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INTRODUCTION
Japanese Policy on its Plutonium Stockpile

The concerns regarding the Japanese plutonium balance
leapt to public attention again in the last few years due to the
heightened nuclear security tension in the region. Amid the
political tension, the U.S.-Japan Agreement for Cooperation
on Peaceful Uses of Nuclear Energy, set to expire in July
2018, was renewed automatically under Trump
administration; however, succumbing to the concerns on the
plutonium stockpile, Japan Atomic Energy Commission
(JAEC) publicly stated for the first time that "Japan will
reduce the size of its plutonium stockpile [1]" right after the
renewal on July 31, 2018. This is a significant statement since
the Japanese reprocessing policy has been seriously
undermined both by the Fukushima accident in 2011 and by
the closure of the Monju fast breeding reactor in 2016. As a
result, this renewal of the policy led to a concern if the
Japanese government can actually reduce the plutonium
stockpile while continuing its “total reprocessing™ policy.

Preceding Studies

Scholars have raised concerns on the prospect of
plutonium surplus in Japan since 1990s. Berkhout, Suzuki
and Walker pointed out the possibility of the over-production
of plutonium by Japan, presenting a forecast of Japanese
plutonium production and consumption until 2010 [2].
Although the estimation method is robust and the scenario
presumptions are off from the actual situation today, the
study successfully illustrated the possibility of the plutonium
over-production in Japan. More direct concerns were raised
in the late 1990s by Manning [3] and Kitamura [4] among
others. where political arguments were made that the
plutonium over-production in Japan may be a proliferation
risk in the region, albeit lacking quantitative discussions. This
trend continued in 2000s, where more studies threw concern
posed concerns about the Japanese plutonium policy. Turner
reviewed the prospect of MOX (plutonium mixed oxide fuel)
operation in Japan, while providing critical views on the
policy in terms of safety and economic perspectives [5].

Notable recent studies on this matter include a report by
Acton [6]. His report discussed the political issues
surrounding this issue comprehensively while providing a
very insightful observations on the MOX operation in Japan.
Yet, Action did not choose to go on to provide quantitative
considerations about the future prospect of Japanese
plutonium balance in his discussions.
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The Purpose of this Study

Based on the situation, what is needed the most for
policy makers now would be a reasonable, neutral and
grounded quantitative future outlook for the plutonium
stockpile. While many preceding studies provides insightful
qualitative discussions from political perspective, the author
believe it is scientific quantitative analyses that would prove
truly useful. For this reason, the purpose of this study is to
conduct a quantitative reevaluation of the Japanese
plutonium balance outlook to 2050 with a monte-carlo
approach, taking the discussions by Acton [6] into the
modeling to provide a neutral and grounded outlook.

METHOD

A simulation on the plutonium stockpile outlook requires
two separate modeling efforts: 1) the modeling of the
Japanese nuclear fuel cycle and 2) the modeling of nuclear
power plant (NPP) operations capacities outlook in Japan
until 2050.

Japanese Fuel Cycle Model

A nuclear fuel cycle is a system comprised of stocks and
flows: thus, it is most suitable to be described as a system
dynamics model by nature. A comprehensive nuclear fuel
cycle model was constructed on Stella for this reason, based
on publicly available statistical data to replicate Japanese
nuclear fuel cycle. The constructed system dynamics model
is shown in Fig. 1.

Key Modeling Assumptions

January 1* of 2018 was chosen as the starting point of
the calculation, and the duration of the simulation was set to
be 32 years, until January 1*' of 2050, with the differential
time of 1/4 years. Four essential capacities were chosen as the
input variables: the operation capacities of the restarted
NPPs, the capacity of the MOX operation, the Rokkasho
reprocessing plant operating capacity and the J-MOX fuel
fabrication plant operating capacity. Similarly. four essential
stock values were chosen as the output results: the plutonium
amount in MOX in Japan, the total plutonium amount, the
spent MOX fuel amount and the total spent fuel amount.
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Phutonium in MOX in Japan  Total Plutonium
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Fig. 1. System Dynamics Model of the Japanese Nuclear Fuel Cycle

