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The Wolsong Nuclear Power Plant (NPP) operates an on-site spent fuel dry storage facility using concrete silo and vertical 
module systems. This facility must be safely maintained until the spent nuclear fuel (SNF) is transferred to an external in-
terim or final disposal facility, aligning with national policies on spent nuclear fuel management. The concrete silo system, 
operational since 1992, requires an aging management review for its long-term operation and potential license renewal. 
This involves comparing aging management programs of different dry storage systems against the U.S. NRC’s guidelines 
for license renewal of spent nuclear fuel dry storage facilities and the U.S. DOE’s program for long-term storage. Based 
on this comparison, a specific aging management program for the silo system was developed. Furthermore, the facility’s 
current practices—periodic checks of surface dose rate, contamination, weld integrity, leakage, surface and groundwater, 
cumulative dose, and concrete structure—were evaluated for their suitability in managing the silo system’s aging. Based on 
this review, several improvements were proposed.
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1. Introduction

Since the 1980s, many nuclear power plants (NPPs) 
around the world have operated spent nuclear fuel (SNF) 
dry storage facilities [1]. Korea has also been operating a 
SNF dry storage facility using 300 concrete silo systems 
and 14 vertical module systems at the Wolsong NPP site 
since 1992 (see Fig. 1).

The SNF dry storage facility at the Wolsong NPP must 
be operated safely until SNF is released to an interim stor-
age facility or a final disposal site in accordance with the 
national policy on SNF management, so the structural in-
tegrity of dry storage systems loaded with SNF must be 
maintained for a long period of time [2, 3]. In particular, the 

concrete silos are licensed for 50 years, but as more than 30 
years of operation have passed since 1992, it is necessary to 
review the aging management in preparation for long-term 
operation and license renewal in the future.

However, as the dry storage systems are subject to time 
constraints for a limited lifetime, the countries operating 
SNF dry storage facilities are working to ensure the safe 
performance of facility for long-term operation. The IAEA 
has also recommended that the SNF dry storage facilities 
must be regularly assessed for long-term storage of SNF and 
has proposed technical standards for the aging management 
programs (AMPs) and integrity assessments to ensure the 
long-term safety of dry storage facilities [4, 5]. The United 
States has established AMPs and technical requirements for 

Fig. 1. SNF dry storage facility at the Wolsong NPP site.
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Fig. 2. License renewal process.
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extending the life of SNF dry storage systems and provided 
technical guidelines for structures, materials, environments 
and aging mechanisms [6, 7].

Korea has carried out periodic assessments to prepare 
for the degradation of NPPs and developed assessment 
guidelines, but these are focused on the NPP facilities and 
are not directly applicable to the SNF dry storage systems. 
Therefore, it is desirable for Korea to develop a separate 
technical guideline that is suitable for the characteristics of 
SNF dry storage facility like the U.S. This paper identified 
the existing AMPs for SNF dry storage systems according 
to the U.S. dry storage license renewal guideline [6] and 
derived the AMPs for concrete silo dry storage system. And 
the suitability of periodic verification being currently con-
ducted by the NPP’s procedures for the aging management 
of silo dry storage system was reviewed, and the improve-
ments were suggested.

2.  License Renewal Guidance for Dry 
Storage Systems

The U.S. is renewing the licenses for dry storage sys-
tems in accordance with the NUREG-1927 of license re-
newal guideline [6] to ensure the continued and safe op-
eration of SNF dry storage systems for a long time beyond 
their design life. The license renewal process as described 
in the guideline is shown in Fig. 2 [6]. A scoping evaluation 
is performed to identify the structures, systems and compo-
nents (SSCs) subject to aging management in accordance 
with the regulatory requirements and an aging management 
review (AMR) is performed to demonstrate that the dry 
storage system continues to perform its intended function. 
AMR includes a time-limited aging analysis (TLAA) and 
an aging management program (AMP) for aging issues that 
could adversely affect the dry storage system.

The scoping evaluation analyzes whether the function 
of SSCs is important for safety (ITS) or not (NITS) to select 
the SSCs within the scope of license renewal and examine 

the aging effect. Even if an SSC is NITS, it is included 
within the scope if the loss of function would affect safety. 
The scoping evaluation process is shown in Fig. 3. The se-
lected SSCs are classified to determine if their functions are 
ITS, and the scope of renewal can be reduced by identifying 
which the SSCs are within the scope.

