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Overview 

 

This Project Summary Report describes work done by Nautilus Institute and collaborating 

colleagues in exploring the connections between nuclear fuel cycle management and nuclear 

safety/security by analyzing the risk of radiological releases resulting from an attack on or 

accident at nuclear facilities, identifying the factors that increase or decrease this risk, and 

making realistic recommendations for changes in the storage, management, and disposal of spent 

fuel to reduce this threat. The project drew upon a network of experts on energy futures, energy 

security, and nuclear fuel cycle development, safety and security in East Asia and the United 

States.  

Country Teams from the Republic of Korea, Japan, and China, working with Nautilus staff, and 

nuclear spent fuel management/modeling experts from the United States worked together to: 

¶ Update the energy sector scenario and nuclear spent fuel management work undertaken by 

the country teams; 

¶ Complete and apply a methodology and associated Excel workbook tool for assessing 

radiological risks associated with accidents or attacks at nuclear facilities; 

¶ Integrate national regional results of energy and spent-fuel management modeling through 

the updating of Nautilusô analysis of scenarios for nuclear fuel cycle cooperation; 

¶ Test the radiological risk assessment methodology both by applications in each of the 

participating nations, and by application to the light water reactor (LWR) currently under 

construction by the Democratic People's Republic of Korea (DPRK); and 

¶ Explore the prospects for deep borehole disposal of nuclear spent fuel and other radioactive 

wastes in the countries of Northeast Asia. 

The key findings of the collaborative research include the following: 

¶ The Fukushima accident has had profound but different impacts on the nuclear sector in each 

of the three countries included in this Project.  Japan has shut down its reactors for extensive 

safety checks and retrofits related to back-up and other systems that were implicated in the 

Fukushima accident.  In the ROK, reactors were also checked for safety, and a recent scandal 

regarding falsification of certifications for reactor parts has added to concerns raised by 

Fukushima.  In China, the Fukushima incident has caused authorities to revisit ambitious 

reactor construction plans, and to somewhat slow the pace of nuclear plant construction, 

including reconsideration of some plants, notably those to be located inland.   

¶ The results of the Fukushima accident have shown, and findings of this project have 

underlined, the need for key power and cooling water provision systems at reactors and in 

spent fuel pools to be both multiply backed-up and also sufficiently separate that an accident 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

2 

 

in one element (such as a reactor) does not cascade to pose a threat to another unit (another 

reactor or a spent fuel pool).  

¶ The project has shown that some modes of management of spent fuelðnon-dense racking in 

spent fuel pools vs. dense racking, and dry cask storage of cooled spent fuel, including 

centralized, below-ground storageðare superior to current methods of spent fuel 

management.  Some of these alternative methods are under investigation in the region, but 

the pace of adopting these methods of risk reduction is slow, in part due to a combination of 

a lack of independence between the authorities regulating nuclear power in each nation from 

those planning and implementing nuclear power facilities, and in part because of existing 

laws regarding the siting of nuclear facilities, particularly in Japan and the ROK, that make it 

difficult for reactor operators to store spent fuel on site in dry casks, but do not affect the 

storage of spent fuel in pools. 

¶ Dry-cask storage of spent fuel appears much less vulnerable to release of radiation through 

accident or attack than storage in spent fuel pools. Zircaloy-clad fuel assemblies in dense-

racked spent fuel pools, on the other hand, can ignite if water from the pool is lost, as dense-

racked pools lack the ability to passively release sufficient heat through the air when coolant 

is lost, leading to rising temperatures and, eventually, ignition of fuel cladding, resulting in 

releases of radioactivity. 

¶ Each of the nations involved in the project has at least a general interest in international 

collaboration on spent fuel issues, but because of asymmetries between the nations, 

collaboration has been difficult to start. These asymmetries include China being a nuclear 

weapons state, while Japan and the ROK are not, and Japan having a reprocessing program 

and uranium enrichment capability, while the ROK does not, although some ROK nuclear 

researchers and official wish to pursue ñpyroprocessingò, a lightly-modified form of 

reprocessing.  

¶ Deep borehole disposal of nuclear spent fuel and high-level waste seems likely to be an 

attractive possibility, and there are areas within the countries of the region that would make 

good 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), but will require both technological advances to assure the reliability of 

key operational elements, as well as domestic and possibly international policy agreements to 

allow the siting of deep borehole facilities. Despite their potential simplicity and low cost 

relative to mined repositories deep borehole disposal of nuclear materials is probably 30 

years from full-scale implementation, about the same as other disposal options, and the 

closed nuclear fuel cycle options also under consideration in the region. What this means is 

that it is inevitable that intermediate spent fuel storage, and most likely dry cask storage, 

must be employed by all three nations in advance of any final disposal option. 

¶ Our preliminary calculations have indicated that the costs of spent fuel management in 

general are very modest when compared to the full cost of nuclear generation, and 

particularly when compared with the cost of electricity in Japan, the ROK, and China (Japan 

especially).  Costs of nuclear cooperation (or non-cooperation) scenarios that include 
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reprocessing are higher than those without reprocessing, and costs for dry-cask storage are 

likely to be a tiny part of overall nuclear fuel cycle costs. This means that there is no 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 management. 

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

¶ Convene a diverse group of regional and international experts to further investigate options 

for spent fuel management, focusing on ways to mitigate the different hazard events (natural 

disasters, aerial bombardment, non-state attack), and in particular, to clarify whether 

reducing spent fuel pool density is justified to reduce the possible risk of inadvertent or 

malevolent radiological release from spent fuel pools and reactor sites.  In addition to expert 

meetings, synthesis, analysis, and summarizing of findings for policy input would be carried 

out. 

¶ Work with colleagues and civil society groups in the region to better understand the 

challenges to siting at-reactor or away-from-reactor dry cask storage options that would 

reduce risks associated with spent fuel pools. 

¶ Move forward the consideration of deep borehole disposal (DBD) by the countries of 

Northeast Asia by convening a regional meeting, attended by researchers and officials 

responsible for designing and managing nuclear waste disposal in the countries of the region, 

at which DBD concepts are described, and discussions are held on the specific barriers, 

especially institutional barriers, to DBD in the countries of Northeast Asia. 

¶ Building on previous work on the topic and Nautilusô existing quantitative analysis, further 
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 nuclear 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.   

¶ The underpinnings of Nautilusô work on nuclear fuel cycle cooperation in general, 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, including advanced full energy-sector 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 

scenarios. Broadening 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 both challenges 

to and opportunities for cooperation in nuclear fuel cycle management. 

Please note that although this Project Summary Report is a synthesis of work by the individuals 

of the Project Team, the opinions and conclusions described in this report are not intended to 

reflect the opinions of all individual Project Team members in all cases.   



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

4 

 

 

Project Summary Report: Table of Contents 

 

Overview ......................................................................................................................................... 1 

Project Summary Report: Table of Contents .................................................................................... 4 

Table of Figures .............................................................................................................................. 8 

Table of Tables ............................................................................................................................. 13 

List of Acronyms and Abbreviations ............................................................................................ 15 

1 Project Background and Summary ................................................................................... 17 

1.1 Background and Goals of Project ......................................................................................17 

1.2 Project Meetings  ...............................................................................................................19 

1.3 Summary of Key Project Findings .....................................................................................20 

1.4 Road Map of this Report ....................................................................................................21 

2 Radiological Risk from Accident/Attack on Nuclear Energy Facilities in East Asia ....... 22 

2.1 Summary of Activities under this Project ..........................................................................22 

2.2 Summary of Key Issues in Radiological Risk Related to Nuclear Energy Facilities ........24 

2.3 Radiological Risk Attitudes and Estimate in China ...........................................................31 

2.3.1 Radiological Risk Estimate for Daya Bay Nuclear Power Station ..........................32 

2.3.2 Radiological Risk Estimate for LingôAo Nuclear Power Station ............................47 

2.3.3 Conclusions from Daya Bay and LingôAo Results ..................................................60 

2.4 Radiological Risk Attitudes and Estimate in Japan ...........................................................62 

2.4.1 Reactor and Spent Fuel Pool Description and Operational Parameters ...................62 

2.4.2 Incident Modeling Assumptions ..............................................................................65 

2.4.3 Modeling Results .....................................................................................................70 

2.5 Radiological Risk Estimate for DPRK LWR.....................................................................83 

2.5.1 Modeling Assumptions ............................................................................................85 

2.5.2 Results ......................................................................................................................95 

2.5.3 Conclusions ............................................................................................................103 

2.6 Potential Next Steps on the Radiological Risk Issue in NE Asia ....................................106 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

5 

 

3 Nuclear Energy and Nuclear Spent Fuel Management in East Asia .............................. 108 

3.1 Nuclear Sector and Spent Fuel Policy in China ...............................................................108 

3.2 Nuclear Sector and Spent Fuel Policy in Japan ...............................................................113 

3.3 Nuclear Sector and Spent Fuel Policy in the ROK ..........................................................129 

3.4 Nuclear Sector and Spent Fuel Policy in the DPRK ........................................................140 

4 Prospects for deep borehole disposal of nuclear waste ................................................... 141 

4.1 Summary of Concept .......................................................................................................141 

4.2 Summary of Prospects/challenges for Deep Borehole Disposal in NE Asia ...................144 

4.3 Summary of Potential for Deep Borehole Disposal in China ..........................................147 

4.4 Summary of Prospects for Deep Borehole Disposal in Japan .........................................152 

4.5 Summary of Potential for/work on Deep Borehole Disposal in the ROK .......................157 

4.6 Summary of Issues Related to Potential Deep Borehole Disposal in DPRK ..................164 

4.7 Potential Next Steps on Deep Borehole Disposal Issues in NE Asia and Elsewhere ......165 

5 Energy sector development and energy policy in East Asia ........................................... 168 

5.1 Changes in the Energy Sector and Energy Policy are Drivers of Nuclear Energy and 

Spent Fuel Policy .............................................................................................................168 

5.2 Energy Sector and Energy Policy in China ......................................................................169 

5.3 The Energy Sector and Energy Policy in Japan ...............................................................179 

5.4 The Energy Sector and Energy Policy in the ROK ..........................................................186 

5.5 The DPRK Energy Sector and Energy Futures................................................................197 

5.6 Summary of Overall Northeast Asia Energy/Energy Policy Situation ............................221 

6 Cooperation Scenarios on Spent Fuel Management in East Asia ................................... 223 

6.1 Current Status of Electricity Consumption and Nuclear Generation ...............................227 

6.2 Future Nuclear Capacity Scenarios ..................................................................................229 

6.3 Summary of Cooperation Scenario Findings ...................................................................233 

6.3.1 Implications of Cooperation Scenarios in Consideration of Other Project 

Findings................................................................................................................................234 

6.4 Regional Scenarios for Cooperation on Spent Fuel Management ...................................236 

6.4.1 Potential Benefits and Challenges of Cooperation ................................................236 

6.4.2 Previous Global Nuclear Fuel Cycle Cooperation Proposals in East Asia ............237 

6.4.3 Scenarios for Nuclear Fuel Cycle Cooperation in Northeast Asia ........................241 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

6 

 

6.4.4 Key Analytical Approaches and Assumptions ......................................................243 

6.5 Spent Fuel Management Cooperation Scenario Results ..................................................246 

6.5.1 Uranium Production and Enrichment ....................................................................247 

6.5.2 Spent Fuel Management ........................................................................................249 

6.5.3 Spent Fuel Production ............................................................................................251 

6.5.4 Relative Costs of Scenarios ...................................................................................252 

6.5.5 Energy Security Attributes Comparison of Scenarios ...........................................257 

6.6 Summary of Results and Conclusions .............................................................................258 

6.6.1 Results ....................................................................................................................258 

6.6.2 Conclusions ............................................................................................................261 

7 Overall Conclusions and Next Steps............................................................................... 264 

7.1 Summary of Key Findings ...............................................................................................264 

7.2 Next Steps in Reduction of Radiological Risk, and Follow-on Activities ......................266 

7.3 Next Steps on Deep Borehole Disposal of Nuclear Materials, and Follow-on 

Activities ..........................................................................................................................267 

7.4 Next Steps on Spent Fuel Cooperation, and Follow-on Activities ..................................268 

ANNEX 1: Selected Inputs, Assumptions, and Additional Results of Radiological Risk Estimates 

for Daya Bay and LingôAo Nuclear Power Plants (China) ......................................................... 270 

ANNEX 1A: Selected Inputs and Assumptions: Daya Bay Analysis .....................................270 

ANNEX 1B: Selected Inputs and Assumptions: LingôAo Analysis ........................................284 

ANNEX 1C: Selected Additional Results: Daya Bay Analysis ..............................................288 

ANNEX 1D : Selected Additional Results: LingôAo Analysis ...........................................293 

ANNEX 2: Selected Inputs, Assumptions, and Additional Results of Radiological Risk Estimates 

for Hamaoka Nuclear Power Plants (Japan) ............................................................................... 302 

ANNEX 2A: Selected Inputs and Assumptions: Hamaoka Analysis ......................................302 

ANNEX 2B: Selected Additional Results: Hamaoka Analysis ...............................................316 

ANNEX 3: Selected Inputs, Assumptions, and Additional Results of Radiological Risk Estimates 

for Experimental LWR under Construction at Yongbyon (DPRK)............................................ 325 

ANNEX 3A: Selected Inputs and Assumptions: DPRK LWR Analysis .................................325 

ANNEX 3B: Selected Additional Results: DPRK LWR Analysis ..........................................330 

ANNEX 4: Selected Inputs, Assumptions, and Additional Results of Regional (East Asia) 

Nuclear Fuel Cycle Analysis ...................................................................................................... 337 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

7 

 

ANNEX 4A: Selected Inputs and Assumptions ......................................................................337 

ANNEX 4B: Selected Additional Results ...............................................................................372 

 

 

 

 

 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

8 

 

Table of Figures 

Figure 2-1: Typical Low-Density, Open-Frame Rack for Pool Storage of PWR Spent Fuel .......27 

Figure 2-2: Location of Daya Bay (and LingôAo) Nuclear Power Stations ..................................33 

Figure 2-3: Cs-137 Inventory in Daya Bay Reactor Core and Spent Fuel Pool as Modeled 

(Unit #2 shown, Unit #1 would be similar) .............................................................................34 

Figure 2-4: Google Earth Image of the Daya Bay/LingôAo Complex (Yellow Oval) and 

Nearby Community (Red Circle) .............................................................................................37 

Figure 2-5: Google Earth Image of the Daya Bay/LingôAo/South Guangdong/Hong Kong 

Area with Assumed Directions of Emissions Clouds ..............................................................37 

Figure 2-6: Estimated Ground Contamination from a Radiological Release Incident at One of 

the Daya Bay Reactors Involving the Reactor Core (Scenario 1) ...........................................39 

Figure 2-7: Estimated Ground Contamination from a Radiological Release Incident at One of 

the Daya Bay Reactors Involving the Spent Fuel Pool (Scenario 2) .......................................40 

Figure 2-8: First-year Estimated External Dose from a Radiological Release Incident at One 

of the Daya Bay Reactors Involving the Reactor Core (Scenario 1) .......................................41 

Figure 2-9: First-year Estimated External Dose from a Radiological Release Incident at One 

of the Daya Bay Reactors Involving the Spent Fuel Pool (Scenario 2) ...................................42 

Figure 2-10: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the Daya Bay Reactors Involving the Reactor Core (Scenario 1) ...............................43 

