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Summary  
 

Within the Nautilus Instituteôs ñReducing Risk of Nuclear Terrorism and Spent Fuel 

Vulnerability in East Asiaò and ñAfter Fukushima: Radiological Risk from Non-State Diversion 

of or Attack on Spent Fuelò projects, funded by the MacArthur Foundation, as well as in earlier 

collaborative research efforts, Nautilus Institute and colleagues from Northeast Asia have been 

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.  This report provides an update of Nautilusô analysis of scenarios for nuclear fuel 

cycle cooperation in East Asia within the context of three different nuclear energy paths for the 

nations of the region.   

¶ In each of our three nuclear capacity paths (Business as Usual, Minimum, and Maximum), 

China is responsible for most of the growth in nuclear capacity in the region.  From 2015 

capacity of about 80 GWe (gigawatts of electric power) regionwide, regional capacity rises to 

about 230 GWe in the BAU case, 390 GWe in the MAX case, and 125 GWe in the MIN 

case, with most net growth capacity in the BAU and MIN cases taking place before 2035.  

¶ 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 

reprocessing are higher than those without reprocessing, and costs for increased dry-cask 

storage (reducing the amount of fuel stored in high-density spent fuel pools) are likely to be a 

tiny part of overall nuclear fuel cycle costs. This means that there is little 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.  Further, the additional costs associated with dry cask 

storage are very small when compared with the likely damage to economic assets and human 

health of a worst-case accident at or terrorist attack on a spent fuel pool at a reactor near a 

major population center, making accelerated conversion to dry cask storage a relatively 

inexpensive ñinsurance policyò against radiological risk. 

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

¶ 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.   
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¶ 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. 
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CONCERTED STRATEGIES FOR 

MANAGEMENT OF SPENT NUCLEAR FUEL 

IN NORTHEAST ASIA  

1 Introduction   

The energy and, by extension, nuclear energy and nuclear spent fuel management situation in 

Northeast Asia is a mix of both shared and unique problems and approaches among a group of 

very different countries.  Energy demand in the mature Japanese economy is not growing, and 

perhaps decreasing, as Japanôs population continues aging and begins to decline.  The 

Fukushima accident has led Japan, more than any other nation, to rethink its national energy 

priorities.  How that re-think will  affect nuclear power and spent fuel management in the 

medium- and long-term is not yet clear.  However, the reconsideration of Japanôs energy future 

has already had a remarkable impact on deployment of renewable energy, and, to perhaps a 

lesser extent, energy efficiency.  These developments, coupled with ongoing and long-planned 

electricity market liberalization, may shake up Japanôs energy sector in unexpected ways, in 

large part through their effect (together with that of the nuclear shut-down) on the finances of the 

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

In Japan, significant growth in the nuclear energy sector, apart from restarting existing 

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

many reactors will be restartedðseems unlikely.    

Both energy demand and nuclear generation capacity in the Republic of Korea (ROK) continues 

to grow, but at a decreasing rate.  Very large-scale additional deployment of new reactors in the 

ROK now seems unlikely, due to a combination of limited remaining available reactor sites and 

the social and political difficulties associated with siting new plants. 

Japan and the ROK share several conundrums.  First, both are highly dependent on energy 

imports, which was a key driver of the development of nuclear energy in the first place.  Second, 

both are running out of at-reactor spent fuel pool space to store spent nuclear fuel.  Third, both 

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

siting of alternative at-reactor dry cask spent fuel storage.  In addition, a lingering commitment 

among nuclear industry actors inside and outside of government to reprocessing in Japan, and to 

a not-yet-allowed (by the United States) variant of reprocessing, called pyroprocessing, in the 

ROK, also acts to slow movement toward a sustainable spent fuel management solution. 

China faces different issues.  With significant resources of its own, though not enough to fuel its 

massive economic growth, its energy imports are increasing, but are not yet at the 90-plus 

percent level in the ROK and Japan.  Chinaôs nuclear sector is young by comparison to Japan and 

the ROK, but growing fast, as most of the reactors built worldwide are being built in China.  

With a large land area and a not-yet-powerful civil society sector, siting of nuclear plants and 

spent fuel facilities is not yet a major problem for China, though it may grow to be so in the 

future.  Chinaôs use of many different kinds of reactors, ordered and funded by different 

provinces, and only loosely coordinated with power grid development, may prove to be 

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

¶ Taiwan (Chinese Taipei), also suffering from a lack of storage space for spent fuel, 

embroiled in a contentious domestic argument over whether to revive work on a long-stalled 

(but nearly complete) fourth reactor complex (Lungmen), and facing difficulties in 

developing alternatives for spent fuel storage similar to those in Japan and the ROK;
1
  

¶ Mongolia, rapidly becoming a large exporter of coal and metals to (mostly) China, and with a 

large, open land area and a nuclear weapons-free zone status that, some have argued, may 

make it a potential host for a regional nuclear facility (though many Mongolians say 

otherwise); 

¶ Russia, which would like to export oil, gas, and electricity to the major markets of the region, 

and has started to do so, albeit not to the extent that has been projected for many years; and  

¶ The DPRK, which physically stands in the way of overland gas and electricity exports from 

Russia to the ROK, and whose relationship with its neighbors and the international 

community in general, specifically regarding its nuclear weapons program, but in many other 

ways as well, adds considerations to nuclear plans in the ROK and Japan.  At the same time, 

however, the desperate situation of the DPRKôs energy sector, and the DPRKôs desire to 

address its energy issues, may offer opportunities to catalyze energy cooperation in the 

region. 

One goal shared by all nuclear nationsðif not with equal levels of concern among governments, 

groups, and individualsðis the securing of radioactive materials from release during accidents or 

attacks, including terrorist attacks, on nuclear facilities.  Here a key distinction is between spent 

fuel stored in spent fuel pools and in dry casks, the two major ways that spent fuel is stored 

pending the development of long-term storage or disposal facilities.  Spent fuel pools are deep 

pools of circulating water, typically adjacent to and/or contiguous with nuclear reactor 

containment buildings, in which irradiated fuel removed from the reactor core is cooled, usually 

for at least five years but often longer, before being moved to other storage facilities or being 

reprocessed to separate plutonium and uranium from other components of the fuel.  Dry-cask 

storage typically encases fuel elements in a sealed metal canister from which water has been 

removed, and which has been filled with an inert gas.  The metal canister is then placed in a 

concrete and/or steel overpack, creating a massive (tens of tons), robust package.  Dry-cask 

storage of spent fuel appears much less vulnerable to release of radiation through accident or 

attack than storage of fuel in 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 the cask or physically drilling into the 

cask, requiring proximity of attackersðbut to ignite the spent fuel assemblies stored in the cask.  

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.   Most of the spent fuel pools in use in 

Northeast Asia (and in many other places, including the United States) today use dense-racking 

                                                 
1
 See, for example, World Nuclear Association (2016), ñNuclear Power in Taiwanò, last updated September 26 

September 2016), and available as http://www.world-nuclear.org/information-library/country-

profiles/others/nuclear-power-in-taiwan.aspx.  

http://www.world-nuclear.org/information-library/country-profiles/others/nuclear-power-in-taiwan.aspx
http://www.world-nuclear.org/information-library/country-profiles/others/nuclear-power-in-taiwan.aspx


12 

 

systems to conserve space in spent fuel pools, due to a lack of alternatives for spent fuel 

storage/processing/disposal. 

Overall, the complex and varied East Asia/Pacific region shares many energy sector problems, 

though not all, and although cooperation on energy sector and nuclear sector (and other) issues 

has not generally been the hallmark of international relations in the region, cooperation may, in 

fact, bring mutual benefits, as discussed later in this Report.      

The remainder of this Report is organized as follows: 

¶ Section 2 provides an overview of the electricity and nuclear energy situation in 

Northeast Asia, and in East Asia more broadly. 

¶ Section 3 presents three scenarios of future nuclear capacity for the countries of East 

Asia. 

¶ Summaries of four regional fuel cycle cooperation scenarios explored in this Report are 

provided in Section 4, along with some of the nuclear fuel cycle cooperation options 

explored to dateðincluding ñfront endò (uranium supply, enrichment, and fuel 

fabrication), and ñback endò (spent fuel management and disposal) options. 

¶ Section 5 presents the analytical results, both quantitative and qualitative, of our analysis 

of four regional fuel cycle cooperation scenarios.. 

¶ Section 6 provides a results summary and the overall conclusions of the research into fuel 

cycle cooperation scenarios, and identifies possible next steps building on the research 

results. 

2 Summary of Overall Northeast Asia Energy/Energy Policy Situation 

Over the past two decades, economic growth in East Asiaðand particularly in China, the 

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

energy requirements, especially electricity needs.  Although economic growth slowed in much of 

the region during the global recession of 2008-2010, and electricity demand in Japan declined in 

the aftermath of the accident at the Fukushima reactor following the March, 2011 Sendai 

earthquake and Tsunami, overall growth in demand for electricity in the region continues.  As a 

recent, eye-opening example of these increased needs, China added nearly 100 GW of generating 

capacityðmore than the total generation capacity in the ROK as of 2010ðbetween 2009 and 

2010 alone.  Despite increasing efforts to boost hydroelectric and other renewable generation, the 

vast bulk of the capacity China has added annually in recent years is coal-fired, underlining 

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

With the difficult  lessons of the ñenergy crisesò of the 1970s in mind, several of the countries of 

East Asiaðstarting with Japan in the mid-1970s, and continuing with the ROK, Taiwan, and, in 

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

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

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

if not, like Vietnam, taking concrete steps toward developing their own nuclear facilities.  At the 

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

the Democratic Peopleôs Republic of Korea (DPRK), Pakistan, and India, as well as the 
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(nominally peaceful) uranium enrichment programs pursued by Iran and, as revealed publically 

in 2010, the DPRK, have focused international concern on the potential for proliferation of 

nuclear weapons capabilities associated with nuclear power.  In addition, old concerns regarding 

the management of nuclear spent fuel and other wastes, including the safety and long-term 

implications of various means of spent fuel management and/or disposal, as well as the siting of 

spent fuel facilities, remain, at best, only partially addressed. 

One means of addressing proliferation concerns, reducing environmental and safety risks of 

nuclear power, and possibly modestly reducing the costs of nuclear energy to the countries of the 

region, is regional cooperation on nuclear fuel activities.   A number of proposals for regional 

cooperation on safety, enrichment, spent-fuel and waste management, and other issues have been 

offered over the years, some from within the region, and some from outside the region.  The net 

impact, however, of regional nuclear cooperation on the energy securityðexpressed broadly to 

include supply security, economic impacts, environmental security, and security related to social 

and military risksðrequires a more detailed look at how cooperation on nuclear power might be 

organized and operated.  Working with a network of collaborating teams in nine countries of the 

region, Nautilus Institute has defined several different scenarios for nuclear fuel cycle 

cooperation in East Asia, evaluated those scenarios under different sets of assumptions regarding 

the development of nuclear power in the region.  These evaluations of the physical flows of 

nuclear fuel cycle materials and services, and of the costs of different elements of the fuel cycle, 

help to shed light on the relative readily quantifiable costs and benefits of different regional fuel 

cycle cooperation options.  At least as important, however, are the relative impacts of different 

fuel cycle options on other aspect of (broadly defined) energy security, which can be evaluated 

qualitatively. 

East Asia and the Pacific includes three nuclear weapons statesðincluding the United States 

based on its physical proximity and jurisdiction over several Pacific territories, as well as its 

geopolitical and cultural importance in the regionðplus one (the DPRK) that has been nuclear-

armed since 2006.  The region also includes three major economies that are nearly completely 

dependent on energy imports and for which nuclear energy plays a key role, a nuclear materials 

supplier nation currently without commercial reactors of its own, and at least two populous and 

fast-developing nations with stated plans to pursue nuclear energy.   Table 2-1 provides a 

summary of the status of major nuclear fuel-cycle activities in each country covered by the 

analysis summarized here.  To this listing can be added Mongolia, which has significant uranium 

resources and a history of uranium production and exploration during Soviet times.  Though 

Mongolia has no other active commercial nuclear facilities, its involvement in regional nuclear 

fuel cycle activities related to uranium supply has been proposed.
2
  Mongoliaôs status as a 

nuclear weapons-free state, a process begun in 1992 and recently (2012) formalized through 

recognition by the five permanent members of the United Nations Security Council,
3
 also 

potentially makes it an interesting ñplayerò in nuclear weapons and nuclear energy policy in the 

region, though when one of the authors of this Report visited Mongolia, the officials he talked 

                                                 
2
 Agvaanluvsan, U. (2009), ñThe Global Context of Nuclear Industry in Mongoliaò.  Mongolia Today, the 

Mongolian National News Agency, December 2009, available as http://iis-

db.stanford.edu/pubs/22822/AgvaanluvsanMongolia_nuclear_industry.pdf.  See also, for example, J. Berkshire 

Miller (2012), ñMongolia Eyes Nuclear Tiesò, The Diplomat, March 6, 2012, available as 

http://thediplomat.com/flashpoints-blog/2012/03/06/mongolia-eyes-nuclear-ties/.  
3
 See, for example, Daryl G. Kimball (2012), ñMongolia Recognized as Nuclear-Free Zoneò, Arms Control Today, 

October 2012, available as http://www.armscontrol.org/act/2012_10/Mongolia-Recognized-as-Nuclear-Free-Zone.  

http://iis-db.stanford.edu/pubs/22822/AgvaanluvsanMongolia_nuclear_industry.pdf
http://iis-db.stanford.edu/pubs/22822/AgvaanluvsanMongolia_nuclear_industry.pdf
http://thediplomat.com/flashpoints-blog/2012/03/06/mongolia-eyes-nuclear-ties/
http://www.armscontrol.org/act/2012_10/Mongolia-Recognized-as-Nuclear-Free-Zone
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with seemed less than enthusiastic about Mongoliaôs participation in nuclear activities, and 

indicated that recent stated Mongolian energy policies omit nuclear power and related 

endeavors.
4
 

Table 2-1: Summary of Nuclear Energy Activities in East Asia/Pacific Countries 

Country  Nuclear Generation Front -end Fuel Cycle 

Activities 

Back-end Fuel Cycle 

Activities 

Japan Mature nuclear industry (~47 GWe 

as of 2010) with continuing slow 

growth until Fukushima accident.  

Post-Fukushima 4 units closed, all 

other power reactors in Japan shut 

down for inspection as of late May, 

2012
5
; some since at least briefly 

restarted, including Sendai units in 

late 2015/early 2016.  

No significant mining, 

milling.  Some domestic 

enrichment, but most 

enrichment services 

imported. 

Significant experience with 

reprocessing, including 

commercial-scale domestic 

facility now in testing 

(though much delayed), plus 

significant reprocessing 

carried out in Europe; 

interim spent-fuel storage 

facility (Mutsu) complete 

but not yet in use.  

ROK Mature nuclear industry, 25 units 

totaling 23.0 GWe at 4 sites as of 

late 2016
6
. 

No significant uranium 

(U) resources, enrichment 

services imported, but all 

fuel fabrication done 

domestically. 

No reprocessing, but 

ñpyroprocessingò under 

consideration; at-reactor 

spent fuel storage thus far. 

DPRK Has small (5 MWe equivalent) 

reactor for heat and plutonium (Pu) 

production, partly decommissioned, 

now at least intermittently back in 

operation; policy to acquire LWRs, 

and currently building LWR with 

domestic technology estimated at 

100 MWth
7
. 

At least modest uranium 

resources and history of U 

mining; some production 

exported; operating 2000-

centrifuge enrichment 

plant recently revealed.
8
  

Reprocessing of spent fuel 

from 5 MWe reactor to 

separate Pu for weapons use.  

Arrangements/plans for 

spent fuel management for 

new reactor unknown. 

China Relatively new but rapidly-growing 

nuclear power industry; 31.6 GWe 

in 35 units as of late 2016.
9
 

Domestic enrichment and 

U mining/milling, but not 

sufficient for large reactor 

fleet. 

Nuclear weapons state.  

Small reprocessing facility; 

plans underway for spent 

fuel storage facilities. 

                                                 
4
 David von Hippelôs personal communication with Mongolian officials, 2013 and early 2014. 

5
 Akira Nagano (2012), ñCurrent Status and Efforts in Japan after Fukushima Accidentò, JAIF International 

Cooperation Center (JICC), June, 2012, available as 

http://www.iaea.org/NuclearPower/Downloads/Infrastructure/meetings/2012-06-18-20-TM-

Vienna/10.Status_and_Efforts_after_Fukushima.pdf.  
6
 See, for example, World Nuclear Association (2016), ñNuclear Power in South Koreaò, dated 20 September 2016, 

and available as http://www.world-nuclear.org/information-library/country-profiles/countries-o-s/south-korea.aspx.  
7
 This thermal output is the equivalent of approximately 25-30 MWe. 

8
 Hecker, S.S. (2010), A Return Trip to North Koreaôs Yongbyon Nuclear Complex.  NAPSNet Special Report, 

dated November 22, 2010, and available as http://www.nautilus.org/publications/essays/napsnet/reports/a-return-

trip-to-north-korea2019s-yongbyon-nuclear-complex. 
9
 World Nuclear Organization (2016), ñNuclear Power in Chinaò, dated October, 2016, available as 

http://www.world-nuclear.org/information-library/country-profiles/countries-a-f/china-nuclear-power.aspx.  

http://www.iaea.org/NuclearPower/Downloads/Infrastructure/meetings/2012-06-18-20-TM-Vienna/10.Status_and_Efforts_after_Fukushima.pdf
http://www.iaea.org/NuclearPower/Downloads/Infrastructure/meetings/2012-06-18-20-TM-Vienna/10.Status_and_Efforts_after_Fukushima.pdf
http://www.world-nuclear.org/information-library/country-profiles/countries-o-s/south-korea.aspx
http://www.nautilus.org/publications/essays/napsnet/reports/a-return-trip-to-north-korea2019s-yongbyon-nuclear-complex
http://www.nautilus.org/publications/essays/napsnet/reports/a-return-trip-to-north-korea2019s-yongbyon-nuclear-complex
http://www.world-nuclear.org/information-library/country-profiles/countries-a-f/china-nuclear-power.aspx
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Country  Nuclear Generation Front -end Fuel Cycle 

Activities 

Back-end Fuel Cycle 

Activities 

Russian 

Far East 

(RFE) 

One small plant (48 MWe) in far 

North of RFE, with others planned.  

