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Abstract. Nuclear Material Balance code version 4.0 (NMB4.0) has been developed through collaborative R&D
between TokyoTech&JAEA. Conventional nuclear fuel cycle simulation codes mainly analyze actinides and are
specialized for front-end mass balance analysis. However, quantitative back-end simulation has recently become
necessary for considering R&D strategies and sustainable nuclear energy utilization. Therefore, NMB4.0 was
developed to realize the integrated nuclear fuel cycle simulation from front- to back-end. There are three
technical features in NMB4.0: 179 nuclides are tracked, more than any other code, throughout the nuclear fuel
cycle; the Okamura explicit method is implemented, which contributes to reducing the numerical cost while
maintaining the accuracy of depletion calculations on nuclides with a shorter half-life; and flexibility of back-end
simulation is achieved. The main objective of this paper is to show the newly developed functions, made for
integrated back-end simulation, and verify NMB4.0 through a benchmark study to show the computational

performance.

1 Introduction

The importance of nuclear fuel cycle simulation has grown
in recent years as we have faced a transitional period of
rebuilding a future that uses nuclear energy in response to
drastic changes in the environment related to energy. This
dynamic transition is occurring not only in Japan but
throughout the world following the Paris Agreement on
climate change in 2015. Although nuclear energy is thought
to be a promising zero-carbon energy source, nuclear
energy has problems from both technical and social
perspectives, including nuclear waste, technology inheri-
tance, and consensus building.

The nuclear fuel cycle promoted by developed countries
is an extremely complex system that combines multiple
processes including nuclear reactors, reprocessing, vitrifi-
cation, storage, transportation, and disposal. This makes it
necessary to precisely analyze nuclear energy scenarios by
taking into account uncertainties in social trends and cross-
sectoral perspectives in rational nuclear R&D and policy
making. In addition, in order to achieve sustainable nuclear
energy utilization and advanced nuclear energy systems,

* e-mail: okamura.t.ae@m.titech.ac. jp

radioactive waste disposal, which is one of the biggest
problems in nuclear energy, needs to be solved. The author
previously reported that the amount and properties of
radioactive waste depend on upstream conditions in the
nuclear fuel cycle such as the nuclear reactor operation,
reprocessing, and storage [1,2]. Integrated nuclear fuel
cycle simulation spanning from the front- to the back-end is
therefore required in order to design advanced nuclear
energy systems and perform quantitative analysis of future
scenarios.

About 30 codes for simulating the nuclear fuel cycle
have previously been developed by various research
institutes, and some international benchmark studies have
been conducted in the last decade [3-5|. Table 1 shows the
nuclear fuel cycle simulation codes of each institute in the
report published by the Nuclear Energy Agency (NEA,
under the Organization for Economic Co-operation and
Development) in 2012 [5], as well as the fuel cycle code
ANICCA, developed by SCK CEN [6]. It can be said that
each of the codes excels at tracking actinide nuclides and
performing nuclear fuel cycle simulation, particularly in
relation to the front-end and reactor. However, the
conditions of back-end simulation are considered to
be limited using these codes because they do not track
the necessary nuclides to analyze the diverse and variable
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Table 1. Comparison of nuclear fuel cycle simulation codes [11-17].

Factor Code

NMB4.0 NMB3.0 ANICCA COSI FAMILY-21 EVOLCODE VISION DESAE

TR_EVOL

Institution Tokyo JAEA SCK CEN CEA JAEA CIEMAT INL RKI

Tech&

JAEA
Nuclides 179 28 3850 21 20 - 81 17
Depletion OEM Matrix CRAM16 CESAR5.3 Matrix ORIGEN2 ORIGEN2 -
calculation exponential & Matrix exponential

method

Waste Yes Yes Yes Yes Yes No Yes No
modeling
Repository  Yes Yes Yes Yes No No Yes No
assessment

OEM: Okamura explicit method, —: unknown.

scenarios. Although FAMILY-21 [7] and NMB3.0 [8] were

developed to simulate the Japanese nuclear fuel cycle, they

are specialized for mass balance analysis of actinide
nuclides for mainly using fast breeder reactors (FBR)
and accelerator driven nuclear transmutation system

(ADS). Therefore, nuclear fuel cycle codes that flexibly

simulates not only the front-end but also the back-end has

not been developed.

In order to realize an integrated nuclear fuel cycle
simulator that covers all stages from mining to nuclide
migration after disposal, Tokyo Institute of Technology
(Tokyo Tech) and the Japan Atomic Energy Agency
(JAEA) began jointly developing Nuclear Material
Balance version 4.0 (NMB4.0) in 2019. NMB4.0 is designed
to provide flexibility and an all-in-one packaged nuclear
fuel cycle simulation for users as open code. Various ideas
have been implemented to improve user-friendliness. The
main technical features of NMB4.0 are as follows.