Figure 2-11: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the Daya Bay Reactors Involving the Spent Fuel Pool (Scenario 2) ...........................44 

Figure 2-12: Photo of LingôAo Phase I Nuclear Power Units .......................................................48 

Figure 2-13: Cs-137 Inventory in One LingôAo Phase I Reactor Core and Spent Fuel Pool as 

Modeled (Unit #2 shown, Unit #1 would be similar) ..............................................................49 

Figure 2-14: Estimated Ground Contamination from a Radiological Release Incident at One 

of the LingôAo Reactors Involving the Reactor Core (Scenario 1) .........................................52 

Figure 2-15: Estimated Ground Contamination from a Radiological Release Incident at One 

of the LingôAo Reactors Involving the Spent Fuel Pool (Scenario 2) .....................................53 

Figure 2-16: Estimated Ground Contamination from a Radiological Release Incident at One 

of the LingôAo Reactors Involving the Reactor and Spent Fuel Pool (Scenario 3) .................53 

Figure 2-17: First-year Estimated External Dose from a Radiological Release Incident at One 

of the LingôAo Reactors Involving the Reactor Core (Scenario 1) .........................................54 

Figure 2-18: First-year Estimated External Dose from a Radiological Release Incident at One 

of the LingôAo Reactors Involving the Spent Fuel Pool (Scenario 2) .....................................55 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

9 

 

Figure 2-19: First-year Estimated External Dose from a Radiological Release Incident at One 

of the LingôAo Reactors Involving the Reactor and Spent Fuel Pool (Scenario 3) .................55 

Figure 2-20: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Reactor Core (Scenario 1) ..................................56 

Figure 2-21: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Spent Fuel Pool (Scenario 2) .............................57 

Figure 2-22: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Reactor and Spent Fuel Pool (Scenario 3) .........58 

Figure 2-23: Diagram of Hamaoka Nuclear Power Plant ..............................................................63 

Figure 2-24: Aerial Photo of of Hamaoka Nuclear Power Plant ...................................................64 

Figure 2-25: Cs-137 Inventory in One Hamaoka Reactor Core and Spent Fuel Pool as 

Modeled (Unit #3 shown, Unit #4 would be similar) ..............................................................65 

Figure 2-26:Monthly and Annual Wind Direction Data for Omaezaki (Hamaoka area; from 

Windfinder.com) ......................................................................................................................69 

Figure 2-27: Google Earth Image of the Hamaoka-to-Tokyo Area with Assumed Directions 

of Emissions Plume..................................................................................................................70 

Figure 2-28: Estimated Ground Contamination from a Radiological Release Incident at 

Hamaoka Unit #3 or #4 Ivolving the Reactor Core (Scenario 1) ............................................72 

Figure 2-29: Estimated Ground Contamination from a Radiological Release Incident at 

Hamaoka Unit #3 or #4 Involving the Spent Fuel Pool (Scenario 2) ......................................73 

Figure 2-30: Estimated Ground Contamination from a Radiological Release Incident at 

Hamaoka Unit #3 or #4 Involving the Reactor and Spent Fuel Pool (Scenario 3) ..................74 

Figure 2-31: First-year Estimated External Dose from a Radiological Release Incident at 

Hamaoka Unit #3 or #4 Involving the Reactor Core (Scenario 1) ..........................................75 

Figure 2-32: First-year Estimated External Dose from a Radiological Release Incident at 

Hamaoka Unit #3 or #4 Involving the Spent Fuel Pool (Scenario 2) ......................................76 

Figure 2-33: First-year Estimated External Dose from a Radiological Release Incident at 

Hamaoka Unit #3 or #4 Involving the Reactor and Spent Fuel Pool (Scenario 3) ..................77 

Figure 2-34: Cumulative Estimated External Dose from a Radiological Release Incident at 

Hamaoka Unit #3 or #4 Involving the Reactor Core (Scenario 1) ..........................................78 

Figure 2-35: Cumulative Estimated External Dose from a Radiological Release Incident at 

Hamaoka Unit #3 or #4 Involving the Spent Fuel Pool (Scenario 2) ......................................79 

Figure 2-36: Cumulative Estimated External Dose from a Radiological Release Incident at 

Hamaoka Unit #3 or #4 Involving the Reactor and Spent Fuel Pool (Scenario 3) ..................80 

Figure 2-37: DPRK LWR Reactor Site, Late 2010 .......................................................................86 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

10 

 

Figure 2-38: Satellite Photo of Yongbyon Reactor, Early 2014 ....................................................87 

Figure 2-39: Satellite Photo of Yongbyon Reactor, Late Spring or Early Summer, 2015 ............88 

Figure 2-40: Estimated Cesium-137 Inventory in DPRK LWR versus Years since Reactor 

Start-up .....................................................................................................................................91 

Figure 2-41: Ground Contamination Results for Attack Scenarios (2 and 3) ................................98 

Figure 2-42: Ground Contamination Results for Attack Scenario 3 for an Incident 20 Years 

after Reactor Start-up ...............................................................................................................98 

Figure 2-43: Estimated External Dose, Scenarios 2 and 3 .............................................................99 

Figure 2-44: Estimated Cumulative Dose, Scenarios 2 and 3 .....................................................100 

Figure 3-1: Japanôs Nuclear Power Plant Fleet............................................................................115 

Figure 3-2: Safety Measures Taken After Fukushima .................................................................116 

Figure 3-3: Historical Trends of Nuclear Power Monthly Output in Japan, 1986 through late 

2012 (10
10

 kcal)......................................................................................................................118 

Figure 3-4:  Electricity Generation from Nuclear Power in Four Spent Fuel Scenarios (TWh) .119 

Figure 3-5: Annual Spent Fuel Generation in Japan under Four Scenarios (tHM/year) .............120 

Figure 3-6: Accumulated spent fuel in Japan (10
3
 tHM) .............................................................121 

Figure 3-7: Back-end Spent Fuel Management Scenarios A-H, and Their Features ...................123 

Figure 3-8: Accumulated ñspent fuelò (not including spent MOX fuel) .....................................125 

Figure 3-9:  Accumulated MOX Fuel Considering Usage in Pluthermal Plants (tons of 

plutonium in MOX fuel) ........................................................................................................126 

Figure 3-10: Accumulated Spent (enriched uranium) Fuel, MOX fuel, and Spent MOX fuel 

in 2030 (10
3
 tHM) ..................................................................................................................127 

Figure 3-11: Locations of the ROKôs Nuclear Power Plants .......................................................132 

Figure 3-12: Projected Nuclear Generation Capacity in the ROK for Each Scenario (1980-

2050) ......................................................................................................................................134 

Figure 4-1: Schematic of Deep Borehole Disposal......................................................................143 

Figure 4-2: Geological Map of China ..........................................................................................149 

Figure 4-3: China earthquake records from 1949 to 2000 ...........................................................150 

Figure 4-4: Fracture Map Superimposed on Tectonic Provinces in South Korea .......................159 

Figure 4-5: Epicentral Distribution of Historical Earthquakes in the Korean Peninsula .............160 

Figure 5-1: Structure of Power Industry--Capacity and Generation in China (2012) .................170 

Figure 5-2: Future Installed capacity in the LEAP China Model: BAU Case .............................175 

file:///C:/PROJ/NE_Asia/EA-SSC/EASS_2010_proposals/MacArthur_2014_proposal/MacA_2015_project/Spent_Fuel_Paths/Project_Summary_Report_for_publication_3-15-16_dvh.docx%23_Toc445934906


 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

11 

 

Figure 5-3: Greenhouse Gas Emissions Trends under Three Scenarios ......................................178 

Figure 5-4: Electricity Generation by Source (% of kWh generated) .........................................180 

Figure 5-5: Trends of Nuclear Capacity in 3 Scenarios for Japan ...............................................182 

Figure 5-6: Final Energy Demand Projections by Sector in Japan ..............................................183 

Figure 5-7: Electricity Generation by Type of Power Plant, 3 Scenarios (TWh) ........................184 

Figure 5-8: CO2 Emissions in Japan, Three Scenarios ................................................................185 

Figure 5-9: Trends in Primary Energy Shares by Source ............................................................187 

Figure 5-10: Electricity Capacity and Generation by Energy Source (2012) ..............................190 

Figure 5-11: ROK Energy Demand by Sector, BAU Scenario ...................................................193 

Figure 5-12: Energy Demand by Fuel, BAU Scenario ................................................................194 

Figure 5-13: Electricity Generation Capacity by Type, BAU Scenario ......................................195 

Figure 5-14: Greenhouse Gas Emissions by Scenario .................................................................196 

Figure 5-15: DPRK Energy Demand by Sector ...........................................................................203 

Figure 5-16: DPRK Energy Demand by Fuel Category ..............................................................204 

Figure 5-17: DPRK Gross Generation .........................................................................................207 

Figure 5-18: DPRK Energy Paths/Scenarios Considered Quantitatively to Date .......................214 

Figure 5-19: Redevelopment Case Final Energy Use ..................................................................218 

Figure 5-20: Redevelopment Case Electricity Output .................................................................219 

Figure 5-21: Electricity Output by Path .......................................................................................220 

Figure 5-22: GWP by Case ..........................................................................................................221 

Figure 6-1: Electricity Generation in Northeast Asia, 1990-2011 ...............................................228 

Figure 6-2: Trends in Regional Nuclear Generation Capacity, BAU Path ..................................232 

Figure 6-3: Requirements for Enriched Uranium by Scenario, Adjusted for MOx Use, BAU 

Nuclear Capacity Expansion Path ..........................................................................................248 

Figure 6-4: Requirements for Enriched Uranium by Country, Scenario 1, Adjusted for MOx 

Use, for the BAU Nuclear Capacity Expansion Path ............................................................249 

Figure 6-5: Region-wide Quantities of Spent Fuel Reprocessed by Year by Scenario, BAU 

Nuclear Capacity Expansion Path ..........................................................................................251 

Figure 6-6: Production of Cooled Spent UOx Fuel by Year and by Country, Scenario 1 and 

BAU Nuclear Capacity Expansion Path ................................................................................252 

Figure 6-7: Annual Regional Nuclear Fuel Cycle Costs in 2050 ................................................255 

Figure 6-8: Net Present Value of Regional Nuclear Fuel Cycle Costs ........................................256 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

12 

 

Figure 6-9: Summary of Year 2050 Annual Costs by Scenario and by Nuclear Capacity 

Expansion Path.......................................................................................................................260 

 

  



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

13 

 

Table of Tables 

Table 2-1: Summary of Cs-137 Emissions Results from Both Scenarios Based on Timing of 

Incident ....................................................................................................................................38 

Table 2-2: Calculation of Collective Dose at Selected Locations along Deposition Paths from 

Daya Bay for Release 3 Years after First Refueling Modeled for Scenario 1, Reactor 

Incident ....................................................................................................................................45 

Table 2-3: Calculation of Collective Dose at Selected Locations along Deposition Paths from 

Daya Bay for Release 3 Years after First Refueling Modeled for Scenario 2, Spent Fuel 

Pool Incident ............................................................................................................................46 

Table 2-4: Summary of Cs-137 Emissions Results from All Three Scenarios Based on 

Timing of Incident ...................................................................................................................51 

Table 2-5: Calculation of Collective Dose at Selected Locations along Deposition Paths from 

LingôAo for a Release 3 Years after January, 2014 Modeled for Scenario 1, Reactor 

Incident ....................................................................................................................................59 

Table 2-6: Calculation of Collective Dose at Selected Locations along Deposition Paths from 

LingôAo for Release 3 Years after First Refueling Modeled for Scenario 3, Reactor and 

Spent Fuel Pool Incident ..........................................................................................................60 

Table 2-7: Summary of Cs-137 Emissions Results from All Three Hamaoka Scenarios Based 

on Timing of Incident ..............................................................................................................71 

Table 2-8: Calculation of Collective Dose at Selected Locations along a Northeast Deposition 

Path from Hamaoka for a Release 3 Years after Reactor Restart Modeled for Scenario 1, 

Reactor Incident .......................................................................................................................81 

Table 2-9: Calculation of Collective Dose at Selected Locations along Deposition Paths from 

Hamaoka Nuclear Power Plants for Release 3 Years after First Refueling Modeled for 

Scenario 3, Reactor and Spent Fuel Pool Incident ...................................................................82 

Table 2-10: Major Cities Downwind from Yongbyon in Wintertime ...........................................95 

Table 2-11: Estimated Cs-137 Emissions to the Atmosphere by Incident Scenario .....................96 

Table 2-12: Calculation of Collective Dose at Selected Locations along the Southward 

Deposition Path from Yongbyon for Release 15 years after Reactor Start-up, Attack 

Scenarios 2 and 3 ...................................................................................................................102 

Table 3-1: Current and Planned Nuclear Power Capacity in the ROK through 2027 .................131 

Table 3-2: Assumed NPPs Deployment Scenarios in the ROK ..................................................133 

Table 5-1: Population and GDP Assumptions for China LEAP Model ......................................173 

Table 5-2: Operating Nuclear Reactors in China .........................................................................176 

Table 5-3: LEAP Model Scenario Assumptions ..........................................................................177 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

14 

 

Table 6-1: Summary of Nuclear Energy Activities in East Asia/Pacific Countries ....................225 

Table 6-2: Table 2: Regional Nuclear Generation Capacity, Summary of BAU, MAX, and 

MIN Paths ..............................................................................................................................231 

Table 6-3: Regional Nuclear Electricity Output, Summary of BAU, MAX, and MIN Paths .....231 

 

  



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

15 

 

List of Acronyms and Abbreviations 

AFR:  Away from Reactor (spent fuel storage) 

BAU:  Business as Usual 

Bq:  Becquerel  

BWR:  Boiling Water Reactor 

CAEA: China Atomic Energy Agency 

CANDU: CANada Deuterium Uranium reactor 

CO2:  Carbon Dioxide 

Cs-137: Cesium 137 isotope 

DBD:  Deep Borehole Disposal 

DPRK:  Democratic Peopleôs Republic of Korea 

FYP:  Five-year Plan (China) 

GHG:  Greenhouse gases 

GW:  Gigawatts 

GWe:  Gigawatts of electric power 

GWh:  Gigawatt-hour 

GWP:  Global Warming Potential 

HLW:  High Level Wastes 

IAEA:   International Atomic Energy Agency 

KHNP: Korea Hydro & Nuclear Power Co., Ltd 

LEAP:  Long-range Energy Alternatives Planning (software system) 

LILW :  Low and Intermediate Level Radioactive Waste 

LWR:  Light Water Reactor 

MOx:  Mixed Oxide Fuel 

mSv:  Millisieverts 

MW:  Megawatts 

MWe:  Megawatts of electric power 

MWth:  Megawatts of thermal power 

NNSA: National Nuclear Safety Administration (China) 

NPP:  Nuclear Power Plants 



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

16 

 

NRA:  Japanôs Nuclear Regulation Authority 

NUMO: Nuclear Waste Management Organization of Japan 

pBq:  Petabecquerel (10
15 

Becquerel) 

PM2.5:  Particulate Matter, less than or equal to 2.5 micrometers in diameter 

Pu:  Plutonium 

PWR:  Pressurized Water Reactor 

R&D:  Research and Development 

RFE:  Russian Far East 

ROK:  Republic of Korea  

Sv:  Sieverts 

SNF:  Spent Nuclear Fuel 

SWU:  Separative Work Units 

tHM:  Tonnes of Heavy Metal (Uranium/Plutonium) 

TWh:  Terawatt-hour  

U:  Uranium 

UOx   Uranium Oxide (fuel) 

 

 

 

  



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

17 

 

1 Project Background and Summary 

1.1 Background and Goals of Project  

The Fukushima disaster highlighted the relationship between nuclear power and the risk of 

radiological exposure, whether such exposure results from radiation released as a result of an 

accidentðcaused by technical or human error, or, as in Fukushima, by an overwhelming natural 

disaster, or through attack on nuclear facilities by state or non-state actors. The earthquake, 

tsunami, and nuclear meltdowns in Japan made the location, configuration, and physical security 

of nuclear plants and spent fuel storage facilities priority areas for policies aimed at concurrently 

minimizing the potential for diversion of fissile material, and the consequences of an attack on 

spent fuel facilities or the impacts of an accident initiated by a natural disaster or technical 

systems failure. 