(Russia itself has a large reactor 

fleet); plans for larger (1 GWe 

scale) units for power export. 

Domestic enrichment and 

U mining/milling (but not 

in the RFE). 

Nuclear weapons state.  

Russia has reprocessing 

facilities, spent fuel storage 

facilities (but not in RFE). 

Australia  No existing reactors above research 

scale; has had plans to build power 

reactors, but currently very 

uncertain.  

Significant U 

mining/milling capacity, 

major U exporter (over 

6000 t U in 2011, just 

under  6000 tU in 2015
10

); 

no enrichment.  

No back-end facilities. 

Taiwan ~5 GWe in 6 reactors at 3 sites, 2 

additional units at 4
th
 site under 

construction since late 1990s, but 

their completion is under review 

post-Fukushima, with conversion to 

gas investigated.
11

 

No U resources, no 

enrichmentðimports 

enrichment services. 

Current spent-fuel storage at 

reactor, no reprocessing. 

Siting of low-level waste 

and intermediate spent fuel 

storage under discussion.   

Indonesia No current commercial reactors, but 

full -scale reactors planned. 

Some U resources, but no 

production; no enrichment. 

Consideration of back-end 

facilities in early stages. 

Vietnam No current commercial reactors, but 

a number of full-scale reactors 

planned, with agreements signed 

recently with Russia, Japan, ROK 

for reactor construction and 

finance.
12

  Enthusiasm for nuclear 

power in Vietnam seems to have 

waned in recent years.
13

 

Some U resources, but no 

production; no enrichment. 

Consideration of back-end 

facilities in early stages. 

                                                 
10

 World Nuclear Association (2016), ñAustralia's Uraniumò, updated August 2016, and available as 

http://www.world-nuclear.org/information-library/country-profiles/countries-a-f/australia.aspx.  Note that 2010 and 

2011 production were substantially lower than the average of over 8000 t U per year in the previous decade (2000-

2009), a trend that has continued, with average output and exports post-2011 close to 6000 tU per year. 
11

 See, for example, Platts (2012), ñTaiwan mulls conversion of under-construction nuclear power plant to gas-

firedò, dated November 1, 2012, and available as 

http://www.platts.com/RSSFeedDetailedNews/RSSFeed/ElectricPower/7213676.  
12

 See, for example, World Nuclear Association (2012), ñNuclear Power in Vietnamò updated November 2012, and 

available as http://www.world-nuclear.org/info/vietnam_inf131.html.  
13

 David von Hippel, personal communication with Vietnamese officials.  The Vietnamese economy has not 

performed as well as hoped, and although nuclear plants remain of interest in Vietnam, it appears that the cost 

of the plants may become more of a barrier to large-scale adoption of the technology.  See also: Associated 

Press, ñVietnam scraps plans for its first nuclear power plants,ò November 10, 2016, at: 

http://bigstory.ap.org/article/544e8f5088b347f0bf71138bf3f1bdb3/vietnam-scraps-plans-its-first-nuclear-

power-

plants?mkt_tok=eyJpIjoiT0daak56UmtZakZtTXpneCIsInQiOiJkNWxVblNxbXRvVVRCdnd4aldSY3RUa1wv

a3BLb1wvZTBtTlZFS3UxQll0T0lMZWd0QytxVkdITEFWenVMWTVtWjVtSGpYem8zUmxkekxZZERVcFl

TQTUzeExZejArcjhseUVOdG5hODdsRTlzPSJ9   

 

http://www.world-nuclear.org/information-library/country-profiles/countries-a-f/australia.aspx
http://www.platts.com/RSSFeedDetailedNews/RSSFeed/ElectricPower/7213676
http://www.world-nuclear.org/info/vietnam_inf131.html
http://bigstory.ap.org/article/544e8f5088b347f0bf71138bf3f1bdb3/vietnam-scraps-plans-its-first-nuclear-power-plants?mkt_tok=eyJpIjoiT0daak56UmtZakZtTXpneCIsInQiOiJkNWxVblNxbXRvVVRCdnd4aldSY3RUa1wva3BLb1wvZTBtTlZFS3UxQll0T0lMZWd0QytxVkdITEFWenVMWTVtWjVtSGpYem8zUmxkekxZZERVcFlTQTUzeExZejArcjhseUVOdG5hODdsRTlzPSJ9
http://bigstory.ap.org/article/544e8f5088b347f0bf71138bf3f1bdb3/vietnam-scraps-plans-its-first-nuclear-power-plants?mkt_tok=eyJpIjoiT0daak56UmtZakZtTXpneCIsInQiOiJkNWxVblNxbXRvVVRCdnd4aldSY3RUa1wva3BLb1wvZTBtTlZFS3UxQll0T0lMZWd0QytxVkdITEFWenVMWTVtWjVtSGpYem8zUmxkekxZZERVcFlTQTUzeExZejArcjhseUVOdG5hODdsRTlzPSJ9
http://bigstory.ap.org/article/544e8f5088b347f0bf71138bf3f1bdb3/vietnam-scraps-plans-its-first-nuclear-power-plants?mkt_tok=eyJpIjoiT0daak56UmtZakZtTXpneCIsInQiOiJkNWxVblNxbXRvVVRCdnd4aldSY3RUa1wva3BLb1wvZTBtTlZFS3UxQll0T0lMZWd0QytxVkdITEFWenVMWTVtWjVtSGpYem8zUmxkekxZZERVcFlTQTUzeExZejArcjhseUVOdG5hODdsRTlzPSJ9
http://bigstory.ap.org/article/544e8f5088b347f0bf71138bf3f1bdb3/vietnam-scraps-plans-its-first-nuclear-power-plants?mkt_tok=eyJpIjoiT0daak56UmtZakZtTXpneCIsInQiOiJkNWxVblNxbXRvVVRCdnd4aldSY3RUa1wva3BLb1wvZTBtTlZFS3UxQll0T0lMZWd0QytxVkdITEFWenVMWTVtWjVtSGpYem8zUmxkekxZZERVcFlTQTUzeExZejArcjhseUVOdG5hODdsRTlzPSJ9
http://bigstory.ap.org/article/544e8f5088b347f0bf71138bf3f1bdb3/vietnam-scraps-plans-its-first-nuclear-power-plants?mkt_tok=eyJpIjoiT0daak56UmtZakZtTXpneCIsInQiOiJkNWxVblNxbXRvVVRCdnd4aldSY3RUa1wva3BLb1wvZTBtTlZFS3UxQll0T0lMZWd0QytxVkdITEFWenVMWTVtWjVtSGpYem8zUmxkekxZZERVcFlTQTUzeExZejArcjhseUVOdG5hODdsRTlzPSJ9
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2.1 Current Status of Electricity Consumption and Nuclear Generation 

Recent growth in electricity generation and use in East Asia has been remarkable.  As an 

example, Figure 2-1: Electricity Generation in Northeast Asia, 1990-201 shows total electricity 

generation in the Northeast Asia region more than tripled between 1990 and 2015, with 

generation in China increasing by more than a factor of nine, generation in Taiwan increasing by 

a factor of nearly three, and generation in the ROK increasing by a factor of 4.4.   Even though 

electricity production in Japanðwhich in 1990 had the highest generation in the regionðgrew 

by only 23 percent (an average of 0.8 percent annually), the fraction of global generation 

accounted for by the Northeast Asia region grew from just over 15 percent in 1990 to over 32 

percent in 2015, even as electricity generation in the rest of the world grew at an average rate of 

2.1 percent annually.  As notable as this increase in overall consumption and of the fraction of 

the worldôs electricity has been in Northeast Asia, the last few years have seen a decline in 

electricity generation in Japan, a leveling-off of generation in the ROK, and even, between 2014 

and 2015, near-zero growth in reported generation in China, though previous years (2009-2014) 

saw annual increases in generation in China in the 6 to 13 percent range. 
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Figure 2-1: Electricity Generation in Northeast Asia, 1990-2015 

 

Sources: Data from British Petroleum ñStatistical Review of World Energy 2016ò 

workbook
14

  for all countries except the DPRK (based on updated Nautilus Institute 

results not yet published
15

), Mongolia (based on data from USDOE/EIA and other 

sources
16

), and RFE (estimated from paper by Gulidov and Ognev
17

).   Generation 

figures shown are for gross generation (that is, including in-plant electricity use), 

except for Mongolia and the RFE. 

                                                 
14

 File downloaded 10/28/16 from 

http://www.bp.com/content/dam/bp/excel/energy-economics/statistical-review-2016/bp-statistical-review-of-world-

energy-2016-workbook.xlsx. 
15

 See D. von Hippel and P. Hayes (2012), Foundations of Energy Security for the DPRK: 1990-2009 Energy 

Balances, Engagement Options, and Future Paths for Energy and Economic Redevelopment, Nautilus Institute 

Special Report, dated September 13, 2012, and available as http://nautilus.wpengine.netdna-cdn.com/wp-

content/uploads/2012/12/1990-2009-DPRK-ENERGY-BALANCES-ENGAGEMENT-OPTIONS-UPDATED-

2012_changes_accepted_dvh_typos_fixed.pdf, for an earlier version of the updated DPRK electricity generation 

results used for this figure. 
16

 United States Department of Energy, Energy Information Administration (2016), ñInternational Energy Statistics, 

Mongoliaò, with data on net electricity generation available as 

http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=2&pid=2&aid=12&cid=MG,&syid=1980&eyid=2012&u

nit=BKWH (through 2009), Kh.Erdenechuluun, August 2014, "Mongolian power sector: Background and current 

policy", https://eneken.ieej.or.jp/data/5590.pdf (2010 through 2013), and  Namjil ENEBISH, May, 2016, "Overview 

of Energy/Electricity demand and Renewable energy potential in Mongolia", https://www.renewable-

ei.org/images/pdf/20160525/Enebish_Namjil.pdf (estimates for 2014 and 2015). 
17

 Gulidov R. and A. Ognev (2007), ñThe Power Sector in the Russian Far East: Recent Status and Plansò, prepared 

for the 2007 Asian Energy Security Project Meeting ñEnergy Futures and Energy Cooperation in the Northeast Asia 

Regionò, Tsinghua University, Beijing, China, October 31 ï November 2, 2007.  Presentation available at 

http://nautilus.wpengine.netdna-cdn.com/wp-content/uploads/2011/12/Russia-Energy-Changes.ppt. 
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http://nautilus.wpengine.netdna-cdn.com/wp-content/uploads/2011/12/Russia-Energy-Changes.ppt
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Against this backdrop of growth in electricity needsðexisting ñbusiness as usualò projections 

call for continuing strong increases in electricity use in the countries of East Asia (with the 

possible exception of Japan)ðmany of the countries of the region face significant energy 

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

90 percent of their energy needs.  Vietnam and Indonesia, though they have been net energy 

exporters for several decades, are at or near the point where they will become net importers.  

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

obliged to meet the energy needs of an increasingly affluent 1.3 billion people, and the economy 

that sustains them.  As a result, China is increasingly an energy importer as well.  The sparsely 

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

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

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

needed to accomplish oil, gas, and power exports have slowed development of these resource 

sharing schemes.  Even massive international pipelines and powerlines, however, will only make 

a modest contribution to the energy needs of Russiaôs energy-hungry neighbors.
18

 

The resource constraints faced by most of the nations of the region, together with the technical 

allure of nuclear power, have made East Asia a world center for nuclear energy development, 

andðnews reports of a global nuclear renaissance notwithstandingðone of the few areas of the 

world where significant numbers of nuclear power plants are being added.  Nations have chosen 

nuclear power because they wish to diversify their energy portfolios away from fossil fuels 

(especially oil) and thus improve their energy supply security, because nuclear power provides a 

stable sources of baseload power with low air pollutant emissions (particularly compared with 

coal), and for the less practical but still significant reason that being a member of the nuclear 

energy ñclubò is seen as offering a certain level of status in the international community. 

3 Future Nuclear Capacity and Generation Paths 

Table 3-1 and Table 3-2 summarize the nuclear capacity included for each the three 

nuclear capacity expansion paths (Business as Usual, Maximum Nuclear, and Minimum 

Nuclear) for each country for the years 2010, 2030, and 2050.   Figure 3-1, Figure 3-2, and 

Figure 3-3 shows the capacity trends by year and country if all nations follow each of the three 

paths, though in practice it is likely that the nations of East Asia and the Pacific will not all 

choose the same one of the three paths described, thus the capacities in these three figures shown 

could be thought of as an approximate bounding of a wide range of potential combinations.  In 

fact, the internal and external conditions that would cause each country to adopt a ñMAXò or 

ñMINò (or BAU) path vary by country, although some trends toward the extremes could be 

driven by international events (for example, another Fukushima-like event) or agreements (for 

example, nuclear fuel cycle cooperation that reduces tensions and increases citizen confidence in 

nuclear power) with impacts in many nations of the region.  Descriptions of the assumptions 

driving Business as Usual (BAU), Maximum (MAX) and Minimum (MIN) nuclear capacity 

                                                 
18

 See, for example, von Hippel, D.F., and P. Hayes (2008), Growth in Energy Needs in Northeast Asia: Projections, 

Consequences, and Opportunities.  Paper prepared for the 2008 Northeast Asia Energy Outlook Seminar, Korea 

Economic Institute Policy Forum, Washington, DC, May 6, 2008, and available as 

http://s3.amazonaws.com/zanran_storage/www.keia.org/ContentPages/44539229.pdf. 

http://s3.amazonaws.com/zanran_storage/www.keia.org/ContentPages/44539229.pdf
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paths in each nation are summarized below.  In many cases, these assumptions update work done 

by project colleagues from each of the different countries as prepared for previous Nautilus 

collaborative projects.  

   

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

Paths 

 

 

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

 

 

Nation 2010 2030 2050 2010 2030 2050 2010 2030 2050

Japan 49.16      46.39       26.23         49.16         56.36          33.29          49.16          26.14          2.27            

ROK 17.72      36.71       32.70         17.72         38.14          41.25          17.72          24.15          20.42          

China 10.26      97.28       141.82       10.26         114.35        240.81        10.26          75.55          99.29          

RFE 0.05       0.47         0.77           0.05           1.77            8.77            0.05            0.17            0.17            

Taiwan 5.14       3.90         3.90           5.14           7.77            11.70          5.14            -             -             

DPRK -         1.35         3.95           -             5.30            11.40          -             0.13            0.33            

Indonesia -         2.10         6.30           -             2.10            10.50          -             -             -             

Vietnam -         3.50         10.40         -             5.80            19.26          -             -             2.40            

Australia -         -           -            -             2.00            12.00          -             -             -             

TOTAL 82.33      191.70      226.06       82.33         233.59        388.97        82.33          126.13        124.87        

BAU (Reference) Case Maximum Nuclear Case Minimum Nuclear Case

Total Nuclear Capacity Net of Decommissioned Units (GWe)

Nation 2010 2030 2050 2010 2030 2050 2010 2030 2050

Japan 288        206          162            288            304             219             288             69              6                

ROK 141        284          258            141            295             325             141             185             161             

China 71          752          1,109         71              876             1,873          71              585             777             

RFE 0            2              5               0               9                61              0                1                1                

Taiwan 40          29            29             40              58              87              40              -             -             

DPRK -         9              28             -             35              90              -             1                2                

Indonesia -         16            47             -             16              78              -             -             -             

Vietnam -         26            77             -             43              143             -             -             19              

Australia -         -           -            -             16              95              -             -             -             

TOTAL 541        1,323       1,715         541            1,651          2,971          541             841             966             

Total Nuclear Electricity Output (TWhe)

BAU (Reference) Case Maximum Nuclear Case Minimum Nuclear Case
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Figure 3-1: Trends in Regional Nuclear Generation Capacity, BAU Path 

 

 

Figure 3-2: Trends in Regional Nuclear Generation Capacity, Sum of National MAX Paths 
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Figure 3-3: Trends in Regional Nuclear Generation Capacity, Sum of National MIN Paths 

 

 

Key assumptions by country used to determine nuclear capacity and output for the other 

nations of East Asia and the Pacific are presented below, along with summary capacity results.  

Graphs showing capacity and output by year and by nation are available in Annex 1. 

3.1 Nuclear Capacity Paths for Japan 

Assumptions for Japan are based on recent work by Nautilus, but informed by work prepared by 

Dr. Kae Takase and other colleagues in the course of previous MacArthur-funded work.
19

  In the 

MAX  path, the nuclear industry starts most of its existing fleet of light water reactors in the next 

five years, extends reactor lifetimes to sixty years, and constructs new reactors that have been 

planned, mostly on existing sites.  Overall, 30 of Japanôs existing reactors (beyond the two 

Sendai units restarted in 2015) are assumed to restart within 10 years, excluding those at 

Fukushima Daiichi, where all units remain offline and decommissioning of the damaged reactors 

and undamaged reactors (in all, units 1 through 6) continues.  Other older reactors for which 

decommissioning is underway are also decommissioned.  In the MAX path for Japan, nuclear 

generation capacity increases to a maximum of about 56 GWe in 2029-2033, declining slowly 

thereafter to about 33 GWe in 2050 as older plants are decommissioned.   

