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Abstract: In order to estimate the radiological characteristics of disused dry storage systems for spent
nuclear fuel, a stepwise framework to calculate neutron sources (ORIGEN-ARP), incident neutron
flux and reaction rate (MCNPX), effective cross-section (hand calculation), and residual activity
(ORIGEN-2) was established. Applicability of the framework was demonstrated by comparing the
residual activity of a commercialized storage system, HI-STORM 100, listed in the safety analysis
report and calculated in this study. For a reference case assuming an impurity-free storage system, the
modified effective cross-sections were theoretically interpreted and the need for managing disused
components as a radioactive waste for at least four years was demonstrated. Sensitivity analyses
showed that the higher burnup induces the higher residual radioactivity, and the impurity 59Co may
extend the minimum decay-in-storage period up to 51 years within the reported range of 59Co content
in stainless steel. The extended long-term storage over 100 years, however, caused no significant
increase in residual radioactivity. Impurity control together with appropriate decay-in-storage was
proposed as an effective approach to minimize the secondary radioactive waste arising from disused
dry storage systems. The results of this study could be used to optimize the decommissioning and
waste management plan regarding interim storage of spent fuel.

Keywords: spent nuclear fuel; dry storage system; decommissioning; neutron activation; radioactive
waste management

1. Introduction

Spent nuclear fuel (SNF) is generated from operation of nuclear reactors, where the SNF discharged
from the reactor core is to be stored in a wet-type spent fuel pool (SFP) for cooling for a while, and then
the SNF is transported to a reprocessing plant or wet- or dry-type interim storage facilities prior to
ultimate disposal [1]. Due to the unavailability of deep geological repositories for SNF, the inventory of
SNF in storage increases continually with increasing accumulated years of operation of nuclear power
plants (NPPs) worldwide [2]. Furthermore, the application of dry storage of SNF has been continuously
expanding because of its passive cooling design features, little generation of secondary waste, little
corrosion of SNF cladding, and so on [3]. For instance, it has been predicted that 140,000 metric tons of
uranium (MTU) of SNF will be produced from NPPs even without further nuclear deployment and
more than 100,000 MTU of SNF will be stored in dry storage systems (DSSs) in the United States by
2060 [1].
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Neutrons are emitted from SNF discharged from the reactor core through spontaneous fissions,
(α, n) reactions, etc., and radioactive activation products are to be produced by interactions of
neutrons with surrounding structures or components through neutron activation reactions such as
(n,γ) and (n, p). Accordingly, a few studies have been reported on the activation of not only reactor
pressure vessels (RPVs) housing the reactor core and internals, but also out-of-core structures, systems,
and components (SSCs) including components in the SFP [4–6]. A study on neutron activation of
metallic storage racks of an SFP in which SF has been stored for 40 years reported that the SFP racks are
to be activated to form radionuclides 51Cr, 54Mn, 55Fe, 58Co, and 60Co showing activity concentrations
of 4.64, 0.64, 3.20, 1.31, and 3.19 Bq/g, respectively, which implies that during the decommissioning of
NPPs, the SFP racks could be generated as a radioactive waste subject to land disposal [6].

It is of note that neutron activation may occur in SSCs adjacent to SNF in a DSS, even if the neutron
flux from SNF in dry storage is anticipated to be much lower than those in the reactor core region
during the power operation of NPPs due to the minimum cooling time (typically 5 to 10 years) prior
to dry storage [7]. In this regard, the International Atomic Energy Agency (IAEA) has addressed the
need for assessment of the maximum activation level which can be reached after a certain storage in
establishing a decommissioning plan for the DSS of SNF [8].

In addition, the United States Nuclear Regulatory Commission (USNRC) has requested a license
for a DSS of SNF to select materials to minimize radioactive waste production and mass of shielding
materials subject to neutron activation and to ensure that the activated cask components can be
disposed of in a low-level radioactive waste (LLW) disposal site [9]. The USNRC also specifies that
51Cr, 54Mn, 59Fe, 58Co, 60Co, and 63Ni are major activation products in concrete and metal components
in a DSS even after decontamination but a significant reduction in the total activation would occur
within only one year after unloading [9]. In accordance with the USNRC’s Regulatory Guide 3.61,
the applicant should discuss the neutron activation of the cask and fuel basket materials in the Topical
Safety Analysis Report of a DSS [10]. Furthermore, the applicant for a DSS facility should describe the
proposed practices and procedures for the disposal of residual radioactive materials after the stored
SNF has been removed [11].

The volume and disposal cost of LLW to be produced from the decommissioning of DSSs have
been estimated for the NPPs in the United States. For instance, it was estimated that about 29,111 ft3

(~824.33 m3) of Class A LLW would be produced and USD 1.76 million would be needed to dispose of
the waste for the Salem NPP where HI-STORM 100 DSSs were assumed to be used, while 20,250 ft3

(~573.42 m3) of Class A LLW and USD 2.38 million of disposal cost has been estimated for the Diablo
Canyon NPP where 138 units of HI-STORM 100 DSSs are to be used [12,13]. Moreover, Howard and
Akker have estimated that about 10 m3 LLW is to be generated from a unit of DSSs and the cost
associated with the disposal of the LLW from activation of DSSs in the United States could be as high
as USD 3.8 billion by the year 2050 depending on the availability of disposal facilities and the growth
of DSS inventories to be adopted [1].

In practice, manufacturers of commercial DSSs for SNF from pressurized water reactors (PWRs)
have evaluated the potential radioactivity inventory of major components of their DSSs through
neutron activation calculations. A set of assumptions, conditions, and methods adopted for neutron
activation calculations for the selected four types of commercial DSSs (i.e., TN-32, TN-68, HI-STORM
100, and NAC-UMS) and one relevant study is summarized in Table 1 [14–18].
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Table 1. Assumptions, conditions, and approaches for neutron activation calculations adopted in four
types of commercialized dry storage systems (DSSs) for spent nuclear fuel (SNF) and one relevant study.

Item
Commercial DSSs

Past Study [18]
TN-32 [14] TN-68 [15] HI-STORM 100 [16] NAC UMS [17]

SNF source term
calculation model SAS2H and ORIGEN-S SAS2H and ORIGEN-S SAS2H and ORIGEN-S SAS2H ORIGEN-S

Neutron transport
calculation model XSDRN-PM XSDRN-PM MCNP-4A N/A MCNP5

Activation cross-section
library ORIGEN-2 PWRU ORIGEN-2 BWRU N/A N/A 1 Modified ORIGEN-2

PWRU50

Material of canister Stainless steel 304 Stainless steel 304 Stainless steel 304 Stainless steel 304 Stainless steel 304

Target radionuclides
51Cr, 54Mn, 55Fe, 59Fe,
58Co, 60Co, 59Ni, 63Ni

51Cr, 54Mn, 55Fe, 59Fe,
58Co, 60Co, 59Ni, 63Ni

54Mn, 55Fe, 60Co, 59Ni,
63Ni

54Mn, 55Fe, 60Co,
59Ni, 63Ni

51Cr, 54Mn, 55Fe, 59Fe,
58Co, 60Co, 59Ni, 63Ni

SoF 400
(Basket)

32
(Basket)

117
(Canister)

50
(Canister bottom)

4.3
(Basket)

Fuel type PWR 17 × 17
(WH)

BWR 7 × 7
(GE)

PWR 15 × 15
(B&W)

PWR 17 × 17
(WH)

PWR 17 × 17
(WH)

Fuel burnup
(GWD/MTU) 45 40 70 40 45

Initial enrichment
(wt % of 235U) 3.5 3.3 4.8 3.7 4.5

Cooling time (years) 7 10 5 5 10

Element composition Given Given Given N/A Given

Isotope composition N/A N/A N/A N/A N/A

Impurities data N/A N/A N/A N/A Given

1 N/A means not addressed.

As shown in Table 1, the sum of fractions (SoF) of the activity concentration of each radionuclide
divided by its clearance level calculated using Equation (1) is larger than one (i.e., 400, 32, 117, and 50
for TN-32, TN-68, HI-STORM 100, and NAC-UMS, respectively), which implies that the components
of DSSs may be disposed of as radioactive waste after dismantling due to the estimated residual
radioactivity concentration exceeding the clearance level [19].