Since the Fukushima accident, Japan, China, and the Republic of Korea (ROK) have each taken 

steps toward improving reactor safety.  These steps include improving ñdefense in depthò, 

adding layers of back-up facilities in the event that power to cooling systems have been lost, and 

improving reactor safety protocols, among others.  Not yet included to a significant extent, 

however, have been change in the structure of some of the most vulnerable elements of some 

nuclear plants and spent fuel management systems.  

The Seoul Nuclear Security Summit in March 2012 called for coordination to make this 

connection between nuclear fuel cycle management, safety and security, noting, ñWe affirm that 

nuclear security and nuclear safety measures should be designed, implemented and managed in 

nuclear facilities in a coherent and synergistic manneré Noting that the security of nuclear and 

other radioactive materials also includes spent nuclear fuel and radioactive waste, we encourage 

States to consider establishing appropriate plans for the management of these materials1.ò 

Although it called for action to address risks related to the management of spent fuel and wastes, 

the Summit focused on control of fissile material, did not have a panel on nuclear safety and 

security, and failed to offer any concrete recommendations for how nuclear facilities should be 

designed or secured so as to reduce the risk of accident or attack and the attendant radiological 

consequences of such events. 

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

varying degrees, to examine the lessons of Fukushima for their own nuclear programs.  In Japan, 

this has resulted in the closing for extensive safety assessments of all of its reactors, with only a 

few units having been brought back on line on an interim basis, and no plants on line as of this 

writing.  Japan also undertook a comprehensive, multi-stakeholder review of its plans for a 

nuclear future, resulting, at least temporarily, in a plan to phase out nuclear power in the long 

term, though those plans, assembled under the Yoshihiko Noda administration are being revised, 

and probably reversed, by the more pro-nuclear power Shinzo Abe administration.  Perhaps more 

importantly, in the longer-term, the Fukushima accident seems to have galvanized a grassroots 

response that has spurred the implementation of energy efficiency and renewable energy sources, 

                                                 
1
 ñSeoul Communiqu® at 2012 Nuclear Security Summitò at: http://www.cfr.org/proliferation/seoulcommuniqu-

2012-nuclear-security-summit/p27735.  

http://www.cfr.org/proliferation/seoulcommuniqu-2012-nuclear-security-summit/p27735
http://www.cfr.org/proliferation/seoulcommuniqu-2012-nuclear-security-summit/p27735
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as well as other changes, in a way that could not have been foreseen.  Independent of what is 

decided by the government regarding the nuclear sector, these grassroots changes may in fact be 

the most important and enduring legacy of Fukushima.  In the Republic of Korea (ROK), the 

Fukushima accident caused authorities to undertake safety checks at the ROKôs nuclear plants.  

More recently, a scandal involving falsified information about reactor parts has forced many 

reactors off-line, resulting in projected power shortages for the summer of 2013.  It remains 

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

safety is of greater concern in Korean society than it was before the accident, perhaps reflected in 

what appears to be scaled-down plans for nuclear capacity expansion recently announced by the 

ROK government as a part of its new Energy Plan.2   In China, the reaction to the Fukushima 

accident was a review of both at-plant safety arrangements and of Chinaôs ambitious plan for 

building additional nuclear capacity.  These reviews resulted in a modest scale-back of plans for 

new reactors, and though Chinaôs construction of new plants continues, certain planned reactors, 

including most or all of those planned for inland locations, have been placed on hold for the time 

being. 

The ñAfter Fukushima: Radiological Risk from Non-State Diversion of or Attack on Spent Fuelò 

Project has directly addressed the nexus between nuclear fuel cycle security and nuclear safety 

by analyzing the risk of radiological releases resulting from an attack on or accident at nuclear 

facilities, identifying the factors that increase or decrease this risk, and making realistic 

recommendations for changes in the storage, management, and disposal of spent fuel to reduce 

this threat. The project drew upon a network of experts on energy futures, energy security, and 

nuclear fuel cycle development, safety and security in East Asia and the United States. Country 

teams from China, Japan, and South Korea examined how alternative spent fuel storage 

locations, management strategies, and storage technologies can minimize the risk of radioactive 

releases caused by nuclear terrorism or by accidents, as well as the impacts of different scenarios 

of energy and nuclear power development on the risk of radioactive releases. 

Participants from the three country teams, Nautilus staff, and nuclear spent fuel 

management/modeling experts from the United States worked toward the projectôs goals 

throughout the project by: 

¶ Updating of the energy sector scenario and nuclear spent fuel management work 

undertaken by the country teams; 

¶ Completing and applying a methodology and associated Excel workbook tool for 

assessing radiological risk of accident or attack at nuclear facilities;
3
 

¶ Integrating national and regional results of energy and spent-fuel management modeling 

through the updating of our analysis of scenarios for nuclear fuel cycle cooperation;
4
 

                                                 
2
 See, for example, Simon Mundy (2014), ñSouth Korea cuts target for nuclear powerò, FT.com, dated January 14, 

2014, and available as http://www.ft.com/cms/s/0/4e8c1872-7cf7-11e3-81dd-00144feabdc0.html#axzz2zpxtBbWu.  
3
 The radiological risk methodology and related tools were prepared for Nautilus by Dr, Gordon D. Thompson, and 

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

Fuel, Nautilus Institute Special Report dated May 14, 2013, http://nautilus.org/napsnet/napsnet-special-

reports/handbook-to-support-assessment-of-radiological-risk-arising-from-management-of-spent-nuclear-fuel/.  

http://www.ft.com/cms/s/0/4e8c1872-7cf7-11e3-81dd-00144feabdc0.html#axzz2zpxtBbWu
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¶ Testing applications of the radiological risk assessment methodology for nuclear plants 

in China, Japan, and North Korea, the latter using as its subject the Light Water Reactor 

(LWR) currently under construction by the Democratic Peopleôs Republic of Korea 

(DPRK).
5
   

 

1.2 Project Meetings  

  

The organization and realization of project meetings were key elements of work on the project.  

Two meetings, the 2012 ñResilience and Security of Spent Fuel in East Asiaò, Working Group 

meeting, held from April 12 to 15 in Seoul, and the 2013 ñSpent Fuel and Reduction of 

Radiological Risk after Fukushima and Deep Borehole and Spent Fuel in East Asiaò Working 

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

updates on energy sector activities and energy policies, nuclear energy sector developments 

including developments related to nuclear spent fuel management, and, with support from the 

Carnegie Corporation of New York, on the prospects for deep borehole disposal for nuclear 

spent fuel and other nuclear wastes in each nation.  Agendas, presentations, and other materials 

from these meetings are available on the Nautilus website. .
6
   

 

Nautilus is also continuing its analytical work to examine the relative risk, and relative cost, of 

undertaking modifications to the way that nuclear spent fuel is managed in Northeast Asia to 

minimize the potential for radiological risk associated with accidents at or non-state attacks on 

nuclear facilities.  This work, in the context of the ongoing MacArthur-funded "Vulnerability to 

Terrorism in Nuclear Spent Fuel Management" project, focusing on the situation and possibilities 

in Japan, and carried out with the active participation of Japanese and other colleagues, examines 

the tradeoff between modifying spent fuel management systems so as to minimize exposure to 

non-state attacks (or Fukushima-type accidents) that could lead to significant release of 

radioactivity from reactors and spent fuel facilities, often, given population densities in the area, 

implying significant human health and environmental implications, as well as billions or trillions 

of dollars in economic damage.  This tradeoff, assuming that the costs of modifying systems are 

                                                                                                                                                             
4
 An earlier version of a summary of the analysis of scenarios for nuclear fuel cycle cooperation is available as 

David F. von Hippel and Peter Hayes (2013), Potential Regional Nuclear Energy Sector Cooperation on Enrichment 

and Reprocessing: Scenarios, Issues, and Energy Security Implications, NAPSNet Special Reports, November 19, 

2013, at http://nautilus.org/napsnet/napsnet-special-reports/potential-regional-nuclear-energy-sector-cooperation-on-

enrichment-and-reprocessing-scenarios-issues-and-energy-security-implications-2/.  
5
 The results of the application of the radiological risk assessment methodology to the DPRKôs Experimental LWR 

is presented in David F. von Hippel and Peter Hayes (2014),"Illustrative Assessment of the Risk of Radiological 

Release from an Accident at the DPRK LWR at Yongbyon, NAPSNet Special Report, May 06, 2014, and available as 

http://nautilus.org/napsnet/napsnet-special-reports/illustrative-assessment-of-the-risk-of-radiological-release-from-

an-accident-at-the-dprk-lwr-at-yongbyon-2/. 
6
 Materials from these meetings are available at http://nautilus.org/projects/by-name/security-of-spent-nuclear-

fuel/2012-working-group-meeting/#axzz32wD2Vsdb and http://nautilus.org/projects/by-name/security-of-spent-

nuclear-fuel/2013-working-group-meeting/.  

http://nautilus.org/napsnet/napsnet-special-reports/potential-regional-nuclear-energy-sector-cooperation-on-enrichment-and-reprocessing-scenarios-issues-and-energy-security-implications-2/
http://nautilus.org/napsnet/napsnet-special-reports/potential-regional-nuclear-energy-sector-cooperation-on-enrichment-and-reprocessing-scenarios-issues-and-energy-security-implications-2/
http://nautilus.org/projects/by-name/security-of-spent-nuclear-fuel/2012-working-group-meeting/#axzz32wD2Vsdb
http://nautilus.org/projects/by-name/security-of-spent-nuclear-fuel/2012-working-group-meeting/#axzz32wD2Vsdb
http://nautilus.org/projects/by-name/security-of-spent-nuclear-fuel/2013-working-group-meeting/
http://nautilus.org/projects/by-name/security-of-spent-nuclear-fuel/2013-working-group-meeting/
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shown to be affordable (the indications that we have seen thus far suggest that costs of 

modification will be modest, relative to the cost of electricity from nuclear plantsðsee below), 

suggests that these modifications (including possible retrofit of existing reactors) are desirable 

from a cost and societal risk management perspective. 

 

1.3 Summary of Key Project Findings 

Key findings from the project to date include: 

¶ The Fukushima accident has had a profound impact on the nuclear sector in each of the 

three countries included in this Project, but the response to the accident has been different 

in each country with respect to both the modes of response and the degree of response.  

Japan has shut down its reactors for extensive safety checks and retrofits related to back-

up and other systems that were implicated in the Fukushima accident.  In the ROK, 

reactors were also checked for safety, although a more recent scandal that has come to 

light regarding falsification of certifications for reactor parts has added to concerns raised 

by Fukushima.  In China, the Fukushima incident has caused authorities to revisit 

ambitious reactor construction plans, and to somewhat slow the pace of nuclear plant 

construction, including reconsideration of some plants, notably those to be located inland 

(on rivers where reactor cooling, at times, may be problematic). 

¶ The project has shown that some modes of management of spent fuelðnon-dense 

racking in spent fuel pools vs. dense racking, and dry cask storage of cooled spent fuel, 

including centralized, below-ground storageðare superior to current methods of spent 

fuel management with regard to radiological risk.  Some of these alternative methods are 

under investigation in the region, but the pace of adopting these methods of risk reduction 

is slow, in part due to a combination of a lack of independence between the authorities 

regulating nuclear power in each nation from those planning and implementing nuclear 

power facilities, and in part because of existing laws regarding the siting of nuclear 

facilities, particularly in Japan and the ROK, that make it difficult for reactor operators to 

store spent fuel on site in dry casks, but do not affect the storage of spent fuel in pools. 

¶ Each of the nations involved in the project has at least a general interest in international 

collaboration on spent fuel issues, but because of asymmetries between the nations, 

collaboration has been difficult to start.  These asymmetries include China being a 

nuclear weapons state, while Japan and the ROK are not, and Japan having a reprocessing 

program and uranium enrichment capability, while the ROK does not (although it wishes 

to pursue a lightly-modified form of reprocessing called ñpyroprocessingò).  In addition, 

longstanding regional rivalries likely impede the potential for cooperation on this 

sensitive issue.  

¶ Dry-cask storage of spent fuel appears much less vulnerable to release of radiation 

through accident or attack than storage in spent fuel pools.  Release of radiation from fuel 

stored in dry casks essentially requires a concerted effort targeted specifically at the dry 

cask to not only break it openðrequiring high explosives detonate essentially on each 
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individual cask or physically drilling into the cask, requiring proximity of attackersðbut 

to ignite the spent fuel assemblies stored in the cask. Dense racked spent fuel pools, on 

the other hand, can ignite if water from the pool is lost, as dense-racked pools lack the 

ability to passively release sufficient heat through the air when coolant is lost, leading to 

rising temperatures and, eventually, ignition of fuel cladding, resulting in releases of 

radioactivity. 

¶ Deep borehole disposal of nuclear spent fuel and high-level waste 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 good 

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 both technological 

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 facilities.  In addition, materials 

stored in deep boreholes should likely be considered essentially irretrievable, as a huge 

effort will be required to remove emplaced materials from boreholes.  This can well be 

considered a significant advantage, from a risk-of-diversion-of-nuclear materials point of 

view, but it brings up significant design considerations, and is of concern to those who 

see spent fuel as a potential future resource for energy production.  The status of 

readiness of deep borehole technologies, despite their potential simplicity and low cost 

relative to mined repositories is probably 30 or so years from full -scale implementation, 

or about the same as other disposal options (or, for that matter, the closed nuclear fuel 

cycle options involving the use of fast reactors that are under consideration in all three of 

the nations involved in this project).  What this means is that it is inevitable that 

intermediate spent fuel storage, and most likely dry cask storage, must be employed by 

all three nations in advance of any final disposal option. 

¶ Our preliminary calculations have indicated that the costs of spent fuel management in 

general are modest when compared to the full cost of nuclear generation, and particularly 

when compared with the cost of electricity in the three countries (Japan especially).  

Costs of nuclear cooperation (or non-cooperation) scenarios that include reprocessing are 

higher than those without reprocessing if any reasonable estimates of future uranium 

prices are assumed, and costs for dry-cask storage are likely to be a tiny part of overall 

nuclear fuel cycle costs. 

 

1.4 Road Map of this Report  

This Final Report to the MacArthur Foundation provides a summary of the key topics covered 

under the three years of the Project.  As such, the remainder of this Final Report is organized as 

follows: 
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¶ Chapter 2 covers the activities and results of project elements focused on Radiological 

Risk from Accident/Attack on Nuclear Energy Facilities in East Asia, including a 

summary of illustrative analyses prepared by Nautilus for reactors in China and Japan, as 

well as a summary of a an analysis completed by Nautilus for the Experimental Light 

Water Reactor (LWR) being built in the Democratic Peopleôs Republic of Korea 

(DPRK). 