The BAU path for Japan follows the MAX path, but returns reactors to operation at a slower 

pace under the assumption that it will take more time to get the necessary permissions for reactor 

                                                 
19

 The three nuclear generation paths for Japan are based on three ñNuclear Restartò paths, the development and 

evaluation of which are described in the forthcoming Nautilus Institute Special Report David F. von Hippel and 

Peter Hayes (2016), Japanôs Post-Fukushima Choice: Future Nuclear Fuel Cycle Paths and Their Implications, 

dated March, 2016. 
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restart and construction/operation of other facilities in place than assumed in the MAX Path.   

Here, the nuclear industry starts 10 of its existing fleet of light water reactors in the next five 

years (beyond the two Sendai units restarted in 2015), with 15 more started by 2030.  Reactor 

lifetimes are extended to sixty years, but only five of the new reactors that have been planned for 

construction on existing sites are built (by 2035).  Decommissioning of Fukushima Daiichi units 

1-6 continues, as does decommissioning of other older reactor units.  BAU path nuclear capacity 

rises to a maximum of about 48 GWe in 2031-2033, falling thereafter to 26 GWe in 2050 as 

reactors are decommissioned.   In the MIN  path, in addition to the two Sendai reactors restarted 

in 2015, 10 reactors are restarted over a period of five years, focusing on those in areas of Japan 

that are most power-hungry, and restarting reactors that are relatively new.   

In the MIN  path, life extension is not applied to Japanôs existing reactor fleet, and no new 

reactors are built.  It is, however, assumed that the standard reactor operating lives are calculated 

such that the post-Fukushima outage period is not countedðthat is, if, for example, a reactor was 

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

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

GWe in 2050.  The MIN path is thus, effectively, a nuclear phase-out path for Japan. 

3.2 Nuclear Capacity Paths for the Republic of Korea 

The ROK  is in a slightly different position than Japan, in that its reactor fleet has gone through 

safety checks, but remained largely in operation post-Fukushima, and its program of reactor 

construction, though somewhat delayed, is continuing.  In the MAX  path, it is assumed that 

reactor additions largely follow those reported by the World Nuclear Association through about 

2030, and that thereafter one 1425 MWe unit is added approximately every three years through 

2045, when units are added annually through 2049 to replace units shut down after the expiration 

of (extended) 60-year operating lifetimes.
20

  Under this path, nuclear capacity rises steadily 

through 2033 to about 37 GWe, then more slowly to about 41 GWe by 2050. 

In the BAU path for the ROK, the units listed by the World Nuclear Association through about 

2030 are assumed to be slightly delayed in commissioning.  After 2030, new advanced reactors 

are added in 2035, 2040, and 2045, and older units are shut down as they reach an operating life 

of 60 years.  The result is that capacity falls from a high of about 37 GWe in 2035 to about 33 

GWe by 2050. 

The MIN  path for the ROK assumes that a combination of factors, including, for example, 

reduced electricity demand, difficulties in siting new nuclear units, and/or increased competition 

from other electricity sources, serve to progressively delay the installation of planned (but not 

already under-construction) plants such that the last new plants on the World Nuclear 

Association list are installed in 2035 and 2036, as opposed to 2029 and 2030 in the MAX path.  

Thereafter, no new units are installed through 2050, and as a result of older reactors being shut 

down after their nominal 40-year lifetimes, overall nuclear capacity remains in the 23 to 26 GWe 

range from 2022 through 2036, falling slowly thereafter to 20 GWe by 2045. 

3.3 Nuclear Capacity Paths for China 

                                                 
20

 Existing and planned reactors after about 2013 from World Nuclear Association (2016), "Nuclear Power in South 

Korea", updated October 2016, available as http://www.world-nuclear.org/information-library/country-

profiles/countries-o-s/south-korea.aspx. 

http://www.world-nuclear.org/information-library/country-profiles/countries-o-s/south-korea.aspx
http://www.world-nuclear.org/information-library/country-profiles/countries-o-s/south-korea.aspx
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In any nuclear capacity path for the East Asia/Pacific region, Chinaôs nuclear capacity, and 

growth in nuclear capacity, dominates.  In the MAX path, Chinaôs nuclear generation capacity is 

assumed to rise to about 241 GWe by 2050, meaning construction of more than 200 GWe 

between 2017 and 2050.  This path assumes that plants for which the World Nuclear Association 

provides an estimated data of operation begin to operate as scheduled, that the reactors listed the 

reactors listed as "planned" by the World Nuclear Association but without a listed operating date 

are all phased in by 2026, and that about 80 percent of the 195 GWe of reactors listed by the 

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

phased in by 2050.
21

  The MAX path also assumes that PWRs and BWRs in China are operated 

for 50 years, meaning that only Daya Bay units-1 and 2 and Qinshan-1 are shuttered by 2050, 

along with Chinaôs two CANDU units (which operate for 30 years).   

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

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

nuclear industry,
22

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

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

the 195 GWe of capacity listed by the World Nuclear Association as ñproposedò is actually built.  

In addition, more plants are decommissioned under the BAU path relative to the MAX path, 

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

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

40 percent higher than the current nuclear capacity in the United States, which now leads the 

world. 

The MIN  path for China assumes that a combination of unfavorable economics, competition 

from other electricity sources (such as wind and solar power), civil opposition to nuclear power, 

and demand for electricity that grows more slowly than anticipated results in an even more 

significant delay in the commissioning of under-construction and planned and planned plants 

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

per year is commissioned.  Even so, and with an assumed 40-year lifetime for PWRs and BWRs, 

Chinaôs nuclear generation capacity rises to just under 100 GWe by 2050. 

Readers should note that none of these paths account for potential shocks that might arise from a 

serious accident in a Chinese nuclear power plant, with potentially devastating consequences for 

large populations.  The timing of such an event, should it occur, is not knowable in advance, 

although there is a strong argument that it is statistically likely over the time frame of these paths 

given historical rates of major accidents per year of reactor operation.
23

 

 

3.4 Nuclear Capacity Paths for the Russian Far East  
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 Reference for under construction, planned, and proposed plants in China from the year 2014 onward: World 

Nuclear Association (2016), "Nuclear Power in China", updated October 2016, available as http://www.world-

nuclear.org/information-library/country-profiles/countries-a-f/china-nuclear-power.aspx. 
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 See, for example, Steve Thomas (2016), "China's Nuclear Power Plans Melting Down", The Diplomat, October 

29, 2016, available as http://thediplomat.com/2016/10/chinas-nuclear-power-plans-melting-down/. 
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 See  He Zuoxiu, ñChinese nuclear disaster ñhighly probableò by 2030,ò China Dialogue, March 19, 2013, at: 

https://www.chinadialogue.net/article/show/single/en/5808, and S. Wheatley, B. Sovacool, D. Sornette (2017), ñOf 

Disasters and Dragon Kings: A Statistical Analysis of Nuclear Power Incidents and Accidents,ò Risk Analysis, 

Volume 37, #1, pages 99-115, available as http://onlinelibrary.wiley.com/doi/10.1111/risa.12587/epdf. 
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The vast territory of the Russian Far East (RFE) is sparsely settled (about 6 million people) but 

contains a wealth of energy and mineral resources.  At present, the only nuclear plants in the 

region are the four small (12 MWe each) Bilibinskaya combined heat and power units installed 

in the city of Bilbino in the Chutotka Autonomous Okrug of the RFE.  This plant has the 

distinction of being the smallest and the northernmost operating nuclear power plant in the 

world.  In each of the three paths, the RFE adds some capacity through 2020 by replacing the 

Bilibinskaya units with a floating power plant located about 250 km away at Pevek on the Arctic 

seacoast, and by adding two additional floating power plants, based on icebreaker nuclear reactor 

technology, at two other coastal RFE locations.  In the BAU case, the only other additions 

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

RFE in 2030 and 2032, respectively, and listed as "proposed" by the World Nuclear 

Association.
24

  This capacity would serve the cities of the region (Vladivostok, Nakhodka, and 

Khabarovsk, for example, and the region around them) and possibly provide some exports to 

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

2050.  In the MAX  case, these two units are assumed to be completed earlier, in 2025 and 2027, 

respectively, and are augmented by four pairs of 1000 MWe reactors installed between 2030 and 

2045, raising 2050 capacity to just under 9 GWe.  These larger reactors would be designed to 

mostly serve export markets and/or to provide power for producing electricity-intensive export 

commodities such as aluminum.  In the MIN  case, only the under-construction floating power 

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

2050. 

3.5 Nuclear Capacity Paths for Taiwan (Chinese Taipei)    

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

limit the extent to which nuclear capacity can increase.   In the BAU case, the Lungmen reactors, 

which have long been under construction, and which have been a focus of political and social 

contention for many years, are assumed to be finally brought on line in 2019 and 2020, just as 

older units start to be decommissioned following the expiration of their 40-year operating 

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

following the decommissioning of Taiwanôs remaining older units.  The new unit brings 2028 

through 2050 capacity to 3900 MWe.   

In the MAX  case, the Lungmen units are brought on line in 2016 and 2019, practically the 

earliest dates possible given a 2015 decision to ñsealò the reactors for 3 years.
25

  An addition 

1300 MWe unit is added in 2025 in the MAX case, based on national utility Taipowerôs plans as 

reported by the World Nuclear Association.
26

  The life of existing reactors is extended to 50 
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 World Nuclear Association (2016), "Nuclear Power in Russia", updated 30 September 2016,  and available as 

http://www.world-nuclear.org/information-library/country-profiles/countries-o-s/russia-nuclear-power.aspx. 
25

 The completed (or nearly-completed) and under-testing Lungmen units were reportedly "sealed" for three years 

starting in mid-2015.  The assumption here is that they will come on line in 2019 and 2020, respectively, for the 

BAU case, and a year earlier in the MAX case.  See ñTaiwan seals Lungmen No.1 nuclear reactor", Taiwan Today, 

dated July 1, 2015, available as http://taiwantoday.tw/ct.asp?xItem=232105&ctNode=2182. 
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 The World Nuclear Association (2016) "Nuclear Power in Taiwan", Updated 26 September 2016, reported that 

Taipower had "projected one further unit beyond Lungmen 1&2 being on line by 2025".  Despite recent protests, we 

assume that for this MAX case the unit will not be delayed, and thus assume that it will come on line in 2025. 

See http://www.world-nuclear.org/information-library/country-profiles/others/nuclear-power-in-taiwan.aspx. 
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years, and larger reactors are added at existing sites when older reactors are decommissioned, 

pushing capacity to 11.7 GWe in 9 units by 2050.      

In the MIN  case, older reactors are decommissioned after 40-year lifetimes and not replaced, and 

the Lungmen reactors are never commissioned, resulting in Taiwanôs nuclear generation capacity 

falling to zero by 2026. 

3.6 Nuclear Capacity Paths for the Democratic Peopleôs Republic of Korea 

The nuclear energy future of the DPRK is highly dependent on the political and economic path 

that the country takes with respect to the international community.  As a result, the DPRKôs 

nuclear generation capacity could be anywhere between practically nothing, if the isolation 

related to its nuclear weapons program continues, to more than 10 GWe, if actual or de-facto 

(economic) reunification with the ROK occurs relatively soon.   

In the BAU case for the DPRK, we assume that the ñExperimental LWRò (see Figure 3-4), 

estimated at 25 MWe and now apparently largely complete, but reportedly not yet operational,
 27

 

is brought on line in 2020 at an average capacity factor of 60 percent.  With skills gained in 

developing the Experimental LWR, and perhaps, given a political opening, assistance from the 

ROK, in the BAU path the DPRK develops and commissions a series of ñdomesticò 100 MWe 

reactors suited to the size of its grid, with the first unit on line in 2023, and seven more units of 

the same size following by from 2027 through 2049.   In addition, renewed cooperation with the 

ROK allows three 1050 MWe LWR unitsðfull -size reactorsðto be finished in 2025 through 

2039, possibly at the existing Sinpo site where reactors built by the Korean Peninsula Energy 

Development Organization (KEDO) were under construction until 2003, when construction, later 

terminated, was first suspended.
28

  These new (or completed, though doubtless with many safety 

and other upgrades, given the passage of time) reactors would be built using ROK designs and 

with ROK and international labor and oversight, as well as DPRK labor, and would be connected 

directly to the ROK grid, as they are too large to operate on a stand-alone DPRK grid.  The 

resulting DPRK nuclear generation capacity by 2050 would be just under 4 GWe, of which more 

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

the Chinese or Russian grids). 

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

first 100 MWe domestic reactor follows shortly, in 2021, and ROK-connected units, possibly at 

Sinpo, are commissioned in 2022 and 2024.   This path essentially requires an almost immediate 

(post-2016) rapprochement between the DPRK and the ROK.  By 2050, the MAX path assumes 

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

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

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

refurbishment/replacement of the DPRKôs existing grid and, likely, economic and possibly 

political reunification.  
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 See David Albright, Sarah Burkhard, Allison Lach, and Samta Savla 2016), ñMonitoring Activities at the 
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reports/documents/Sept_2016_Yongbyon_Update_20Sept2016_Final.pdf.  
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 See KEDO (2016?), ñAbout Us: Our Historyò, available as http://www.kedo.org/au_history.asp.  

http://isis-online.org/uploads/isis-reports/documents/Sept_2016_Yongbyon_Update_20Sept2016_Final.pdf
http://isis-online.org/uploads/isis-reports/documents/Sept_2016_Yongbyon_Update_20Sept2016_Final.pdf
http://www.kedo.org/au_history.asp


26 

 

Figure 3-4: DPRK Experimental LWR as of Summer, 2016
29

 

 

 

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

three 100 MWe units in 2028, 2037, and 2045, respectively, operating at average annual capacity 

factors of 60 percent.  Although the DPRK could receive some help from the ROK and/or other 

parties (perhaps Russia) in developing its 100 MWe model, the MIN case is consistent with the 

DPRKôs economic isolation generally continuing.  The MIN nuclear path might also, however, 

be consistent with other political/technical/economic paths, such as actual or effective 

reunification together with a Korea-wide decision to phase out nuclear power, and/or nuclear 

power losing market to innovative renewable energy technologies.  

3.7 Nuclear Capacity Paths for Vietnam, Indonesia, and Australia    

For Vietnam, Indonesia, and Australia , which do not have and are not yet building nuclear 

power capacity, the BAU case includes first reactors that come on line in the last years of the 

2020s in Vietnam and Indonesia, with Vietnamôs program being much more aggressive (9 units 
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 Image from Google Earth, 
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totaling over 10 GWe by 2046) than in the other two nations.
30

  Recent news suggests that this 

may in fact be an ambitious BAUðreports indicate that Vietnamôs government is ñscrapping 

plansò for its first two pairs of reactors, due to spiraling costs and lowered electricity demand 

forecastsðbut given that construction on the first plants included in the BAU might not start 

until the mid-2020s, the possibility remains that Vietnam could come back to nuclear power by 

that time.
31

  The BAU path for Indonesia totals 6.3 GWe of capacity by 2048.  Australia is 

assumed not to adopt nuclear power in the BAU path. 

The MAX  path includes greater use of nuclear power for each nation by both 2030 and 2050, 

with Vietnam installing over 19 GWe of generation from 2024 through 2050, Indonesia 

installing its first reactor in 2025, and 10.5 GWe by 2047, and Australia making the decision to 

build a nuclear fleet, perhaps in part to export power to East Asia, with reactors starting to come 

on line in 2026, and 12 GWe built and operating by 2050.   

In the MIN  path only Vietnam adopts nuclear power, but builds only its first two reactors, which 

come on line in 2033 and 2035 (totaling 2.4 GWe), several years later than in the BAU path, and 

no further reactor construction, perhaps as a result of a national economic slowdown, high costs, 

competition with other electricity sources, and/or other factors.  Neither Indonesia nor Australia 

ultimately adopts nuclear power in the MIN path. 
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 For Vietnam, the ñBAUò path is based roughly on a combination of projections from Pham, K.T. (2007), 

"Vietnam Energy Review and Power Development Plan: Period 2006 - 2015 with outlook to 2025", prepared for the 

"Asian Energy Security Project Meeting", Beijing, PRC, October 31-November 2, 2007, and available as 
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Region", Tsinghua University, Beijing, China, October 31 - November 2, 2007, and available at 
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 Associated Press (2016), ñVietnam scraps plans for its first nuclear power plantsò, dated Nov. 10, 2016, and 

available as http://bigstory.ap.org/article/544e8f5088b347f0bf71138bf3f1bdb3/vietnam-scraps-plans-its-first-

nuclear-power-plants.  
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4 Regional Scenarios for Cooperation on Spent Fuel Management  

Nautilus has worked with colleagues in the region to develop and analyze four cooperation 

ñscenariosò for nuclear fuel enrichment and for spent fuel management. The scenarios, and some 

(but hardly all) of the key policy issues they suggest, are as follows: 

1. ñNational Enrichment, National Reprocessingò: In this scenario the major current 

nuclear energy users in East Asia (Japan, China, and the ROK), and perhaps others as 

well, each pursue their own enrichment and reprocessing programs. Disposal of high-

level nuclear wastes from reprocessing would be up to each individual country, with 

attendant political and social issues in each nation. Security would be up to the individual 

country, and as a result, transparency in the actions of each country is not a given. 

2. ñRegional Center(s)ò: This scenario features the use of one or more regional centers for 

enrichment and reprocessing/waste management, drawn upon and shared by all of the 

nuclear energy users of the region. We avoid identifying particular country hosts for the 

facilities, but China and Russia are obvious candidates. 