SoF =
∑

i

Ci
CLi

(1)

where Ci is the activity concentration of radionuclide i (Bq/g), and CLi is the clearance level of
radionuclide i (Bq/g).

Besides, Table 1 implies that no standard assessment framework to estimate neutron activation in
DSSs has been established, and various computational codes and cross-section libraries have been
selected in each commercial DSS. Essential data for activation calculation such as activation reaction
cross-sections, elemental/isotopic composition of materials or impurities (i.e., potential precursors of
activation products which may cause significant differences in calculation results) [5], and a neutron
transport calculation model, however, are sometimes not explicitly given in the safety analysis reports
of the DSSs. The target radionuclides for neutron activation calculation in the four DSSs are not
the same and the technical bases for selecting the target radionuclides are not addressed in all cases.
In addition, even a one-dimensional discrete ordinates code for particle transport analysis of a simple
geometry, XSDRN-PM, has been used for the complex DSS geometry in the case of TN-32 and TN-68
casks [20,21]. Although selecting a conservative cross-section library and using ORIGEN-2 are one
of the approaches to calculate residual activities, it should be also noted that ORIGEN-2 built-in
cross-section libraries for reactor core regions have been directly used for the activation calculation for
TN-32 and TN-68 casks, which may induce significant errors in neutron activation calculations for
components in DSSs [9,22–25], whereas the used cross-section libraries are furthermore not specified
in the other cases [16,17]. The inconsistent modeling approach and incomplete information in the
safety analysis reports of DSSs as addressed above imply that the calculated activity concentrations for
commercial DSSs may contain significant uncertainties. Even if the respective SoF values in Table 1 are
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not sufficiently comparable due to different design conditions, furthermore, the wide range of SoF up
to a factor of 12.5 for commercial DSSs and 93.0 for all given cases may suggest the possible extent of
the uncertainties.

On the other hand, studies on the systematic evaluation of the neutron activation of components
of DSSs for SNF have been rarely reported in the open literature. One relevant study found and
introduced in Table 1 investigated the potential activation of a conceptual KORAD-21 DSS model [18].
They recalculated the cross-section libraries by use of the ORIGEN-2 code for a realistic activation
calculation, and as such calculated the SoF in Equation (1) for the basket plate to be 4.3, which is much
lower than that reported for the commercialized DSSs in Table 1 [14–19]. They assumed simply that
all activation reactions were to be (n,γ), while (n, p) and other reactions were to excluded and even
the nuclear fuel with quite high initial enrichment (4.5 wt%) is to have relatively low fuel burnup
(45 GWD/MTU), which may result in the lower SoF than the four commercial DSSs. Moreover, each case
in Table 1 shows just a single result of neutron activation calculated for just one set of input parameters
and conditions for the respective DSS, which cannot provide any insights on the effects of input
parameters and conditions on the neutron activation calculation results.

Accordingly, this study aims at establishing a systematic framework to estimate the radioactivity
inventory in the main components of a DSS with SNF induced by neutron activation under a
set of representative reference conditions, and suggesting design and operational provisions to
minimize secondary radioactive waste exceeding general clearance levels which is generated from the
decommissioning of DSSs through sensitivity analysis of major factors that affect neutron activation.

2. Methodology

2.1. Selection of Target Spent Nuclear Fuel and Dry Storage System

PWR 16 × 16 (CE) UO2 nuclear fuel, which has been used in 14 units out of 21 units of PWRs in
Korea and is to dominate the national inventory of PWR SNF (i.e., 37% and 77% of total PWR fuel in
storage as of 2015 and 2082, respectively), is selected as a target SNF among various types (i.e., 14 × 14,
15 × 15, 16 × 16, and 17 × 17 lattice) of nuclear fuel used in Korea [26]. PWR 16 × 16 (CE) nuclear
fuel has been also used worldwide and reported to represent 13% of the SNF inventory in the United
States as of 2013 [27]. Based on the design control document (DCD) of APR-1400 and a prior study on
standardized data for SNF in Korea, a set of reference conditions for the target SNF was assumed as
shown in Table 2 [28,29]. It is noted that mixed oxide (MOX) nuclear fuel was excluded in this study,
since any reprocessed fissile material has not been used in Korean NPPs.

Table 2. Reference conditions of target SNF for neutron activation calculation in this study [28,29].

Item Condition Reference

Fuel type PWR 16 × 16 (CE) UO2 [28]
Burnup 55 GWD/MTU [29]

Initial enrichment 4.2 wt% of 235U [29]
Refueling intervals 540 days (18 months) [28]

Cooling time after discharge from reactor core 10 years Assumed in this study

In addition, a commercialized dry storage system, HI-STORM 100, developed by HOLTEC
International in line with the respective United States Federal Regulations such as 10 CFR Part 72
and widely used worldwide in the United States, Spain, Taiwan, etc. was selected as a target DSS to
store the target SNF assumed [16,30]. A few types of SNF including PWR 15 × 15 (B&W and WH),
16 × 16 (CE), and 17 × 17 (WH) can be stored in a HI-STORM 100 DSS, and it was reported that
750 units of multi-purpose canisters (MPCs) of the HI-STORM 100 have been used in the United States
accounting for the highest percent (36%) among the total 2073 units of DSSs in use as of 2016 [27].
As depicted in Figure 1, the HI-STORM 100 DSS consists of a concrete overpack and metal MPC,



Energies 2020, 13, 5325 5 of 25

in which 24 or 32 SNF assemblies are to be emplaced. More specifically, the MPC consists of metallic
components including the fuel basket, shell, baseplate, and lid [16].
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Figure 1. Conceptual view of the HI-STORM 100 DSS to store PWR SNF [16]: (a) concrete overpack
and multi-purpose canister (MPC), and (b) cross-section view of MPC-24.

MPC-24, which is designed to store 24 assemblies of PWR SNF for 40 years of design lifetime, was
selected as a target component for which radioactive source terms produced from neutron activation
are to be calculated in this study, since MPC-24 has been already selected for neutron activation
calculation in the final safety analysis report (FSAR) of the HI-STORM 100. The metal canister MPC-24
is mainly susceptible to neutron activation due to the short distance from the SNF assemblies and
relatively high activation cross-sections of constituents or impurities, whereas the outer shell (concrete
overpack) can be excluded in the activation calculation based upon the longer distance (about 1 m)
from the SNF assemblies stored in the MPC and the resulting negligible activation levels reported in
existing studies [16].

2.2. Assessment Framework for Neutron Activation of Components in DSSs

2.2.1. General Approach to Estimate Neutron Activation

The activity of resulting radionuclide i produced from neutron activation of precursor isotope j
can be generally represented by the following equation [31].

Ai = N j·σ j·φ·
(
1− e−λi·ta

)
(2)

where Ai is the activity of radionuclide i (Bq), N j is the atomic number density of precursor isotope
j (atoms/cm3), σ j is the microscopic cross-section of the neutron activation reaction for isotope j to
form radionuclide i (cm2), φ is the incident neutron flux at the point of concern (neutrons/cm2

·s),
λi is the decay constant of radionuclide i (s−1), and ta is the activation time (s). Equation (2) implies
that information on the neutron flux at the point of concern and on the material properties of the
target component (i.e., number density of precursor isotope in the component and cross-section
of isotope consisting of the component) is essentially needed so as to calculate the activity of the
activation product.
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2.2.2. Calculation of Neutron Source Terms in SNF to Be Stored

In order to calculate the incident neutron flux at the point of concern (φ), assessment of neutron
source terms (i.e., emission rate of neutrons with each energy group) should precede calculation.
The governing equation to calculate the activity of a specific radionuclide i in an SNF is given in
Equation (3) [32].