¶ Chapter 3 focuses on nuclear energy and nuclear spent fuel management in East Asia, 

summarizing, country by country, the current status and future plans for the sector in each 

of the participating nations. 

¶ A possible alternative for long-term spent fuel management is deep borehole disposal, the 

prospects for which, both in technological and political terms, are discussed in Chapter 

4. 

¶ The need for nuclear power, and thus for nuclear spent fuel management, is a function of 

trends in energy supply and demand and in energy policy.  Energy-sector trends and 

policies for each of the nations participating in the project, as well as in the DPRK, are 

discussed in Chapter 5. 

¶ Chapter 6 discusses the inputs to and results of Nautilusô cooperation scenarios on spent 

fuel management in East Asia 

¶ In Chapter 7, we discuss the overall conclusions of the research and collaboration efforts 

under this project, and provide ideas as to possible next steps building on this research. 

Throughout this Project Summary Report, text from papers prepared both by Nautilus authors 

and by members of the Project Team, including Country Team members and other experts, has 

been summarized and adapted.  As such, this Summary Report is in effect the work of multiple 

authors, so passages from individual papers, when used, do not explicitly quote the authors of 

those papers.  The original papers from which the summaries have been drawn are referenced in 

this Summary Report. 

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

East Asia 

2.1 Summary of Activities under this Project 

The Fukushima accident, perhaps even more dramatically than those at Three Mile Island and 

Chernobyl before it, brought home to the world the lesson that the even events considered highly 

improbable can, in fact, happen, and when they do, the fragilities of technologies can be exposed 

in unexpected ways. Further, the failure of some technologies can put humans and the 

ecosystems they live in at significant risk.  In the case of Fukushima, a combination of the failure 

of the Fukushima Daiichi plant to withstand a powerful earthquake and tsunami, coupled with 

common-mode failures (failures in shared electrical, road access, and other systems) between the 

Fukushima reactors and the associated pools where spent nuclear fuel, with a radioactive 
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inventory much higher than the cores of the reactors themselves, resulted in significant and 

ongoing releases of radiation to the atmosphere and ocean.  Even more compelling, however, 

were the risks of events that could, but for a combination of luck and intervention, have 

happened, including the release of a substantial fraction of the inventory of the cesium-137 (Cs-

137) in the spent fuel pools, a prospect which had then-Prime-Minister Naoto Kan agonizing 

about how to possibly evacuate 50 million people from the Tokyo area.
7
   

A key problem, however, with the concept of radiological risks associated with rare and severe 

incidents at nuclear reactorsðwhether accidents initiated by some combination of human error, 

technological failure, and/or natural disaster, or by attack on a nuclear facility by state or, more 

likely, non-state actorsðis understanding the extent of such risks. In order to provide an 

objective and systematic assessment of the radiological risk of emissions from a reactor and/or 

spent fuel storage facilities compromised in an accident or attack, Nautilus commissioned Dr. 

Gordon Thompson of the Institute for Resource and Security Studies (IRSS) to create a 

Handbook and analytical methodology to describe the key issues related to non-routine 

radiological releases from nuclear energy facilities and to enable users to perform a rapid 

assessment of the radiological releases from an accident at or attack on nuclear energy facilities, 

and potential human radiation exposure resulting from such releases. 

The Handbook commissioned by Nautilus as a part of this project, and subsequently prepared by 

Dr. Thompson, is entitled Handbook to Support Assessment of Radiological Risk Arising From 

Management of Spent Nuclear Fuel,
8
 and has been made available on the Nautilus website. Dr. 

Thompson also prepared an Excel workbook tool to allow users to estimate the radiological 

consequences of an incident at a nuclear facility using data describing a particular facility, but 

with sufficient generic data and general estimates to make the overall exercise tractable. A 

Userôs Guide was also prepared to aid in the application of the Excel Workbook template. The 

first draft of Dr. Thompsonôs Handbook was made available for the April, 2012 Working Group 

meeting on the project, and was informally reviewed by Working Group participants.  

Subsequent to the Working Group meeting, expert review of the Handbook was solicited, and the 

Handbook was revised taking into account the review comments.   

 Nautilus project staff used the Handbook prepared by Dr. Thompson to carry out approximate 

estimates of the radiological for illustrative nuclear facilities in China and Japan.  The results of 

these estimates are provided below.  

Nautilus authors also undertook, as a part of the project, an assessment of estimated radiological 

releases from an accident at or attack on the experimental LWR now under construction by the 

DPRK at the Yongbyon nuclear complex in North Pyongan Province in the DPRKôs northwest.  

A first draft of this assessment was reviewed by a number of US and European nuclear experts; 

their comments were taken into account in the final version of the paper, which has been 

                                                 
7
 See http://www.democracynow.org/2014/3/11/ex_japanese_pm_on_how_fukushima for the text of an interview on 

the topic with Prime Minister Kan. 
8
 Gordon R. Thompson (2013), Handbook to Support Assessment of Radiological Risk Arising From Management of 

Spent Nuclear Fuel, NAPSNet Special Reports, May 14, 2013, http://nautilus.org/napsnet/napsnet-special-

reports/handbook-to-support-assessment-of-radiological-risk-arising-from-management-of-spent-nuclear-fuel/ 

http://www.democracynow.org/2014/3/11/ex_japanese_pm_on_how_fukushima
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published on the Nautilus website as Illustrative Assessment of the Risk of Radiological Release 

from an Accident at the DPRK LWR at Yongbyon,
9
 and is summarized later in this Chapter.  

2.2 Summary of Key Issues in Radiological Risk Related to Nuclear Energy 

Facilities 

Harnessing nuclear fission creates various types of risk. This project, and the Handbook prepared 

for the project by Dr. Thompson, focused on a particular type of risk with two major features. 

First, the risk is associated with spent nuclear fuel (SNF) discharged from the fission reactors at 

NPPs. Although the fuel is ñspentò, it contains some fissionable material ï uranium and 

plutonium ï and a large amount of radioactive material. Second, the risk is ñradiologicalò 

referring to the potential for harm to humans as a result of their exposure to ionizing radiation 

due to an unplanned release of radioactive material.  

Although the danger of a nuclear accident at any given power plant may be relatively lowð

experience suggests a rate of one major accident in 1500 reactor-years of operationðJapan in 

March 2011 is the place and time where risk became reality.   

Storage of spent fuel at many reactors that have been in operation for a decade or more involves, 

as described below, dense packing of spent fuel assemblies in wet storage facilities.  These 

dense-packed pools are particularly vulnerable to incidents leading to significant radiological 

releases in the event of an accident or attack.  

Risks Associated with Spent Nuclear Fuel Storage 

The radiological risk posed by SNF has existed since fission reactors first began operating in the 

1940s.
10

 The radiological risk posed by SNF has existed since that time. Over the intervening 

decades, the risk has increased due to: (i) growth in SNF inventories; (ii) changed properties of 

nuclear fuel; and (iii) design choices regarding modes of SNF storage. 

Through 2010, some 226,000 fuel assemblies representing 65,200 tonnes of initial uranium 

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

2010.
11

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

About three-quarters of that inventory is stored in spent-fuel pools adjacent to operating reactors, 

the remainder being stored in dry casks. Other countries have accumulated smaller inventories of 

SNF, determined in each instance by the size, type, and history of operation of the countryôs fleet 

                                                 
9
 David F. von Hippel and Peter Hayes (2014), Illustrative Assessment of the Risk of Radiological Release from an 

Accident at the DPRK LWR at Yongbyon, Nautilus Institute Special Report, dated April 29, 2014, and available as 

http://nautilus.org/napsnet/napsnet-special-reports/illustrative-assessment-of-the-risk-of-radiological-release-from-

an-accident-at-the-dprk-lwr-at-yongbyon-2/#axzz32x7Ok64x. 
10

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

Africa. 
11

 For an overview of practices and regulations regarding SNF storage in the USA, see: Electric Power Research 

Institute, Industry Spent Fuel Storage Handbook (Palo Alto, California: EPRI, July 2010). 

http://nautilus.org/napsnet/napsnet-special-reports/illustrative-assessment-of-the-risk-of-radiological-release-from-an-accident-at-the-dprk-lwr-at-yongbyon-2/#axzz32x7Ok64x
http://nautilus.org/napsnet/napsnet-special-reports/illustrative-assessment-of-the-risk-of-radiological-release-from-an-accident-at-the-dprk-lwr-at-yongbyon-2/#axzz32x7Ok64x
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of NPPs.  The International Panel on Fissile Materials has published a useful review of 

worldwide experience in managing SNF.
12

 

The growth in SNF inventories around the world reflects a long-term trend away from the 

reprocessing of spent fuel. When the nuclear fission industry was launched in the 1950s and 

1960s, the industryôs managers assumed that SNF would be reprocessed. One outcome of that 

assumption is that the spent-fuel pools at NPPs were originally designed to hold only a few 

yearsô discharge of spent fuel from the reactors. Over time, countries have turned away from 

reprocessing. For example, commercial SNF in the USA has not been reprocessed since 1972. 

Growth in SNF inventories would, other factors remaining equal, have yielded a proportional 

increase in SNF radiological risk. The risk has actually grown at a faster, disproportionate rate, 

as a result of design decisions by the nuclear industry. One set of these decisions relates to the 

properties of nuclear fuel, and the other to choices regarding modes of SNF storage. 

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

assemblies.  The active portion of the assemblies consists of uranium oxide pellets ï or, in some 

instances, mixed plutonium and uranium oxide (MOX) pellets ï inside thin-walled metal tubes. 

When the fuel is fresh, the uranium is low-enriched (up to 5% U-235).  The tubes are typically 

known as ñcladdingò. In contemporary NPPs the cladding is made of zircaloy, whose primary 

ingredient is zirconium. 

Zircaloy is not the only material that can be used for fuel cladding. Stainless steel is an 

alternative cladding material, and was used in a number of water-cooled reactors during the early 

years of development of this type of reactor. As of mid-1979, about 7% (about 1,500 fuel 

assemblies) of the commercial SNF inventory in the USA was fuel with stainless steel cladding.  

Generally, this fuel performed well. In illustration, a thorough examination was made of a 

stainless-steel-clad PWR fuel assembly that was driven to a burnup of 32 GWth-days per Mg U 

in the Connecticut Yankee reactor and then stored for 5 years in a spent-fuel pool. No 

degradation was observed.  Other tests and analyses have indicated that ñit is technically feasible 

to use either stainless steel or zirconium or one of its alloys as structural material, fuel cladding 

or fuel diluentò
13

  Zircaloy is, however, used in the vast majority of modern LWRs because it 

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

Although the economic advantage of zircaloy cladding during routine operation of an NPP is 

clear, there is a price to be paid in terms of radiological risk. Zircaloy, like zirconium, is a 

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

steam if its temperature reaches the ignition point ï about 1,000 deg. C. This temperature is well 

above the operating temperature of a water-cooled reactor, where zircaloy exhibits good 

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

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

                                                 
12

 International Panel on Fissile Materials, Managing Spent Fuel from Nuclear Power Reactors: Experience and 

Lessons from Around the World (Princeton, New Jersey: Program on Science and Global Security, Princeton 

University, September 2011). 
13

 Manson Benedict, Summary Report: Economic Comparison of Zircaloy and Stainless Steel in Nuclear Power 

Reactors (Cambridge, Massachusetts: Columbia-National Corporation, 6 February 1958). 
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Mil e Island (TMI) reactor accident of 1979, steam-zirconium reaction occurred in the reactor 

vessel, generating a substantial amount of hydrogen. Some of that hydrogen escaped into the 

reactor containment, mixed with air, and exploded.  Fortunately, the resulting pressure pulse did 

not rupture the containment. Similar explosions during the Fukushima #1 accident of 2011 

caused severe damage to the reactor buildings of Units 1, 3, and 4. Measures to reduce risks 

associated with zircaloy cladding could involve substituting stainless steel cladding for zircaloy, 

although, stainless steel can react exothermically with air or steam, albeit with a lower heat of 

reaction than is exhibited by zircaloy, or by substituting ceramic cladding options that are now 

under development, although ceramic claddings may not be available for deployment until 2030 

or so. 

At every NPP with a water-cooled reactor, a spent-fuel pool is located adjacent to the reactor. 

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

were originally designed to hold only a few yearsô discharge of spent fuel from the reactors. As 

part of that design, the pools were equipped with low-density, open-frame racks into which fuel 

assemblies were placed, as shown in Figure 2-1. Similar racks were used for BWR fuel. 
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Figure 2-1: Typical Low-Density, Open-Frame Rack for Pool Storage of PWR Spent Fuel
14

 

 

 

If water were lost from a pool equipped with low-density racks, there would be vigorous, natural 

convection of air and steam throughout the racks, providing cooling to the SNF. Thus, in most 

situations, the temperature of the zircaloy cladding of SNF in the racks would not rise to the 

ignition point. Exceptional circumstances that could lead to ignition include the presence of SNF 

very recently discharged from a reactor, and deformation of the racks. Even then, propagation of 

combustion to other fuel assemblies would be comparatively ineffective, and the total release of 

radioactive material would be limited to the comparatively small inventory in the pool. 

Faced with the problem of growing inventories of SNF, the nuclear industry could have 

continued using low-density racks in the pools while placing excess fuel in dry casks.  That 

                                                 
14

 Adapted from Figure B.2 of: Anthony Nero, A Guidebook to Nuclear Reactors (Berkeley, California: University 

of California Press, 1979). 
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approach would have limited SNF radiological risk. Instead, most nuclear plant operators 

adopted a cheaper option. Beginning in the 1970s, the industry re-equipped its pools with higher 

density racks. In the high-density racks that are now routinely used around the world, the center-

center spacing of fuel assemblies approaches the spacing in a reactor. To suppress criticality, the 

assemblies are separated by plates containing neutron-absorbing material such as boral (boron 

carbide particles in an aluminum matrix). The neutron-absorbing plates divide the racks into 

long, narrow, vertical cells, open only at the top and bottom. If water were lost from a pool, this 

arrangement would suppress heat transfer by convection and radiation. The presence of residual 

water in the lower portion of the pool, which would occur in many water-loss situations, would 

limit heat transfer to only one effective mechanism ï convective cooling by steam rising from 

the residual water. Over a range of water-loss scenarios, radioactive decay heating in the SNF 

would cause cladding temperature to rise toward the ignition point.  

The preceding discussion sets the scene for considering the attributes of a ñpool fireò. This 

incident would involve the following sequence of events: 

(i) loss of water from a spent-fuel pool due to leakage, boiling away, siphoning, or 

other mechanism; 

(ii) failure to provide water makeup or cooling; 

(iii) uncovering of SNF assemblies; 

(iv) heat-up of some SNF assemblies to the ignition point of zircaloy, followed by combustion of 

these assemblies in steam and/or air; 

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

pool;  

(vi) release of radioactive material from affected SNF assemblies to the atmosphere; and  

(vii) propagation of combustion to other SNF assemblies. 