— 179 nuclides, which were selected to enable nuclear fuel
cycle simulation including not only the front-end but also
the back-end, are tracked.

— The Okamura explicit method (OEM) is implemented for
depletion calculations including short half-life nuclides
with very low calculation cost and sufficient accuracy.

— The amount of waste and footprint of the geological
repository, which are related to back-end simulations, are
simulated using multiple approaches from waste produc-
tion treatment to thermal analysis of the geological
repository.

— The accuracy of depletion calculations agrees with
ORIGEN [9], and the back-end simulation can be
calculated with an accuracy within 1% of ORIGEN
and COMSOL Multiphysics® (COMSOL) [10].

The main objective of this paper is to introduce the
updated implementation of the integrated nuclear fuel cycle
simulation and verify NMB4.0 through benchmark studies.
Section 2 gives an overview of NMB4.0, including general
functions and the three core calculation modules (front-end,

reactor, and back-end). Section 3 shows the results of
verifying NMB4.0 against other simulation codes. Verifica-
tion of the front-end and reactor simulations was conducted
with reference to scenarios 1 to 3 in the NEA benchmark
study. In addition, verification of back-end simulation was
performed compared with ORIGEN and COMSOL, which
are general methods for static nuclear fuel cycle simulation.

2 Description of NMB
2.1 Basic structure

Figure 1 shows an overview of NMB4.0, which consists of
three modules: front-end, reactor, and back-end. NMB4.0
was developed for dynamical and integrated analyses of the
nuclear fuel cycle, and performs the depletion, material
balance, thermal analysis of the geological repository, and
nuclide migration from the repository to the environment
under the given reactor operating conditions and reproc-
essing parameters. The electric generation, material
balance, waste properties, footprint of the geological
repository, and nuclide migration are then obtained as
output data.

NMB4.0 runs in Microsoft Exce1®, the programming
language is mainly VBA, and some parts of the calculations
are written in C++ for faster calculation. One of the targets
of developing NMB4.0 is to distribute the nuclear fuel cycle
simulator to many stakeholders, including policymakers,
industry leaders, researchers, and students, in order to
provide an opportunity for thinking about future nuclear
energy utilization. Hence, NMB4.0 uses Excel VBA, which
is widely and easily used by many people.

NMBA4.0is a kind of “tag-based simulator” that provides
users with flexible nuclear fuel cycle simulation. Various
nuclear fuel cycle scenarios can be realized by linking each
process with user-defined tags. The simulation period can
basically be defined by the user. For example, the
simulation period is 10, 100, or 500 years.
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Fig. 1. Overview of NMB4.0.

2.2 Tracked nuclides

There were 26 actinide nuclides selected as major nuclides
with a half-life or more than 2 days which are associated
with the burnup/decay chain, and 153 fission product
(FP) nuclides were selected from the 1200 nuclides
handled by ORIGEN. The 153 FP nuclides were selected
to satisfy two criteria. First, nuclides were selected to
reproduce ORIGEN by more than 99.9% in 5 evaluation
indexes that are important for back-end analysis (mass,
decay heat, radioactivity, toxicity, prohibited elements
into vitrification). The burnup and decay calculations
were carried out under 4 conditions such as Light Water
Reactor (LWR)-UO,, LWR-MOX, fast breeder reactors
(FBRs)-MOX and FBR-Blanket. Second, the FP nuclides
also include those required to configure a simple burnup
chain with the same calculation accuracy as ORIGEN in
the NMB code.

The mass of nuclides, which are not tracked in this code,
is conserved into daughter or granddaughter nuclides
through searching the decay chain of the nuclide with
reference to nuclear data library. For this reason, the mass
of nuclides not tracked in the code are taken into account.
Further details and list of selected FP nuclides were
reported in [18].

2.3 Nuclear data library

As shown in Figure 2, the nuclear data libraries used in
NMB4.0 were created using the “Nuclear Data Library
Editing System” framework, which is provided as an
external code. This structure enables easy building of a one-
group cross-section of libraries and burnup/decay chain
matrices by selecting the nuclides of interest and
the ORIGEN formatted library for each reactor type
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Fig. 2. Flowchart of vector and matrix creation for depletion
calculations.

(e.g., pressurized water reactors (PWRs) and FBRs). The
basic nuclear data in this code were taken from ORLIBJ40
[19], which is the nuclear datalibrary for ORIGEN and based
on JENDLA4.0. Since the fission yield contained in ORLIBJ40
is given for only 7 nuclides, NMB4.0 employs JENDL FPY
[20] for fission yield and GEFY 7.2[21] for spontaneous fission
yield. This framework supports incorporation of original core

information designed using nuclear core design codes such as
MARBLE and SRAC.