3. ñFuel Stockpile/Market Reprocessingò: Here, the countries of the region purchase 

natural and enriched uranium internationally, but cooperate to create a fuel stockpile that 

the nations of the region can draw upon under specified market conditions. Reprocessing 

services are purchased from international sources, such as Franceôs AREVA or from 

Russia, while some spent fuel continues to be stored in nations where nuclear generation 

is used. 

4. ñMarket  Enrichment/Dry Cask Storageò: In this, likely the least expensive of the four 

scenarios for participants, countries in the region (with the possible exception of China) 

would continue to purchase enrichment services from international suppliers such as 

URENCO in Europe, the USEC in North America, and Russia. All spent fuel, after 

cooling in ponds at reactor sites, would be put into dry cask storage either at reactor sites 

or at intermediate storage facilities. 

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

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

group of countries that could include nations outside the region.  At their least demanding (in 

terms of costs and institutional arrangements between nations), cooperation options can involve 

relatively modest types of activities such as straightforward scientific, educational, and technical 

exchanges, or collaborationsðfor example, through the International Atomic Energy Agency 

(IAEA) or other international agenciesðon sharing of information on nuclear ñbest practicesò.  

More complex options include consortiums for purchasing of raw uranium or of enriched fuel.  

More complex still are arrangements to share enrichment and spent-fuel management facilities.   

An IAEA Expert Group in 2005 produced a generic review of multilateral approaches to the 

nuclear fuel cycle, and some of that groupôs observations and suggestions are reflected in the 

proposals by other groups summarized below, as well as in the regional cooperation scenarios 
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elaborated and evaluated in this paper
32

.  A few of the benefitsðand challengesðof regional 

cooperation on nuclear fuel cycle issues are listed below,
33

 along with a discussion of some of 

the previous global nuclear fuel cycle cooperation initiatives that have been discussed, more 

detailed descriptions of the nuclear fuel cycle scenarios summarized above, and a discussion of 

the key analytical approaches used in this report to evaluate the relative costs and benefits of the 

four cooperation scenarios.  

4.1 Potential Benefits and Challenges of Cooperation 

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

¶ Scientific, educational, and technical exchanges on nuclear fuel cycle issues help to assure 

that countries have a common understanding and knowledge base with regard to fuel cycle 

issues.   

¶ Sharing nuclear facilities, whether  enrichment, reprocessing, or spent-fuel facilities, provides 

viable alternative for countries that may, due to political, social, geological, or other 

concerns, have few positive prospects for domestic siting of such facilities.  

¶ Achieving economies-of-scale for enrichment facilities, reprocessing centers, or geologic 

repositories, though economies of scale likely are stronger for some types of facilitiesðsuch 

as enrichment plants or mined geologic repositoriesðthan for others, such as spent-fuel 

storage based on dry-cask technologies.
34

 

¶ Creating a new revenue source for a host country.  

¶ Sharing nuclear facilities may help to assure that all countries maintain consistent practices 

and quality control standards in working with nuclear materials, as well as consistent levels 

of safeguards, monitoring, and verification in nuclear fuel cycle activities, helping to build 

confidence between nations. 

¶ Sharing of spent-fuel and reprocessing facilities can help to reduce proliferation risks by 

avoiding unnecessary accumulation of separated plutonium.  

Implementing regional or international facilities, including those for spent fuel/radioactive waste 

storage/disposal, also will likely involve overcoming obstacles such as: 

¶ Ethical issues in the region. There is some public perception that countries that have the 

benefits of nuclear power generation should bear the burden of storing and disposing of their 

radioactive wastes. This argument raises ethical and fairness issues that would oppose the 

concept of a regional/international repository. To obtain public and political support, an 
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arrangement for the regional/international repository should be based on a fair and equitable 

sharing of benefits between a repository host and other participating countries. 

¶ Complicating national policies in the management of spent fuel and high-level waste (HLW). 

A regional/international repository could distract national spent fuel and radioactive waste 

management programs with hopes for an international facility.   

¶ Perceptions of attempts at coercion by nuclear supplier states felt by states that would 

potentially participate in fuel cycle cooperationðessentially, perceptions by the nuclear fuel 

cycle ñhave notsò that nuclear supplier states (ñhavesò) are attempting to limit the activities 

of those that do not have enrichment and/or reprocessing in the guise of non-proliferation.
35

 

¶ A tendency toward decision-making in the nuclear sectors that focuses on the requirements 

and concerns of a single group of nuclear actors, rather than taking a more holistic approach.  

For example, groups responsible for the security and profitability of nuclear reactors will 

likely reach different conclusions as to optimal policy paths than groups focusing on national 

security/non-proliferation or on nuclear waste management.
36

      

¶ Increasing transportation requirements in the region. The regional/international repository 

will involve frequent transportation of spent fuel/radioactive waste from participating 

countries to a host country, and increasing concern over nuclear accidents during the 

transportation that may lead radioactive release to the environment. Proliferation risks due to 

diversion of materials during transport are also a concern. 

4.2 Previous Global Nuclear Fuel Cycle Cooperation Proposals in East Asia 

Regional (East Asia), and indeed, global nuclear fuel cycle cooperation proposals have been 

offered by a number of groups and individuals over the past two decades and earlier.  Below we 

provide brief descriptions of selected prior proposals.  Other authors have reviewed these and 

other proposals in greater detail than is possible here.
37
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¶ Interest in regional/international spent fuel/radioactive waste storage/disposal increased 

significantly in the 1970s and early 1980s. In 1977, the IAEA reported that regional fuel 

cycle centers were feasible and would offer considerable nonproliferation and economic 

advantages. In 1982, the IAEA concluded a project of the International Fuel Cycle 

Evaluation (INFCE) in which IAEA expert groups suggested an establishment of 

international plutonium storage and international spent fuel management.
38

 

¶ In the mid-1990s, the concept of the International Monitored Retrievable Storage System 

(IMRSS) was proposed by Wolf Hafele. The IMRSS envisioned international sites where 

spent fuel, and possibly also excess separated plutonium, could be stored under monitoring 

for an extended period but could be retrieved at any time for peaceful use or disposal.
39

 

¶ In the mid-1990s through the late 1990s, a number of proposals for nuclear power sector 

cooperation in the Asia-Pacific region, on topics ranging from safety to proliferation to waste 

management, were developed.  Tatsujiro Suzuki
40

 prepared a comparison of various 

proposals for regional nuclear cooperation offered during the period, and concluded that 

there are potential areas of cooperation where common needs and interests exist among the 

countries of Northeast Asia.  At present, however, none of these proposals have been 

implemented to a significant degree. 

¶ The past decade has seen a number of additional proposals for cooperation on uranium 

enrichment, management of nuclear spent fuels, or both, many involving East Asian and 

Pacific countries.  Brief summarizes of just some of the cooperation proposals on 

international enrichment and/or low-enriched uranium (LEU) fuel supply and spent fuel 

management that have come forth in the last 10 years or so follow.
41

 

¶ The Global Nuclear Energy Partnership (GNEP), proposed by the United States during 

the George W. Bush administration (in 2006), had as its enrichment component a proposal to 

establish a group of enriched fuel supplier states, and a requirement that those states provide 

enriched fuel to non-supplier nations at a reasonable cost, while reducing the potential for 

proliferation of sensitive technologies, in part through cooperation with the IAEA on nuclear 

safeguards.
42

  GNEP proposed coupling these fuel supply guarantees and with spent fuel 

ñtake backò arrangements. GNEP has received when the U.S. Congress cut funding to the 

program in 2008, and eliminated funding (except for a parallel but related ñAdvanced Fuel 
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Cycle Initiativeò that funds reprocessing research and development) for 2009.  GNEP has, 

however, been recast as the International Framework for Nuclear Energy Cooperation 

(IFNEC), which ñis a partnership of countries aiming to ensure that new nuclear in 

initiatives meet the highest standards of safety, security and nonȤproliferationò and ñinvolves 

both political and technological initiatives, and extends to financing and infrastructureò. 
43

 

¶ The International Uranium Enrichment Center (IUEC) and LEU Nuclear Fuel Bank , 

was proposed by Russia in 2006, and initiated by Russia shortly thereafter.  The concept is 

for Russia to host the IUEC at its existing Angarsk Electrolytic Chemical Combine
44

.  

Membership in the enrichment center, intended to be on an ñequal and non-discriminatory 

basisò, requires charter states to forego developing their own enrichment facilities, and be in 

compliance with their nonproliferation obligations (including membership in the Treaty on 

the Non-Proliferation of Nuclear Weapons).  Reserves of LEU were placed at Angarsk in late 

2010, and the IUEC Agreement went into force in early 2011, after which ñthe LEU reserve 

in Angarsk has been available for IAEA Member Statesò, constituting ñthe first proposals on 

nuclear fuel supply assurances to have been put into practiceò.
45

 

¶ In 2006, NTI (the Nuclear Threat Initiative)  pledged $50 million toward an International 

Fuel Bank to be run by the IAEA.  Since then, $100 million in matching contributions have 

been pledged by other countries. Similar to the Russian proposal, but not affiliated with a 

specific enrichment center, the goal of the Fuel Bank concept by NTI ñéis to help make fuel 

supplies from the international market more secure by offering customer states, that are in 

full compliance with their nonproliferation obligations, reliable access to a nuclear fuel 

reserve under impartial IAEA control should their supply arrangements be disrupted. In so 

doing, it is hoped that a state's sovereign choice to rely on this market will be made more 

secureò
46

.  As of early 2010, the IAEA was planning to site the LEU repository at a remote 

site in Kazakhstan, at a metallurgical factory with existing storage infrastructure.  IAEA 

member states voted in favor of the fuel bank in late 2010.
47

 

¶ In April of 2007, Germany proposed to the IAEA the creation of a multilateral enrichment 

facility , established by a group of interested states, to be placed in a host states but on an 
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ñextraterritorial basisò.
48

  Like the Russian proposal, and similar to the Fuel Bank NTI 

proposal, the facility would help assure supplies of enriched fuels to nations that qualify 

based on adherence to their non-proliferation treaty commitments and related IAEA 

safeguards.
49

  

¶ The so-called ñSix-Countryò Proposal of a Nuclear Fuel Assurance Backup System, 

offered in 2006 by the enriched fuel supplier nations France, Germany, the Netherlands, 

Russia, the United Kingdom, and the United States, proposed that enrichment suppliers 

would substitute enrichment services for each other to cover supply disruptions for enriched 

fuel consumers that have ñchosen to obtain suppliers on the international market and not to 

pursue sensitive fuel cycle activitiesò.  Further, the proposal would provide ñphysical or 

virtualò reserves of LEU fuel for use in the event that other fuel assurances fail.
50

 

¶ Also in 2006, Japan proposed an IAEA Standby Arrangements System for the Assurance 

of Nuclear Fuel Supply.  This system would be managed by the IAEA and would offer 

information, provided voluntarily by nuclear fuel supplier countries, on the status of uranium 

ore, reserves, conversion, enrichment, and fuel fabrication in each country.   The goal of this 

system is to help prevent disruption in international fuel supplies by acting as a kind of ñearly 

warningò system of impending supplier shortfalls for states purchasing fuel or fuel services.  

If a disruption in supply takes place, under this system, the IAEA acts as intermediary in 

helping a consumer country find a new supplier country.
51

 

¶ In the 1990s, a commercial group called Pangea was looking for an international geologic 

repository for both spent fuel and radioactive wastes. Envisioning a facility for disposing 

of 75,000 MT heavy metal of spent fuel/HLW, Pangea initially selected Australia for its 

proposed repository, but is seeking other sites around the world after confronting political 

opposition in Australia.
52

 

¶ During the late 1990s to early 2000s, two proposals involving depository sites in Russia were 

presented. One was a concept of the Nonproliferation Trust  (NPT) that called for 

establishing a dry cask storage facility in Russia that would accept 10,000 MT heavy metal of 

spent fuel from abroad, and would include eventual spent fuel disposal. The other was a 

concept offered by MINATOM ( Ministry for Atomic Energy of Russia
 
) that suggested a 

plan for an international spent fuel service involving offering temporary storage with later 

return of the spent fuel, or reprocessing of spent fuel without return of plutonium or 

radioactive wastes for customer countries.
53
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¶ In 2003, Dr. Mohamed El Baradei suggested multinational approaches to the management 

and disposal of spent fuel and radioactive waste
54

.  In 2005, commissioned at Dr. M. El 

Baradei's suggestion in 2003, the IAEA published a report on Multilateral Approaches to the 

Nuclear Fuel Cycle in which the IAEA concluded that such approaches are needed and worth 

pursuing, on both security and economic grounds.
55

 

¶ In January 2006, Russian President Vladimir Putin announced a Global Nuclear Power 

Infrastructure (GNPI) initiative to provide the benefits of nuclear energy to all interested 

countries in strict compliance with nonproliferation requirements, through a network of 

international nuclear fuel cycle centers (INFCC). INFCC are conceived as being related to 

the provision of enrichment services and to spent fuel management issues through the 

provision of reprocessing and the disposal of residual waste within the framework of INFCC, 

under IAEA safeguards.
56

  

¶ In 2008, Tatsujiro Suzuki and Tadahiro Katsuta proposed the idea of an ñInternational 

Nuclear Fuel Management Association (INFA)ò as a multilateral nuclear fuel cycle 

approach
57

.  The central principles of the INFA are universality, meaning avoiding 

discrimination between nuclear ñhavesò and ñhave notsò, transparency, meaning that the 

IAEA ñAdditional Protocolò or equivalent safeguards arrangements should be applied for all 

facilities, and demand should come first before supply, and economic viability, meaning that 

the activities of the Association should be consistent with global nuclear fuel market 

activities, and that the economic rationale of the Association should be clearly defined to 

support nuclear fuel cycle programs.  

¶ The Northeast Asia Peace and Cooperation Initiative, an ROK-led process that proposes to 

address several (often interrelated) topics of mutual concern to the countries of the region, 

one of which is ñnuclear safetyò, through a gradual, stepwise process.
58

  The Initiative is 

notable in the it explicitly seeks to include the DPRK, but it does not yet seem to have 

articulated specific goals or proposals for regional nuclear fuel cycle collaboration. 

 

4.3 Scenarios for Nuclear Fuel Cycle Cooperation in Northeast Asia 

The descriptions below update earlier Nautilus analyses of four cooperation ñscenariosò for 

nuclear fuel enrichment and for spent fuel management. These generic scenarios borrow many 

concepts from earlier enrichment and spent-fuel management cooperation proposals, some of 

which are summarized above.  Each scenario includes specific assumptions by country for each 

of several fuel-cycle ñnodesò: uranium mining and milling, uranium transport, uranium 
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conversion and enrichment, fuel fabrication, transportation of fresh reactor fuel, electricity 

generation, spent fuel management (including reprocessing), spent fuel transport, and permanent 

disposal of nuclear wastes.  Key attributes of the scenarios are as follows: 

1. ñNational Enrichment, National Reprocessingò: In this scenario the major current nuclear 

energy users in East Asia (Japan, China, and the ROK) each pursue their own enrichment and 

reprocessing programs, with all required enrichment in those countries accomplished 

domestically by 2025 or 2030.   For Japan, domestic enrichment of all of its own uranium 

needs in the BAU or MAX nuclear capacity paths would require the construction of facilities 

beyond the total of 1.5 million SWU per year scheduled to be on line by 2022,
59

 probably 

together with stockpiling some enriched uranium prior to the full restart of reactors.  Note 

that enrichment and reprocessing activities by the ROK under this scenario would imply and 

require the assent of the United States under the ñU.S.-Republic of Korea Nuclear 

Cooperation Agreementò revised and re-signed by the US and ROK in June, 2015.
60

  Other 

countries may also pursue domestic enrichment, though this scenario assumes that other 

countries import enrichment services through 2050.  Reprocessing uses 60 percent of newly 

cooled spent fuel (SF) in the ROK (and the DPRK) in each path.
61

  In China, reprocessing 

uses 60 percent of newly cooled spent fuel in the BAU and MIN paths, and 80 percent in the 

MAX path.
62

 In Japan, reprocessing operates at 85 percent of capacity in the MAX path, and 

55 percent in the BAU path, but not at all in the MIN path, and is in place in Japan by 2020 

(or, more accurately, the Rokkasho facility is assumed to be commissioned and operational 

by then).  Reprocessing is in place in the ROK/China by 2030.   Nuclear fuel is assumed to 

be fabricated where uranium is enriched and/or fuel is reprocessed.  Half of the reactors in 

China and the ROK eventually use 20% mixed oxide fuel (fuel including mixed uranium and 

plutonium oxides, or MOx), with half of the reactors in Japan using 30 percent MOx fuel in 

the MAX and MIN paths, and 40 percent of reactors using MOx in the BAU path, but MOx 

use starts earlier in Japan than in the other nations. Japan, Taiwan, and the ROK import 

uranium; other nations in the region eventually produce half of their U needs domestically 

except Australia, which produces all of its needs, and the Russian Far East, which imports all 

of its modest needs from elsewhere in Russia.  Arrangements for disposal of high-level 

nuclear wastes from reprocessing would be up to each individual country, with attendant 

political and social issues in each nation.  Security would be up to the individual country, and 
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as a result, transparency in the actions of each country is not a given. Disposal of spent fuel 

and of high-level nuclear wastes from reprocessing is assumed to be carried out in each 

individual country, with interim storage or dry cask storage use assumed through 2050. 