A pool-fire event sequence would unfold over a timeframe ranging from a few hours to a number 

of days. During this timeframe, there would be opportunities for personnel to halt or mitigate the 

event sequence through actions such as plugging holes in a pool, or adding water. However, 

addition of water after zircaloy ignites could be counterproductive, because the water could feed 

combustion. Circumstances accompanying the pool-fire event sequence, such as a core-damage 

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

At NPPs, a spent-fuel pool is located adjacent to each reactor. In BWRs, spent fuel pools are 

often located adjacent to and above the reactor vessel.  At PWR plants, the pool is typically 

located in a separate building that is outside the reactor containment but immediately adjacent to 

it. There may, however, be open spaces (e.g., rooms, corridors) below the pool floor, into which 

water could drain. 

Systems to cool the water in the pool, and to provide makeup water, are integrated with similar 

systems that support reactor operation. Thus, cooling and water makeup to the pool would be 

interrupted during many of the potential event sequences that could lead to reactor core damage. 
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This interruption could initiate ï or contribute to ï a sequence of events that lead to a pool fire. 

As mentioned above, that sequence would unfold over a timeframe ranging from a few hours to a 

number of days. There would be opportunities during this period for personnel to halt or mitigate 

the event sequence. In some cases, simply adding water to the pool would be sufficient to 

prevent a pool fire. However, accompanying circumstances could prevent personnel from taking 

the necessary actions. For example, the site could be contaminated by radioactive material 

released from one or more reactors, and structures and equipment could be damaged by 

hydrogen explosion and/or the influence (e.g., an earthquake) that initiated the event sequence. 

Indeed, these circumstances arose during the Fukushima #1 accident, and substantially impeded 

mitigating actions by onsite personnel. 

A reactor and its adjacent pool (if filled with SNF at high density) can be thought of as a coupled 

risk system. The reactor and the pool can affect each other in ways that increase the total risk 

posed by the system. To illustrate, consider the following hypothetical sequence of events. First, 

a reactor experiences core damage and a breach of containment. These events lead to severe 

contamination of the site by short-lived radioisotopes that are released from the reactor. Intense 

radiation fields from this contamination, together with damage from a hydrogen explosion, 

preclude onsite mitigating actions by personnel. The pool then boils dry, or drains due to a 

related influence. That outcome initiates a pool fire that leads to another hydrogen explosion and 

a large release of longer-lived radio-isotopes (especially Cesium-137) from the pool. Those 

phenomena further preclude onsite mitigating actions by personnel, thus prolonging the reactor 

release and, potentially, initiating releases from other reactors and pools on the site. 

This hypothetical sequence of events is not far-fetched. The Fukushima #1 accident could have 

followed a similar course, given a few changes in site preconditions, in the initiating 

earthquake/tsunami, and/or in site management during the accident.  In that case, the accident 

would have involved a much larger release of radioactive material than was actually experienced. 

The potential for a linked sequence of reactor and pool events is especially ominous when one 

considers the possibility that a malevolent group of people would deliberately trigger the 

sequence. A technically knowledgeable and operationally capable group could focus and time an 

attack in such a manner that both a reactor release and a pool fire would be likely outcomes.  The 

groupôs investment of resources would be small by comparison with the damage inflicted on the 

attacked country. Thus, from a military-strategic perspective, a reactor and an adjacent pool 

filled with SNF at high density are, taken together, a large, pre-emplaced radiological weapon 

awaiting activation by an enemy. 

Public awareness of SNF radiological risk was low before the 2011 accident at the Fukushima 

Dai-ichi (#1) nuclear site in Japan. Awareness grew during that accident, as citizens learned that 

SNF was stored in pools adjacent to the affected reactors, and that there was a potential for a 

large release of radioactive material from this SNF to the atmosphere.  

The present level of SNF radiological risk is not inevitable. Instead, it reflects choices made by 

the nuclear industry and accepted by regulatory organizations. Options are available whereby the 

risk could be substantially reduced. Some options would affect the operation of NPPs, while 

others would not.  
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Handbook and Methodology for Simplified Radiological Risk Assessment 

The Handbook prepared for this Project by Dr. Thompson addresses a range of technical issues. 

As can be seen from the summary above, each issue is complex, and is associated with a 

substantial technical literature and body of practical experience. By contrast, the Handbook 

avoids much of the complexity, and sets forth a comparatively simple approach to assessing SNF 

radiological risk is set forth, involving various assumptions and simplifications. With this 

approach, analysts can assess the risk using a sequence of hand calculations and judgments that 

is easy to follow. The findings could be used for a variety of public policy purposes. The 

findings from application of the Handbook methodology should not, however, be used in 

situations where a more detailed analysis is required.  

Under this project, the risk of radiological release following accident at or attack on nuclear 

facilities has been assessed by compiling qualitative and quantitative information regarding the 

radiological consequences of accidents at or attacks on key facilities under different scenarios of 

nuclear fuel cycle development. The Handbook developed by Dr. Thompson identifies major 

factors that determine the potential for an unplanned release of radioactive material, and the 

impacts of such a release, including "internal" and "external" initiators that are examined in a 

typical risk assessment of a release caused by forces of nature, deliberate, malevolent acts of 

various types, and/or gross errors on the part of plant operators.  The analytical steps for 

determining radiological risk as identified by Dr. Thompson are as follows: 

 

Step 1: Specify the system 

Step 2: Characterize SNF in the system 

Step 3: Assess the potential for atmospheric release of radioactive material 

Step 4: Estimate the behavior of a radioactive plume 

Step 5: Characterize downwind assets 

Step 6: Assess harm to downwind assets 

Step 7: Assess collateral implications of SNF radiological risk 

For some of these steps, Thompson has provided quantitative tools for estimating key parameters 

and results, while for other stepsðincluding steps 5 and 7 aboveðmore qualitative approaches 

or other quantitative tools are likely to be needed.   

As noted above, the Handbook has been used by the Project Team, together with an array of 

nuclear fuel cycle and nuclear energy development scenarios from each of the participating 

nations, as well as other data, to produce illustrative assessments of the radiological risk at key 

nuclear facilities in Japan, South Korea, and China under different scenarios.  

A guidance document entitled Instructions for Workbook to Calculate Aspects of SNF 

Radiological Risk was prepared by Thompson to complement the Handbook, and incorporates 

portions of the seven-step process described above into a workbook consisting of a Microsoft 

Excel file. Instructions for use of the workbook are set out in the guidance document.  The 
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workbook calculates aspects of SNF radiological risk that are amenable to numerical calculation 

using a spreadsheet. Substantial portions of the Handbookôs seven-step process are amenable to 

this approach, as will be seen below. Other portions of the seven-step process require a user to 

exercise informed judgment or obtain information from other sources. Thus, the workbook is a 

useful aid in assessing SNF radiological risk, but Thompson stresses (as do the authors of this 

Summary Report) that it does not substitute for judgment and knowledge. 

2.3 Radiological Risk Attitudes and Estimate in China 

A pair of illustrative calculations of radiological risk were carried out for Chinese reactors by 

Nautilus project staff, and are described below.  The first of these was for the oldest large plant 

in China, the Daya Bay plant near Hong Kong and Guangzhou.  The Daya Bay plant is a BWR 

facility, but does not use dense packing in its spent fuel pools, sending cooled fuel to an off-site 

facility instead.  The second calculation was for the LingôAo nuclear plant, a newer facility 

adjacent to the Daya Bay plant, and thus near to the same major cities.  The LingôAo reactors use 

dense-packed spent fuel pools.   

Some nuclear experts in China (and elsewhere) take the overall attitude, that while radiological 

risks are admittedly substantial in extreme events, those events are improbable, and the risks of 

more probable nuclear release events (with more limited impacts) are fairly manageable, 

particularly in relation to other risks (climate change, energy supply security, and local air 

pollution among them) that China chronically faces.  Although we are mindful of and understand 

this point of view, we feel that an exploration of the potential consequences of accident at or 

attack on nuclear facilities is worthwhile, even if the underlying event is improbable, as one (of 

many) inputs to policymaking.   

Interestingly, though not unexpectedly, the topic of radiological risk assessment in the event of 

accident or attack is not new to China, as in 2005 a Chinese team prepared and published in a 

Chinese scientific journal an assessment of the potential implications of a terrorist attack on a 

Chinese nuclear power plant, and specifically, on a spent fuel pool.
15

  Investigating three 

scenarios in which the spent fuel in the pool was subject to different degrees of damage, the 

authors of the paper found radiuses in which the effective dose was greater than 50 mSv were 

about 80, 34,  and 9 km, respectively. 

 

                                                 
15

 Zheng Qiyan, Shi Zhongqi, and Wang Xingyu (2005), ñConsequence Assessment of Attacking Nuclear Spent 

Fuel Pool by Terroristsò, Radiation Protection, Volume 25, No 1, January 2005 (in Chinese).  Available as 

http://www.cnki.net/kcms/detail/detail.aspx?dbcode=CJFQ&dbName=CJFQ2005&FileName=FSFH200501007&v=

MTY4MjdSvMkjPs1msbge1Myuj0VjhH4PfT67H2eYTHtMduOrETQWsJREvp9j52cWKOc=&uid= and 

.http://caod.oriprobe.com/articles/575372/CONSEQUENCE_ASSESSMENT_OF_ATTACKING_NUCLEAR_SPE

NT_FUEL_POOL_BY_TERRORI.htm.  A rough, partial translation is available from Nautilus upon request.  

http://www.cnki.net/kcms/detail/detail.aspx?dbcode=CJFQ&dbName=CJFQ2005&FileName=FSFH200501007&v=MTY4MjdSvMkjPs1msbge1Myuj0VjhH4PfT67H2eYTHtMduOrETQWsJREvp9j52cWKOc=&uid
http://www.cnki.net/kcms/detail/detail.aspx?dbcode=CJFQ&dbName=CJFQ2005&FileName=FSFH200501007&v=MTY4MjdSvMkjPs1msbge1Myuj0VjhH4PfT67H2eYTHtMduOrETQWsJREvp9j52cWKOc=&uid
http://caod.oriprobe.com/articles/575372/CONSEQUENCE_ASSESSMENT_OF_ATTACKING_NUCLEAR_SPENT_FUEL_POOL_BY_TERRORI.htm
http://caod.oriprobe.com/articles/575372/CONSEQUENCE_ASSESSMENT_OF_ATTACKING_NUCLEAR_SPENT_FUEL_POOL_BY_TERRORI.htm
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2.3.1 Radiological Risk Estimate for Daya Bay Nuclear Power Station 

Reactor and Spent Fuel Pool Operational Parameters 

The Daya Bay Nuclear Power Station is located on a coastal site in Guangdong province, close 

to Hong Kong (see Error! Reference source not found.).  The Daya Bay units use the French 

-310 PWR design, and each unit has a gross generation capacity of 984 MWe and thermal 

capacities of 2905 MWth.  Historically, capacity factors at the plants have averaged about 85 

percent since their first operation in 1994.  Spent fuel in the Daya Bay plants is stored in at-

reactor spent fuel pools.  Based on data from the World Nuclear Organization, "A standard 18-

month fuel cycle is the normal routine for Daya Bay, LingôAo, and early M310 to CPR-1000 

reactors. This has average burn-up of 43 GWd/t, with maximum of 50 GWd/tò.
16

  For this 

analysis, we assume an average burn-up of 43 GWd/tHM.  The reactor core in each unit contains 

72.4 tHM.
17

  We assume that 40% of the fuel in each of the Daya Bay reactors is replaced every 

18 months, which implies that the fuel that is removed during refueling has been in the reactor 

for about 45 months, that the burnup in the fuel removed from the cores is about 1,342 GWth-

days, and that there is about 2,282 total GWth-days of burnup in the core at the time of refueling, 

under routine loading/discharge conditions.   

The spent fuel pools at the two Daya Bay units are reported to contain 282 and 284 tHM of spent 

reactor fuel, respectively, which is consistent with the pools, being essentially full.
18

  As a result, 

cooled spent fuel is removed from the spent fuel pools and sent to away-from-reactor storage at 

Lanzhou or another storage location.  We assume that the transport casks used for Daya Bay 

spent fuel transport to Lanzhou or another location are of the NAC-STC type.
19

  These casks 

hold 26 assemblies each, meaning that they hold about 12 tHM each, and thus to hold a 

refuelings' worth of cooled spent fuel from the spent fuel pool for 2 reactors will require just 

under 5 casks.  This is roughly consistent with the 104 assemblies per year (apparently) reported 

by Zhou.
20

   

The combination of the assumptions regarding reactor loading/unloading and spent fuel 

management listed above yields the Cesium-137 (Cs-137) inventories shown in Figure 2-3.  

Here, radioactivity in the reactor core builds up after refueling until the next refueling cycle (the 

area shown in red), while the radioactivity in the spent fuel pool, as well as in the combined 

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

                                                 
16

 World Nuclear Organization (2015), ñChina--Nuclear Fuel Cycle, available as http://www.world-

nuclear.org/info/Country-Profiles/Countries-A-F/China--Nuclear-Fuel-Cycle/. 
17

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

available as http://home.pacific.net.hk/~nuclear/info0211.htm. 
18

 See, for example, ñDaya Bay Nuclear Power Plant Unit 2 Reactorò at http://nuclear-power-

plants.findthedata.com/l/599/Daya-Bay-Nuclear-Power-Plant-Unit-2. 
19

  See Liu Xuegang (2012), Chinaôs Nuclear Energy Development and Spent Fuel Management Plans, Nautilus 

Special Report available as http://nautilus.org/napsnet/napsnet-special-reports/chinas-nuclear-energy-development-

and-spent-fuel-management-plans/. 
20

 Yun Zhou (2011), "Chinaôs Spent Nuclear Fuel Management: Current Practices and Future Strategies",  

Working Paper, Center for International and Security Studies at Maryland, dated March 2011, includes "Since then 

[2003], the plant has transported 104 assemblies of spent fuel twice a year to the interim storage pool.". 
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cycle, with an average of around 1400 PBq.  See Annexes 1A and 1C to this Report for 

additional details of input data and assumptions beyond those presented here. 

 

Figure 2-2: Location of Daya Bay (and LingôAo) Nuclear Power Stations
21

 

 

 

                                                 
21

 Figure from https://www.hknuclear.com/dayabay/location/pages/locationsiteselection.aspx. 
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Figure 2-3: Cs-137 Inventory in Daya Bay Reactor Core and Spent Fuel Pool as Modeled 

(Unit #2 shown, Unit #1 would be similar)  

 

 

Incident Modeling Assumptions 

We consider two main scenarios for incidents involving the Daya Bay reactors and spent fuel 

pool.  For the first scenario, which we call "Worst-case Reactor Incident" (or "S1"), one of the 

reactors is assumed to suffer a core breach and subsequent loss of coolant due to an extreme 

seismic event or attack.  In this case, the spent fuel pool may or may not suffer a loss of coolant, 

either through being breached by the same event or by losing cooling capacity when utilities 

(power and/or water) are lost as a result of the incident, but because the spent fuel pool is not 

dense-packed, the spent fuel in the pool is able to cool in air and a zirconium cladding fire does 

NOT ensue.  We assume, in scenario 1, since the two Daya Bay units are physically separated, 

that the second reactor core remains intact, and standard or emergency cooling can be 

maintained, even if there is damage to the second reactor.  This scenario therefore does not 

include common mode failures--such as the interruption of pumping and water utilities affecting 

both units, coupled with radiation or other conditions that prevent emergency cooling measures 

from being undertaken. 