2.4 Front-end module (mining, enrichment, and fuel
fabrication)

The enrichment of UQO, fuel and the fissionable Pu
content of MOX fuel are determined using the infinite
multiplication factor (k) set for each reactor and
equation (1). This makes it possible to consider the
needs of natural uranium and enrichment of UO, and
MOX fuel depending on the core, fuel, and stored Pu
isotopic composition in the scenario being analyzed. The
cross-section used in the k. calculation can take into
account burnup dependencies.
NMBA4.0 provides conditions that can be configured for
user-defined fabrication of MOX fuel. These are as follows.
— Setting the used material (multiple materials can be
mixed)

— Setting the order of materials used (e.g., Last In First Out
(LIFO), First In First Out (FIFO), uniformly)

— Setting an upper limit on Pu content in MOX fuel

— Setting either the beginning of cycle (BOC) or end of cycle
(EOC) as the target value of k, in fuel production. BOC and
EOC target values are provided since the nuclear reaction
behavior differs depending on the Pu composition in the case
of recycling of Pu. The calculation cost is relatively high
owing to iteration of the depletion calculation when
calculating the Pu content in MOX fuel by EOC.

b — > vZf,iwi (1)

T > (Zcz + Efzwl) ,

where w;, weight of nuclide 4; u, number of emitted neutrons
per one fission; ) fission cross-section; ) ., capture cross-
section.

2.5 Reactor module
2.5.1 Reactor/fuel

NMB4.0 can calculate multiple reactors in parallel.
Moreover, various combinations of reactor operating
conditions such as burnup and batch length can be
considered based on user definitions. The standard
nuclear reactor cores in NMB4.0 are LWRs (boiling
water reactors (BWRs) and PWRs), CANDU reactors,
gas-cooled reactors, sodium-cooled FBRs, molten salt
reactors, and ADSs. These cores can be combined with
multiple fuels such as UO,, MOX, UO, blanket, and
nitride fuel. If the user wants to calculate another design,
including original designs, the user can calculate the core
data using NMB4.0 by using the framework discussed in
Section 2.3. The depletion calculation uses 6 nuclear
reaction cross sections to ground state ((n, y), (n, fission),
(n, 2n), (n, 3n), (n, p), (n, @)), and 2 cross sections to
metastable state ((n, ¥), (n, 2n)). In addition, the cross-
section used in the depletion calculation can take into
account burnup dependencies. The combination of the
reactor core and fuel can be flexibly considered by user
definition. However, the feasibility of the combinations
was not investigated, except for common combinations
such as LWRs and UQO..

2.5.2 Decay and depletion calculations

Nuclide decay and depletion calculations in NMB4.0 are
obtained by solving the following equation:

AN
— (2)
dt = AN,
A=D+ 4]3 AT (Cfission + Ccapture + Cn,2n )a (3)
ZjPF,ZFlNZ

Ny
where N = : ,nuclide quantity vector; £, Number of

Ng

nuclides; P, reactor power; P—I;, vector of a fission energy;
D, decay chain matrix; F , vector of fission cross-section per
neutron; C,, burnup chain matrix for reaction x; A,
transition matrix.

In the case of nuclide decay, the reactor power P=0and
A=D independent of the reactor. For example, if the decay
matrix Dy ye,,, which represents the decay matrix after one
year, is calculated in advance, the nuclide quantities after
one year of decay can be calculated using the following
equation:

—

N(T + 1year) = D1year N (T). (4)
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NMBA4.0 provides multiple decay matrices with differ-
ent decay times and the decay calculation is performed
using these matrices. Advance preparation of these decay
matrices contributes greatly to reducing the calculation
time.

Depletion calculations in NMB3.0 were performed
using the matrix exponential method in which the nuclide
composition in fuel is updated every time step At using the
following equation:

N(T + At)= <1 +AAL + % (AAL)>+ % (AAL)® + ---)N(T).

(5)

When the nuclide 7 has a short half-life, the i-th
diagonal element of the burnup matrix A is approxi-
mately the negative value of the decay constant —A;. In
the first-order approximation of matrix exponential
method, the mnuclide vector N is expressed as
N(T +At) = (I+AAt)N(T). It is approximated as
(1 — 2At)N;(T) for short half-life nuclide i. When 1At
is more than 1, the nuclide number density becomes
negative, and the calculation diverges. To mitigate the
divergence of the calculation, it is necessary to use the
higher order approximation and/or sufficiently small At
in the matrix exponential method. However, both require
large computational costs. In addition, depletion calcu-
lations account for most of the calculation time in a
dynamic fuel cycle simulation because depletion calcu-
lations are performed several thousand times per
scenario. Therefore, it was necessary to find a method
to solve burnup calculations involving short half-life
nuclides with as much accuracy as possible and with low
computational cost. This led to the development of
OEM. ~

In OEM, the corrected time step At is given so that
AriAt; < 1 is valid even when the diagonal elements of
burnup matrix take large negative values, by giving a time
step for each nuclide to take the same number of densities
as the analytical solution. The corrected time step At is
represented in following equation:

AF = 1- exi('—)w;At) .

