need. To thatarkuhgwith colleagues
andcivil society groups in the region to better understand the challenges to sitaagtatr or
awayfrom-reactor dry cask storage options that would reduce redacemted with spent fuel

pools is an attractive activity that would build on the resulte®fturrent project, as well as

other research efforts in the region.

6.3.5 Nuclear Fuel Cycle Choices and Nuclear Weapons Proliferation

Finally, there is a substantial link between nuclear fuel cycle choices and the risk of nuclear
weapons proliferation, as imméted above. The presence of the DPRK in East Asia makes the
proliferation issue especially pertinent in the region, as does the history of conflict between many

of the regionds nations, including opagiesi ng t e
one could name (with the possible exception of Mongolia). Choices of nuclear fuel cycle
approaches will affect national and international security arrangements. Specifically, if a

Nuclear Weapons Free Zone in the region is to be developeditine 6f nuclear fuel cycle

development and cooperation in the region will be an integral part of the diséission

“See, for example, WorilKdbrhuaclle8r eddwensid2h13)s, padSedo,
and available abttp://www.world-nuclearnews.og/NP-US-Korea 123 extension is_passkE#D9137.html

% See, for example, Morton H. Halperin (201Rjpmoting Security in Northeast Asia: A New Approamesented

at AA New Approach toBSeakrngyt he G40 0b2eNaibgtoA®C,Bober 9
and available alttp://nautilus.wpengine.netditan.com/wpcontent/uploads/2012/10/HalpesiNew-approackio-
NortheastAsian-SecurityOct82012.pdf
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6.4 Next Steps onNuclear Fuel CycleCooperation, and Follow-on Activities

The development of cooperation arrangements will need to be built through-tullaativities

that include a combination of expert analysis and input, through development of, for example, a
report laying out the possible organization and activities atuisins for nuclear fuel cycle
cooperation in the region, plus one or more workshops, attended by representative from the
region, to discuss the political, organizational, institutional, and economic challenges that might
be faced. The report on the patial organization of fuel cycle cooperation would build on
previous work on the topic, but would al so ex
further describe the physical flows of materials and costs that would be involved, as well as use
sendivity analysis to examine the response of results to changes in key parameters. The
workshop on barriers and challenges likely to be faced by nuclear sector cooperation would look
atchallenges faced on a national level in each country, as well asatgiand internationally,

and would explore ways of overcoming those challenges.

The underpinnings of Nautilusd work on nucl ea
management in particular, has been our work since 2000 with Country Teamergy sector

status, policy, and futures in the countries of the region. Continuing and deepening this work,
including advanced full energgector and national/regional energy futures modeling, will

continue to provide the full economic, environmentaljtigal and social context for nuclear

energy, and thus, nuclear spent fuel management and nuclear cooperation scenarios. Deepening
this work to include more detailed nomclear (for example, renewable energy and energy
efficiency) greenhouse gas em@s mitigation scenarios to compare and combine with nuclear
scenarios will help to round out the consideration of nuclear energy paths, and to set the relative
context for nuclear power and nuclear spent fuel management. A potential simultaneous activity
could be to broaden, as Nautilus has done in years past (but has not been funded to do in recent
years), the group of participating nations to include those in the East Asia and Pacific region with
nascent or proposed nuclear energy programs, both tdhgaimsights of those groups and to

explore the particular issues associated with building and operating the elements of a nuclear
energy system (including spent fuel management) in nations without nuclear experience. The
combination of representative®ifn nations witHong nuclear experience and those from nations
seeking to | oiafferdsigreficaintoppartundiesifor shdring lmfdknowledge and
perspectives, and for uncovering both challenges to and opportunities for cooperation in nuclear
fuel cycle management.
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ANNEX 1: Summary Graphics for Nuclear Capacity and Generation by

Country and by Path

Figure Al- 1: Nuclear Capacity by Path for Japan, GWe
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Figure Al- 2: Nuclear Output by Path for Japan, TWh
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Figure Al- 3: Nuclear Capacity by Path for the ROK, GWe
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Figure Al- 4: Nuclear Output by Path for the ROK, TWh
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Figure Al- 5: Nuclear Capacity by Path for China, GWe
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Figure Al- 6: Nuclear Output by Path for China, TWh
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Figure Al- 7: Nuclear Capacity by Path for the Russian Far East, GWe

Figure Al- 8: Nuclear Output by Path for the Russian Far East, TWh
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