The SSCs in the dry storage systems are grouped into 
three safety categories, A (important for safe operation), 
B (significant impact on safety), and C (minor impact on 
safety), based on their impact on safety, referring to the 
NUREG/CR-6407 [7]. The functions of SSCs ITS are de-
fined as CB (containment boundary), CC (critical control), 
HT (heat transfer), RS (radiation shielding) and SS (struc-
tural support). The safety categories and intended functions 
of SSCs are shown in Tables 2 and 3, respectively.

AMR is performed on the components and operating 
environment of SSCs which are within the scope of license 
renewal. Through this, the expected aging mechanism of 
each SCC is identified and appropriate aging management 
activities (AMA) which are divided into TLAA and AMP 
are applied. Fig. 4 shows AMR process. The SCCs are 
evaluated to determine if they are subjected to aging, and if 
not, no further action is taken. If the functions of SSCs are 
degraded, determine how to manage the aging, i.e., which 
AMP to take.

A Critical to safe operation

B Major impact to safety

C Minor impact to safety

Table 1. SSCs’ safety categories

CB Containment boundary

CC Criticality control

RS Radiation shielding

HT Heat transfer

SS Structural support

Table 2. SSCs’ intended functions
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Fig. 4. Aging management review process.
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TLAA predicts the aging mechanism and analyzes 
whether the safety of SSCs is reconfirmed. If the safety is 
reconfirmed, no further action is required, but if the safety 
is not reconfirmed, TLAA must be modified or a new AMP 
must be developed. TLAA has many advantages over an 
AMP. While the AMP requires monitoring to predict current 
and future conditions, TLAA does not require such moni-
toring and can be calculated or analyzed to demonstrate the 
integrity of SSCs. The aging mechanisms for which TLAA 
is not appropriate is determined if it is included within the 
existing AMP. If it is, the aging mechanism is being man-
aged appropriately and no further action is required. If not, 
a new AMP should be developed for the aging mechanism.

3.  Aging Management Programs for Dry 
Storage Systems

Effective AMPs can ensure the integrity of dry storage 
systems for long-term operation. A report prepared by the 
DOE and ANL describes SSC-specific AMPs for dry stor-
age systems currently licensed and operating in the U.S. 
[8]. The purpose of aging management is to ensure that the 

safety functions of SSCs are not compromised by aging 
within the scope of the original license or the scope of any 
license extension. As the dry storage systems are essentially 
structures and deterioration may not be obviously detect-
able, other AMPs may be required such as aging effect pre-
vention, aging effect mitigation, aging condition monitor-
ing, and SSC safety performance monitoring.

Since the types and details of AMPs may differ for the 
specific SSCs, the methodology and planning of aging man-
agement for long-term operation of dry storage systems 
uses the 10 elements of AMPs based on NUREG-1927, as 
shown in Table 3.

S1 Monitoring of concrete structures

S2
Monitoring of protective coatings on carbon steel struc-
tures

M1 External surface monitoring of mechanical components

M2 Ventilation system monitoring

M3 Canister welds monitoring

M4 Canister bolt seals monitoring

M5 Internal structure/structure integrity monitoring

Table 4. Typical AMPs of dry storage system reviewed by DOE and ANL

Elements Description

Scope To include the specific SSCs subject to AMR

Preventive actions To mitigate or prevent the aging effects

Parameters monitored or inspected To be linked to the aging effects on the intended functions of particular SCCs

Detection of aging effects To occur before there is a loss of SSCs’ intended function

Monitoring & tendering To provide for prediction of the aging effects and timely corrective or mitigative actions

Acceptance criteria
To ensure that the SSCs’ intended functions are maintained under the licensing basis design conditions 
during the extended operations

Corrective actions To be timely

Confirmation process To ensure that preventive actions are adequate corrective actions have been completed and are effective

Administrative controls To provide a formal review and approval process

Operating experience
To provide objective evidence to determine that aging effects will be adequately managed and the SSCs’ 
intended functions will be maintained during the extended operations

Table 3. Ten AMP elements for dry storage systems
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4.  AMP Analysis Applicable to Silo Dry 
Storage Systems 

Typical AMPs applicable to the representative metal 
and concrete dry storage systems analyzed by the DOE and 
ANL are shown in Table 4. An example of AMP applied 
to the NAC’s MAGNASTOR concrete dry storage system 
similar to the concrete silo storage system is shown in Table 
5. Fig. 5 shows the MAGNASTOR dry storage system and 
the silo dry storage system [1, 9].