2. ñRegional Center(s)ò: This scenario features the use of one or more regional centers for 

enrichment and reprocessing/waste management, drawn upon and shared by all of the nuclear 

energy users of the region.  We avoid identifying particular country hosts for the facilities, 

but China and Russia are obvious candidates, though the potential involvement of other 

countries, including Mongolia, has been suggested.
63

  The centers are assumed to be operated 

by an international consortium, and drawn upon and shared by all nuclear energy users in 

region.   The consortium imports uranium for enrichment from the international market, and 

shares costs between participants.  China limits its own production of uranium to current 

levels, which provides a progressively smaller share of Chinaôs uranium needs as the Chinese 

nuclear sector grows.
64

  Nuclear fuel (including MOx) is fabricated at the regional center(s), 

with use of MOx by country the same as in Scenario 1. Reprocessing of spent fuel from the 

ROK, the DPRK, and China also occurs in the same amounts as in Scenario 1, but is 

accomplished in regional center(s) starting in 2025, with phase-in complete by 2030, and 

with reprocessing of half of the spent fuel from other nations carried out in regional centers 

by 2050.  Japanôs domestic reprocessing is initially the same by path as in Scenario 1, but 

transitions to regional centers starting in 2025 and ending in 2030 (still without reprocessing 

in the MIN path). Disposal of spent fuel and high-level nuclear wastes from reprocessing is 

done in coordinated regional interim storage facilities, pending development of permanent 

regional storage in the post-2050 period.  

3. ñFuel Stockpile/Market Reprocessingò: Here, the countries of the region purchase natural 

and enriched uranium internationally, but cooperate to create a fuel stockpile (the equivalent 

of one yearôs consumption of natural uranium and enriched fuel) that the nations of the 

region can draw upon under specified market conditions.  Enrichment is purchased from 

international sources except for the existing modest Japanese and Chinese capacity.  

Reprocessing services are purchased from international sources, such as Franceôs AREVA or 

from Russia, while some spent fuel continues to be stored in nations where nuclear 

generation is used.  Nuclear fuel (excluding MOx) is fabricated where uranium is enriched.  

Reprocessing of spent fuel is done in the same amounts as in Scenario 2, but is carried out at 

international center(s), where MOx fuel is fabricated for use in the region (with MOx use as 

in Scenarios 1 and 2).  The exception is in Japan, where, as in Scenario 2, domestic 

reprocessing operates starting in 2018 and ending by 2025, when international reprocessing 

is used.  Management of spent fuel and high-level nuclear wastes from reprocessing is 

accomplished using international interim storage facilities, possibly including facilities in the 

region, pending development of permanent regional storage post-2050. 
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4. ñMarket Enrichment/Dry Cask Storageò: In this scenario, countries in the region (with the 

possible exception of China) would continue to purchase enrichment services from 

international suppliers such as URENCO in Europe (and the US), the USEC in North 

America, as well as from Russia, except that existing Chinese capacity enrichment capacity 

would continue to be used, and existing Japanese capacity would be used until it is closed 

after 2020.  Uranium and enrichment services purchases would be through an international 

consortium, as in scenarios 2 and 3.  Japan and China cease reprocessing in 2015, and no 

other countries reprocess spent fuel after that point either at international or in-region 

facilities.  Japanôs MOx use would be phased out by 2013 and no MOx use would occur 

elsewhere in the region. All spent fuel, after cooling in ponds at reactor sites, would be put 

into dry cask storage either at reactor sites or at intermediate storage facilities.
65

  High-level 

wastes from reprocessing (before 2016) would also be placed in interim storage facilities. 

These scenarios are not by any means intended to exhaust the universe of possible nuclear fuel 

cycle cooperation (or non-cooperation) options for the region.  We believe that these scenarios 

do, however, represent a reasonable range of the different options that could be adopted.   

4.4 Key Analytical Approaches and Assumptions 

In order to the estimate the relative costs and benefits of the four nuclear fuel cycle cooperation 

scenarios summarized above, the following analytical approach was taken.  What is presented 

here is necessarily a condensed description of the methods and data used; please see our more 

detailed 2010 report for further details, but please note that some model parameters have been 

updated consistent with the assumptions described here to prepare the results reported below.
66

  

Additional details of assumptions used in the analyses described here are available in the 

printouts provided in Annex 2A to this Report. 

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

as noted above by the authors, served as the basis for calculating nuclear fuel requirements, and 

spent fuel arisings (including arisings from decommissioned plants).  To these estimates of fuel 

requirements, calculated for each of the three nuclear ñpathsò in each country, as presented 

above, we overlaid the four scenarios of regional cooperation on nuclear fuel cycle issues over a 

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

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

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

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

fabrication and reactor fuel transport, and reprocessing and spent fuel management.  Key inputs 
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at each (applicable) node included the mass of uranium (in various forms) and plutonium, 

energy, enrichment services, transport services, and money, accounted for by country and by 

year.  Key outputs at each node included uranium and plutonium, spent UOx (uranium oxide) 

and MOx fuel, and major radioactive waste products, again by country and year.  Costs are 

presented and calculated in approximately 2009 dollars, except where noted. 

Using this approach, quantitative results for 12 different regional cooperation scenario and 

nuclear power development path combinations were generated.  These quantitative results were 

coupled with qualitative considerations to provide a side-by-side comparison of the energy 

securityðbroadly defined to include not just energy supply and price security, but technological, 

economic, environmental, social/cultural, and military security aspects as well
67
ð attributes of 

four cooperation scenarios.  As such, we used the energy security comparison methodology 

developed by Nautilus Institute and its partners under a series of initiatives starting in 1998. 

Many of the parameters incorporated in the analysis described here are uncertain, with the future 

costs of nuclear materials and facilities perhaps the most uncertain.  As such, numerous 

assumptions informed by a variety of literature sources were used in this analysis.  Some of the 

key assumptions used in the analysis are as follows: 

¶ Uranium Cost/Price: $60/kgU in 2016,
68

 escalating at 5.5%/yr through 2035 as demand 

increases and inventories are used up in the near term, and at 3.5 percent per year thereafter 

through 2050.  Note that these prices are indicative of spot market prices.  Long-term prices, 

associated with uranium purchased under long-term contracts, have historically been about 

$25 more per kgU than spot market prices.  This projection serves as a ñmediumò scenario, 

but uncertainties are, as noted, substantial.  Just in the last decade, uranium prices ñspikedò in 

2007 at over $260/kg, fell to about the $120/kg level by 2009-2010, rose again in early 2011, 

then began to fall, particularly after the Fukushima accident, with continued decline, on 

average (though not in every year) over 2012 through September 2016 to about $60 per kg, 

due to an international glut in uranium production and inventories.  As alternative projections 

of uranium prices, we prepared a ñHighò projection that assumes 7.3 percent average annual 

growth through 2035, and 5 percent average growth per year thereafter, and a ñLowò 

projection case below, we assume an increase in uranium costs of 3.0% annually through 

2020 from the current (2016) very low U prices, and a modest 0.50% annual real increase in 

uranium costs thereafter.
69

  It might be considered reasonable to pair the different projections 

of uranium prices with the different nuclear energy development paths, as we have done for 

enrichment prices (see below).  We have decided against doing so, however, because it 

seems likely that uranium supply can respond to different levels of demand much more 

quickly than can enrichment capacity.  We thus use the medium uranium price projection for 

all four scenarios of cooperation and for all three nuclear energy capacity paths, but use 
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Peter (2011), ñEnergy Security and Sustainability in Northeast Asiaò, Asian Energy Security special section of 

Energy Policy, 39(11), 6719ï6730; and von Hippel, David F., Suzuki, Tatsujiro, Williams, James H., Savage, 

Timothy, and Hayes, Peter (2011), ñEvaluating the Energy Security Impacts of Energy Policiesò, in Benjamin K. 

Sovacool (Ed.), The Routledge Handbook of Energy Security (pp. 75ï95), Oxon, UK: Routledge. 
68

 Recent historical prices from Cameco "URANIUM PRICES, Uranium Spot Price History, though September, 

2016, available as http://www.cameco.com/invest/markets/uranium-price.  
69

 This is the same escalation rate used by a team of MIT researchers in preparing "Update of the MIT 2003 Future 

of Nuclear Power Study", dated 2009, and available as http://web.mit.edu/nuclearpower/pdf/nuclearpower-

update2009.pdf. 

http://web.mit.edu/nuclearpower/pdf/nuclearpower-update2009.pdf
http://web.mit.edu/nuclearpower/pdf/nuclearpower-update2009.pdf
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alternative price projections to prepare sensitivity analyses. 

¶ Average uranium (U) concentration in ore purchased from international market sources: 

2.5%.  Note that this estimated average, based mostly on 2011 output data, is heavily 

influenced by the uranium concentration of a single highly productive mine in Canada with 

an ore concentration of on the order of 20 percent.  Excluding this mine, the global average U 

concentration in ore is about 0.1%, though in practice uranium concentrations in ore vary 

widely.
70

 

¶ Thirty percent of the enriched uranium from the international market was produced in 

gaseous diffusion plants in 2007, with the remainder in centrifuge-based plants, but all 

enrichment was sourced from centrifuge-based plants by 2014 as gaseous diffusion capacity, 

mostly the Paducah plant in Kentucky in the United States, was retired.
71

  Although some 

enriched uranium will continue to be sourced from highly enriched uranium from retired 

nuclear weapons, and it is possible that some laser enrichment will begin to be used in the 

international market, we assume that centrifuge-based plants will effectively continue to be 

the predominant supplier of enriched uranium for East Asia through 2050. 

¶ Enrichment costs have fallen by well over 50 percent in the last five years, from about 

$160/kg per separative work unit (SWU) in 2008 through early 2010 to about $72 per kg in 

2015, and to $51 in the first two-thirds of 2016, likely as a result of the combination of the 

global economic recession and the impacts on the nuclear industry of the Fukushima 

accident.  We assume, for the BAU nuclear generation capacity expansion case, that costs per 

SWU rise at 2.0 percent annually in real terms from the 2016 level, meaning that real 2050 

costs per SWU will be substantially lower than they were at the cost peak in 2008/2009.  

Since the MAX nuclear capacity expansion case results in higher demand for SWU, we 

assume that the costs per SWU will rise faster than for BAU capacity expansion, at an 

average rate of 3.0 percent annually.  Conversely, a low rate of nuclear generation capacity 

expansion reduces SWU demand, so we assume a 1.0 percent annual real escalation of costs 

per SWU from (very low) 2016 levels is associated with scenarios in based on the MIN 

capacity expansion case.  Associating particular enrichment cost trajectories with specific 

nuclear capacity expansion/use scenarios is admittedly a modeling decision in and of itself, 

and one that can be questioned.  If the region being modeled represented a smaller part of the 

current and expected market for enrichment, then one could justifiably argue that world SWU 

market prices should be largely independent of changes in nuclear generation in the region.  

In this case, however, the converse is true, and changes in the region are likely to have a 

large impact on enrichment demand.  The supply of enrichment services, on the other hand, 

is arguably fairly inelastic, as enrichment plants are expensive and take a long time to plan, 

site, and build.  Still, over a 30-plus year time horizon one might expect more enrichment to 

come on line, and affect international prices.  We thus use sensitivity analysis to look at the 

impacts of different enrichment price trajectories on different combinations of scenarios and 

nuclear capacity paths.  

                                                 
70

 World Nuclear Association (2012), "World Uranium Mining", last updated August, 2012, and available as 

http://www.world-nuclear.org/info/inf23.html. 
71

 Roughly consistent with information in World Nuclear Association (2016), ñUranium Enrichmentò, updated 

October 2016, and available as http://www.world-nuclear.org/information-library/nuclear-fuel-cycle/conversion-

enrichment-and-fabrication/uranium-enrichment.aspx.  

http://www.world-nuclear.org/info/inf23.html
http://www.world-nuclear.org/information-library/nuclear-fuel-cycle/conversion-enrichment-and-fabrication/uranium-enrichment.aspx
http://www.world-nuclear.org/information-library/nuclear-fuel-cycle/conversion-enrichment-and-fabrication/uranium-enrichment.aspx
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¶ Raw uranium transport costs are set at roughly container-freight rates. 

¶ The cost of U3O8 conversion to UF6 (uranium hexafluoride, which is processed by 

enrichment plants) is $14/kg U.
72

        

¶ The cost of UOx fuel fabrication is $270/kg heavy metal (HM, meaning uranium and 

plutonium).
73

  

¶ The cost of MOx fuel blending and fabrication is $1800/kg heavy metal.
74

  

¶ The fraction of plutonium (Pu) in (fresh) MOx fuel is 7%.
75

 

¶ Spent fuel transport costs by ship are about $40/tHM-km.
76

 

¶ The cost of reprocessing is $1200/kg HM
77

 except in Japan, where it is $3400/kg HM based 

on the costs of the existing Rokkasho plant.
78

 

¶ The effective average lag between placement of nuclear fuel in-service (in reactors) and its 

removal from spent fuel pools at reactors is 8 years. 

¶ The cost of treatment and disposal of high-level wastes is $150/kg HM reprocessed, the mass 

of Pu separated during reprocessing is 11 kg/t HM in the original spent fuel, and the cost of 

storage and safeguarding of separated plutonium is $3000/kg Pu-yr.
79

 

¶ The average capital cost of dry casks (for UOx or MOx spent fuel) is $0.8 million/cask and 

the operating cost of dry cask storage is $10,000 per /cask-yr.
80

 

¶ The cost of interim spent fuel storage (total) is $360/kg HM placed in storage, and the cost of 

permanent storage of spent fuel is assumed to be $1000/kg HM placed in storage.
81

  

Permanent storage, however, is not implemented, and its costs are not charged, in any of the 
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 The World Nuclear Association (2012), in ñThe Economics of Nuclear Powerò (updated December, 2012, and 

available as http://www.world-nuclear.org/info/inf02.html), lists costs for UF6 conversion as of March 2011 as $13 

per kg UO2.  This is more than twice the cost listed in the earlier study Deutch, J., C. W. Forsberg, A.C. Kadak, M.S. 

Kazimi, E. J. Moniz, J.E. Parsons, Y. Du, and L. Pierpoint (2009), Update of the MIT 2003 Future of Nuclear Power 

Study.  MIT Energy Initiative, available as http://web.mit.edu/nuclearpower/pdf/nuclearpower-update2009.pdf. 
73

 World Nuclear Association (2012), in The Economics of Nuclear Powerò (updated December, 2012, and available 

as http://www.world-nuclear.org/info/inf02.html), lists costs for fuel fabrication as of March 2011 as $240 per kg 

UO2. 
74

 Bunn, M., S. Fetter, J. P. Holdren, B. van der Zwaan (2003), The Economics of Reprocessing vs. Direct Disposal 

of Spent Nuclear Fuel: Final Report, 8/12/1999-7/30/2003.  Project on Managing the Atom, Belfer Center for 

Science and International Affairs, John F. Kennedy School of Government, Harvard University, dated December 

2003, Report number DE-FG26-99FT4028, and available as http://belfercenter.ksg.harvard.edu/files/repro-

report.pdf. 
75

 Massachusetts Institute of Technology (MIT, 2003), The Future of Nuclear Power, An Interdisciplinary MIT 

Study.  Available as http://web.mit.edu/nuclearpower/pdf/nuclearpower-full.pdf. 
76

 Organization for Economic Cooperation and Development Nuclear Energy Agency (OECD/NEA, 1994), The 

Economics of the Nuclear Fuel Cycle. 
77

 MIT, 2003, ibid. 
78

 Katsuta, T. (2010), personal communications. 
79

 OECD/NEA, 1994, ibid. 
80

 Capital and operating costs based very roughly on United States Department of Energy (US DOE, 1994), Multi-

purpose Canister Evaluation: A Systems Engineering Approach, Report DOE/RW-0445, September, 1994l and 

TRW Environmental Safety Systems, Inc. (TRW, 1993), At Reactor Dry Storage Issues, Report # E00000000-

01717-2200-00002, September, 1993.. 
81

 Based roughly on OECD/NEA, 1994, ibid. 

http://www.world-nuclear.org/info/inf02.html
http://web.mit.edu/nuclearpower/pdf/nuclearpower-update2009.pdf
http://www.world-nuclear.org/info/inf02.html
http://belfercenter.ksg.harvard.edu/files/repro-report.pdf
http://belfercenter.ksg.harvard.edu/files/repro-report.pdf
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scenarios above by 2050. 

¶ The annual cost of storing cooled spent fuel, including both UOx and MOx spent fuel, in 

pools is $11,700 per tHM.
82

  Note that this cost does not apply to spent fuel before it has 

cooled, as costs for at-reactor cooling for 8 years are assumed to be part of reactor operating 

and maintenance costs. 

                                                 
82

 A recent estimate for the operating costs of spent fuel pools was not immediately available, but an older (1991) 

US study, S.R. Rod (1991), Cost Estimates of Operating Onsite Spent Fuel Pools After Final Reactor Shutdown, 

Report Number PNL-7778, dated August, 1991, and available as http://www.osti.gov/scitech/servlets/purl/5349359/, 

lists an average (mean) cost of operating spent fuel pools of $7.41 per kg U-yr, presumably in 1991 dollars or 

similar, which implies $11.71 per kg U-yr in 2009 dollars.  

http://www.osti.gov/scitech/servlets/purl/5349359/
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5 Spent Fuel Management Cooperation Scenario Results 

Results for the spent fuel management cooperation scenarios described above are provided in 

this section of this Project Summary Report.  These results update Nautilusô previous work on 

the topic.  Additional detailed results are available in Annex 2B to this Report. 