(6)

The corrected time step Af; is given so that it has the
same number density as the analytical solution for each
nuclide. With the definition of a vector Af which consists of
At;, the normal and transposed OEM are defined as
equations (7) and (8), respectively:

N(T+At)=N(T)+ 4 (N(T) o At) (7)

N{(T + At) = Ny(T) + AF° (AN(t)), 8)

where a°b takes element-wise product of a and b. The
features of OEM are summarized below.

— OEM can reduce the calculation time compared to the
matrix exponential method since OEM is a first order
approximation and can use a longer time step.

— About 10 to 10® time steps, depending on the type of
OEM, are required to obtain the sufficient accuracy for
the purpose of nuclear fuel cycle simulation.

— Transposed OEM has better accuracy than normal OEM
when the daughter nuclides have a larger decay constant
than their parent nuclides.

— The computational cost considering the sparse matrix in
OEM is O (E?) - B when the calculated number of nuclides
is F and the percentage of the number of elements in the
burnup matrix is B(~15%), which is fundamentally
smaller than CRAM (O (E?)).

Further details of OEM such as the derivation and the
comparison of computational performance with other
depletion calculation methods were reported in [22].

2.6 Back-end module (reprocessing, stabilization,
storage, and geological disposal)

The back-end module was the biggest update in NMB4.0.
Figure 3 shows the structure of the back-end module.
The back-end module consists of reprocessing, parti-
tioning, stabilization, and geological disposal sections.
The general features of the back-end module are as
follows.

— Performance of waste partitioning: waste partitioning
within the range of nuclides, including those selected for
back-end simulation handled in NMB4.0 can be assumed
by user definition.

— Flexibility of back-end simulation: although there are
some limitations, reprocessing, waste partitioning,
stabilization, storage, and geological disposal conditions
can be set flexibly by user definition.

— Agreement of accuracy of the back-end simulation with
static simulation using ORIGEN and COMSOL: details
are described in Section 3.

2.6.1 Reprocessing

The role of the reprocessing section in this code is to
separate the elements that are recycled to the front-end fuel
cycle from the elements that become waste. This means
that U, Pu, minor actinides (MAs), and waste are
separated in the reprocessing section, with U, Pu, and
MAs recycled and everything else going to waste manage-
ment, which is handled by the waste partitioning section.

The reprocessing specification (including recovery
ratio), type of spent fuel to be reprocessed, and schedule
can be defined by the user. Not only actinides but also FPs
can be reprocessed in the fuel cycle. For example, it is very
difficult to separate MAs from rare earths (REs) by current
MA separation technology. NMB guarantees that separa-
tion conditions can be configured that take into account
conditions such as REs accompanying MAs. The fuel
fabrication is then calculated by taking into account
impurities by using the structure discussed in Section 2.4.
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Fig. 3. Back-end module structure.

The reprocessing calculation realizes consideration of
mixed reprocessing of different types of spent fuels. For
example, it is possible to mix spent fuels of BWRs and
PWRs, or to mix UO, and MOX. Waste generated from
mixed reprocessing can also be assumed. The ratios of
mixed reprocessing of different fuels are user-defined.

2.6.2 Waste partitioning

As shown in Figure 3, NMB4.0 divides waste into separate
types of waste and sets different process conditions for each
type such as stabilization, predisposal storage and
geological disposal. For example, waste generated from
reprocessing is assumed to be separated into rare gas,
iodine, and high-level waste (HLW) in the partitioning
section according to the typical PUREX process. In
advanced technologies, waste also consists of Sr-Cs and
Mo waste, and so on. The separation ratios are defined by
the user.

2.6.3 Stabilization

Depending on the specifications of the reprocessing process,
multiple types of waste with different nuclide compositions
are generated. In addition, the corresponding stabilization
methods depend on the chemical and physical properties of
the individually separated waste. Therefore, the stabiliza-
tion methods, size, waste content in solid, storage period
before disposal, and restrictions on stabilization methods
are defined by the user. Basic stabilization methods that
are provided include vitrification, sodalite, and cement.
In terms of the restrictions on stabilization methods, it
is said that the upper limit on the waste content in solid is
constrained by limits including heat generation and the
content of inhibitory elements for stabilization. For
example, although the amount of vitrified waste can be
reduced by increasing the waste content, the waste content
is determined by limits on the heat generation of the solid
in place to prevent glass crystallization by high
heat generation. Therefore, NMB4.0 allows user-defined

restrictions on conditions such as the waste content and
heat generation, the content of inhibitory elements, and the
temperature of the buffer material at the time of geological
disposal. This makes it possible to perform the back-end
simulation depending on the characteristics or properties of
the solid.