Ai =
dNi
dt

=
∑

j

δi jλ jN j +
∑

k

fikσkφNk − (λi + σiφ)Ni (3)

where Ni is the atom density of radionuclide i (atoms/cm3), λ j is the decay constant of radionuclide j
(s−1), σi is the microscopic neutron absorption cross-section for isotope i to form other isotopes (cm2),
σk is the microscopic neutron absorption cross-section for isotope k to form radionuclide i (cm2), δi j is
the ratio of radioactive decay from radionuclide j to radionuclide i, and fik is the conversion ratio by
neutron absorption from isotope k to radionuclide i.

Major neutron sources in the SNF are spontaneous fission radionuclides (e.g., 240Pu, 242Pu, 242Cm,
244Cm) and α-emitting radionuclides (e.g., 238Pu, 241Am, 244Cm) yielding neutrons through reactions
with constituent oxygen isotopes such as 17O(α, n)20Ne and 18O(α, n)21Ne [33], which are usually
calculated by use of isotopic generation, depletion, and decay calculation codes such as ORIGEN-ARP
and ORIGEN-S [32,34]. In this study, ORIGEN-ARP in the SCALE 6.1 code package developed by
Oak Ridge National Laboratory (ORNL) was used for neutron source terms calculation of the SNF in
storage. The ORIGEN-ARP code can calculate the radioactive source terms in an SNF assembly using
the input data regarding target nuclear fuel and operation history as shown in Table 2.

The initial number density of each isotope in nuclear fuel (N j and Nk in Equation (3)) can be
derived from initial enrichment of 235U and fuel type. δi j, fik, λi, and λ j in Equation (3) are physical
parameters depending on radionuclides and relevant nuclear reactions, of which values are built in
ORIGEN-ARP as default data. In addition, ORIGEN-ARP generates problem-dependent cross-sections
(σi and σk) using an interpolation algorithm that operates on pre-generated libraries created for a range
of fuel properties and operating conditions. Finally, the neutron flux (φ) of the nuclear fuel in the
reactor core region is calculated by ORIGEN-ARP using the thermal power of the reactor and other
parameters [35].

2.2.3. Calculation of Neutron Flux in Components of DSSs

Flux of neutrons of a certain energy group in a component of a DSS is determined by neutron
source terms in the SNF region calculated in Section 2.2.2, the distance of the component of the DSS
from the SNF, and the material between them. The neutron flux at a location can be calculated by use of
either a discrete ordinary neutron transport method (e.g., XSDRN-PM) or a Monte Carlo (MC) method
(e.g., MCNP, FLUKA, PHITS) [20]. Considering the complex geometry of DSSs, one of the most widely
used particle transport computational codes, MCNPX 2.5.0 based on an MC model, was selected for
the calculation of neutron flux in a component of a DSS [36].

The MCNP code has continuous cross-section libraries (e.g., ENDF/B-VI) for multi-energy groups
of incident particles, and accordingly can calculate transport and activation reactions of neutrons of
multi-energy groups and their reaction rates [37]. In this study, the cross-section library ENDF/B-VI.8
which is originally mounted in MCNPX 2.5.0 has been used to calculate the neutron flux in components
of DSSs. It is of note that selection of adequate cross-section libraries may present a sensible impact on
the MCNP calculations. The incident neutron flux in a component of a DSS is to be calculated by the
MCNP code using the neutron source terms on the SNF assemblies emplaced in the DSS calculated by
ORIGEN-ARP (see Section 2.2.2), and the geometry, dimensions, boundary conditions, and materials
of components of the DSS (see Section 2.1).
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2.2.4. Calculation of Modified Neutron Activation Cross-Section

In order to calculate the neutron activation of a component, the neutron cross-section for each
activation reaction such as (n,γ) and (n, p) and for the respective energy of the incident neutron flux
is needed. Commercialized codes for neutron activation calculation usually contain homogenized
or pre-collapsed built-in cross-section libraries (e.g., PWRU50 in ORIGEN-2) that cannot be directly
used for activation calculation for components of a DSS, because the homogenized or pre-collapsed
built-in cross-section libraries do not reflect the neutron energy spectra in the DSS component having
specific geometry and dimensions considered in this study [20]. In this regard, a few investigators
have addressed the potential errors to be caused by using the built-in cross-sections in the calculation
of neutron activations in components in the vicinity of the nuclear reactor core [22–25,38]. In order
to reduce the uncertainties in activation calculation, an effective microscopic cross-section reflecting
the neutron energy spectra of the DSS component assumed in this study was generated using the
multi-energy group cross-section in the MCNP code as below.

First, the total neutron flux in a DSS component is calculated by integrating the neutron flux of an
energy group using Equation (4), which can be obtained using the MCNP code [36].

φE =

∫
E

φ(E)dE (4)

where φE is the total energy-averaged neutron flux (neutrons/cm2
·s), and φ(E) is the differential

neutron flux (neutrons/cm2
·s·MeV). Then, the total reaction rate is calculated using Equation (5),

which can be also obtained using the MCNP code [36–38].

qE =

∫
E

φ(E)·σ(E)dE (5)

where qE is the total reaction rate (reactions/s), and σ(E) is the energy-dependent microscopic
cross-section (cm2). Finally, the effective microscopic cross-section, which represents the probability
that an atom reacts with the total neutron flux in a DSS component and is equivalent to σ j in Equation (2),
can be calculated using Equation (6) [37,38].

σE ≡
qE

φE
=

∫
E φ(E)·σ(E)dE∫

E φ(E)dE
(6)

where σE is the effective microscopic cross-section (cm2).

2.2.5. Material Compositions and Impurity Contents of DSSs

The number density of precursor isotope (Nk) in Equation (2) or (3) can be calculated from the
elemental compositions of the material and impurities together with the natural isotopic abundance of
each element present using Equation (7) [39].

Nk = ρ· fA·
NA
WA
·rk (7)

where ρ is the density of the material (g/cm3), fA is the mass fraction of element A in the material
(g − element A/g −material), NA is the Avogadro’s number (6.02 × 1023/mol), WA is the atomic
weight of element A (g/mol), and rk is the isotopic composition of precursor isotope k in element A
(number of isotope k/total number of isotopes in element A).

The mass fraction of element A in ferrous materials usually used for the structural material of
DSSs (i.e., fA in Equation (7)) can be found in the American Society of Mechanical Engineers (ASME)
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Boiler and Pressure Vessel Code (BPVC) Section II—Materials Part A [40]. In addition, the isotopic
composition of precursor isotope k in element A (rk in Equation (7)) can be referred to from isotopic
abundance data provided by the International Union of Pure and Applied Chemistry (IUPAC) [41].

It is reported that stainless steel 304 (SS304) is generally used for the material of an MPC of the
HI-STORM 100 DSS in its FSAR [16]. In accordance with the ASME BPVC Section II—Materials Part A,
SS304 contains multiple elements such as C, Mn, P, S, Si, Cr, and Ni together with its main element
Fe [40]. It is noted, however, that the USNRC has reported that impurities (e.g., Co) other than the
above elements are actually present in SS304 used for structural material at NPPs [42]. The only natural
isotope of the impurity cobalt (i.e., 59Co) forms 60Co through neutron activation, which decays to 60Ni
by emitting two high-energy gamma photons (i.e., 1.17 and 1.33 MeV). Furthermore, 60Co was also
proven to be one of the most affecting gamma source terms in the radiation shielding calculation for
the HI-STORM 100 DSS [16]. Accordingly, the impurities as well as the main constituent elements
existing in components of the MPC should be considered in neutron activation calculation.