5.1 Uranium Production and Enrichment 

Over the period from 2000 through 2050, the countries of East Asia and the Pacific included in 

this study are projected to use a cumulative 1.37 to 1.46 million tonnes of natural uranium (as U) 

in the BAU capacity expansion case, with usage under Scenario 4 about 7 percent higher than in 

Scenarios 1 and 2.  Producing these quantities of uranium will require the extraction of about 65 

(Scenarios 2 through 4) to 270 milli on tonnes (Scenario 1)
83

 of uranium ore, with extraction in 

Scenario 1 being much higher because more of the ore is mined domestically (mostly in China), 

rather than being sourced from higher-grade Canadian (and other) deposits.  As large as these 

figures seem, they are dwarfed by the annual volume of coal extracted in China alone in a single 

year (over 3.5 billion tonnes in 2011,
84

 although of course Chinese coal-fired power plants 

generated on the order of 10 times as much power during 2011 than did all of the reactors in the 

region combined).  This comparison is, of course, inexact, because coal ash and other wastes 

have different disposal attributes and environmental impactsðand thus costs for disposalðthan 

do uranium tailings.  Milling the uranium needed for reactors in the region will require about 1.4 

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

level of resource use in perspective, is about half of one dayôs discharge of water from the 

Yangtze River to the ocean, or about a tenth of annual domestic water use in Japan.  

The enrichment services requirements for the BAU paths across scenarios are about 40 to 41 

million kg SWU in 2050 in Scenarios 1-3, and about 44 M for Scenario 4 (which includes no 

MOx use).  For the MAX generation capacity expansion path, needs rise to about 81 M SWU/yr 

in 2050 in scenarios without substantial MOx use, and are about 8 to 13 percent less in scenarios 

with MOx use.  For the MIN path, requirements are about 20-22 million SWU in the 2020s, 

rising slowly (on the strength of continued growth in the Chinese nuclear sector, offsetting 

declines elsewhere in the region to 23-25 million SWU in 2050. 

Under Scenario 1, additional enrichment capacity in the countries of the region will be required 

under all nuclear capacity expansion paths, though under the MIN path Japanôs maximum annual 

SWU demand (2020 ï 2029) is quite close to the reported full capacity (1.5 million SWU/yr) of 

the Japan Nuclear Fuel Ltd (JNFL) commercial enrichment plant at Rokkasho.
85

  Under other 

scenarios, global enrichment capacity by 2015 would need to be expanded to meet 2050 regional 

plus out-of-region enrichment demand under the BAU or MAX expansion paths.  Under the 

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

                                                 
83

 In the MAX capacity expansion case, cumulative 2000 through 2050 uranium ore extraction is about 510 million 

tonnes in Scenario 1. 
84

 British Petroleum (2012), Excel workbook ñBP Statistical Review of World Energy June 2012ò, available as 

http://www.bp.com/assets/bp_internet/globalbp/globalbp_uk_english/reports_and_publications/statistical_energy_re

view_2011/STAGING/local_assets/spreadsheets/statistical_review_of_world_energy_full_report_2012.xlsx.   
85

 See World Nuclear Association (2016), ñJapan's Nuclear Fuel Cycleò, updated September 2016, and available as 

http://www.world-nuclear.org/information-library/country-profiles/countries-g-n/japan-nuclear-fuel-cycle.aspx.  
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http://www.world-nuclear.org/information-library/country-profiles/countries-g-n/japan-nuclear-fuel-cycle.aspx
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by 2050 approximately equal to more than half of todayôs global capacity.  Under the MIN 

expansion path, however, international enrichment facilities extant as of 2015 are likely 

sufficient to meet regional and out-of-region demand without significant expansion, assuming 

existing facilities (or replacement facilities) continue to operate.  Figure 5-1 summarizes the 

required regional volume of enrichment service required, both in-country and out-of-country 

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

of the four scenarios.  Figure 5-2 shows enrichment requirements over time by country.   Though 

the ROK and Japan account for almost all enriched uranium needs pre-Fukushima, the rapid 

growth of Chinaôs nuclear power sector and the slow process of restarting Japanôs reactors means 

that Chinaôs demand for enrichment will outstrip needs in the rest of the region well before 2020.  

 

Figure 5-1: Requirements for Enriched Uranium by Scenario, Adjusted for MOx Use, BAU 

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

MOx Use, for the BAU Nuclear Capacity Expansion Path 

 

 

5.2 Spent Fuel Management 

The increase in production of spent fuel has implications for the sufficiency of space for storage 

of spent fuel at reactors (spent fuel pools) and other facilities.  In Scenario 1 under the BAU 

nuclear capacity expansion path, China, Japan, and the ROK will require new spent fuel storage 

capacity by the early 2020s or sooner in the ROK and possibly Japan, depending on whether 

spent fuel pools remain dense-racked, and the timeline for starting the Mutsu dry cask storage 
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assumption that new reactors will (mostly) be designed with 15 years of spent fuel storage 
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assemblies.  These risks were underscored by the damage to spent fuel in pool storage that 

occurred during the Fukushima Daiichi Plant accident in Japan starting in March 2011. Given the 

recent history of public opposition to new nuclear sites in Japan and the ROK, one would expect 

the process of developing new storage/disposal/reprocessing facilities to be difficult.  China, with 

more lightly-populated areas than the ROK or Japan, and less of a tradition of civic involvement 

in security and environmental issues, may find an easier path to siting such facilities.  On the 

other hand, in the twenty years between now and when China will need such facilities, and given 

the recent trend of a growing civil society voice in key issues, spent fuel management facilities 

may also become progressively harder to site in China as well.  

Figure 5-3 summarizes the region-wide use of reprocessing over time in each of the four 

Scenarios.  A similar amount of reprocessing takes place in each of Scenarios 1 through 3, rising 

to about 2200 tonnes of heavy metal annually by 2050, but reprocessing in Scenario 1 takes 

place mostly in the countries of the region, while in Scenarios 2 and 3 reprocessing is mostly 

done either outside the region, or in shared reprocessing facilities in the region.  In Scenario 4, as 

a result of the scenario assumptions, no reprocessing takes place after about 2010.  Note that the 

scale in the graph for Scenario 4 is much smaller than the scale in the other three panels of 

Figure 5-3.   Combinations of active reprocessing programs and high or medium growth in 

nuclear generation capacity yield large, though transitional, inventories of plutoniumðon the 

order of 75 to 95 tonnes.  Scenario 1 coupled with the ñMAXò capacity expansion path produces 

a maximum regional inventory of plutonium, at nearly 95 tonnes in 2038, but that inventory is 

more than used in MOx fuel by 2050, given Scenario 1 assumptions.  Several scenario/path 

combinations actually result net negative plutonium stocks regionwide in the last two to four 

years of the modeling period (ending in 2050), implying that Pu from other international 

separation programsðor, perhaps, conversion of Plutonium originally produced for weaponsð

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

decreased).   Plutonium inventories remain at about 53 tonnes in all Scenario 4 capacity variants 

from about 2015 on.  Placed in perspective, in almost all years any of these quantities of Pu are 

sufficient that diversion of even a few hundredths of one percent of the total regional stocks 

would be enough to produce one or more nuclear weapons.  
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Figure 5-3: Region-wide Quantities of Spent Fuel Reprocessed by Year by Scenario, BAU 

Nuclear Capacity Expansion Path 

 

 

5.3 Spent Fuel Production 

Figure 5-4 summarizes cooled spent fuel (UOx fuel only) production by country in Scenario 1 

for the BAU capacity expansion path.  By 2050, an annual volume of somewhat under 4000 

tonnes of spent fuel regionwide will be cooled and ready for storage, reprocessing, or disposal.    

An additional 280 tonnes per year of MOx spent fuel will be cooled and require further 

managementðbut likely somewhat different management than UOx fuel, due to its different 

radiological propertiesðin 2050, with all cooled MOx fuel coming from Japan, China, and the 

ROK.  Note, in Figure 5-4, that the dip in cooled spent fuel production corresponds to the very 

low (or zero) capacity factors for nuclear power in Japan in the aftermath of the Fukushima 

accident.  The actual cooled spent fuel production in the mid-to-late 2020s may be even lower, as 

the capacity factors used in this study for the post-Fukushima years in Japan may prove to be 

overstated. 
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Figure 5-4: Production of Cooled Spent UOx Fuel by Year and by Country, Scenario 1 and 

BAU Nuclear Capacity Expansion Path 

 

 

5.4 Relative Costs of Scenarios 

Along with the inputs to and outputs of nuclear fuel cycle facilities, the estimated costs of key 

elements of the nuclear fuel cycle have been evaluated for each combination of scenario and 

nuclear capacity expansion path.  In general, though not in every case, ñlevelizedò costs have 

been used, expressed, for example, on a per-tonne-heavy metal processed basis, to include a 

multitude of operating and maintenance as well as capital costs, often for very long-lived 

facilities.  In other cases market trends in prices have been extrapolated, for example, for 
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price trends.   All costs in the figures in this section are provided in 2009 dollars.   The figures 

below focus on the results of the BAU nuclear capacity expansion path.  As with other 

parameters, cost estimates are in many cases by their very nature quite speculative, as they often 

specify costs for technologies that have not yet been commercialized (permanent waste storage, 

for example), or are commercialized but practiced in only a few places in the world (reprocessing 

and high-level waste vitrification, for example), or are subject to regulatory oversight with the 
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available for this analysis (such as most nuclear materials transport costs).  As such, the costs 

estimates provided here should be taken as indicative only, for use primarily in comparing 

regional scenarios. 
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Not yet included in the cost analysis summarized here are the costs of nuclear generation, apart 

from fuel-related costs.  These costs have been omitted (capital costs and O&M costs, for 

example) in analyses thus far because a full comparison of different nuclear paths also requires 

inclusion of the capital costs of other electricity generation sources and of other methods of 

providing energy services (such as energy efficiency improvements) that might be included in a 

given energy sector development path for a given country.  It should be noted, however, that 

using MOx fuel in some of the regionôs reactors will require modifications in reactor design and 

operation that will vary in cost by plant, but will likely be in the range of tens of millions of 

dollars in capital costs and tens of millions of dollars in annual operations costs, per reactor (see, 

for example, Williams, 1999).
86

  These costs would accrue to scenarios with substantial MOx 

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

Highlights of the cost results summarized as annual costs in 2050 for the BAU path (Figure 5-5) 

include: 

¶ Uranium mining and milling costs for the region are estimated at $10.5 to $11.4 billion per 

year by 2050, with the inclusion of reprocessing in Scenarios 1 through 3 reducing costs only 

modestly (3 to 8 percent) relative to Scenario 4.  It should be remembered that the BAU 

scenario uses a ñMediumò international price trajectory for uranium, under which cost per 

kgU returns to near the historical (but transient) high price spike of 2007, in real terms, by 

2050.  Use of a lower uranium price forecast would substantially lower estimated mining and 

milling/purchase) costs. 

¶ Natural uranium transport costs, at an estimated 1 to 5 million dollars per year in 2050, are a 

negligible fraction of overall costs. 

¶ Uranium conversion costs range from 570 to 630 million dollars per year by 2050 for the 

countries of the region. 

¶ Uranium enrichment costs for the region are about 30 percent of mining and milling costs, at 

an estimated at $3.2 to $3.5 billion per year by 2050, with the inclusion of reprocessing in 

scenarios again reducing costs only modestly.  As noted above, enrichment costs, like 

uranium costs, have been historically volatileðdecreasing by a factor of three between 2009 

and 2016 aloneðso use of a higher price trajectory could substantially increase this cost, 

relative to the medium enrichment price scenario (returning to only 2013 price levels by 

2050) reflected in these results.  

¶ UOx fuel fabrication costs are estimated at $1.2 to $1.3 billion annually by 2050. 

¶ Though the quantity of MOx fuel used is much lower than that of UOx fuel, MOx fabrication 

costs are estimated at about $680-700 million annually by 2050 in Scenarios 1 through 3 

where MOx is used. 

¶ Reprocessing costs range from about $2.9 to 3.7 billion per year in those Scenarios (1 

through 3) that feature reprocessing, with Scenario 1, with more (and more expensive) 

reprocessing in Japan having the highest reprocessing costs. 

¶ Treatment of high-level wastes from reprocessing adds $340 to 360 million per year to the 

                                                 
86

 See, for example, Williams, K.A. (1999), Life Cycle Costs for the Domestic Reactor-Based Plutonium Disposition 

Option.  Oak Ridge National Laboratory Report ORNL/TM-1999-257, Dated October, 1999, and available as 

http://www.ornl.gov/~webworks/cpr/rpt/105050.pdf.   

http://www.ornl.gov/~webworks/cpr/rpt/105050.pdf
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costs of Scenarios 1 through 3, with treatment of medium-level, low-level, and solid wastes 

from reprocessing, and of uranium separated from spent fuel during reprocessing (less 

uranium used for MOx fuel) adding an aggregate $220 to 230 million per year to costs by 

2050. 

¶ Plutonium storage costs range from zero to $160 million/yr in 2050, with those scenarios that 

result in higher Pu inventories by 2050 (those where Pu is not substantially used up in MOx 

fuel) showing higher costs for that year. 

¶ Interim storage of non-reprocessed spent fuels (and of MOx fuel), in Scenarios 1 through 3, 

has estimated costs in 2050 of $790 million to $850 billion per year.  In Scenario 4, using 

Dry Cask Storage, estimated costs in 2050 are about $660 million per year, or somewhat 

lower, though the amount of spent fuel being handled in Scenario 4 includes the fuel that 

would otherwise have been sent to reprocessing in the other scenarios.   Estimated costs for 

transportation of spent fuel in are about $70 million annually in 2050 in Scenario 1, about 

$210 million/yr in Scenarios 2 and 3, and $13 million/yr in Scenario 4. 

Overall, the conclusion from the aboveðsimilar to the conclusion that a number of other 

researchers have reached using per-unit costs (not from regional scenarios), is that reprocessing 

of spent fuel results in much higher costsðhigher by on the order of $4 billion per year (about 

20-23 percent), region-wide, in 2050ðthan using dry-cask storage and avoiding reprocessing of 

spent fuel, as shown in Figure 5-5.  Figure 5-6 shows net present value costs from 2010 through 

2050 (calculated with three different discount rates) for the nuclear fuel cycle elements.  

Scenarios 1 through 3 yield total costs that are about 12 to 18 (at a discount rate of 5.0 

percent/yr) to 16 to 21 percent (at a zero discount rate) higher overall than in the least expensive 

scenario (Scenario 4).  The absolute cost difference between scenarios declines somewhat as the 

discount rate used increases.  Results at three different real discount rates are shown to reflect a 

range of potential perspectives as to the time value of money in nuclear investments.  Present 

interest rates in Japan, for example, are near zero (and in the negative range in real terms). In 

addition, one could argue that as investments with decidedly intergenerational implications, 

nuclear fuel cycle costs should be evaluated with a near-zero, zero, or even negative discount 

rate.
87

 

  

                                                 
87

 See, for example, Hellweg, S., T. B. Hofstetter, and K. Hungerb¿hler (2003), ñDiscounting and the Environment: 

Should Current Impacts be Weighted Differently than Impacts Harming Future Generations?ò.  International 

Journal of Life-Cycle Analysis Volume 8 (1), pages 8 ï 18.  Available as 

http://www.lcaforum.ch/Portals/0/DF_Archive/DF22/Steffi.pdf. 

http://www.lcaforum.ch/Portals/0/DF_Archive/DF22/Steffi.pdf
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Figure 5-5: Annual Regional Nuclear Fuel Cycle Costs in 2050 
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Figure 5-6: Net Present Value of Regional Nuclear Fuel Cycle Costs 

 

 

5.5 Cooperation Scenario Costs in Context 

Although significant, nuclear fuel cycle costs are only a portion of the overall costs of nuclear 

generation.  In order to gauge the magnitude of fuel cycle costs relative to other costs, we 
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prepared a rough estimate of the overall costs of nuclear power in each of the countries of the 

region over the period from 2010 through 2050.    Table 5-1 shows our assumptions used in 

preparing an overall estimate of the costs of nuclear power in the region for major costs 

excluding fuel-cycle costs, which are covered above.  The costs categories included here are 

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

real terms), annual fixed (O&M) operating and maintenance costs, variable (non-fuel-cycle) 

O&M costs (typically small for nuclear plants), and decommissioning costs.  Capital and other 

costs for nuclear power plants are notoriously hard to estimate, particularly where future costs 

are involved, but the estimates below generally fall within the range of costs available from 

various literature sources.
88

 

 

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

 

 

For the BAU capacity expansion path, as shown in Figure 5-7, we estimate the overall regional 

undiscounted cost of nuclear power in East Asia/Pacific over the period 2010 through 2050 to be 

about $2.1 trillion.  This figure excludes fuel cycle costs, so the overall total cost for nuclear 

generation is about $2.5 to $2.6 trillion including the estimates (at a discount rate of zero) for 

fuel cycle costs shown for the four cooperation scenarios in Figure 5-6.  The bulk of the non-fuel 

cycle costs are annualized capital costs (60 percent) and fixed O&M costs (37 percent), with 

non-fuel variable costs and decommissioning costs making up a much smaller fraction of the 

total.
89

   Total non-fuel nuclear costs if all countries pursue MAX capacity expansion paths are 

estimated at $2.7 trillion over the same period, versus $1.5 trillion for the MIN capacity 

                                                 
88

 The rough estimates shown are based on a variety of literature sources, some country-specific, and some more 

general.  See, for example, World Nuclear Association (2016), ñThe Economics of Nuclear Powerò, updated July 

2016, and available as http://www.world-nuclear.org/information-library/economic-aspects/economics-of-nuclear-

power.aspx, and Dan Drollette Jr (2014), The rising cost of decommissioning a nuclear power plant, Bulletin of the 

Atomic Scientists, http://thebulletin.org/rising-cost-decommissioning-nuclear-power-plant7107.  