Fuel Consumption and Replacement

Total loaded amount of nuclear fuel per rated capacity
[ton/GW] and per electricity generation [ton/TWh] at light
water reactors were calculated based on the statistical data by
Kyushu Electric Power Company as 79.80 ton/GW and 9.11
ton/TWh, respectively [7]. It was assumed 28.57% of the fuel
in every reactor will be replaced each year for all reactors.
This is to replicate the replacement of one-third of the loaded
fuel every 14 months. which is the standard procedure at
Japanese NPPs. This leads to the nuclear fuel consumption
rate of 2.58 ton/TWh. which is consistent with the statistics
by FEPC [8]. For MOX operation, it was assumed all MOX-
operation reactors would load MOX fuel for 25% the core
loading.

Reprocessing

Out of one ton of spent fuel. it was assumed 10 kg of
plutonium, 130 kg of uranium fuel, 810 of depleted uranium
and 50 kg of HLW will be extracted at Rokkasho. considering
the Pu-241 depletion [9]. For simplicity. this model does not
distinguish fissile and non-fissile plutonium. and all MOX
fuels are assumed to contain 10% of plutonium.

Initial Values

The initial amount (the amount at the end of 2017) of the
separated plutonium in Japan were taken from Cabinet Office
Nuclear Policy Office as 3.863 kg at the reprocessing plant as
3.854 kg at the MOX fabrication facility (in total of 7.72 ton)
[9]. The initial amount of the MOX was taken from the same
literature as 28.29 ton (or 2.83 ton-plutonium). The initial
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processed plutonium amount stored overseas was assumed as
36.718 ton-plutonium [9].

I'alidation

The validity of the model was tested against FAMILY-
21 simulation code developed by JAEA, and it was confirmed
the results of the system dynamics model saw good fits to the
results of FAMILY-21.

NPP Operating Capacity Modeling

The future outlook of NPP operations in Japan is highly
uncertain given that the restarting of NPPs is more a political
issue than a technical one. For this reason. the authors used a
monte carlo approach to estimate the probabilistic outlook of
the capacities of NPP and MOX operation until 2050.

Key Modeling Assumptions

In this calculation, it was assumed that no new reactors
will be constructed until 2050 in Japan. and that the lifetime
of all reactors are 60 years. The NPPs are classified into two
groups: MOX accepting reactors and non-MOX accepting
reactors. The name. rated power, type of the reactor. starting
year of operations of each category are summarized in Table
I and II. respectively.

Since predicting the restarting trends of NPPs are highly
difficult due to its political nature, this study will calculate
the outlook of NPP operation in Japan based through a simple
monte carlo method. The outlook will be calculated in form
of probability distributions based on 10,000 trials.
Assumptions for MOX accepting and non-accepting reactors
are summarized in the following section.
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Operation Capacity of MOX Accepting Reactors

In his report in 2015, Acton conducted detailed field
analysis to give each MOX accepting reactors with
“prospect” ratings from 1 to 7: by definition. the rating n are
related to Acton’s estimate of the probability that a reactor
will be available for MOX burning operation by 2023 simply
by p = (n-1)/6. The author then converted this rating into the
probability of the given MOX accepting reactor to start its
operation for a given yearby q=1-[1 - (n- 1)/6]"1/7.

Table I. Considered MOX Accepting Reactors

Probability

Name Eawer Year of MO.X
IMW] Operation

|per year]
Tokai Daini 1.100 1978 2.57%
Tsuruga No. 2 1.160 1987 2.57%
Ohma 1.383 - 9.43%
Tomari No. 3 912 2009 14.52%
Onagawa No. 3 825 2002 14.52%
Kashiwazaki No. 3 1.100 1993 2.57%
Kashiwazaki No.6  1.356 1996 0%
Kashiwazaki No.7 1356 1997 0%
Hamaoka No. 4 1.137 1993 2.57%
Shiga No.1 540 1993 5.63%
Takahama No. 3 870 1985 22.58%
Takahama No. 4 870 1985 22.58%
Ohi No. 3 1.180 1991 22.58%
Ohi No. 4 1.180 1993 22.58%
Shimane No. 2 820 1989 14.52%
Ikata No. 3 890 1994 22.58%
Genkai No. 3 1.180 1994 22.58%