2.2.6. Calculation of Neutron Activation in Components of DSSs

The radioactive source terms can be calculated using Equation (3). However, the contribution
of fission reactions should be excluded in the neutron absorption cross-sections (σi and σk), and only
the neutron activation cross-sections should be taken into the calculation. How to derive important
parameters in the neutron activation calculation for the components of the DSS has been already given in
Section 2.2.2, Section 2.2.3, Section 2.2.4, Section 2.2.5. In practice, the neutron activation is numerically
calculated using commercialized computer codes such as ORIGEN, FISPACT, DCHAIN-SP2001,
and CINDER’90 [20]. The ORIGEN-2.2 code developed by the ORNL was used for activation
calculation for the components of the DSS in this study, since the code provides an easy-to-use
command to replace the built-in cross-section libraries with user-defined libraries (e.g., the effective
microscopic cross-section derived in Equation (6)) [43]. Furthermore, ORIGEN-2.2 has been widely
used for the evaluation of the neutron activation of structures or components in the nuclear industry
(e.g., reactor core region, pressure tube, bio-shield concrete, storage cask of SNF) [22–25,38,44].

The overall framework to estimate the residual radioactivity concentration to be produced by
neutron activation and present in DSS components proposed in this study can be summarized as
shown in Figure 2.
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3. Results and Discussion

3.1. Neutron Activation Calculation for the HI-STORM 100 DSS—Reference Case

In this section, the residual radioactivity concentration of components of the HI-STORM 100 DSS
used for storing the reference SNF (see Table 2) has been calculated as a reference case in accordance
with the overall procedure to analyze neutron activation as shown in Figure 2.

3.1.1. Calculation of Neutron Source Terms in SNF to Be Stored in the HI-STORM 100

In accordance with Step 1 in Figure 2, the neutron source terms (i.e., emission rate of neutrons in
each energy group and its total emission rate) of the reference SNF were calculated by the ORIGEN-ARP
code using the reference conditions of the SNF in Table 2 and depicted in Figure 3, along with the
elapsed time after dry storage of the SNF.
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Even if it is not specifically shown in Figure 3, the neutron emission rates of the two minor
actinides 242Cm and 244Cm which emit neutrons through an (α, n) reaction and spontaneous fission
turn out to be 3.68 × 106 and 5.18 × 108 neutrons/s, respectively, from the ORIGEN-ARP calculation
output, and the sum of which contributes to 98.6% of the total neutron emissions from the SNF
(i.e., 5.33 × 108 neutrons/s) at the time of discharge from the reactor core. Due to the longer half-life of
244Cm (18.11 years) compared to 242Cm (163 days), 244Cm was estimated to contribute to 79.7, 98.5,
and 93.7% of total neutron emissions at the time of discharge from the reactor core, the starting time of
dry storage in the HI-STORM 100 (i.e., after 10 years from discharge), and the end of the dry storage
(i.e., after 40 years of storage), respectively. The dominance of 244Cm among neutron sources in the
SNF was also verified by the fact that the time-dependent neutron release rates in Figure 3 follow a
radioactive decay with a nominal half-life of about 18.3 to 20.1 years which is very close to the physical
half-life of 244Cm. In addition, the slight decrease in the contribution of 244Cm to neutron emission
after 40 years of storage can be attributed to the contribution of longer-lived neutron sources such as
246Cm, of which the half-life is 4730 years.

As shown in Figure 3, the neutron release rate from the stored SNF decreases exponentially all
through the 40-year storage time in the HI-STORM 100; that is, the neutron release rate at the end of
the storage time is reduced to be about 23.3% of that initially estimated at the beginning of storage.
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For conservatism in this study, however, the neutron emission rates of the SNF were assumed to be
kept at the same level for the whole storage period 40 years from the beginning of dry storage to the
end. By use of graphical analysis of the area under the total neutron emission rate curve in Figure 3,
it turned out that the actual cumulative neutron emission from the SNF for 40 years is to be about 60%
of the conservatively assumed cumulative neutron emission.

3.1.2. Calculation of Neutron Flux in Components of the HI-STORM 100

In accordance with Step 2 of Figure 2, the incident neutron flux of each component in the
HI-STORM 100 MPC-24 storing the reference SNF was calculated by the MCNPX code using the
following information: geometry and dimensions of the storage system, composition of materials
and/or impurities, and neutron source terms calculated in Section 3.1.1.

At first, the geometrical model of the HI-STORM 100 DSS for the MCNPX calculation was
developed as shown in Figure 4 using the geometrical characteristics of the storage system specified
in the FSAR, as given in Table 3 [16]. Though not specifically presented in Figure 4, boral plates
(0.1524 × 19.05 × 396.24 cm) consisting of 4.42% 10B, 20.15% 11B, 68.61% Al, and 6.82% C are attached
to the outer walls of each “egg crate”, which have been considered in the neutron flux calculation.
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Table 3. Geometrical and dimensional characteristics of the HI-STORM 100 DSS together with the
boundary conditions [16].

Component or Object Dimension 1 (mm)

Concrete overpack 3366 (OD) × 5874 (H)
Inner cavity 1867 (OD) × 4839 (H)

MPC 1737 (OD) × 4839 (H)
Shell 1737 (OD) × 1711 (ID) × 4839 (H)

Baseplate 1711 (OD) × 635 (H)
Lid 1711 (OD) × 2413 (H)

Boundary condition 2 4000 (from DSS center)
1 OD, ID, and H represent the outer diameter, inner diameter, and the height, respectively. 2 A spherical void
boundary condition was fixed at 400 cm from the center of the DSS.

As shown in Table 4, the isotopic composition of the component MPC-24 of the HI-STORM 100
DSS was derived using Equation (7), along with the elemental composition of SS304 given in the ASME
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code and the isotopic natural abundance of each element specified by the IUPAC [40,41]. Impurities
which may actually exist in the materials were not considered in the reference case but quantitatively
analyzed in a series of sensitivity analyses conducted in this study (see Section 3.3.2).

Table 4. Isotopic composition of the MPC-24 of the HI-STORM 100 DSS derived for the
MCNP calculation.

Element Isotope Isotopic
Composition Element Isotope Isotopic

Composition

C
12C 7.914 × 10−4 S 32S 2.850 × 10−4

13C 8.560 × 10−6 Mn 55Mn 2.000 × 10−2

N 14N 1.000 × 10−3

Fe

54Fe 4.018 × 10−2

Si

28Si 6.917 × 10−3 56Fe 6.330 × 10−1

29Si 3.514 × 10−4 57Fe 1.457 × 10−2

30Si 2.319 × 10−4 58Fe 1.939 × 10−3

P 31P 4.500 × 10−4

Ni

58Ni 6.297 × 10−2

Cr

50Cr 8.256 × 10−3 60Ni 2.426 × 10−2

52Cr 1.592 × 10−1 61Ni 1.054 × 10−3

53Cr 1.805 × 10−2 62Ni 3.362 × 10−3

54Cr 4.494 × 10−3 64Ni 8.562 × 10−4

The relative fraction of the incident flux of neutrons having a specific energy in each component
(i.e., basket, shell, baseplate, and lid) of the MPC-24 of the HI-STORM 100 DSS was calculated to be as
shown in Figure 5 using the following information: neutron source terms of the SNF (see Figure 3),
geometrical model of the HI-STORM 100 DSS (see Figure 4), and the isotopic composition of the
MPC-24 (see Table 4). In order to estimate the incident neutron flux in each component, the F4 tally
calculating the volume-averaged flux (cell flux) was selected among other available tally cards, since
it is suitable to be applied for calculating the activity concentration in a material in the next step
(Step 3 in Figure 2).
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Figure 5. Fraction of incident flux of neutrons having a specific energy in each component.

Figure 5 shows that the ratio of high-energy neutron flux over ~1 MeV decreases orderly in the
basket, shell, baseplate, and lid. However, it is of note that the ratio of lower-energy groups up to
0.01 MeV neutron flux increases in order in the basket, shell, baseplate, and lid. The observation can be
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attributed to the slowdown of the incident neutron energy due to attenuation of neutrons moving from
the SNF to the target components through the materials within the MPC-24. In addition, the higher
neutron flux in the baseplate compared to the lid can be explained by further neutron attenuation in the
thicker lid and the lower burnup of the SNF close to the lid (i.e., axial burnup distribution) compared to
the baseplate, which can be attributed to the difference in the moderator density in a reactor core [45].