2.6.4 Geological disposal
2.6.4.1 Geological repository modeling

The waste generated by the nuclear fuel cycle is stabilized
and stored for several decades and will eventually be
disposed of deep underground. Analysis of the size of the
geological repository is required for nuclear fuel cycle
simulation. The footprint of the geological repository is
estimated from the product of the amount of waste by the
area needed to dispose of one waste package (occupied
area). In the Japanese geological program [23,24], the
occupied area is determined from the view point of disposal
tunnel stability and the engineered barriered system (EBS)
temperature limit. In particular, the temperature limit of
the buffer material, 100°C, is considered to be the most
critical condition in the EBS. This temperature limit is set
to prevent illitization of bentonite, the main material of the
buffer material. When the stability of the disposal tunnel is
guaranteed, the occupied area is designed so that the
temperature of buffer material is below the limit.
Therefore, to calculate the occupied area, it is required
to analyze the temperature of the EBS, especially the buffer
material, when the waste package is disposed deep
underground.

The basic concept of the thermal analysis model of the
EBS in NMB4.0 is presented. The geological disposal
system is designed based on the results of coupled thermal-
hydro-mechanical-chemical simulation (THMC) in the
near field (nearby the EBS) [23,25]. However, according to
the results of coupling analysis of thermal and hydro on the
geological repository by Taniguchi et al., the movement
speed of groundwater in the relatively early stage after
geological disposal is very small, and the influence on the
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thermal conductivity of near-field components is limited
[26]. In another report, coupling analysis of thermal, hydro,
and mechanical was used to examine the characteristics of
heat transfer, infiltration, and swelling of bentonite, which
is the main raw material of the buffer material [27]. As a
result, it was found that conservative results can be
obtained by thermal analysis using the thermophysical
properties in the hydrous state when EBS is stationed,
although the thermophysical properties of the buffer
material fluctuate owing to swelling by groundwater.
Therefore, in the NMB code, the occupied area is calculated
by performing a near-field thermal analysis using the
thermophysical properties in the hydrous state without
considering hydro, mechanical, and chemical effects.

Figure 4 shows the thermal analysis model. This model
and the thermophysical properties were taken from the
Japanese geological disposal program [23,24]. Thermal
analysis at the geological repository can be obtained by
solving the following equation:

o0 Lu(r,t) = kVPu(r, 1) + Q(r, 1),

p 9)

where u(r, t), temperature at location r and time t (K); o,
specific heat (J/K/kg); p, density (kg/m®); «, thermal
conductivity (W/K/m); Q(r, t), heat generation density
(W/m?).

The heat generation density is described as the sum of
the decay heat of nuclides,

Q) = 3 Qulr ).
The following equation is obtained by standardizing Q;:
Qi(/n t) = Aiqi(rat)? (11)

¢;(r, t) normally has a uniform spatial distribution in the
waste and its time evolution follows an exponential
function when the nuclides released from the waste are
ignored. The spatial and time distribution of the heat
generation is therefore unique when a unit amount of a
single nuclide exists in the waste. The same solution as in
equation (9) is obtained by solving wu; for each nuclide
using equation (12) below and taking the linear sum as in
equation (13):

(10)

d
(')',0—’(,!,1'(7"7 t) = szuz‘("', t) + qz’(’r)t)v

dt

The time distribution of temperature w; (74, t) at the
position where the temperature of the buffer material
becomes the highest (7,4, is created in a database by
solving equation (12) for each nuclide that affects the heat
generation of waste after disposal using COMSOL, which is
a general finite element method code. This database can be
used to calculate the time course of the temperature at
Tyuffer corresponding to any nuclide composition. The
database was created for the four waste disposal methods

(12)

(13)

Upper surface

Z=1000m

Temperature= 15 °C

Vitrified waste

______ —_———t - -

Host rock

Buffer /

’

" 7=-200m
" Temperature= 51°C

Fig. 4. Model of thermal analysis for geological repository.

(vertical, horizontal, PEM, compacted) used in the
Japanese geological disposal program by taking into
considering the mechanical stability of the disposal tunnel
[23,24]. The thermophysical properties in the hydrous state
for the thermal analysis model are taken from reports [24].
By using this database, calculation with an accuracy the
same as COMSOL can be conducted with a greatly reduced
calculation cost. The temperature limit of buffer material
can be set by user defined.

2.6.4.2 Nuclide migration

Long-term safety assessment of geological disposal systems
is conducted through analysis of nuclide migration
considering the characteristics of the geological environ-
ment, waste properties, and design options related to
geological repository. The migration behavior of tracked
nuclides released into the environment from waste pack-
ages placed in the deep geological repository and the
radiation effects by assuming a suitable nuclide migration
model for the actual environment of the geological
repository can be evaluated.