For the second scenario, which we call "Worst-case Spent Fuel Pool Incident" (or "S2"), we 

assume that as a result of a seismic event, catastrophic operational accident (such as dropping a 

 -

 200

 400

 600

 800

 1,000

 1,200

 1,400

 1,600

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

P
B

q
 C

s-1
3
7

Years from Refuel

Inventory of Cs-137 in Spent Fuel
Pool Factoring in Decay (PBq)

Inventory of Cs-137 in Reactor
Core (PBq)



 

 

 

The Naut ilus Institut e 
 for Securit y and Sustainabil i t y 
 

 
 

35 

 

transport cask into the pool), or terrorist attack, the pool suffers a coolant loss and cooling cannot 

be restored before cooling water mostly or completely evaporates.  Further, those regions of the 

stored spent fuel that have been most recently (within the past few months) off-loaded from the 

two reactors are assumed to reach temperatures high enough for cladding failure and ignition, 

resulting in a zirconium fire that engulfs an amount of spent fuel equal to the most recent off-

loading.  The "Participation Fraction" (The variable "PART FRAC", in the analytical Handbook 

and workbook prepared by Gordon Thompson) of the material in the spent fuel pool is assumed 

to be a function of the density of racking in the pool.  We assume that the racking continues to be 

low-density in both scenarios. 

In S1 we assume that even if the incident focused on a reactor does cause a loss of coolant in a 

spent fuel pool, passive cooling in air is sufficient that the cladding does not reach ignition 

temperature, and thus the Participation Fraction for each of the spent fuel pools in S1 is zero, and 

the release fraction (fraction of radioactive material in the spent fuel pool released to the 

atmosphere) is similarly zero.  In S2, however, we assume that the most recently off-loaded spent 

fuel, a total of 28.96 tHM, does participate in a pool fire.  The Participation Fraction for the spent 

fuel pool (assumed to be unit 2) in scenario 2 would therefore be 0.10.  In this scenario involving 

cladding failure and significant Cs-137 emissions (S2), a release fraction of 0.3 is assumed. 

We assume that in this scenario only the spent fuel pool for the first unit is affected, and thus the 

participation and release fractions for the spent fuel pool for the first unit are both zero. 

For one of the reactors, for S1, we assume that it experiences a core melt, and thus its 

participation fraction is 1, though the participation fraction for the second reactor is assumed to 

be zero, and the release fraction is similarly zero. 

Based on consideration of Table II.3-7 in the Handbook, as well as estimates of fraction of the 

Cs-137 inventory in the Fukushima reactor cores that were released to the atmosphere,
22

 we 

assume a release fraction of 0.05 for one of the reactors for S1, which assume an incident 

that would breach containment and the reactor vessel, and severely damage the reactor and the 

fuel within.  For the both of the reactors, for S2, we assume that the incident involving one of the 

spent fuel pools does not affect the reactors enough to cause a core melt (or emergency 

procedures are sufficient to prevent a core melt if the reactors is damaged), and thus the 

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

for S2 for the reactors is assumed to be zero, since neither reactor is assumed to undergo a core 

melt. 

In either scenario, though dry casks or transport casks are present at the time of the incident (and 

transport casks, at least, may well be), we assume that the casks will be sufficiently distant from 

the reactor and spent fuel pool and/or sufficiently robust that their participation and release 

fractions are all zero.  A possible exceptional case might be if the incident (accident or attack) 

occurs the period when transport casks are being loaded, in which case, depending on where they 

are physically located near the spent fuel pool and how much fuel is in them at the time of the 

incident, there could be additional complications.  The spent fuel placed in transport casks, 

                                                 
22

 See, for example, Stohl et al, 2012 (http://www.fukushimaishere.info/AtmosphereRprt_mar12.pdf), and Koo et al, 

2014 (abstract at http://www.sciencedirect.com/science/article/pii/S0149197014000444). 

http://www.fukushimaishere.info/AtmosphereRprt_mar12.pdf
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however, has been cooled for several years, and is thus likely to be passively cooled if coolant is 

lost.  The spent fuel in a not-yet-closed transport cask might be vulnerable to terrorist attack with 

an incendiary device that would ignite the cladding in the spent fuel in the cask, but this 

eventuality is not explicitly considered in our scenarios. 

We assume an average wind speed of 3.4 meters/second, based very roughly on considerations of 

recent annual windspeed values for the spring and fall (when prevailing winds are mostly East to 

West for Shanwei, which is east along the coast from Daya Bay, and for Hong Kong, which is 

West and South from Daya Bay.
23

  An older document entitled Environmental Radiation 

Monitoring in Hong Kong, Technical Report No. 3, Surface Meteorological Conditions in Daya 

Bay, 1984-1988,
24

 suggests that average wind speeds in Daya Bay are more likely to be similar 

to those in Shanwei than in Hong Kong.  This wind speed is equivalent to 12.07 km/hour.  We 

use a deposition velocity ("DEP VEL") of 1 cm/second, or 0.01 meter/second, which is a typical 

value used with the wedge model. 

Nearby Populations 

The Daya Bay (and LingôAo) nuclear stations are located in heavily populated Guangdong 

Province.  We assume a prevailing wind at the time of the incident from the east or northeast, 

which is common in the area for most times of year except the summer (June through August), 

when winds from the southwest prevail.   There are some smaller population centersðwith tens 

of thousands of residentsðwithin about 30 km of the plans, and major population centersð

multi-million-resident Shenzhen and Zhongshan to the West, and Hong Kong to the Southwestð

starting at about 40 km from the plants.  Figure 2-4 shows a satellite view of the near-plant area 

and the nearest nearby community, about 6 km away.  Figure 2-5 shows a map of the area 

overlaid with trajectories for emissions clouds traveling in two potential directions, assuming 

wedge angles of about 0.25 radians.  Note that the impacts associated with these two trajectories 

are not additiveðthey represent different trajectory scenarios, but each is associated with winds 

that are not uncommon in the area. 

 

                                                 
23

 Data from http://www.windfinder.com/windstatistics/.  
24

 B.Y. Lee, M.C. Wong and W.Y. Chan of the Royal Observatory, Hong Kong, dated July, 1991, and available as 

http://www.hko.gov.hk/publica/rm/rm003.pdf.  

http://www.windfinder.com/windstatistics/
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Figure 2-4: Google Earth  Image of the Daya Bay/LingôAo Complex (Yellow Oval) and 

Nearby Community (Red Circle)  

 

 

Figure 2-5: Google Earth  Image of the Daya Bay/LingôAo/South Guangdong/Hong Kong 

Area with Assumed Directions of Emissions Clouds  
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Modeling Results 

Table 2-1 summarizes the atmospheric releases of Cs-137 in each of the two scenarios evaluated 

for incidents occurring at various time intervals after the first refueling modeled.  Because the 

inventory of radioactivity in the Daya Bay reactor cores vary significantly over the refueling 

cycle, the total release in Scenario 1, which affects the reactor core, can change depending on 

when the incident occurs.  The spent fuel pool inventory of Cs-137 varies relatively little over 

the refueling cycle, because cooled fuel is removed whenever new spent fuel is added to the 

pool, so the variation of emissions of Cs-137 depending on when the release occurs is relatively 

small for Scenario 2. 

 

Table 2-1: Summary of Cs-137 Emissions Results from Both Scenarios Based on Timing of 

Incident 

 

 

Figure 2-6 and Figure 2-7 show the estimated ground contamination from a radiological release 

incident at one of the Daya Bay reactors for Scenario 1 (reactor incident) and Scenario 2 (spent 

fuel pool incident), respectively.    In both cases, an incident 20 years after the first refueling 

modeled would produce similar results to those shown. 

 

Scenario

1 year after 

refueling

3 years after 

refueling

5 years after 

refueling

10 years after 

refueling

20 years 

after refueling

S1: Worst-case Reactor Incident 10.7           13.3           8.1             10.7            8.1              

S2: Worst-case Spent Fuel Pool Incident 36.9           37.7           37.3           36.8            37.2            

Atmospheric Emissions of Cs-137 (PBq) for an Incident Occuring
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Figure 2-6: Estimated Ground Contamination from a Radiological Release Incident at One 

of the Daya Bay Reactors Involving the Reactor Core (Scenario 1)  
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Figure 2-7: Estimated Ground Contamination from a Radiological Release Incident at One 

of the Daya Bay Reactors Involving the Spent Fuel Pool (Scenario 2) 

 

 

Figure 2-8 and Figure 2-9 show the estimated first-year dose for a person at various distances 

from the Daya Bay reactors for incidents involving releases of Cs-137 from a reactor core and a 

spent fuel pool, respectively.  USEPA recommendations indicate that a first-year dose of 20 mSv 

(millisievert) is the threshold triggering abandonment of lands
25

.   For scenario 1, varying 

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

mSv falls just short of the heavily populated areas near Daya Bay.  The radius of land area 

nominally contaminated to a dose threshold of 20 mSv would be about 30-40 kilometers in this 

scenario.  In Scenario 2, involving the spent fuel pool of one of the reactors, the radius 

contaminated to a dose threshold of 20 mSv expands to about 100 km, intersecting with the 

major population centers of Shenzhen (for a prevailing wind blowing toward the west) and Hong 

Kong (for a wind blowing to the southwest), but falling short of the Zhongshan area. 

                                                 
25

 Gordon Thompson (2013, ibid) describes the EPAôs threshold value as follows: ñIn its guidance manual for 

nuclear incidents, the US Environmental Protection Agency (EPA) recommends that the general population be 

relocated if the cumulative 1st-year dose to an individual at a radioactively-contaminated location is projected to 

exceed 0.02 Sv. EPA states that the projected dose should account for external gamma radiation and inhalation of re-

suspended material during the 1st year, but should not account for shielding from structures or the application of 

dose reduction techniques.ò (Note (f) for Table II.6-6.)  The description refers to the US Environmental Protection 

Agency document, Manual of Protective Action Guides and Protective Actions for Nuclear Incidents (Washington, 

DC: EPA, Revised 1991, Second printing May 1992). 
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Figure 2-8: First -year Estimated External Dose from a Radiological Release Incident at 

One of the Daya Bay Reactors Involving the Reactor Core (Scenario 1) 
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Figure 2-9: First -year Estimated External Dose from a Radiological Release Incident at 

One of the Daya Bay Reactors Involving the Spent Fuel Pool (Scenario 2) 

 

 

Figure 2-10 and Figure 2-11 show the cumulative dose over time for exposures resulting from 

radiological release incidents involving one of the Daya Bay reactors and one of the spent fuel 

pools, respectively.  Here, even for Scenario 1, exposure at the major nearby population centers 

up to about the center of Zhongshan exceed the USEPAôs cumulative 50 mSv 50-year dose 

guideline for an exposed individual
26

, with cumulative doses under Scenario 2 considerably 

exceeding the USEPA guidelines over a radius of over 200 km.   In both cases, releases were 

modeled as occurring 3 years after the first refueling modeled. 

 

                                                 
26

 As described by Gordon Thompson (2013, ibid). 
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Figure 2-10: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the Daya Bay Reactors Involving the Reactor Core (Scenario 1) 
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Figure 2-11: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the Daya Bay Reactors Involving the Spent Fuel Pool (Scenario 2) 

 

 

Table 2-2 and Table 2-3 estimate the number of early, or premature,
27

 deaths from cancers 

resulting from the exposures associated with reactor and spent fuel pool incidents at Daya Bay.   

For a reactor incident, about 30,000 premature deaths (in the communities included in this 

assessment) result at rates ranging from about 7% in the community closest to Daya Bay to under 

1% in the nearby big urban areas.  For the scenario postulating an incident involving a spent fuel 

pool, the impacts are greater, with about 80,000 premature deaths in the included communities, 

and rates of premature death of more than 20% in the closest community and more than 2 

percent in the big nearby cities. 

 

                                                 
27

 That is, deaths that occur earlier than they would otherwise would have occurred as a result of a radiation-induced 

cancer.  
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Table 2-2: Calculation of Collective Dose at Selected Locations along Deposition Paths 

from Daya Bay for Release 3 Years after First Refueling Modeled for Scenario 1, Reactor 

Incident 

 

 

Population 

Density

First Year 

Collective 

Radiation 

Dose

Location Inner Outer persons/km2 person-Sv/yr

Ling'Ao Community 5.5 7.5 10,308        4,862          

Starling Inlet 28 32 1,333          1,173          

Shenzhen 40 64 7,500          37,072        

Zhongshan 104 120 3,600          9,918          

Hong Kong 44 52 32,720        54,547        

Cumulative 

Collective 

Radiation Dose

Exposed 

Population

Percent 

Premature 

Deaths

Implied 

Number of 

Premature 

Deaths

Location person-Sv People %

Ling'Ao Community 49,122            33,500        7.478          2,505          

Starling Inlet 11,848            40,000        1.511          604             

Shenzhen 374,555          2,340,000   0.816          19,102        

Zhongshan 100,206          1,612,800   0.317          5,111          

Hong Kong 551,118          3,141,120   0.895          28,107        

TOTAL of first four locations (not total of 

exposed area) 535,731          4,026,300   0.679          27,322        

Diameter (km)
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Table 2-3: Calculation of Collective Dose at Selected Locations along Deposition Paths 

from Daya Bay for Release 3 Years after First Refueling Modeled for Scenario 2, Spent 

Fuel Pool Incident 

 

 

As with the estimates of radiological exposure prepared for nuclear plants in Japan and the 

DPRK, as described in subsequent sections of this Chapter, we prepared rough estimates of 

damages related to premature human deaths based on two estimates of the ñvalue of a statistical 

lifeò compiled in a review of a number of studies.  One of these values is from the United States 

(about $10 million per person in 2012 dollars) and one is from the ROK (about $1.1 million per 

person).
28

 These particular values were not chosen as representative of or applicable to the 

residents of any given countyðthey just represent an illustrative range from the estimates that 

have been prepared.  Applying these estimatesðand remembering that these calculations include 

both the extrapolation of the calculation of premature deaths to very low doses of radioactivity 

and the application of the value of a statistical life, each of which involves many assumptions 

about which there is considerable debateðyields values in the range of $30 to $400 billion for an 

incident involving a Daya Bay reactor, and perhaps $80 billion to $1 trillion for an incident 

involving a spent fuel pool.  These totals do not factor in population areas that the plume of 

                                                 
28

 ROK value from p. 27 of W. Kip Viscusi and Joseph E. Aldy (2003), "The Value of a Statistical Life: A Critical 

Review of Market Estimates Throughout the World", The Journal of Risk and Uncertainty, 27:1; 5ï76, 2003, one 

version of which is available as http://yosemite.epa.gov/ee/epa/eerm.nsf/vwAN/EE-0483-09.pdf/$file/EE-0483-

09.pdf.  The US value roughly of $10 million per premature death from solid cancer corresponds to the high end of a 

range cited in Gordon R. Thompson (2013), Handbook to Support Assessment of Radiological Risk Arising from 

Management of Spent Nuclear Fuel, and is used in the Methodology set out in the Handbook. 