As shown in Figure 4, the basket consists of 24 “egg crates” in which SNF assemblies are to be
loaded and the neutron flux in each egg crate is varied due to the different effect of each neutron source
(i.e., SNF assembly) to the incident neutron flux at each position of the egg crate. As such, the incident
neutron fluxes in the egg crates calculated in this study range from 4.19 × 105 to 6.74 × 105 cm−2s−1

(5.45 × 105 cm−2
·s−1 on average). The maximum value (i.e., 6.74 × 105 cm−2s−1) was assumed to

be the representative incident neutron flux for the whole basket component in order to prevent
underestimation of the neutron activation calculation in this study. The calculated neutron fluxes in the
shell, baseplate, and lid of the MPC-24 are 2.69 × 105, 1.11 × 105, and 5.27 × 104 cm−2

·s−1, respectively,
which conform to 39.91, 16.62, and 7.8% of the representative neutron flux of the basket, respectively,
in order.

3.1.3. Calculation of Residual Radioactivity Concentration of Each Activation Product in the
HI-STORM 100

The target radionuclides (or activation reactions to produce them) should be defined prior to
derivation of the modified effective cross-section for each activation product (see Step 3 in Figure 2).
As shown in Table 5, in total, eight radionuclides (51Cr, 54Mn, 55Fe, 59Fe, 58Co, 60Co, 59Ni, and 63Ni)
were selected for assessment in this study which have been generally considered in the safety analysis
of commercialized DSSs made of SS304 (see Table 1) [14–19].

Table 5. Selected target radionuclides for activation calculation and major activation reactions [14–19].

Radionuclide Half-Life Major Activation Reaction Clearance Level [19]
51Cr 27.7 days 50Cr(n,γ)51Cr 100 Bq/g

54Mn 312.3 days 54Fe(n, p)54Mn 0.1 Bq/g
55Fe 2.74 years 54Fe(n,γ)55Fe 1000 Bq/g
59Fe 44.5 days 58Fe(n,γ)59Fe 1 Bq/g
58Co 70.86 days 58Ni(n, p)58Co 1 Bq/g
60Co 5.27 years 60Ni(n, p)60Co 0.1 Bq/g
59Ni 76,000 years 58Ni(n,γ)59Ni 100 Bq/g
63Ni 100.1 years 62Ni(n,γ)63Ni 100 Bq/g

Using Equations (4) to (6) together with the calculated results from the MCNP code (i.e., incident
neutron flux at each component and total reaction rates), the modified neutron activation microscopic
cross-sections (σE) were derived in line with Step 3 in Figure 2. Table 6 shows σE of each activation
reaction for two of the most comparable components of the MPC-24 (i.e., basket and lid) together with
the respective built-in one-group cross-sections of ORIGEN-2 (i.e., PWRU50).

Table 6. Comparison of built-in cross-section library in ORIGEN-2 and modified effective microscopic
cross-section calculated in this study.

Reaction Type Cross-Section in PWRU50
(Barn)

Modified Cross-Section (Barn) Ratio of Modified to
Built-In Cross-Section

Basket Lid Basket Lid
50Cr(n,γ)51Cr 1.25 3.18 × 10−2 1.28 × 10−1 2.97% 10.22%
54Fe(n, p)54Mn 2.05 × 10−2 8.35 × 10−3 6.87 × 10−4 40.68% 3.35%
54Fe(n,γ)55Fe 1.80 × 10−1 1.65 × 10=2 2.73 × 10−2 9.15% 15.13%
58Fe(n,γ)59Fe 1.07 × 10−1 1.53 × 10−2 4.07 × 10−2 14.36% 38.17%
60Ni(n, p)60Co 6.21 × 10−4 2.49 × 10−4 1.76 × 10−5 40.07% 2.83%
58Ni(n,γ)59Ni 3.60 × 10−1 2.18 × 10−2 4.43 × 10−2 6.04% 12.30%
58Ni(n, p)58Co 2.15 × 10−2 1.13 × 10−2 1.04 × 10−3 52.55% 4.86%
62Ni(n,γ)63Ni 1.12 3.16 × 10−2 9.52 × 10−2 2.82% 8.51%
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All modified effective microscopic cross-sections (σE) for the MPC-24 components where 244Cm is
a dominant neutron source are 47.44 to 97.18% less than the respective built-in one-group cross-sections
in the PWRU50 library for the typical PWR core region, in which various neutron sources exist, included
in ORIGEN-2 as shown in Table 6. Therefore, application of the built-in microscopic cross-section
for the reactor core region directly to the activation calculation for the DSS without case-specific
modification may induce significant overestimation for the above reactions.

Equations (4)–(6) imply that σE for an activation reaction becomes high when the energy-differential
neutron flux (φ(E)) is high within the energy group where the precursor has a high energy-dependent
microscopic cross-section (σ(E)). Besides, σE is affected by the relative distribution of φ(E) in the
neutron energy range rather than by the absolute magnitude of φ(E), which can be inferred by the
fact that φ(E) and m times higher flux m·φ(E) give rise to the same value of σE in Equations (4) to
(6), while all other parameters are unchanged. By referring to the TENDL-2017 nuclear data library,
it was found that five (n,γ) reactions in Table 6 have a higher value of σ(E) in a relatively low-neutron
energy region under 300 keV, and three (n, p) reactions in Table 6 can be characterized by a maximum
of σ(E) in a relatively high-neutron energy region above 1 MeV with a threshold over 0.1 MeV [46,47].
In addition, φ(E) in a typical PWR core was reported to have a relatively higher fraction around the
above-mentioned neutron energy regions where (n,γ) or (n, p) reactions show a high value of σ(E)
(see Reference [48]) compared to φ(E) distribution calculated for the components of the MPC-24 (see
Figure 5).

With regard to all (n,γ) reactions where the lower-neutron energy region is dominant, all calculated
values of σE of the lid are higher than that of the basket, as shown in Table 6, which can be attributed
to the further attenuation of the incident neutron flux in the lid than the basket region (see Figure 5).
The reversed lower σE of the lid compared to the basket for (n, p) reactions, however, results from the
dominance of high-energy neutrons in (n, p) reactions. Furthermore, the relatively lower σE of the lid
is attributed to the fact that only the neutrons whose energy is over 0.1 MeV (i.e., the threshold energy)
can induce (n, p) reactions [47].

In accordance with Step 4 in Figure 2, the residual radioactivity concentrations in each of the
MPC-24 components were subsequently calculated by ORIGEN-2 and provided in Figure 6 in terms
of the fraction of calculated radioactivity concentration to the clearance level of each radionuclide
(see Table 5) together with the SoF (see Equation (1)) for the basket, shell, baseplate, and lid, along with
the elapsed time after the end of dry storage. The decreasing order of SoF in the basket, shell, baseplate,
and lid conforms to the decreasing order of the calculated incident neutron flux in the components
(see Figure 5).

At the end of dry storage (i.e., the time zero in Figure 6), it turned out that 54Mn contributes
to the value of SoF more than other radionuclides mainly due to the high isotopic composition of
its precursor 54Fe (see Table 4) and the low value of its clearance level (see Table 5). Initial values
of SoF at the end of dry storage are larger than unity (1.1 to 32.4) in the basket, shell, and baseplate,
whereas the SoF in the lid is 0.26, which implies that the basket, shell, and baseplate should be treated
as “radioactive waste” once they are generated after the design lifetime of 40 years. The SoF for each
MPC-24 component decreases, however, it is below the unity after 4.4, 2.7, and 0.1 years after the
end of dry storage, where each component can be released from regulatory control after such years
of decay-in-storage. The variability in decay-in-storage time for the clearance of each component
supports that the evaluation of activation should be conducted for each component rather than for the
whole DSS at once.
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3.2. Application to and Comparison with a Representative Case in the HI-STORM 100 FSAR

In order to evaluate the applicability of the neutron activation analysis framework established in
this study (see Figure 2), a set of comparative calculations was conducted for a representative case
presented in Section 2.4 (Decommissioning considerations) of the HI-STORM 100 FSAR.