Analysis of nuclide migration of HLW in Japan was
conducted using the single waste condition calculated by
ORIGEN [23,24]. However, it is predicted that the waste
condition changes depending on the upstream conditions
of the nuclear fuel cycle. Therefore, the analysis function
of nuclide migration is implemented in the NMB code to
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Table 2. Results of scenario 1 on each code.

tHM /year Code

NMB4.0 COSI FAMILY21 DESAE2.1 VISION
Natural U 8.96 E+03 8.94 E-+03 8.96 E+03 8.37 E+03 8.95 E+03
SWU 6.87 E4+03 6.86 E+4+03 6.87 E4+03 6.86 E+403 6.86 E4+03
UO, fabrication 878 878 878 821 878

successively evaluate the nuclide migration for a variety of
nuclear fuels. The nuclide migration is calculated using the
database prepared in the code. Asshown in equation (14), the
release rate Dy(r, t) of nuclide i at location r and time ¢ is
evaluated by solving the nuclide migration model with a
nuclide composition in waste z; in the basic analysis.
However, it is difficult to solve the complex model
including THMC because of the calculation cost. In order
to solve the nuclide migration simply, equation (14) was
approximated by equation (15) with D, for discrete z;, r,
and ¢ preé)ared in the code by solving equation (15) using
GoldSim , which is commonly used for nuclide migration
analysis [28]. The nuclide migration model was taken from
the H12 report [29]. This method cannot collectively
evaluate the interrelationships between some nuclides,
such as accurate decay chains and solubility limiting
concentrations of nuclides. However, nuclide migration
analysis with reasonable accuracy and high speed is
realized in NMB4.0 by introducing the database. It is
thought that this function is a major advancement in the
field of fuel cycle simulation.

Dy(r, t; @1, T9, -+ T)
N DQ(Ta t; x1, X9, : .’En)
D('f‘, ta X1, T2, *** mn) =
Dn(Ta t; Ty, Tg, - xn)
(14)

Di ~ ZJD, (T‘, t; (Suft)

Slm =

L, (I=m=j)
0, (I#j or m#j).

3 Verification of NMB4.0 performance
3.1 Verification against NEA benchmark study

The computational performance of NMB4.0 was verified
against other codes by referring to the results of the
international benchmark study for nuclear fuel cycle
simulation conducted at the NEA in 2012. The codes
for comparison were FAMILY-21, COSI, EVOLCODE,
VISION, and DESAE, which were summarized in the report,
as well as ANICCA, which published the benchmark results
referring to the same publication. There are three scenarios

involving depletion calculations for PWR UO,, PWR MOX,
and fast reactors. Scenario 1 assumes only operation of
PWRs with UO, fuel. Scenario 2 is a sort of mono-recycling
scenario assuming the reprocessing of UO, fuel, and MOX
fuelis burned in PWRs. Scenario 3 is a case of transition from
PWRsto FBRs. Puand MAs are assumed to berecycled. The
benchmark study in all scenarios were conducted by
NMB4.0, and the results are shown below. Detailed
calculation conditions for each scenario are not described
here.

3.1.1 Scenario 1

For scenario 1, shown in Table 2, the calculation results
from NMB4.0 agree with the other codes in all evaluation
indexes. The results are slightly different between NMB4.0
and DESAE2.2. According to the report, it was considered
that this difference is considered by difference of the
assumption of the fuels loaded into reactor core is different.

3.1.2 Scenario 2

The calculation results for scenario 2 are shown in Table 3
and Figure 5. The reprocessing amount shown in Table 3
was the average value of the reprocessing amount for 120
years. In scenario 1, although the calculation results from
NMBA4.0 agreed with the other codes in respect of front-end
indexes, different values were observed in the average
annual reprocessing amount. This is because different
interpretations exist on the loading and exchange of fuel in
each code. Regarding the amount of transuranic waste
(TRU), NMB4.0 can assume both cumulation and decay of
tracked nuclides in all processes the same as COSI. Thus,
the results calculated under both conditions are shown in
Figure 5. The trends in NMB4.0 agreed with the other
codes. The NMB4.0 result values were close to COSI except
for the amount of Am, for which there was a difference of
about 15 tons between NMB4.0 and COSI. It is thought
that this is because the amount of Pu-241, which is the
parent nuclide of Am-241, is different in the depletion
calculation owing to differences in nuclear data, particu-
larly cross-sections.

3.1.3 Scenario 3

Figure 6 shows the annual production of fuels and the
amount of TRU. In the annual production of FBR MOX
fuel and blankets, similar trends of results were obtained by
NMB4.0 and the other codes. In particular, the results from
NMB4.0 agreed with FAMILY-21 and DESAE 2.1.
However, the output of 0 every 8 years as seen in COSI
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Table 3. Annual results of scenario 2 on each code.
tHM /year Code
NMB4.0 COSI FAMILY21 DESAE2.1 VISION EVOLCODE ANICCA
Natural U 8.06 E4+03 8.05 E+03 8.07 E+03 7.53 E+03 8.05 E4+03 7.90 E+4+03 7.98 E-+03
SWU 6.18 E4+03 6.17 E+03 6.19 E+03 5.77 E+03 6.18 E+03 Not calculated 6.18 E+03
UO, fabrication 790 790 791 739 790 790 790
MOX fabrication 87.8 87.8 87.8 82.1 87.8 87.8 87.8
Reprocessing 801 796 783 823 827 835 774
14 140
—e—COSI (Decay) —4—COSl (Decay)
12 + 0 FAMILY 21 120 | “ FAMILY21
¥ EVOLCODE - VISION
10 + @ ANICCA 100 F °© EVOLCODE
X NMB4.0 (Decay) ® ANICCA
L + COSI(Cumulation) i NMB4.0 (Decay)