Population 

Density

Initial 

Collective 

Radiation 

Dose

Location Inner Outer persons/km2 person-Sv/yr

Ling'Ao Community 5.5 7.5 10,308      13,745        

Starling Inlet 28 32 1,333        3,315          

Shenzhen 40 64 7,500        104,804       

Zhongshan 104 120 3,600        28,039        

Hong Kong 44 52 32,720      154,209       

Cumulative 

Collective 

Radiation Dose

Exposed 

Population

Percent 

Premature 

Deaths

Implied 

Number of 

Premature 

Deaths

Location person-Sv People %

Ling'Ao Community 138,872          33,500        21.142      7,082          

Starling Inlet 33,495            40,000        4.271        1,708          

Shenzhen 1,058,891       2,340,000   2.308        54,003        

Zhongshan 283,290          1,612,800   0.896        14,448        

Hong Kong 1,558,049       3,141,120   2.530        79,460        

TOTAL of first four locations (not total of 

exposed area) 1,514,549       4,026,300   1.918        77,242        

Diameter (km)

http://yosemite.epa.gov/ee/epa/eerm.nsf/vwAN/EE-0483-09.pdf/$file/EE-0483-09.pdf
http://yosemite.epa.gov/ee/epa/eerm.nsf/vwAN/EE-0483-09.pdf/$file/EE-0483-09.pdf
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material released will encounter that are not included in the Tables above.   Note, however, that 

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

it to Chinese conditions or practices.  It is important for readers to keep in mind that the range of 

premature deaths and value thereof is enormous in this sensitivity analysis due to the 

combination in the calculations of high-low dose response assumptions with high-low estimated 

values of excess deaths. 

 

2.3.2 Radiological Risk Estimate for LingôAo Nuclear Power Station 

Reactor and Spent Fuel Pool Operational Parameters 

The LingôAo Nuclear Power Station is located 1 km east of the Daya Bay Power Station on the 

coast of Guangdong Province.  The LingôAo station was built in two phases.  Phase I included 

two nuclear units of 990 MWe gross capacity each, which entered commercial operation in May 

of 2002 and January of 2003, respectively.
29

  Phase II, with two additional units, was added in 

2010 and 2011.  The analysis below, however, focuses on the Phase I reactors. 

The LingôAo Phase I units are model CPR-1000 units based on the French 900 MWe three-

cooling loop PWR design.
30

  Their output is sent to Guangdong Province.  Figure 2-12 shows a 

photo of the LingôAo Phase I reactors and related buildings.  Through 2013, the two Phase I 

reactors operated at capacity factors averaging 88 and 89 percent.  Spent fuel in the Daya Bay 

plants is stored in at-reactor spent fuel pools.  Based on data from the World Nuclear 

Organization, as noted above (and like the Daya Bay plants), the LingôAo plants use a standard 

18-month fuel cycle and, we assume an average burn-up of 43 GWd/tHM and U-235 enrichment 

of 4.45%.  The reactor core in each unit contains 72.4 tHM.   As with the Daya Bay plants, we 

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

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

burnup in the fuel removed from the cores is about 1,396 GWth-days, and that there is about 

2,374 total GWth-days of burnup in the core at the time of refueling, under routine 

loading/discharge conditions.   

   

                                                 
29

 See, for example, the IAEA reactor database documents 

http://www.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?current=63, and 

http://www.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?current=67; and http://nuclear-power-

plants.findthedata.com/l/601/Ling-ao-Nuclear-Power-Plant-Unit-1. 
30

 See, for example, Nuclear Threat Initiative (NTI, 2012), ñLing Ao Nuclear Power Plant (LANPP)ò, available as 

http://www.nti.org/facilities/780/, and Government of Hong Kong Special Administrative Region (2015), ñDaya 

Bay Contingency Plan: Nuclear Power Plantsò, available as http://www.dbcp.gov.hk/eng/safety/plants.htm.  

http://www.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?current=63
http://www.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?current=67
http://www.nti.org/facilities/780/
http://www.dbcp.gov.hk/eng/safety/plants.htm
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Figure 2-12: Photo of LingôAo Phase I Nuclear Power Units
31

 

 

 

Given the time that the reactors have been operating, the implied number of discharges for 

reactor 1 would be 7.79 through 1/1/2014, with 7.34 discharges for reactor 2, or a total of 15.13 

discharges as of the end of 2013.  This implies that the inventory of spent fuel in the two pools as 

of that time was 21,121 GWth-days, equivalent to 405.44 tHM discharged total, or 202.72 tHM 

for reactor 1 and 202.72 for reactor 2 (counting full discharges only).  Framatome reports spent 

fuel pool capacity of 1200 assemblies (presumably per reactor), which appears to correspond to 

about 553.38 tHM per pool (one pool per reactor).
32

   The description provide by Framatome 

suggests that typical operations leave room for the equivalent of about 3.50 fuel replacement 

cycles (for one reactor), suggesting that maximum effective working capacity would be 452.02 

tHM per pool (at one pool per reactor).  Some references below (and elsewhere) list the design 

capacity of the LingôAo spent fuel pools as 20 years with dense packing. This seems close to the 

estimated capacity above, based on an estimated 19.31 tHM/yr discharge per reactor. 

The combination of the assumptions regarding reactor loading/unloading and spent fuel 

management listed above yields the Cs-137 inventories shown in Figure 2-13.  Here, 

radioactivity in the reactor core builds up after refueling until the next refueling cycle (the area 

shown in red), while the radioactivity in the spent fuel pool, as well as in the combined reactor 

and spent fuel pool for each reactor, builds up over time until the pool is full (assuming dense 

packing) at an inventory of slightly under 2000 PBq in about 2026 (12 years from the start of 

modeling), at which point we assume that cooled fuel begins to be removed for dry storage either 

                                                 
31

 Photo from Hong Kong Observatory (2012), ñLingao Nuclear Power Station (LNPS)ò, available as 

http://www.hko.gov.hk/education/dbcp/pow_stat/eng/r2.htm 
32

 Framatome ANP (2010), ñLING AO 2 x 1000 MWe PWR: A success storyò, available as 

http://ecolo.org/documents/documents_in_english/china-LingAo-success-story.pdf (see page 20). 
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at or near the nuclear power plant complex, or at an intermediate storage facility such as 

Lanzhou.   

 

Figure 2-13: Cs-137 Inventory in One LingôAo Phase I Reactor Core and Spent Fuel Pool 

as Modeled (Unit #2 shown, Unit #1 would be similar) 

 

 

Incident Modeling Assumptions 

We consider three main scenarios for incidents involving the LingôAo reactors and spent fuel 

pools.  For the first scenario, which we call "Worst-case Reactor Incident" (or "S1"), one of the 

reactors is assumed to suffer a core breach and subsequent loss of coolant due to an extreme 

seismic event or attack.  In this case, the spent fuel pool may or may not suffer an initial loss of 

coolant, either through being breached by the same event or by losing cooling capacity when 

utilities (power and/or water) are lost as a result of the incident, but because cooling is assumed 

to be restored to the pool, the spent fuel in the pool is able to be cooled sufficiently that a 

zirconium cladding fire does NOT ensue.  We assume, in scenario 1, since the two LingôAo 

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

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

This scenario therefore does not include common mode failures--such as the interruption of 
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pumping and water utilities affecting both units, coupled with radiation or other conditions that 

prevent emergency cooling measures from being undertaken. 

For the second scenario, which we call "Worst-case Spent Fuel Pool Incident" (or "S2"), we 

assume that as a result of a seismic event, catastrophic operational accident (such as dropping a 

transport cask into the pool), or terrorist attack, the pool suffers a coolant loss and cooling cannot 

be restored before cooling water mostly or completely evaporates.  Further, because the spent 

fuel pool is dense-packed, fuel that has been most recently off-loaded from the reactor is 

assumed to reach temperatures high enough for cladding failure and ignition, resulting in a 

zirconium fire that ultimately engulfs all of the fuel in the pool. 

For the third scenario, which we call "Worst Case Reactor and Spent Fuel Pool Incident" (or 

"S3"), we assume that one of the spent fuel pools and one of the reactors (probably for the same 

unit) are compromised to the extent that the reactor suffers a meltdown as in S1 and the spent 

fuel pool has a pool fire as in S2.  This could come as a result of an accident or attack that 

breaches reactor containment and the spent fuel pool at the same time, or damages a unit's 

reactor or pool, causing common-mode failures in cooling utilities (electricity for pumps and/or 

water supplies), that cannot be rectified in time to prevent the failure of the unit's pool or reactor.  

The "Participation Fraction" ("PART FRAC") of the material in the spent fuel pool is assumed to 

be a function of the density of racking in the pool.  We assume that the racking continues to be 

high-density in all scenarios.  In S1 we assume that even if the incident focused on the reactor 

does cause a loss of coolant in the spent fuel pool, restored cooling happens rapidly enough that 

the cladding does not reach ignition temperature, and thus the Participation Fraction for the spent 

fuel pool in S1 is zero, and the release fraction is similarly zero. In S2 and S3, however, we 

assume that the full complement of fuel in the pool, which varies based on the time of the 

incident for each reactor, does participate in a pool fire.  The Participation Fraction for the spent 

fuel pool in scenarios 2 and 3 for reactor 1 or 2 would therefore be by definition 1.00.  In the 

scenarios involving cladding failure and significant Cs-137 emissions (S2 and S3), a release 

fraction of 0.3 is assumed. 

Spent fuel in the second spent fuel pool is assumed to suffer no damage in the incident under any 

scenarios, and thus its participation and release fractions are both assumed to be zero.  We 

assume that one of the reactors, in both S1 and S3, experiences a core melt, and thus its 

participation fraction is 1.00, although the participation fraction for the second reactor is 

assumed to be zero, and the release fraction is similarly zero. 

As in the Daya Bay analysis, we assume a release fraction of 0.05 for one of the reactors for S1 

and S3, which assumes an incident that would breach containment and the reactor vessel, and 

severely damage the reactor and the fuel within.  For both of the reactors, for S2, we assume that 

the incident involving the spent fuel pool does not affect the reactors enough to cause a core melt 

(or emergency procedures are sufficient to prevent a core melt if the reactors is damaged, and 

thus the participation fraction for both reactors is by definition zero. The release fraction ("REL 

FRAC") for S2 for the reactors is assumed to be zero, since the neither reactor is assumed to 

undergo a core melt.  In all three scenarios, though dry casks or transport casks may be present at 

the time of the incident (especially if the incident occurs after about 2024), we assume that the 
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casks will be sufficiently distant from the reactor and spent fuel pool and/or sufficiently robust 

that their participation and release fractions are all zero.  As with Daya Bay, a possible 

exceptional case might be if the incident (accident or attack) occurs the period when transport 

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

spent fuel pool and how much fuel is in them at the time of the incident, there could be additional 

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

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

spent fuel in a not-yet-closed transport cask might be vulnerable to terrorist attack with an 

incendiary device that would ignite the cladding in the spent fuel in the cask, but this eventuality 

is not explicitly considered in our scenarios. 

 

Nearby Populations 

Guangdong Province, with a population that would rank 12
th
 globally as a country if it were its 

own nation, is home to both the Daya Bay and LingôAo nuclear stations.  Please see the 

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

 

Modeling Results 

Table 2-4 summarizes the atmospheric releases of Cs-137 in each of the three scenarios 

evaluated for incidents occurring at various time intervals after January 2014, which is used as 

the start time for modeling of an incident at the LingôAo reactors.  As with the Daya Bay and 

most other light-water reactors, because the inventory of radioactivity in the reactor cores varies 

significantly over the refueling cycle, the total release in Scenario 1, which affects the reactor 

core, can change depending on when the incident occurs.  The spent fuel pool inventories of Cs-

137 for the LingôAo reactors, as noted above, increases through about year 12 as the pools fill 

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

whenever new spent fuel is added to the pool, so the variation of emissions of Cs-137 depending 

on when the release occurs is relatively small for Scenario 2 and 3 after about year 12. 

 

Table 2-4: Summary of Cs-137 Emissions Results from All Three Scenarios Based on 

Timing of Incident  

 

 

Scenario

1 year 

after Jan. 

2014

3 years 

after Jan. 

2014

5 years 

after Jan. 

2014

10 years 

after Jan. 

2014

20 years 

after Jan. 

2014

S1: Worst-case Reactor Incident 11.2        13.9        8.4          11.2        8.4          

S2: Worst-case Spent Fuel Pool Incident 343.7       375.9       454.9       545.2       586.9       

S3: Worst-case Reactor and Fuel Pool Incident 354.8       389.7       454.9       556.3       595.4       

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

Occuring
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Figure 2-14, Figure 2-15, and Figure 2-16, respectively, show the estimated ground 

contamination from a radiological release incident at one of the LingôAo units for Scenario 1 

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

fuel pool incident).  Because so much of the inventory of the dense-racked spent fuel pools are 

assumed to be involved in a pool factor, and thus released, in Scenarios 2 and 3, the resulting 

ground contamination for those scenarios is on the order of 40 or 50 times as high as that 

estimated for Scenario 1.  In Scenarios 2 and 3, which are not very different in terms of their 

results, ground contamination increases for incidents that happen later in time until the spent fuel 

pools are full, with incidents after that timeðabout 2025ðhaving approximately the same 

impact. 

 

Figure 2-14: Estimated Ground Contamination from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Reactor Core (Scenario 1)  
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Figure 2-15: Estimated Ground Contamination from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Spent Fuel Pool (Scenario 2) 

 

 

Figure 2-16: Estimated Ground Contamination from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Reactor and Spent Fuel Pool (Scenario 3) 
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Figure 2-17, Figure 2-18, and Figure 2-19 show the estimated first-year dose of radiation for a 

person at various distances from the LingôAo reactors for incidents involving releases of Cs-137 

from a reactor core and a spent fuel pool, respectively.  As with Scenario 1 for Daya Bay, the 

first-year dose estimated based on scenario 1 for one of the LingôAo reactors falls just below the 

USEPA recommended first-year threshold dose of 20 mSv triggering abandonment of lands at a 

radius of about 30-40 km, which is just short of the major cities in the area.   For Scenario 2 and 

3, the involvement of a spent fuel pool in Cs-137 releases means that the modeled area with a 

first year dose of over 20 mSv is very large, with first-year dose ranging from about 70 to 120 

mSv even at a distance of 200 km from the reactors. At that distance, for a prevailing wind 

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

area.  For a wind blowing to the southwest, the modeling results suggest that Hong Kong 

residents would receive a first-year dose on the order of 20 to 50 times the USEPA 

recommended level for abandonment of lands. 

 

Figure 2-17: First -year Estimated External Dose from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Reactor Core (Scenario 1) 
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Figure 2-18: First -year Estimated External Dose from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Spent Fuel Pool (Scenario 2) 

 

 

Figure 2-19: First -year Estimated External Dose from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Reactor and Spent Fuel Pool (Scenario 3) 
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Figure 2-20, Figure 2-21, and Figure 2-22 show the cumulative dose over time for exposures 

resulting from radiological release incidents involving one of the LingôAo reactors, one of the 

spent fuel pools, and a reactor and a spent fuel pool, respectively.  For Scenario 1, exposure at 

the major nearby population centers up to about the center of Zhongshan exceed the USEPAôs 

cumulative 50 mSv 50-year dose guideline for an exposed individual, with cumulative doses 

under Scenarios 2 and 3 exceeding the USEPA guidelines by a factor of 15 to 20 over a radius of 

200 km.   In all cases, releases were modeled as occurring 3 years after the start of the period 

modeled in January 2014.  For an incident occurring later (when spent fuel pools have higher Cs-

137 inventories, cumulative doses under Scenarios 2 and 3 are even higher.   