SNF of the PWR 15 × 15 (B&W) UO2 fuel type with a burnup of 70 GWD/MTU and 4.8 wt% of
initial enrichment after five years of cooling after discharge was assumed for the activation calculation
in the FSAR of the HI-STORM 100 [16]. The same conditions for the SNF were also assumed in
this study for the neutron source term calculation, however, the SNF fuel type was assumed to be
PWR 15 × 15 (WH) UO2 due to the unavailability of the cross-section library for PWR 15 × 15 (B&W)
UO2 in the ORIGEN-ARP code (see Step 1 in Figure 2). PWR 15 × 15 (WH) UO2 and PWR 15 × 15
(B&W) UO2 fuel types have quite similar characteristics in that they have the same lattice and number
of fuel pins, and the comparative initial uranium mass (i.e., PWR 15 × 15 (B&W) UO2 is just about 6%
heavier). The neutron source terms for PWR 15 × 15 (WH) UO2 which were calculated in accordance
with Step 1 of Figure 2 in this study cannot be directly compared with those for the PWR 15 × 15 (B&W)
UO2, since the FSAR of the HI-STORM 100 does not provide specific information on the calculated
neutron source terms.

In order to calculate the incident neutron fluxes and the reaction rates (see Step 2 in Figure 2),
the results of the MCNP model for the same MPC of the HI-STORM 100 FSAR (see Figure 4) and
isotopic composition of each component without impurities (see Table 4) were used. It is of note
that the HI-STORM 100 FSAR neither provides the isotopic composition of materials (SS304) nor
specifies explicitly whether impurities are considered. Then, the modified effective cross-section of
each activation reaction was calculated in accordance with Step 3 in Figure 2, whereas the FSAR
of the HI-STORM 100 does not address any cross-section libraries used and/or whether the default
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cross-section data are modified or not. Moreover, any computational tools for evaluating the neutron
activation are not introduced in the FSAR, rather only the calculated activity concentration of five
radionuclides (see Table 1) in the MPC-24 as a whole without partitioning each component. In this
study, however, the residual radioactivity concentrations of the same five radionuclides were calculated
as per Step 4 in Figure 2 for each component and the MPC-24 as a whole together with the results given
in the FSAR (see Figure 7).
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As shown in Figure 7, the calculated activity concentrations for the MPC-24 as a whole turned
out to range from 0.014 to 16.5 Bq/g in the FSAR in decreasing order of 55Fe, 54Mn, 60Co, 63Ni, and
59Ni, and from 0.0049 to 7.5 Bq/g in this study in decreasing order of 55Fe, 54Mn, 63Ni, 60Co, and 59Ni.
In this study, the residual radioactivity concentrations, except for 60Co, in the MPC-24 were calculated
to be less than those given in the FSAR; the results of this study range from 27.47 to 69.93% of the
residual radioactivity given in the HI-STORM 100 FSAR. Such an underestimation can be ascribed to
the lower initial mass of uranium in the assumed nuclear fuel (PWR 15 × 15 (WH)) and the modified
realistic cross-sections (see Section 3.1.3) in this study. Further, the composition of the HI-STORM 100
FSAR had more precursors (e.g., Fe and Ni for 69.5% and 9.5%, respectively) than this study. On the
other hand, since the HI-STORM 100 FSAR only suggested the neutron activation calculation was
conducted based on MCNP-4A, they might have used a general equation, as described in Equation (2),
that could not reflect the depletion of the activation product by another neutron activation such as
60Co(n,γ)61Co and 54Mn(n,γ)55Mn, which have no negligible cross-section (0.781 and 0.242 barn in
ORIGEN-2, respectively). Moreover, regarding the energy cut-off of the HI-STORM 100 FSAR, which
only considered emitted neutrons above 100 keV from SNF which were dominant in (n, p) reactions
(see Section 3.1.3), contrasting with this study (considering all energies from zero to 20 MeV), the (n, p)
reactions are overestimated compared to this study. It is noted that the much lower residual activity
concentration of 60Co calculated in this study (i.e., 3.49% of the HI-STORM 100 FSAR) may result
from differences between the FSAR and this study such as material compositions assumed, activation
calculation tools used, cross-section data input, and considered neutron energy groups in calculation.
In spite of a few uncertainties in the input parameters and assumptions used for calculation in the
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FSAR, the assessed residual activities of the MPC-24 in the FSAR and in this study are quite comparable,
which implies that the activation analysis framework developed in this study is applicable in practice.

3.3. Sensitivity Analysis for Design and/or Operation Parameters

A series of sensitivity analyses was conducted for four important design and/or operation
parameters (i.e., fuel burnup, impurity content, cooling time after discharge, and storage time of the
SNF in the DSS) which affect the neutron activation of the components of a DSS [49].

3.3.1. Effect of Fuel Burnup

Both the initial enrichment of 235U of nuclear fuel and its resulting burnup affect the neutron
source terms in SNF as implied in Equation (3), however, the two parameters are generally proportional
to each other; that is, the nuclear fuel with higher initial enrichment is usually irradiated longer in the
reactor core and then discharged as SNF with higher burnup. However, the spent nuclear fuels are
actually discharged from the reactor core after various burning times in accordance with the planned
loading plans or due to an unplanned event [50]. Accordingly, the neutron source terms in the SNF to
be stored were calculated at 4.2 wt% of the reference fuel enrichment but by varying the fuel burnup
from 35 to 70 GWD/MTU at every 5 GWD/MTU using the ORIGEN-ARP code (see Step 1 in Figure 2).
The residual radioactivity concentration of each radionuclide in the component of the MPC-24 was
subsequently calculated using different neutron source terms derived as above in accordance with the
same procedures (i.e., Steps 2 to 4 in Figure 2), and is shown in Figure 8 in terms of SoF which was
calculated using Equation (1).

The higher value of SoF estimated for the higher burnup SNF in Figure 8, at a fixed initial
enrichment, can be explained by the formation mechanism of the major neutron source, 244Cm, in the
SNF with regard to the dry storage period. One of the representative minor actinides, 244Cm, is formed
in the operation of a nuclear reactor primarily by the sequence of neutron capture and rapid beta decay
reactions (see Reference [51]), and more 244Cm is accordingly produced in the higher burnup (i.e., more
neutrons are produced and interact with fuel) SNF if the initial enrichment is fixed. In more detail, the
SoF of the residual radioactivity in the basket of the MPC-24 decreases down to 4.42, 8.10, 13.7, and 21.66
by decreasing the burnup of 5 GWD/MTU in series from the reference condition (i.e., 55 GWD/MTU
showing the SoF of 30.01), while the SoF increases up to 46.29, 63.49, and 83.95 by increasing the burnup
in the same way from the reference condition.