28 April 2014 

 
89

 For simplicity, decommissioning costs were treated as incurred in the first year of decommissioning.  This is of 

course not entirely realistic, as decommissioning costs are typically spread over many years, and are often 

accumulated in advance from ratepayers.  Decommissioning costs are much higher in countries with older reactor 

fleets (especially Japan), but still make up a small part of total nuclear costs. 

Components of Nuclear Power Costs: Assumptions

All costs assumed to be in approximately 2009 dollars

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

Fleet Average Initial Capital Cost, 2010 $/kW 4,000$         2,200$       2,200$         2,200$       4,000$       2,200$       2,200$       2,200$       3,500$       

Fleet Average Initial Capital Cost, 2030 $/kW 4,500$         2,600$       2,600$         2,600$       5,000$       2,600$       2,600$       4,000$       4,000$       

Fleet Average Initial Capital Cost, 2050 $/kW 4,500$         3,000$       3,000$         3,000$       5,000$       3,000$       3,000$       5,000$       5,000$       

Interest Rate for Annualizing Capital Costs, 2010 %/yr 5% 5% 5% 5% 5% 5% 5% 5% 5%

Interest Rate for Annualizing Capital Costs, 2030 %/yr 5% 5% 5% 5% 5% 5% 5% 5% 5%

Interest Rate for Annualizing Capital Costs, 2050 %/yr 5% 5% 5% 5% 5% 5% 5% 5% 5%

Economic Lifetime years 40               40             40                40             40             40             40             40             40             

Implied Annualized Capital Costs, 2010 $/kW-yr $233.11 $128.21 $128.21 $128.21 $233.11 $128.21 $128.21 $128.21 $203.97

Implied Annualized Capital Costs, 2030 $/kW-yr $262.25 $151.52 $151.52 $151.52 $291.39 $151.52 $151.52 $233.11 $233.11

Implied Annualized Capital Costs, 2050 $/kW-yr $262.25 $174.83 $174.83 $174.83 $291.39 $174.83 $174.83 $291.39 $291.39

Fixed Operating and Maintenance Costs, 2010 $/kW-yr 160$           100$         100$            100$         140$         100$         100$         100$         100$         

Fixed Operating and Maintenance Costs, 2030 $/kW-yr 160$           100$         100$            100$         140$         100$         100$         100$         100$         

Fixed Operating and Maintenance Costs, 2050 $/kW-yr 160$           100$         100$            100$         140$         100$         100$         100$         100$         

Variable (non-fuel-cycle) O&M costs, 2010 $/MWh 0.50$          0.50$        0.50$           0.50$        0.50$        0.50$        0.50$        0.50$        0.50$        

Variable (non-fuel-cycle) O&M costs, 2030 $/MWh 0.50$          0.50$        0.50$           0.50$        0.50$        0.50$        0.50$        0.50$        0.50$        

Variable (non-fuel-cycle) O&M costs, 2050 $/MWh 0.50$          0.50$        0.50$           0.50$        0.50$        0.50$        0.50$        0.50$        0.50$        

Decommissioning Costs, 2010 $/kW 500$           350$         350$            350$         500$         350$         350$         350$         350$         

Decommissioning Costs, 2030 $/kW 550$           400$         400$            400$         550$         400$         400$         400$         400$         

Decommissioning Costs, 2050 $/kW 600$           450$         450$            450$         600$         450$         450$         450$         450$         

http://www.world-nuclear.org/information-library/economic-aspects/economics-of-nuclear-power.aspx
http://www.world-nuclear.org/information-library/economic-aspects/economics-of-nuclear-power.aspx
http://thebulletin.org/rising-cost-decommissioning-nuclear-power-plant7107
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expansion path.  Additional detailed results related to this estimate are available in Annex 2C to 

this Report. 

 

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

Fuel Cycle Costs 

 

 

Overall, the difference between the costs of the four cooperation scenariosðbetween $75 to 

$100 billion over the entire region from 2010 through 2050ðrepresents only a few percent of 

the overall cost of nuclear power.  Given the broad span of time and space over which these 

estimates are calculated, and the substantial uncertainties in many of the parameters involved, 

this result suggests that costs should not be the overriding factor in deciding between nuclear fuel 

cycle options.  Rather, parameters that are difficult or impossible to accurately estimate 

quantitatively, such as the impacts of different fuel cycle options on radiological risks, security 

of the sector from attack, and/or the responses of local communities to different fuel cycle 

choices, should be regarded as more significant in informing nuclear fuel cycle decisions, as 

described below.  

5.6 Energy Security Attributes Comparison of Scenarios 

The broader energy security definition referred to earlier in section 4.4 of this report was 

used to develop a multiple-attribute method of compare national energy policy scenarios.  This 

method was adapted to compare the energy security attributes of the four regional nuclear fuel 
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cycle scenarios developed and evaluated as described above.  It should be emphasized that while 

many different attributes and measures could be chosen for this analysis, the approach taken here 

has generally been to focus on attributes that are significantly different between scenarios, in 

order to provide guidance on the key policy trade-offs involved in choosing one scenario over 

another.   Key results of this comparison are as follows: 

Energy supply security: Arguably, Scenario 1, in which the major current nuclear energy 

nations of the region own and run their own enrichment and reprocessing facilities, provides 

greater energy supply security on a purely national level.  On a regional level, depending on the 

strength of the agreements developed to structure regional cooperation on nuclear fuel cycle 

issues, Scenarios 2 and 3, and possibly 4, may offer better energy supply security.  Scenarios 3 

and 4 also offer the added security of shared fuel stockpiles. 

Economic security: Scenarios including reprocessing have significantly higher annual 

costs, when viewed over the entire fuel cycle, than the scenario without reprocessing.  The 

additional cost is still, however (as noted above), only a relatively small fraction of the cost of 

nuclear power as a whole.  That said, the use of reprocessing and related required waste-

management technologies may expose the countries of the region to additional economic risks if 

the technologies have costs that are unexpectedly high (as has been the case, for example, with 

Japanôs Rokkasho reprocessing plant).    In addition, the required additional investment, probably 

by governments or by companies backed by governments (tens of billions of dollars, at least) in 

facilities related to fuel reprocessing may divert investment from other activities, within the 

energy sector and in other sectors of potentially more benefit to the long-term health of the 

economies of the region.  On the other hand, development of in-country and in-region nuclear 

facilities will have its own job-creation benefits in the nuclear industry and some related 

industries. 

Technological security: Scenario 4, which depends on proven dry-cask storage, relies the 

least on the performance of complex technologies, but implicitly also depends on future 

generations to manage wastes generated today.  Since all of the other scenarios, however, depend 

on interim storage of spent fuels, plutonium, and high-level wastes from reprocessing, and thus 

imply dependence on a future means of safe disposal, the scenarios are not so different in this 

long-term outlook. 

Environmental security:  Scenarios 1 through 3 as evaluated offer somewhat (on the order 

of several to 10 percent) less uranium mining and processing, with its attendant impacts and 

waste streams, relative to scenario 4.  This reduction in mining is balanced by the additional 

environmental burden of the need to dispose of a range of solid, liquid, and radioactive 

reprocessing wastes from reprocessing, MOx fuel fabrication, and related processes related to the 

use of plutonium in nuclear fuels.   Differences between the scenarios with regard to generation 

of greenhouse gases and more conventional air and water pollutants are likely to be relatively 

small, and are inconsequential when compared with overall emissions of such pollutants from the 

full electricity sectors and entire economies of the region. 

Social-Cultural security: To the extent that some of the countries of the region have 

growing civil-society movements with concerns regarding nuclear power in general, 

reprocessing in particular, and local siting of nuclear fuel-cycle facilities, Scenario 4 arguably 

offers the highest level of social-cultural security.  This advantage has likely been exacerbated by 

the social/political fallout from the Fukushima accident, although the different countries of the 
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region are finding and will find that the Fukushima accident has impacts of different types and 

magnitudes on social and cultural issues related to nuclear power.   In some cases current lawsð

in Japan, for exampleðwould have to be changed to allow the long-term at-reactor storage 

included in Scenario 4, and changing those laws has its own risks. 

Military security: From a national perspective, safeguarding in-country enrichment and 

reprocessing facilities in Scenario 1, including stocks of enriched uranium and (especially) 

plutonium, puts the largest strain on military (and/or police) resources.  Those responsibilities are 

shifted largely to the regional level in Scenario 2, and to the international level in Scenario 3, 

with less stress on national resources, but more reliance on the strength of regional and 

international agreements.  The level of military security (guards and safeguard protocols) 

required of Scenario 4 is arguably considerably less than in the other scenarios. 

6 Summary of Results and Conclusions  

Below we summarize the results of the cooperation scenarios analyses presented above, describe 

the implications of the analysis for how nuclear fuel cycle decisions should be considered, and 

describe how the conclusions regarding spent fuel cycle cooperation might interact with other 

issues related to nuclear power.   We end this section with some thoughts on what types of 

projects might be undertaken to build on the work presented here. 

6.1 Cooperation Scenario Results Summary 

The results of the regional scenario evaluation above indicate that Scenario 4, which focuses on 

at-reactor dry cask storage and coordinated fuel stockpiling, but largely avoids reprocessing and 

mixed-oxide fuel (MOx, that is, reactor fuel that uses a mixture of plutonium reprocessed from 

spent fuel and uranium and as its fissile material) use, results in lower fuel-cycle costs, and offers 

benefits in terms of social-cultural and military security.  These results are consistent with (and, 

indeed, draw ideas and parameters from) broader studies by other research groups, including, for 

example, the joint work by the Harvard University Project on Managing the Atom and the 

University of Tokyo Project on Sociotechnics of Nuclear Energy.   

That said, there are definite trade-offs between scenarios.  Scenario 1, by using much more 

domestic enrichment and reprocessing than the other scenarios, arguably improves energy supply 

security for individual nations, but results in higher technological risk due to national reliance on 

one or a small number of enrichment and reprocessing plants, rather than the larger number of 

plants that constitute the international market.  Scenario 1 would also raise significant 

proliferation concerns (not the least of which would be the DPRKôs reaction to ROK enrichment 

and reprocessing).  Scenario 1 also results in the at least transient build-up of stockpiles of 

plutonium (Pu) in each of the nations pursuing reprocessing.  Though the magnitude of the 

plutonium stockpiles, and the rate at which they are used, varies considerably by nuclear path 

and scenario, the quantities accrued, ranging up to about 95 tonnes of Pu at a maximum in 

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

that the misplacement or diversion of a very small portion of the stockpile becomes a serious 

proliferation issue, and thus requires significant security measures in each country where 

plutonium is produced or stored.  Scenario 4, without additional reprocessing, maintains a 

stockpile of about 53 tonnes of Pu from about 2010 on. This still represents a serious 

proliferation risk, but does not add to existing stockpiles or create stockpile in new places.   
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Scenarios 1 through 3, which include reprocessing, result, as noted above, in higher annual costs-

about $3 to $5 billion per year higher in 2050 relative to Scenario 4, over the entire region.  

Scenarios 1 through 3 reduce the amount of spent fuel to be managed substantiallyðby 50 

percent or more over the period from 2000 through 2050, relative to Scenario 4ðbut imply 

additional production of more than 20-fold more high-level waste that must be managed instead 

(thousands versus hundreds of cubic meters).  This in addition to medium- and low-level wastes 

from reprocessing, and wastes from MOx fuel fabrication that must be managed in significant 

quantities in Scenarios 1 through 3, but not in Scenario 4.   Scenarios 1 through 3 offer a modest 

reductionðless than10 percent in the BAU nuclear capacity paths caseðin the amount of 

natural uranium required region-wide, and in attendant needs for enriched uranium and 

enrichment services.   This reduction is not very significant from a cost perspective unless 

uranium costs rise much, much higher in the next four decades.  The quantities of electricity and 

fuel used for uranium mining and milling, as well as production of depleted uranium, are 

generally somewhat lower under Scenarios 1 through 3 than under Scenario 4, though results for 

Scenario 1 differ from Scenarios 2 and 3 because of the emphasis on sourcing uranium from 

domestic mines in the region.  Figure 6-1 shows aggregated front-end (fuel preparation) and 

back-end (spent fuel management) costs by Scenario and for each of the three nuclear capacity 

paths for the region. 
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Figure 6-1: Summary of Year 2050 Annual Costs by Scenario and by Nuclear Capacity 

Expansion Path 

 

 

Scenarios 2 and 3, though they include reprocessing, place more of the sensitive materials and 

technologies in the nuclear fuel cycle in regional and international facilities, and as a 

consequence, are likely to be superior to Scenario 1 in terms of reducing proliferation 

opportunities, reducing security costs, and increasing the transparency of (and thus international 

trust in) fuel cycle activities.  The costs of Scenarios 2 and 3 shown in this analysis are not 

significantly different, overall, from those of Scenario 1, but a more detailed evaluation of the 

relative costs of nuclear facilities (particularly, enrichment and reprocessing facilities) in 

different countries, when available, might result in some differentiation in the costs of these three 

scenarios.  Overall, however, although the total costs of the scenarios may vary by several billion 

dollars per year, it must be remembered that these costs are inconsequential to the overall annual 

costs of electricity generation in general, and modest even when compared to the cost of nuclear 

generation alone, as described in section 5.5.  In considering the costs of electricity generation in 

general in the region, in round terms, if one assumes that the total electricity demand in East Asia 
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in 2050 is on the order of 20,000 TWh, or about three times electricity demand in the countries in 

the region as of 2011, and that the per-unit total cost of electrical energy at that time is on the 

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

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

the countries under consideration in this Working Paper is on the order of $2 trillion per year.  

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

and the differences between scenarios is a just a small fraction of a percent.  Both of these values 

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

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

fuel, enriched fuel, MOx fuel, and possibly high-level wastes around the globe, likely by ship, 

than Scenario 1, though there would be somewhat more transport of those materials inside the 

nations of East Asia in Scenario 1. 

The scenarios described and evaluated above have, of necessity, to a certain extent suspended 

consideration of national and international political and legal constraints in order to focus on 

alternatives for regional fuel cycle management.  It is more than clear, however, that there are 

substantial legal and political constraints to regional cooperation on nuclear fuel cycles, and that 

these constraints will either limit the opportunities for cooperation, or need to be overcome in 

some way, in order to allow regional arrangements to proceed.  These constraints include (but 

are unlikely to be limited to) legal and/or political constraints on regional spent fuel 

management, enrichment, and integrated facilities.  Specific and detailed discussion of these 

issues is beyond the scope of this Report, but will play a crucial role in determining the 

practicality of specific cooperation schemes, as discussed briefly below. 

6.2 Implications of Cooperation Scenarios in Consideration of Other Project 

Findings 

The key findings of the cooperation scenario analyses summarized in sections 4 and 5 of this 

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

of ramifications. 

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

including alternative methods of spent fuel storage, including dry cask at-reactor or centralized 

storage, unless the costs of raw uranium and enrichment services rise far higher than levels of the 

recent past.  Using base-case assumptions, scenarios involving reprocessing by 2050 are 

projected to cost several billion dollars per year, region-wide, more than ñonce throughò 

scenarios in which spent fuel is simply placed in dry cask storage after a period of cooling in 

spent fuel pools. 

That said, even several billion in the full context of the regionôs electricity system as of 2050 is a 

relatively small sum of money.  All of the fuel-cycle costs tracked in this analysis amount to on 

the order of a few percent of overall costs of power from all sources in the region, and are thus 

dwarfed by uncertainties in the future costs of electricity provision.  Future electricity costs are 

rendered uncertain by potential changes in costs of generation technologies, costs associated with 

climate change mitigation (for example, carbon taxes) and pollution reduction, and/or costs 

related to regulatory compliance, particularly as civil society becomes more active in scrutinizing 

infrastructure plans in the region. 
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These findings with regard to the relative overall direct financial cost of different cooperation 

options suggest that decisions with regard to how spent fuel is managed, and whether 

cooperation is attractive for spent fuel management, largely boil down to political decisions that 

weigh proliferation and radiological risks with other, largely non-cost factors.  This is not to say 

that certain nuclear sector actorsðincluding nuclear plant operators, nuclear technology vendors, 

government regulators, and, ultimately, consumersðmay be affected economically in different 

ways, but the overall unit costs of nuclear electricity generation to society will be affected 

relatively little by spent fuel management decisions.  

If the conclusion holds that management of spent fuel will, or should, if incentives are properly 

structured, be decided by non-economic criteria, actual and perceived radiological risk from 

spent fuel management approaches becomes a more critical factor in the overall calculus, as does 

proliferation concerns.  Both considerations point toward expanded use of dry cask storage in the 

near-term to reduce dense-packing in spent fuel pools in Japan and the ROK (and Taiwan), and 

to avoiding reprocessing.  Getting spent fuel out of dense-packed pools and into much more 

attack- and accident-resistant dry casks is a key to reducing the radiological risk associated with 

accidents or non-state attack at nuclear energy facilities.  Potential radiological risks associated 

with reprocessing facilities, though not a central topic of this project, would also be reduced by 

not moving forward with reprocessing, and by placing the spent fuel now in inventory at 

reprocessing plants into dry-cask storage.   

Further, an emphasis on dry-cask storage in the near- and medium-term provides time for 

technologies for long-term storage and/or disposal of spent fuel and other similarly radioactive 

wastes (including high-level wastes from reprocessing and wastes from the Fukushima accident) 

to mature.  This could include both geologic storage/disposal and deep borehole disposal, both of 

which will require decades for research, design, and siting. 