By comparing the AMP items for the MAGNASTOR 

system analyzed by the DOE and ANL, the AMPs that can 
be applied to the silo system are two structural (S1, S2) and 
three mechanical (M1, M3, M5). Table 6 shows the appli-
cable AMPs for each component required for the long-term 
monitoring of silo system.

4.1  Monitoring Concrete Structures (S1)

Concrete structures important to safety are monitored 
for cracking, spalling and loss of strength, etc. The S1 AMP 
is to inspect the concrete silo structure in accordance with 

AMP Monitoring Function

S1 Concrete structure surveillance Cracking, material delamination and loss of adhesion, loss 
of water-tightness and strength, loss of strength, etc.

RS, SS

S2 Protective coating monitoring Corrosion, cracking -

M1 External surface monitoring of mechanical  
components

SCC, corrosion, cracking SS, HT, RS

M3 Canister welds monitoring SCC, corrosion, cracking SS

M5 Internal structural and functional integrity  
monitoring

Impact on fuel and canister integrity, recoverability and 
transportability

SS

Table 5. Example of AMPs applicable to NAC MAGNASTOR system

Fig. 5. Overviews of MAGNASTOR and concrete silo systems.
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the NPP’s procedure. Since the concrete pad is reinforced 
by the silo structure and rebars, it is reasonable to be con-
sidered as a safety-related structure because it behaves to-
gether with the silo structure during external loads such 
as earthquake. In the case of the MAGNASOTR system, 
the concrete pad is included within the AMP, even though 
the concrete pad is separated from the system and its bot-
tom. The NPP’s procedure only mentions the silo structure, 
so it is necessary to supplement the inspection procedure 
for the concrete pad. In addition, since the non-destructive 
strength of concrete is a mandatory item for life manage-
ment in the NPP’s procedure, a reliable strength estimate is 
required to maintain the silo system for more than 50 years 
of design life. For this purpose, it is necessary to conduct 
additional compressive strength tests on the concrete cores 
along with non-destructive tests during the NPP’s regular 
inspections.

4.2  Monitoring of Protective Coating on  
Carbon Steel Structures (S2)

This AMP monitors the integrity of the protective coat-
ing (radiation-resistant epoxy paint) on the carbon steel liner 
inside the silo system. As the structure is welded and sealed, 
it is not easy to inspect the interior directly. So it is consid-
ered unsuitable to include it in the periodic AMP. This is not 
a problem unique to the silo system, but is common to most 
dry storage systems. The DOE-ANL report [8] suggests that 
this can be addressed in an indirect way. The containment 
surveillance system connects circulating pumps and filters to 

exhaust and drain pipes and tests the silo’s internal air for ex-
cessive moisture. If excessive moisture is detected, the car-
bon steel liner’s containment may be compromised because 
outside air has invaded the interior. This indirect method pro-
vides an indication of the deteriorating effects on the protec-
tive coating of the carbon steel liner.

4.3  Monitoring the Outer Surface of Basket 
(M1) and the Leakage of Basket Welds (M3)

The integrity of outer surfaces and leakage of welds 
for the stainless-steel baskets stacked inside the silo sys-
tem. The NPP’s “Radiation Safety Management Procedure” 
states that no fission products must be detected in the analy-
sis of gamma and alpha-beta radiation during the leakage 
test. The leakage of radioactive material from the baskets is 
monitored by a radiation monitoring system, and radiation 
dose rates are periodically monitored at the silo structure 
and the boundary of storage facility. In addition, surface 
water and groundwater samples are collected in the vicin-
ity of the facility to check for radioactive material leakage. 
The DOE-ANL report [8] states that this indirect monitor-
ing method is practical due to the difficulty of accessing the 
surface of basket welds.