It turns out that the SoFs for the basket and shell are to be over the unity of the range of fuel
burnup, which means that both the basket and shell are activated high enough to be managed as a
radioactive waste irrespective of the fuel burnup assumed in this study (see Figure 8a,b). In order to
apply the clearance rule, the disused basket and shell should be in decay-in-storage for 1.9 to 8.3 years
and 0.4 to 4.7 years, respectively, depending on the fuel burnup varying from 35 to 70 GWD/MTU.
Meanwhile, Figure 8d shows that the lid could be managed as a non-radioactive waste in accordance
with the clearance rule regardless of the assumed fuel burnup. On the other hand, the baseplate could
be released from regulatory control without further consideration if the fuel burnup is less than 45
GWD/MTU, however, it should be temporarily stored for 0.2 to 1.9 years for clearance if its burnup
ranges from 45 to 70 GWD/MTU (see Figure 8c). The above results imply that decay-in-storage of
disused or dismantled components of a DSS could be a practical option to minimize the secondary
radioactive waste ultimately disposed of at a dedicated repository based on accurate characterizations
of burnup of the SNF to be stored.
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3.3.2. Effect of Impurity Content

In the reference case of this study (see Section 3.1), only the elements and isotopes present
in the SS304 material of the MPC-24 were taken in account for the activation calculation without
consideration of potential impurities (see Table 4). Many investigators have reported that impurities
beyond the prescribed contents are present in SS304 widely used as structural materials in the nuclear
industry [5,16,18,24], however, an USNRC contractor’s study reported that the impurity content of
59Co measured in actual components at NPPs ranged from 229 to 2570 ppm [42]. Among others,
59Co is to be one of the important impurity contents to form a dominant activation product, 60Co,
through 59Co(n,γ)60Co, which emits high-energy gamma rays (i.e., 1.17 and 1.33 MeV) with a half-life
longer than other major activation products except 59Ni and 63Ni (see Table 5), and thus has a highly
conservative clearance level of 0.1 Bq/g (see Table 5) [19]. Therefore, the potential effect of 59Co
impurity content on the residual radioactivity of MPC-24 was quantitatively analyzed by varying the
59Co content in SS304 at 0, 229, 614, 800, 1000, 1414, 2214, 2570, and 4700 ppm in accordance with the
59Co impurity content reported by the USNRC and in the HI-STORM 100 FSAR for radiation shielding
design [16,42].

Before analyzing the sensitivity of the 59Co impurity for the neutron activation of structural
materials, the modified effective microscopic cross-section for the 59Co(n,γ)60Co reaction was calculated
(see Step 3 in Figure 2). As a result, the modified effective cross-sections for the basket, shell, baseplate,
and lid are 0.154, 1.04, 1.74, and 2.83 barn, respectively. It is noteworthy that the modified effective
cross-section for the lid (2.83 barn) is even larger than the default one-group microscopic cross-section
for the same activation reaction (2.01 barn) included in a typical built-in library for the PWR core region
(i.e., PWRU50 in ORIGEN-2), which can be interpreted by a special resonance peak from 100 to 300 eV
of the 59Co(n,γ)60Co reaction where the cross-section is as high as 10,000 barn (see Figure 5) [47].
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The residual activity in each MPC-24 component by varying the 59Co impurity content is shown
in Figure 9 in terms of the SoF, along with the elapsed time after the end of the 40-year storage time,
while other assumptions are kept the same as the reference case in Section 3.1.
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The values of SoFs for all components including the lid of the MPC-24 exceed the unity if the
impurity content of 59Co considered in the activation calculation, as shown in Figure 9, implies that
the whole MPC components should be treated as a radioactive waste when their 59Co impurity is over
229 ppm in SS304. In addition, the calculated SoF of the residual radioactivity at the end of the storage
time increases 2.32 to 27.93 times compared to the 59Co impurity-free case by increasing the 59Co
impurity content from 229 to 4700 ppm. Though it is not explicitly depicted in Figure 9, it turned out
that 1 ppm of the 59Co impurity produces 0.42, 0.71, 3.36, and 12.17 times more 60Co in the basket, shell,
baseplate, and lid, respectively, compared to total 60Co produced by 60Ni(n, p)60Co in each component
without any impurity. The relatively higher production of 60Co from activation of the 59Co impurity in
the lid can be ascribed to the higher modified effective cross-section (see above) and the higher neutron
flux around the resonance peak area (see Figure 5) than the other components.

For the least activated component lid, it was estimated that the lid can be released from regulatory
control after 15 to 37 years of decay-in-storage for the 59Co impurity content ranging from 229 to
4700 ppm. However, with regard to the most activated component, the basket, the clearance rule can be
applied only after 29 to 51 years of decay-in-storage for 229 to 4700 ppm of the 59Co impurity. In contrast
to the 59Co impurity-free case shown in Figure 8 where at most a few years of decay-in-storage is
enough for clearance, it turns out that very long temporary storage could be needed for clearance of
components if 59Co is present in the materials at an impurity concentration level actually observed
or reported in the nuclear industry. Therefore, the content of 59Co as an impurity in the structural
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material of DSSs is expected to be one of the most important factors in determining whether the
secondary waste from disused DSSs should be managed as a radioactive waste or as a non-radioactive
conventional metal waste.

The above results infer different levels of impurity controls are required for effective radioactive
waste management of each component from disused DSSs. Further, the decay-in-storage strategy
for clearance would not be effective if the impurity of the materials in the DSS is not appropriately
controlled. In other words, the impurity content control on the actual structural materials of DSSs is also
needed to minimize the secondary radioactive waste and to improve the accuracy of the results from
the activation analysis framework established in this study (see Figure 2). This argument conforms to
the recommendations of the competitive international organizations on the selection of low-activation
materials which will simplify and minimize the generation of activated materials and radioactive
waste during the decommissioning of nuclear facilities [52,53].

3.3.3. Effect of Fuel Cooling Time after Discharge

As implied in Equation (3) and Figure 3, the longer the SNF is cooled down in SFP after being
discharged from the reactor core, the lower the neutron source terms of the SNF to be stored in a DSS,
and the lower the residual radioactivity in the components of the DSS to be calculated. Thus, the residual
radioactivity concentration of each radionuclide in the component of the MPC-24 was calculated for
different fuel cooling times 5 to 30 years after discharge, shown in Figure 10 in terms of the SoF, while
all other conditions and assumptions are kept the same as the reference case in Section 3.1.
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As shown in Figure 10, the shorter fuel cooling time after discharge conforms to the higher value
of SoF of the residual radioactivity of the MPC-24, which is attributed to the more neutrons emitted
from the less cooled-down SNF all through the dry storage period. The SoF evaluated right after the
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end of dry storage of SNF which has been cooled down 5 and 30 years turned out to be 120.6% and
47.5% of the SoF calculated for the reference case (i.e., storage of 10-year cooled-down SNF), however,
the fuel cooling time does not impact the neutron activation of the DSS as a sensitive parameter.
It was evaluated that the SoF of the major activation products decreases only about 3.7% per one-year
longer cooling time of the SNF. In other words, the required decay-in-storage time for clearance is
shown to be shortened by around 1.5 years by increasing the fuel cooling time from 5 to 30 years
for the basket, and shortened by just about 1.1 and 0.3 years for the shell and baseplate. The above
observation conforms to the fact that the minimum fuel cooling time essentially designated for a
commercial DSS (e.g., five years for PWR 15 × 15 (B&W) fuel type for the MPC-24 of the HI-STORM
100) is usually determined from nuclear criticality and/or thermal analysis for the DSS rather than
from the decommissioning assessment to minimize secondary waste [16,54]. Accordingly, it can be
concluded that just an increasing fuel cooling time would not be an effective strategy to minimize
the secondary radioactive waste compared to controlling the impurity content (see Section 3.3.2).
All the more, it is noteworthy that increased wet storage/cooling time in the SFP could produce
more secondary radioactive waste from operation of the SFP cleanup system, which may exceed the
anticipated radioactive activation products to be reduced by increasing the fuel cooling time [3].