The prompt movement of spent fuel now stored in dense-packed spent fuel pools to dry cask 

storage would also provide a form of insurance against the difficult-to-calculate but potentially 

considerable cost of damages caused by an accident at terrorist attack on a vulnerable spent fuel 

pool.  The damages from such an event could vary considerably depending on the plant affected, 

the prevailing wind direction in the days following the incident, and the proximity and 

vulnerability of local populations and economic infrastructure,  The worst case scenarios for such 

an event, for example, for the Tokyo area or for a reactor in South China, could cause damage to 

economic assets and human health due to radioactivity releases that could be on the order of 

hundreds of billions or trillions of dollars.  As such, the relatively modest additional cost of 

moving to dry cask storage appears small in comparison with the potential benefits, even 

factoring in the considerable uncertainty of a worst-case event.   Moving to dry cask storage 

could also, if communicated appropriately to residents of the area, provide an additional benefit 

in the form of reassurance that the worst risks of a radiological incident due to accident or attack 

are being avoided.  The value of such a benefit (reassurance of safety) is of course very difficult 

to estimate, but might be compared, for example with the peace of mind that residents and 

businesses purchase by measures designed to mitigate other risks, such as the risk of burglary or 

attack mitigated by guards and/or alarm and surveillance systems.   

Regional cooperation in the nuclear fuel cycle could include shared uranium provision and 

enrichment services, but regional cooperation in spent fuel management pertains more directly to 

the current project.  Regional cooperation could contribute to spent fuel management by 

establishing or strengthening regimes for the oversight of nuclear fuel cycle activities and 
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accounting for nuclear materials.  Given the difficulties that some nations, most notably Japan 

and the ROK (and Taiwan) face in siting interim or out-of-pool at-reactor storage of spent fuel, it 

is possible that regional cooperation could help to facilitate the establishment of intermediate, 

shared, away-from-reactor storage facilities.  Further, international cooperation will be very 

helpful in undertaking deep borehole disposal of nuclear spent fuels, as it will both help to spread 

the costs of research and development on deep borehole disposal technologies, and will help to 

overcome reluctance on the part of nuclear sector actors in individual countries to explore new 

options for spent fuel management.    

Additionally, in the long run, if deep borehole disposal is to be undertaken, it may be that its 

operation on a regional scale will offer benefits in terms of accounting for nuclear materials 

disposed of, and thus build confidence between the nations of the region in the transparency of 

nuclear sector activities in other nations.  This will likely be particularly critical if, ultimately, 

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

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

process of accounting for plutonium disposal is particularly critical, because diversion of even a 

small fraction of existing stocks poses the threat of proliferation of nuclear weapons and/or ñdirty 

bombsò, thus clear and open accounting for all of the nuclear materials disposed of in deep 

boreholes (or, for that matter, by other means) is crucial for maintaining the integrity of disposal 

practices from a non-proliferation perspective. 

6.3 Conclusions and Interactions with Related Issues 

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

of the East Asia and Pacific region for decades to come, but the extent of that role, and how the 

various cost, safety, environmental, and proliferation-risk issues surrounding nuclear power are 

and will be addressed on the national and regional levels, are not at all certain, and, in the wake 

of both the Fukushima accident and a host of recent and upcoming (for example, in the United 

States and the ROK) leadership changes, is perhaps more uncertain than it has been in decades. 

Each of the nations in Northeast Asia 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.  Russiaôs expressed interest in hosting fuel cycle 

cooperation has failed to gain much traction internationally, in large part due to resistance, for 

reasons including concerns about whether Russia would reprocess spent fuel accepted from other 

countries, on the part of the United States.
90

  In addition, longstanding regional rivalries likely 

impede the potential for cooperation on the sensitive issue of nuclear materials transfer.  

The analysis summarized above indicates that different policy choices today, particularly with 

regard to cooperation between nations on nuclear fuel cycle issues, can lead to very different 

outcomes regarding the shape of the nuclear energy sectorðand of related international security 

arrangementsðover time.  Regional cooperation on nuclear fuel cycle issues can help to enhance 
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energy security for the participating countries, relative to a scenario in which several nations 

pursue nuclear fuel cycle development on their own.  From a number of energy security 

perspectives, however, a regional nuclear fuel cycle approach (such as that modeled in Scenario 

4) that rapidly phases out reprocessing and MOx fuel use, and uses interim spent fuel storage in 

dry casks (or similar technologies) to manage spent fuel until indefinite storage facilitiesð

potentially including ñdeep borehole disposalò
91
ðhas significant advantages.  An approach that 

avoids reprocessing and MOx fuel use would be less expensive as well, though placed in 

perspective, the $3-4 billion or so saved annually in 2050 under Scenario 4 relative to other 

scenarios is just a small fraction of the overall cost of nuclear power, and a tiny fraction of the 

overall costs of power in general.  What this means is that relative fuel cycle costs, at least for 

the range of LWR-based fuel cycles cooperation/non-cooperation options explored here, should 

in most cases play a very minor role in decisions about nuclear spent fuel management, and the 

other considerations described here should thus dominate the policy development process.  Of 

these, it is likely to be the least quantifiable considerationsðsocial and cultural factors, 

preventing nuclear weapons proliferation, nuclear safety, and military security issuesðthat are 

the most important to decisions regarding nuclear spent fuel policy.  Unfortunately, these are the 

very issues that are some of the most difficult to address, particularly in the many instances 

where addressing those issues require a coordinated international, and intercultural, response. 

Nuclear power choices intersect strongly with other energy policies and with security policy 

issues.  As such, the exploration of the implications of different nuclear fuel cycle cooperation 

(or non-cooperation) options and opportunities in East Asia informs and potentially affects (and 

is affected by) issues such as deployment of new nuclear technologies, climate change, long-term 

storage/disposal of spent fuel and high-level wastes, management of radiological risk from spent 

fuel storage, and non-proliferation, but needs to be expanded to more fully address those issues.    

6.3.1 New Reactor Technologies 

A number of new types of reactorsðincluding, for example, small, modular reactors, ñfastò 

reactors using and producing plutonium fuels, and reactors based on a Thorium fuel cycle, to 

name just a fewðhave been proposed for implementation in the coming decades (typically after 

2030, and often later).  In addition, variants on the existing LEU/MOx fuel cycle, including a 

version of reprocessing called ñpyroprocessingò, have been proposed by various groups, 

including, most prominently, by ROK nuclear researchers and officials.  How might the 

implementation of these new nuclear technologies affect the form or prospects of nuclear fuel 

cycle cooperation in East Asia?   Given that, for example, small and medium reactors and ñGen 

IVò reactor designs are likely to be at least 15-20 years from commercialization
92

, it seems clear 

that such reactors will play only a small role in the overall reactor fleet by 2050, or perhaps at 

most a moderate role in a ñMAXò nuclear capacity expansion path.  There is considerable 

uncertainty as to which next-generation reactors will be deployed, how much they will cost, and 

as to the implications their deployment may have for the regionôs nuclear fuel cycle.  Given these 
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 See, for example, von Hippel, D., and P. Hayes (2010), Engaging the DPRK Enrichment and Small LWR 

Program: What Would it Take?  Nautilus Institute Special Report, dated December 23, 2010, and available as 
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uncertainties, consideration of the impact of next-generation reactors has been beyond the scope 

of this Report, but should be included in future work. 

6.3.2 Climate Change Considerations 

Climate change is a major and growing concern worldwide, with countries and sub-national 

jurisdictions making plans not just for reducing GHG emissions, but for adapting to impacts of 

climate change that seem inevitable.  Nuclear power has to some degree enjoyed a resurgence of 

interest worldwide.   As yet, however, with the significant exception of China, relatively little 

new reactor construction is underway worldwide.
93

  A part of the interest in nuclear power is 

related to nuclear powerôs potential role in meeting energy needs without substantial GHG 

emissions.  Some of the major issues associated with the linkages between nuclear power and 

climate change include the environmental implications of a ñnuclear renaissanceò for GHG 

emissions reduction, the economic, social, and political implications of a broad program of 

nuclear power development, relative to other GHG mitigation strategies, and the benefits and 

challenges posed by nuclear power in terms of adaptation to a changing climate, including, for 

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

sites.  

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

Borehole Disposal 

Although not considered directly in the analysis presented here, the nations of the region, and 

indeed all nations using nuclear energy, will at some point within the next few decades have to 

make plans for long-term storage/disposal of nuclear wastes.   Deep borehole disposal (DBD) of 

nuclear spent fuel and high-level wastes, which was the topic of an earlier Nautilus Institute 

project,
94

 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 
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emplaced materials from boreholes, not least because waste emplacement in boreholes would be 

between 3 and 5 kilometers underground.  This isolation 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.  Dr. Neil Chapman summarized the status of readiness of 

deep borehole technologies, despite their potential simplicity and low cost relative to mined 

repositories, as probably being 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 Japan, the ROK, and China.
95

  What this 

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

storage, must be employed by most or all of the nations of the region in advance of any final 

disposal option. 

Among the perceived favorable characteristics of deep borehole disposal of nuclear materials are 

its inherently modular nature, potentially lower costs, and widespread applicability.  As a results, 

there is the possibility of sharing international R&D, and ultimately, of separately licensing the 

borehole technology and the disposal facility that allows nuclear waste to be disposed of in 

boreholes, analogous to generic reactor design licensing of different technologies.  

Discussions on borehole operations focus on the need to understand drilling damage (extent and 

properties of the disturbed zone close to the borehole) and on the need for high integrity, low 

permeability seals to assure long-term isolation. Characteristics of the interface between the seals 

and the borehole wall will be particularly important. Potential operational problems during 

emplacement, including damage to canisters and waste during the trip down the borehole, should 

be minimized, and it may be desirable to line the hole for its entire length with steel casing. A 

reference design concept to provide a baseline for evaluating performance and impacts of 

alternative approaches may be useful.  International cooperation, including, perhaps, cooperation 

between the countries of Northeast Asia, could help to move the concept forward through 

evaluation of the generic aspects of the technology. Such an effort would be amenable to an 

international co-operation project, and there is potentially sufficient interest from a number of 

countries to consider such a shared multinational project. The project would ultimately need a 

host country for the engineering trials.  A first step in consideration of DBD by the countries of 

Northeast Asia, however, might be convening a regional meeting, attended by researchers and 

officials responsible for designing and managing nuclear waste 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 the region.   

In the China-Japan-ROK region, the amounts of radioactive material to be disposed of make 

shared disposal facilities look less attractive, for many reasons, but shared R&D could be highly 

appropriate, particularly given some of the potential institutional resistance to DBD (due to 

nuclear sector priorities) in many of the countries of the region.  That is, it may be easier for a 

country to participate in a multi-nation project exploring DBD in than to negotiate internally for 

funding and support for a national DBD program. 
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Ultimately, if DBD proves to be an attractive and acceptable means of spent fuel disposal, the 

location of a shared site remains a key question.  Several countries of the region, including 

nuclear weapons states Russia and China, almost certainly have suitable geology suitably remote 

from population centers.  Mongolia has been mentioned as a potential participant in the nuclear 

fuel cycle, likely has suitable sites for DBD, and is considered a neutral party, though indications 

are that substantial nuclear sector development in Mongolia appears to be off the table from a 

political perspective.
96

  As a consequence, a regional DBD facility, as with other shared nuclear 

facilities, would likely require years of patient international negotiation and institution building, 

as well as the types of technical research and development mentioned above, to come to fruition. 

Convening of an international workshop to begin to discuss these issues would therefore be a 

significant first step in this direction. 

6.3.4 Management of Radiological Risk from Spent Fuel Pools 

Another issue of potential intersection between international cooperation on fuel cycle 

management and spent fuel security is in the management of radiological risk from spent fuel 

pools.  Reducing spent fuel density at existing and future reactors would require changes in 

design and operation, especially in BWRs (boiling water reactors).  The resulting incremental 

cost of these changes per unit of electricity is highly likely to be tiny, but the benefits in terms of 

avoided risk of radiological emissions and damage could be huge, as could the benefits of 

avoided public anxiety.  Conversely, the risks of not changing spent fuel pool practices could be 

catastrophic.  Moreover, reducing pool density implies choices with regard to dry cask storage 

versus surface or underground spent fuel pools outside existing secure reactor containment 

buildings, posing different and new risks of technological accident and/or malevolent attack (in 

the ROK or Japan, of DPRK missile or bomb attack; in China, of non-state actor attack, in 

particular).   The decision to reduce spent fuel pool density has ramifications for potential 

cooperation on spent fuel management, as an aggressive program to de-densify spent fuels means 

that much more spent fuel, particularly in Japan and the ROK, will need to find homes in dry 

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

It is clear that further work is needed to identify technical means of reducing the risks associated 

with current common practices of spent fuel storage, to more rigorously estimate the relative 

costs and benefits of adopting risk-reduction approaches, to communicate the results of those 

assessments to decisionmakers, and to work with decisionmakers to develop policies that work 

toward risk reduction.  One approach to accomplishing these tasks might be to convene an expert 

group on spent fuel management that includes both advocates of changed spent fuel management 

and critics and skeptics of the case that spent fuel pool density should be reduced.  This might 

start in one country, probably Japan.  Subsequently, the expert group could be broadened by 

convening a regional workshop involving representatives from the ROK, Taiwan, and China, as 

well as US and Japanese experts to address this issue, and ways to mitigate the different hazard 

events (natural disasters, aerial bombardment, non-state attack).  In addition to expert meetings, 

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

In Japan, there is now a strong civil society and business constituency, as well as a well-informed 

nuclear-expert community, able and willing to address this issue in policy contexts, as part of the 

overall battle to reform the ñnuclear villageò, and to reconstitute the social pact that sustains the 

LWR-reprocessing-breeder reactor strategy in Japan.  In Korea, there is less public interest, but 
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keen political and bureaucratic interest given the issueôs salience of the US-ROK nuclear 

cooperation ñ123ò negotiations.
97

  There are key political and social constraints on fuel storage 

options in both nations that need further exploration in light of recent events.    Policy options are 

less constrained and therefore more open in China, and we believe that Chinese experts and 

policymakers will respond to new data and analysis. 

In short, it is critical to nuclear security to clarify whether reducing spent fuel pool density is 

justified to reduce the possible risk of inadvertent or malevolent radiological release from spent 

fuel pools and reactor sites. 

Particularly in Japan and the ROK, dry cask storage at or away from reactor sites is clearly an 

attractive option for reducing radiological risks associated with spent fuel pools in the short-to-

medium-term.  There are, however, a host of legal, political, and institutional barriers preventing 

the wider use of this technology in both countries.  Better understanding these barriers, and how 

to overcome them in each nation, is therefore a key need.  To that end, working 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 is an attractive activity that would build on the results of the current project, as well as 

other research efforts in the region. 

6.3.5 Nuclear Fuel Cycle Choices and Nuclear Weapons Proliferation 

Finally, there is a substantial link between nuclear fuel cycle choices and the risk of nuclear 

weapons proliferation, as indicated above.  The presence of the DPRK in East Asia makes the 

proliferation issue especially pertinent in the region, as does the history of conflict between many 

of the regionôs nations, including ongoing territorial disputes among virtually all pairs of parties 

one could name (with the possible exception of Mongolia).  Choices of nuclear fuel cycle 

approaches will affect national and international security arrangements.  Specifically, if a 

Nuclear Weapons Free Zone in the region is to be developed, the future of nuclear fuel cycle 

development and cooperation in the region will be an integral part of the discussion
98
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6.4 Next Steps on Nuclear Fuel Cycle Cooperation, and Follow-on Activities  

The development of cooperation arrangements will need to be built through follow-on activities 

that include a combination of expert analysis and input, through development of, for example, a 

report laying out the possible organization and activities of institutions for nuclear fuel cycle 

cooperation in the region, plus one or more workshops, attended by representative from the 

region, to discuss the political, organizational, institutional, and economic challenges that might 

be faced.  The report on the potential organization of fuel cycle cooperation would build on 

previous work on the topic, but would also extend Nautilusô existing quantitative analysis to 

further describe the physical flows of materials and costs that would be involved, as well as use 

sensitivity analysis to examine the response of results to changes in key parameters.  The 

workshop on barriers and challenges likely to be faced by nuclear sector cooperation would look 

at challenges faced on a national level in each country, as well as regionally and internationally, 

and would explore ways of overcoming those challenges. 

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.  Deepening 

this work to include more detailed non-nuclear (for example, renewable energy and energy 

efficiency) greenhouse gas emissions mitigation scenarios to compare and combine with nuclear 

scenarios will help to round out the consideration of nuclear energy paths, and to set the relative 

context for nuclear power and nuclear spent fuel management.  A potential simultaneous activity 

could be to broaden, as Nautilus has done in years past (but has not been funded to do in recent 

years), the group of participating nations to include those in the East Asia and Pacific region with 

nascent or proposed nuclear energy programs, both to gain the insights of those groups and to 

explore the particular issues associated with building and operating the elements of a nuclear 

energy system (including spent fuel management) in nations without nuclear experience. The 

combination of representatives from nations with long nuclear experience and those from nations 

seeking to join the ñnuclear clubò offers significant opportunities for sharing of knowledge and 

perspectives, and for uncovering both challenges to and opportunities for cooperation in nuclear 

fuel cycle management. 
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ANNEX 1: Summary Graphics for Nuclear Capacity and Generation by 

Country and by Path 

 

Figure A1- 1: Nuclear Capacity by Path for Japan, GWe 

 

 

Figure A1- 2: Nuclear Output by Path for Japan, TWh 
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Figure A1- 3: Nuclear Capacity by Path for the ROK, GWe 

 

 

Figure A1- 4: Nuclear Output by Path for the ROK, TWh 
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Figure A1- 5: Nuclear Capacity by Path for China, GWe 

 

 

Figure A1- 6: Nuclear Output by Path for China, TWh 
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Figure A1- 7: Nuclear Capacity by Path for the Russian Far East, GWe 

 

 

Figure A1- 8: Nuclear Output by Path for the Russian Far East, TWh 

 

 
























































































































































































































































































































































