—#—=NMB4.0 (Cumulation)

Pu in waste, tHM
[oe]

4
2
0 FHHHH
0 20 40 60 80 100 120
Year

(a) Time course of Pu in waste

120
—e—COSlI (Decay)
O FAMILY 21
100 - x EVOLCODE
e ANICCA
80 | X NMBA4.0 (Decay)
+ COSI (Cumulation)

—¥—NMB4.0 (Cumulation

60

Am in waste, tHM

40
20
0 1
0 20 40 60 80 100 120
Year

(c) Time course of Am in waste

Cm in waste, tHM
)

COSI (Cumulation)
NMB4.0 (Cumulation)

Np in waste, tHM
o ®
S O

40
20
0 3
0 20 40 60 80 100 120
Year

(b) Time course of Np in waste

14 —e—COSI (Decay)

12 L FAMILY 21
EVOLCODE
ANICCA

NMB4.0 (Decay)
COSI (Cumulation)
—#—=NMB4.0 (Cumulation)

+ X ® x O

4
2
0 3
0 20 40 60 80 100 120
Year

(d) Time course of Cm in waste

Fig. 5. Results of scenario 2.

did not occur in NMB4.0. According to the report, the
cause of this trend is thought to be that COSI cannot
assume different burnup batches for fuels loaded into a
single reactor because the fast reactor is calculated as a
single fission reactor in this version, whereas the oscillation
in COSI did not occur in NMB4.0 since the MOX fuel and
blankets could be calculated individually. The trend in the
amount of TRU calculated by NMB4.0, except for the
amount of Am, agreed with the other codes. It is thought
that the cause of the difference in Am is not due to
differences between the scenarios because the slope of the

time course of amount of Am during mono-recycling was
the same in scenarios 2 and 3. Therefore, the difference in
Am is presumed to be differences in the amount of Pu-241
caused by cross-sections.

3.2 Verification with ORIGEN and COMSOL

Verification of the performance of the back-end module,
which is one of the main features of NMB4.0, is shown here.
NMB4.0 was compared with the general static method
that is commonly used for back-end simulation [23,24].
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Fig. 6. Results

Depletion and decay calculations were conducted using
ORIGEN, and thermal analysis of the geological repository
was performed using COMSOL. Since the static method
simulates equilibrium conditions, it was compared with the
simulation result in the equilibrium period even in
NMB4.0. As shown in Table 4, three benchmark conditions
were prepared. S1 is a condition close to the reference case
in the Japanese geological disposal program. S2 is a
condition that extends the cooling period of spent fuel. S3 is

(f) Time course of Cm in waste

of scenario 3.

a condition assuming high burnup. In the depletion
calculation by ORIGEN, ORLIBJ40 was used as the
cross-section library, and the specific power was 37.5 MW/
tHM. The initial fuel enrichment was 4.1 wt.% for S1 and
S2 and 4.7 wt.% for S3. The reprocessing conditions were
assumed to be the typical PUREX process. The evaluated
indexes are the number of vitrified wastes generated, heat
generation at the time of vitrification and disposal,
radioactivity at the time of vitrification and disposal,
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Table 4. Benchmark conditions in back-end scenario 1-3.

11

Fuel burnup, SF cooling, Waste Repository design Limiting factor
GWd/tHM year storage, year (occupied area, m?) on waste loading
S1 45 4 50 Vertical (44.4) Waste loading (10 wt.%)
S2 45 50 50 Vertical (44.4) Mo (1.5wt.%)
S3 55 4 50 Vertical (44.4) Decay heat (2.3kW)

Table 5. Result comparison between NMB4.0, and ORIGEN and COMSOL.