3.3.4. Effect of Dry Storage Time of SNF

In this section, the effect of dry storage time on the residual radioactivity of MPC-24 components
was analyzed in order to find the implications of potential extended long-term storage of SNF proposed
by a few countries [55,56]. The residual radioactivity of each MPC-24 component was calculated using
the same conditions (e.g., constant neutron source terms all through the dry storage period) as given in
the reference case (see Section 3.1) except for the variable dry storage time 0 to 100 years, rather than a
fixed-term (i.e., 40 years) dry storage for the design lifetime of the DSS, and the results for the most
affecting basket are shown in Figure 11.
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Figure 11a shows that the SoF for the basket is to be almost saturated after 10 years of dry storage
around 30, which is the same result shown in Figure 6a under the constant neutron sources. This type
of saturation is caused by much shorter half-lives of major activation products (e.g., 54Mn, 58Co, and
60Co) than the dry storage time, and is comparable to the saturation model curve for an infinite number
of parent nuclei for a radionuclide production through neutron activation at an accelerator or nuclear
reactor [57]. The little effect of the irradiation time on the residual activity of activation products of the
DSS also conforms to a previous study on the neutron activation of a nuclear reactor structure which
reported that the difference of total specific activity induced by 30-year and 50-year operation periods
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is just 3% at most [5]. On the other hand, the SoF shows a peak after five years of dry storage and then
decreases along with time under the realistic assumption of time-dependent neutron source terms.
The SoFs after 40 years and 100 years of dry storage are calculated to be 8.37 and 1.37, respectively.
It implies that the basket should still be managed as a radioactive waste after the extended long-term
storage (i.e., 100 years), since its SoF exceeds unity even under the realistic assumption. Nevertheless,
the basket is to be released from regulatory control just after 0.3 years of decay-in-storage.

Figure 11b presents the residual activity concentration of a representative short-lived radionuclide,
60Co, and a long-lived one, 63Ni, in the basket under the assumptions of constant or time-dependent
neutron source terms. For the conservative constant neutron source terms, the activity concentration of
60Co is saturated after 65 years of dry storage, while that of the longer-lived 63Ni increases continuously
over the whole storage time. In contrast, the activity concentration of 60Co shows a peak after 15 years of
dry storage and subsequently decreases to the end for the time-dependent neutron source terms. Under
the same realistic neutron source terms, the activity concentration of 63Ni still increases during the dry
storage period but much more slowly compared to the above case with a conservative assumption.
The above observations show that the long-lived activation products in the DSS increase during the
timeframe of dry storage, even if the SoF curves in Figure 11a are shown to be saturated or even
decreased with storage time.

Through this, it can be concluded that the possible extended long-term storage of SNF beyond the
design lifetime of 40 years assumed for the DSS in this study (e.g., dry storage for longer than 100 years)
may not cause any significant issues regarding the minimization of secondary radioactive waste from
the decommissioning of the DSS. Besides, no further consideration of the minimization of activated
secondary waste from a DSS is to be guaranteed if the canister of a DSS can be directly disposed of at a
deep geological repository in the future without re-encapsulation of the SNF into a disposal canister as
proposed in the Transportation, Aging and Disposal (TAD) canister-based system [58,59].

4. Conclusions

A systematic four-step assessment framework for the neutron activation of components of a DSS
for SNF, which consists of calculation of neutron source terms (ORIGEN-ARP), calculation of incident
neutron flux and reaction rate (MCNPX), modification of effective cross-section (hand calculation),
and calculation of residual activity concentration (ORIGEN-2), has been established, along with its
technical bases in this study.

For a reference case to store PWR 16 × 16 (CE) SNF assemblies in a stainless steel (SS304) canister,
MPC-24 of the HI-STORM 100, for 40 years after 10-years cooling in an SFP, the dominant neutron
sources turn out to be an (α, n) reaction and spontaneous fission of a minor actinide, 244Cm, in the
SNF all through the storage period. The relative fraction of the incident neutron flux with relatively
high energy to each component of the MPC-24 decreases in the basket, shell, baseplate, and lid in
order, while the fraction of incident neutron with relatively low energy decreases in reversed order,
which was attributed to the slowdown of the incident neutron energy and the axial burnup distribution.
The cumulative neutron emissions from the stored SNF turned out to be about 60% of the conservative
assumption of the constant neutron emission rate all through the storage time which has been widely
adopted in the safety assessment of commercial DSSs. Eight radionuclides (51Cr, 54Mn, 55Fe, 59Fe,
58Co, 60Co, 59Ni, and 63Ni) were calculated to be mainly formed due to eight activation reactions in
the MPC-24 without any impurities through (n,γ) or (n, p) reactions. An effective cross-section for
each activation reaction and each component was derived to be lower than the respective built-in
one-group cross-section in the PWRU50 library for the typical PWR core region. It was also shown that
the modified effective cross-section is to be affected by the relative distribution of the incident neutron
energy rather than by the absolute magnitude of the neutron flux. The higher modified effective
cross-section of (n,γ) in the lid compared to the basket of the MPC-24 was explained by the general
dominance of the relatively lower-energy neutron in (n,γ) reactions, whereas the higher modified
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effective cross-section of (n, p) in the basket can be ascribed to the higher cross-section of (n, p) in the
relatively higher neutron energy band.

The established assessment framework was applied to a representative case analyzed in the
HI-STORM 100 FSAR using given data and inevitable assumptions results from 27.5 to 69.9%
of the residual activity of seven radionuclides (except 60Co) in components shown in the FSAR.
The underestimation was ascribed to the realistic modification of effective cross-sections conducted
in this study and the higher mass of uranium in PWR 15 × 15 (B&W) fuel in the FSAR compared to
PWR 15 × 15 (WH) fuel assumed in this study due to the limited built-in library of the ORIGEN-ARP
code. Higher underestimation for 54Mn and 60Co (i.e., 27.5% and 3.5% of the FSAR result) was further
interpreted by the differences of material compositions, activation calculation tools, cross-sections,
and cutting off of the specific neutron energy group between the FSAR and this study.

Through sensitivity analyses with regard to fuel burnup, impurity content, fuel cooling time,
and storage time, a series of implications has been derived. Burnup change of −25 to +15 GWD/MTU
from the reference condition (i.e., 55 GWD/MTU) causes −85% to +180% change of the SoF of residual
radioactivity in MPC-24 components and subsequently −2.6 to +1.5-years change of the required
decay time for clearance, which implies that characterization of the SNF in terms of burnup and a
decay-in-storage should be considered as a strategy to minimize generation of the secondary waste in
using DSSs. It turned out that 1 ppm of 59Co produces 0.42 to 12.17 times of 60Co which is the total
60Co activity of the non-impurity case, produced by the 60Ni(n, p)60Co reaction, and the content of
59Co in the MPC-24, within the reported range (i.e., 229 to 4700 ppm), delays the required decay time
for clearance by 15 to 51 years. Accordingly, impurity control of component materials is essential
for minimizing secondary radioactive waste from DSS, since such a long decay time is generally
not practicable at nuclear facilities. In contrast to other activation reactions, the modified effective
cross-section of 59Co(n,γ)60Co for the lid is even higher than the respective unchanged cross-section in
the built-in PWRU50 library of ORIGEN-2, which was explained by a resonance peak (~10,000 barns)
observed around the 100 to 300 eV neutron energy region of the reaction in which the calculated
relative fraction of φ(E) in the lid is higher than that of a typical PWR core region.

In contrast to fuel burnup and impurities, fuel cooling time and dry storage period did not
significantly affect the neutron activation of the DSS. Though the lower level of residual activity was
calculated for the MPC-24 storing the SNF cooled down in SFP for a longer time from 10 to 30 years,
its effect turned out to be not so significant. Even if the longer storage time of SNF in the DSS may
induce further activation of its components, on the other hand, the residual activity in terms of the SoF
almost shows a saturation after around 10 years of dry storage. Hence, a newly proposed concept of
extended long-term storage of SNF in a DSS for longer than 100 years may not cause any implications
due to a gradual decrease in neutron sources in the SNF stored along with the storage time.

Based upon the results, impurity control of the structural materials of the DSS at the design or
manufacturing stages and appropriate decay-in-storage of the neutron-activated components after its
design lifetime are suggested, in order to manage and minimize the generation of secondary radioactive
waste from the decommissioning of dry storage systems for spent nuclear fuel. The framework and
insights of the neutron activation analysis of the DSS proposed in this study could be used to optimize
the strategy for effective management of waste to be generated from the DSS.
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