Operation Capacity of Non-MOX Accepting Reactors

The new safety regulation for NPPs came into force in
Japan on June of 2013. Since then, 28 out of 51 reactors
submitted an application to recertification: 14 out of the 51
were closed for decommission: out of the 28 applications, 15
were approved: and finally. out of the 15 approved reactors,
9 has started its operation again by the end of 2018 [10]. This
leads to the chances that a given stopped NPP can apply for
the recertification is 13.48% for a given year: the application
gets through with a probability of 13.02% each year after the
application; and that 19.39% of the certified NPP can start
operation again for a given year after the certification.

In order to simplify the outlook, the author assumed all
non-MOX accepting NPPs in Japan to restart based on the
probabilities calculated above.
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Table II. Non-MOX Accepting Reactors (Stage 0: not
applied. 1: under review. 2: recertified, 3: in operation)

Power Restartin,
Name MW] Year Stage &
Tomari No. 1 579 1989 1
Tomari No. 2 579 1991 1
Onagawa No. 2 825 1995 1
Higashi-Dori 1,100 1998 1
Kashiwazaki No. 1 1.100 1985 1
Kashiwazaki No. 2 1.100 1990 0
Kashiwazaki No. 4 1,100 1994 0
Kashiwazaki No. 5 1.100 1990 0
Hamaoka No. 3 1,100 1987 1
Hamaoka No. 5 1.380 2005 0
Shiga No. 2 1,358 2006 1
Mihama No. 3 826 1976 2
Takahama No. 1 826 1974 2
Takahama No. 2 826 1975 2
Shimane No. 3 1.373 - 1
Genkai No. 2 559 1981 0
Genkai No. 4 1.180 1997 3
Sendai No. 1 890 1984 3
Sendai No. 2 890 1985 3
Sendai No. 3 1,590 - 0
RESULTS

NPP Operating Capacity Outlook

The outlook of the operating capacity of NPPs (Total and
MOX) in Japan to 2050 was estimated as Fig. 2. (For the
legends of the graph, please see Fig. 3.)
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Fig. 2. Outlook of NPPs Operation to 2050.
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Japanese Plutonium Stockpile Outlook

The outlook of the Japanese Plutonium Stockpile was
calculated as a probability distribution as Fig. 3. The solid
line shows the central case of the monte carlo calculation,
while the dotted lines show the quarterly cases: i.c.. the
probability of the plutonium stockpile to stay between the two
dotted lines is estimated to be 50%. While the outlook shows
a wide range of estimation. Fig. 3 shows a declining trend in
the Japanese Plutonium stockpile.

Monte Carlo: Probability Interval:

== ]
E— 20%
- 25% B 30%
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-— 5% 60%
120, 200
90%

100+ Total Plutonium Stockpile

80

Plutonium Stockpile [ton]

2030 2040
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2050
Year
Fig. 3. Outlook of the Japanese Plutonium Stockpile to
2050.

The outlook of the amount of the spent fuel was similarly
calculated to 2050, with the uranium and the MOX spent fuel
separated, as Fig. 4.
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Fig. 4. Outlook of the Spent Fuel Stockpile to 2050,
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DISCUSSIONS

This study quantitatively estimated the future Japanese
plutonium stockpile though a monte carlo approach to give a
neutral outlook to 2050. The results indicated that:

1) The probability that the Japanese government keeps
its promise of reducing the plutonium stockpile without
changing its reprocessing policies is around 60%.

2) The peak amount of accumulated plutonium was
observed around 2024. Therefore, while the current
plutonium imbalance in Japan is certainly a point of concern
for now. it is likely that the plutonium imbalance in Japan
would not pose a long-time proliferation threat to the region.

3) The Japanese government may have to suppress the
operation of Rokkasho reprocessing plant from the start.
Given the strong opposition expected from the local
representatives in case of enforcing such policy, it might be
desirable to consider a prospect of utilizing Rokkasho to
embrace foreign spent fuel to occupy the surplus capacity.
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