Index Scenario
S1 S2 S3
NMB4.0 ORIGEN 0/@-1 NMB4.0 ORIGEN 0©/@-1 NMB4.0 ORIGEN ©/@-1

Waste number, unit/tHM 1.23 1.23 -0.220% 1.14 1.14 -0.143%  1.58 1.58 -0.403%
Heat in vitrification, kW /unit ~ 2.39 2.39 -0.210%  0.531 0.533 -0.284%  2.30
Heat in disposal, kW /unit 0.347 0.348 0.147%  0.253 0.254 0.538%  0.335 0.334 0.124%
Radioactivity in vitrification, 2.30E+16  2.29E+16  0.165% 5.01E+15 5.01E+15  0.035% 2.11E+16  2.10E+16  0.373%
Bq/unit
Radioactivity in disposal, 4.09E+15 4.09E+15  0.067% 1.65E+15  1.65E+15 0.147%  3.86E+15 3.85E+15  0.314%
Bq/unit
Mo content, wt.% 1.38% 1.38% 0.127% 1.50% 1.32% 1.31% 0.318%
Max buffer temperature, °C 97.8 98.0 -0.227% 104 105 -0.414%  95.6 95.6 -0.0390%
Mo content in vitrified waste, and maximum temperature 115
of buffer material. Each scenario has a different restriction
on the stabilization. S1 has waste content (=10wt.%), S2 = 105 —
has Mo content (<1.5wt.%), and S3 has initial heat 75 e
generation (<2.3kW). E %

The calculation results are shown in Table 5. Differ- 5
ences in the calculation are within 1% for all evaluation 5 °°
indexes. The difference in the number of vitrified wastes, % 75
which is the amount of waste, was about 0.2% for S1 and S2 ¢
and 0.4% for S3, assuming high burnup. In the verification *E 65
of the thermal analysis method of the geological repository & ®51/NMB4.0 ¥ S1/ORIGEN
shown in Section 2.6.4.1, it was found that the differencein  § 55 S2/NMB4.0 X S2/ORIGEN
the maximum temperature of the buffer material was about "~ o o
0.4%, which is sufficiently good performance. The time 45

1 10 100 1000

evolution of the temperature of the buffer material is shown
in Figure 7 for cases S1 and S2 calculated by both codes. In
S1, the peak at around 20 years after disposal was
reproduced. In S2, the peak at around 300 years after
disposal was also reproduced. These time variations in
temperature of buffer material tend to be the same as the
analysis results performed in a previous study [2].
According to the studies, the effects of Cs and Sr occur
in a relatively early period after disposal like in S1, and the
peak in S2 occurs due to Am-241 from beta-decay of
Pu-241. Therefore, the performance of thermal analysis
method in NMB4.0 was clarified to consider the decay heat.
In addition, it can be seen that NMB4.0 agrees with the

Period after disposal, year

Fig. 7. Time course of temperature of buffer material on S1 and
S2.

static calculation method of ORIGEN and COMSOL
considering that the depletion calculation method and the
burnup chain are different.

Finally, the performance of nuclide migration analysis,
that is, the time course of the release rate at the EBS, is
shown as an example case in Figure 8. The nuclide
composition in waste generated from S1 was assumed. The
release rate of each nuclide was expressed corresponding to
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1.E+06

1.E+05 [

1.E+04 F

1.E+03 |

1.E+02 |

Release Rate at EBS, Bq/yr

1.E+01 }

1.E+00
1.E+00 1.E+04

Time, year

1.E+02 1.E+06 1.E+08
Fig. 8. Example case for performance of nuclide migration
analysis in NMB4.0 (Time course of the release rate of each

nuclide at the EBS in the case of S1).

the nuclide composition of the input. The general trends
are consistent, although different trends occurred in some
actinide nuclides compared with reference [27]. Such
calculations can be performed on a time scale of up to
10% at three locations, namely, the EBS, host rock, and
biosphere, based on the model from the H12 report.

4 Conclusion

NMB4.0, which enables integrated analysis of the entire

nuclear fuel cycle from the front- to back-end, was

developed and introduced in this paper. NMB4.0 was
verified against existing nuclear fuel cycle simulation codes.

The features of NMB4.0 are summarized below.

— 179 nuclides (26 actinides and 153 FPs) selected from the
viewpoint of burnup chain and nuclides required for mass
balance of waste management are tracked throughout
the nuclear fuel cycle.

— The nuclear data library obtained from the core analysis
can be utilized with the nuclear data library editing
system.

— Light water reactors, CANDU reactors, gas reactors,
sodium-cooled FBR, and ADS are available. Each core
can be combined with fuels such as UO,, MOX and
nitride fuel.

— OEM is implemented in depletion calculation to reduce
the calculation time while maintaining the accuracy of
short half-life nuclides.

— A module is implemented for flexible back-end simula-
tion. The accuracy of the back-end simulation differs
from ORIGEN and COMSOL by about 1%.

— Nuclide migration in geological disposal can be calculated
using a prepared database

As a result of the development and verification of these
functions, it was shown that NMB4.0 is a code that can
perform integrated analysis of a wide range of sections of
the nuclear fuel cycle from mining to nuclide migration.

Our next step is to prepare a database of indexes
related to the nuclear fuel cycle such as economic
efficiency, environmental impact, and risk, and to

expand the calculation scope of the code. In addition,
improvement of the framework on nuclide migration
study will be conducted through collaborating with
geological disposal experts. Finally, we will continue
development aiming for an integrated nuclear fuel cycle
code platform.
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