 

 

Figure 2-20: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Reactor Core (Scenario 1) 
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Figure 2-21: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Spent Fuel Pool (Scenario 2) 
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Figure 2-22: Cumulative Estimated External Dose from a Radiological Release Incident at 

One of the LingôAo Reactors Involving the Reactor and Spent Fuel Pool (Scenario 3) 

 

 

Table 2-5 and Table 2-6 present estimates of the number of premature deaths from cancers 

resulting from 50-year exposures associated with reactor and reactor/spent fuel pool incidents at 

the LingôAo reactors (Scenarios 1 and 3).  (Results for Scenario 2, an incident involving a spent 

fuel pool only, are not shown, but are just slightly lower than those shown for Scenario 3, since 

the release of radioactivity from the spent fuel pool dominates the Scenario).   Similar to the 

results for the Daya Bay plant, for a reactor-only incident,  about 30,000 premature deaths in the 

communities included in this assessment result at rates ranging from about 8% in the community 

closest to the nuclear plants, to under 1% in the nearby big urban areas (Shenzhen or Hong 

Kong, depending on wind direction).  For the scenario postulating an incident involving a spent 

fuel pool and a reactor, the impacts are much greater, with about 800,000 premature deaths in the 

included communities, and rates of premature death of 100% in the closest community and on 

the order of 25 percent in the big nearby cities. 
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Table 2-5: Calculation of Collective Dose at Selected Locations along Deposition Paths 

from LingôAo for a Release 3 Years after January, 2014 Modeled for Scenario 1, Reactor 

Incident 

 

 

Population 

Density

Initial 

Collective 

Radiation 

Dose

Location Inner Outer persons/km2 person-Sv/yr

Ling'Ao Community 5.5 7.5 10,308      5,058          

Starling Inlet 28 32 1,333        1,220          

Shenzhen 40 64 7,500        38,565        

Zhongshan 104 120 3,600        10,318        

Hong Kong 44 52 32,720      56,745        

Cumulative 

Collective 

Radiation Dose

Exposed 

Population

Percent 

Premature 

Deaths

Implied 

Number of 

Premature 

Deaths

Location person-Sv People %

Ling'Ao Community 51,101            33,500        7.780        2,606          

Starling Inlet 12,325            40,000        1.571        629             

Shenzhen 389,643          2,340,000   0.849        19,872        

Zhongshan 104,243          1,612,800   0.330        5,316          

Hong Kong 573,320          3,141,120   0.931        29,239        

TOTAL of first four locations (not total of 

exposed area) 557,313          4,026,300   0.706        28,423        

Diameter (km)
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Table 2-6: Calculation of Collective Dose at Selected Locations along Deposition Paths 

from LingôAo for Release 3 Years after First Refueling Modeled for Scenario 3, Reactor 

and Spent Fuel Pool Incident 

 

 

As with the other radiological exposure results presented in this report, we prepared rough 

estimates of damages related to premature human deaths based on two estimates of the ñvalue of 

a statistical lifeò compiled in a review of a number of studies, and bracketing a range from $1.1 

million to $10 million per person in 2012 dollars.   Applying these estimates yields values in the 

range of $30 to $400 billion for an incident involving a LingôAo reactor only, rising to perhaps 

$800 billion to $10 trillion for an incident involving a reactor and a spent fuel pool.  Again, the 

vast bulk of the radiation release is from the spent fuel pool, and as in the Daya Bay plant 

estimates, these totals do not factor in population areas that the plume of material released will 

encounter that are not included in the Tables above.  Once again, the reader is urged to bear in 

mind uncertainties in this calculation caused by the combination of high-low dose response 

assumptions with high-low estimated values of excess deaths. 

 

2.3.3 Conclusions from Daya Bay and LingôAo Results 

The results of the radiological release modeling of scenarios for the Daya Bay and LingôAo 

(Phase I) nuclear power facilities provide a convenient way to compare the impacts of near-

identical reactors in essentially the same location, but with one crucial differenceðthe use of 

dense-packed spent fuel pools at the LingôAo Phase I units.  For the Daya Bay plant, the 

radiological impacts of a reactor-only incident as modeled would, if Chinese authorities use 

Population 

Density

Initial 

Collective 

Radiation 

Dose

Location Inner Outer persons/km2 person-Sv/yr

Ling'Ao Community 5.5 7.5 10,308        141,943         

Starling Inlet 28 32 1,333         34,236          

Shenzhen 40 64 7,500         1,082,306      

Zhongshan 104 120 3,600         289,554         

Hong Kong 44 52 32,720        1,592,500      

Cumulative 

Collective 

Radiation Dose

Exposed 

Population

Percent 

Excess 

Deaths

Implied 

Number of 

Excess 

Deaths

Location person-Sv People %

Ling'Ao Community 1,434,120       33,500        100.000      33,500          

Starling Inlet 345,903          40,000        44.103        17,641          

Shenzhen 10,935,073     2,340,000   23.833        557,689         

Zhongshan 2,925,506       1,612,800   9.251         149,201         

Hong Kong 16,089,825     3,141,120   26.124        820,581         

TOTAL of first four locations (not total of 

exposed area) 15,640,603     4,026,300   18.827        758,031         

Diameter (km)
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criteria similar to that of the USEPA to identify areas to be abandoned, require the evacuation 

and at least temporary abandonment of an area stretching from the reactors to nearly the borders 

of Shenzhen or (depending on wind direction) Hong Kong, though in the latter case most of the 

intervening area is ocean.  An incident at the Daya Bay plant involving the spent fuel pool, 

assuming the participation and release fractions we have used are plausible in a ñworst caseò 

event, would be much more serious, with accumulated (50-year) doses in big cities as far away 

as Zhongshan and beyond considerably exceeding USEPA guidelines.  As serious as such an 

incident would be, however, an incident involving one of the LingôAo spent fuel pools could be 

far worse, with exposures sufficient to cause hundreds of thousands of premature cancer deaths 

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

prevailing wind direction at the time of the incident. 

The sum of these results suggests the following: 

¶ At both the Daya Bay and LingôAo reactors, stringent safety measures should be installed 
to reduce the risk of cooling failure in both the reactors and spent fuel pools, including 

the installation of redundant emergency systems for water and power supply, and 

attention to potential common-mode failures involving, for example, loss of water, 

power, and or safe access to reactors or spent fuel pools.  Implementation of many such 

measures is likely already underway as a result of the post-Fukushima safety reviews 

required of Chinese reactors. 

¶ In addition, the spent fuel pools at the LingôAo reactors should be reconverted to a non-

dense-packed format to reduce the potential for radiological release in the event of a 

sustained loss-of-coolant incident.  This implies moving some of the existing inventory of 

spent fuel in the LingôAo Phase I pools to dry cask storage at the reactors, or to similar 

storage away from the reactors, as is the practice at Daya Bay.  The result would likely be 

that the LingôAo pools would reach a steady state of transfers in and out within the next 

few years.  

However low the risk of an incident like those modeled for the spent fuel pools at LingôAo might 

be, the radiological results of such an incident are potentially so severe, we would argue, that the 

relatively modest investment
33

 in out-of-pool spent fuel storage and related infrastructure cannot 

fail to be prudent and socially justifiable.  See Annexes 1B and 1D to this Report for additional 

details of results of the analyses of incidents at the Daya Bay and LingôAo reactors, respectively. 

                                                 
33

 See discussions and analysis presented later in this report for estimates of the costs of moving from dense-packed 

spent fuel pools. 
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2.4 Radiological Risk Attitudes and Estimate in Japan 

Below we explore the potential radiological releases associated with an accident at or attack on a 

nuclear power plant in Japan, with the Hamaoka plant, southwest of the Tokyo area, taken as an 

example.  We explore several scenarios for radiological releases, in order to estimate the 

potential impacts of an accident or attack, and thus the potential benefits in measures taken to 

avoid those impacts, including measures reflected in the three Restart paths presented later in this 

Report.  We do not, however, focus on determining how such a particular accident or terrorist 

attack might proceed and result in damage to reactors and/or spent fuel pools, as that is the 

subject of other presentations and papers prepared for the ñVulnerability to Terrorism in Nuclear 

Spent Fuel Managementò Project and in a subsequent ñscenariosò workshop held in September 

of 2015.
34

  

 

2.4.1 Reactor and Spent Fuel Pool Description and Operational Parameters 

Nautilus staff prepared a radiological risk assessment for the Hamaoka nuclear power plant, a 

complex of older and one newer BWR-type units located south and east of the Tokyo area.  The 

Hamaoka site hosts five reactors,  Units 1 and 2, at 540 and 840 gross MWe, respectively, went 

into service in 1980 and 1982, and were taken out of service in early 2009.  Units 1 and 2 are 

now being decommissioned.
35

  Units 3 and 4 have gross capacities of 1100 and 1137 MWe, 

respectively, and were commissioned in 1991 and 1997.  Unit 5, an advanced BWR (ABWR) 

unit with a gross generation capacity of 1380 MWe, was commissioned in early 2005.  Figure 

2-23 provides a diagram of the Hamaoka power plant, and Figure 2-24 shows an aerial photo of 

the facility.  Until they were taken off line for safety assessments following the Fukushima 

accident, Hamaoka units 3 and 4 had operated at average capacity factors of about 78 percent 

over their lifetimes, and unit 5 had operated at a capacity factor of 43 percent.
36

  The Hamaoka 

complex is located near the town of Omaezaki in Shizuoka Prefecture, about 170 km from 

Yokohama and 200 km from Tokyo.  

Our analysis of radiological releases from the Hamaoka plant focuses on the older operable (but 

as of this writing, still not restarted) units #3 and #4.  Units 3 and 4 use uranium enriched to 

3.0% U-235,
37

 use about 140 tHM (each) in their reactor cores, and are assumed to be refueled 

every 12 months, with 20 percent of the core replaced, and an average capacity factor of 70 

percent,
38

 implying an average burn-up of about 30 GWth-d/tHM, 2524 GWth-days of burnup in 

                                                 
34

 Papers and presentations forthcoming at http://nautilus.org/projects/by-name/vulnerability-to-terrorism-in-nuclear-

spent-fuel-management/.  
35

 Data from IAEA reactor database, available as  

http://www.iaea.org/PRIS/CountryStatistics/CountryDetails.aspx?current=JP, and from 

http://hamaoka.chuden.jp/english/about/facilities.html.   
36

 Data from IAEA reactor database, ibid.  Unit 5 was offline for much of 2009 and all of 2010. 
37

 Data from findthedata.com/l/468/Hamaoka-Nuclear-Power-Plant-Unit-3 and similar. 
38

 This is an analytical assumption on our part, but is very close to the historical weighted average capacity factor for 

all Japanese nuclear power plants from 1970 through 2010 (that is, pre-Fukushima), which was about 69 percent.  

http://nautilus.org/projects/by-name/vulnerability-to-terrorism-in-nuclear-spent-fuel-management/
http://nautilus.org/projects/by-name/vulnerability-to-terrorism-in-nuclear-spent-fuel-management/
http://www.iaea.org/PRIS/CountryStatistics/CountryDetails.aspx?current=JP
http://hamaoka.chuden.jp/english/about/facilities.html
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the reactor core at the time of refueling and an annual spent fuel discharge of just under 28 

tHM/yr per reactor.  The website http://hamaoka.chuden.jp/english/about/management.html lists 

the end of fiscal year (FY) 2013 spent fuel pool inventory at Hamaoka Unit 3 as 2,060 

assemblies, or 376.98 tHM, and the end-FY-2013 spent fuel pool inventory at Hamaoka Unit 4 

as 1,977 assemblies, or 361.79 tHM.  This suggests that each of the Unit 3 and Unit 4 spent fuel 

pools had room for about 7 fuel replacement cycles as of the end of 2013, and were thus 

effectively nearly full, given that typical operation leaves room in the pool for a full reactor core 

(in this case, the equivalent of five replacement cycles) and the fuel from one replacement cycle.  

See Annex 2A to this Report for additional details of input data and assumptions beyond those 

presented in this section and section 2.4.2, below.  

    

Figure 2-23: Diagram of Hamaoka Nuclear Power Plant
39

 

 

 

                                                 
39

  Diagram of plant layout from http://hamaoka.chuden.jp/english/about/layout.html.  

http://hamaoka.chuden.jp/english/about/management.html
http://hamaoka.chuden.jp/english/about/layout.html
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Figure 2-24: Aerial Photo of Hamaoka Nuclear Power Plant
40

 

 

 

We assume that no transport casks are on site at the Hamaoka complex, as fuel is not being 

transported off-site (but this assumption should be confirmed).  The article "Chubu Electric 

applies with NRA to build dry storage facility at Hamaoka nuclear plant",
41

suggests that the 

utility owners of the Hamaoka plants have applied to build a dry-cask storage facility with a 

capacity of 400 tonnes of spent fuel (assumed to be tHM), which would start operating as of 

fiscal 2018.   An older reference
42

 suggests an earlier start date (2016) and  a larger size (700 tU) 

for this facility.  Either size facility will be full in less than 10 years if all three Hamaoka units 

operate as above and the spent fuel pools are operated at a relatively steady state of fuel 

placement and removal, even if the pools remain dense packed (and will be full even more 

quickly if they are not), so we assume that the dry-cask storage facilities, when and if they are 

built, will be able to expand to accommodate additional casks as needed. 

The combination of the assumptions regarding reactor loading/unloading and spent fuel 

management listed above yields the Cs-137 inventories shown in Figure 2-25.  Here, 

radioactivity in the reactor core builds up after refueling until the next refueling cycle (the area 

shown in red), while the radioactivity in the spent fuel pool, as well as in the combined reactor 

and spent fuel pool for each reactor, remains at close to the same level over time as the pool is 

                                                 
40

  Photo from Asahi Shinbun (2011) ñChubu Electric to halt reactors in line with Kan requestò, dated May 7, 2011, 

and available as http://ajw.asahi.com/article/0311disaster/fukushima/AJ201105071833. 
41

 Available at http://www.fukushima-is-still-news.com/2015/01/dry-storage-for-hamaoka.html. 
42

https://www.inmm.org/AM/Template.cfm?Section=Spent_Fuel_Seminar_2012&Template=/CM/ContentDisplay.c

fm&ContentID=3603.   
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essentially full (assuming dense packing) at an inventory of about 1200 PBq even after restart, 

rising very slightly over time as fresher spent fuel replaces older spent fuel.  We assume that 

cooled fuel begins to be removed for dry storage either at or near the nuclear power plant 

complex as soon as the first refueling following reactor restart, given the need to provide space 

in the pool for subsequent spent fuel off-loadings.   

 

Figure 2-25: Cs-137 Inventory in One Hamaoka Reactor Core and Spent Fuel Pool as 

Modeled (Unit #3 shown, Unit #4 would be similar) 

 

 

2.4.2 Incident Modeling Assumptions 

We consider three main scenarios for incidents involving the Hamaoka reactors and spent fuel 

pools.  For the first scenario, which we call "Worst-case Reactor Incident" (or "S1"), one of the 

reactors (unit #3 or 4) is assumed to suffer a core breach and subsequent loss of coolant due to an 

extreme seismic event or attack.  In this case, the spent fuel pool or pools may or may not suffer 

a loss of coolant, either through being breached by the same event or by losing cooling capacity 

when utilities (power and/or water) are lost as a result of the incident, but because cooling is 

assumed to be restored to the pool(s), the spent fuel in the pool(s) is able to be cooled sufficiently 

that a zirconium cladding fire does NOT ensue.  We assume, in S1, that even though Hamaoka 

units #3 and 4 are not significantly physically separated, even if the second reactor core also 
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