4.4  Monitoring the Structural/Functional  
Integrity of Internal Structures (M5)

This AMP applies to the stainless-steel baskets inside 
the silo system and SNF loaded inside the baskets, and 

S1 Concrete structure Inspection of concrete structure in according to NPP procedure

S2 Inner liner Monitoring of liner coating condition

M1 Inner liner and basket surfaces SCC/corrosion/crack monitoring

M3 Basket welds SCC/corrosion/crack monitoring

M5 Structural and functional integrity of internal structure Analytical evaluation of the integrity of fuel and basket due to radiation 
and temperature

Table 6. AMPs for silo dry storage system
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includes monitoring for degradation of HT (heat transfer), 
RS (radiation shielding) and SS (support structure) func-
tions due to high temperature and radiation. That is, the ef-
fects of temperature and radiation for the integrity, recover-
ability and transportability of SNF and baskets are moni-
tored. It is important to verify the integrity of spent nuclear 
fuel for long-term dry storage, so aging characterization 
tests are needed on the actual spent nuclear fuel in dry stor-
age. As it is difficult to conduct a direct test, it is planned 
to participate in Canada CNL’s characterization test of the 
dry-stored CANDU SNF to obtain data on the fuel aging 
effects due to long-term dry storage.

5.  Review of Aging Management for the 
Silo Dry Storage System

Due to the high level of uncertainty regarding the op-
eration of interim storage facility, it is not possible to rule 
out the possibility that the dry storage facility at the Wol-
song NPP site will continue to operate beyond the license 
life of 50 years. It is necessary to proactively prepare for 
the license renewal of the dry storage facility, and the aging 
management is essential to ensure the safety of dry storage 
system for long-term storage and to enhance public accep-
tance.

The inspection items and frequency being periodically 

conducted by the NPP’s procedure for the aging manage-
ment of silo system are shown in Table 7. And the suitabil-
ity of periodic verification was reviewed and the improve-
ments were suggested.

5.1 Surface Dose Rate Measurement

Although the silo’s SAR [9] requires quarterly dose rate 
measurements, the dose rate on the outer surface of silo sys-
tem is measured daily in compliance with to the legal re-
quirements [10], which is considered appropriate. However, 
it is desirable to establish a real-time dose rate monitoring 
system through remote monitoring to reduce the exposure 
and workload of workers who measure daily, to consider 
computerized management of measurements, and to im-
prove the reliability of measurement data.

5.2 Measurement of Contamination

The legal requirement [10] is to measure the contam-
ination level in the radiation control area once a week, 
and the inside and outside of storage facility are mea-
sured once a week according to the NPP’s procedure. As 
the silo system is double-welded to maintain contain-
ment, there is virtually no radioactive contamination, 
so the weekly measurement of surface contamination is 
considered appropriate.

Inspections Inspection items Frequency Relates AMPs

Dose Rate Surface dose rate Daily S1, M3, M5

Contamination Surface contamination Weekly S1, M3, M5

Surface water Gamma nuclide, tritium Weekly S1, S2, M1, M3, M5

Groundwater Gamma nuclide, tritium Quarterly S1, S2, M1, M3, M5

Cumulative dose 4-point measurement Quarterly S1, M3, M5

Leakage Beta/particulate/oxo/inert-gas Annually S1, S2, M1, M3

Welds PT for shielding plug welds Semi-annually S1, S2, M1

Structure Degradation of concrete structures Annually and every 5 years S1

Table 7. Periodic inspections for silo system
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5.3 Inspection of Shielding Plug Welds

The SAR does not specifically address the inspection 
of welds, but it is recommended that the plug welds be in-
spected if excessive moisture is detected during contain-
ment inspections. Since the upper welds of silo system are 
inspected twice a year, it is considered adequate.

5.4  Containment Boundary Leakage  
Inspection

According to the NPP’s procedure, leakage inspec-
tion must be performed periodically, and measurements 
are made once a quarter for the first year after fuel loading, 
once a semi-annually for the second year, and once a year 
thereafter. The current annual leakage inspection measure-
ment frequency for the silo system is considered appropri-
ate, but if excessive moisture is detected and the integrity of 
containment boundary is suspected, it is necessary to flex-
ibly operate the inspection frequency to verify the integrity 
of containment boundary.

5.5   Surface Water and Groundwater  
Inspections

The SAR does not mention the inspection, but requires 
that the surrounding surface water be monitored for elevated 
levels of radionuclides. The legal requirement is to measure 
the three-month average concentration of radionuclides in 
the vents and drains, and the NPP’s procedure provides for 
weekly measurements of surface water and quarterly mea-
surements of groundwater, which is considered adequate.

5.6  Cumulative Dose Assessment

The SAR requires continuous gamma radiation mea-
surements at the storage facility boundary, but the legal re-
quirement is to measure the external radiation dose rate of 
the facility once a week. According to the NPP’s procedure, 

the dose rate is measured at the facility boundary and the 
cumulative dose is calculated once a quarter. Currently, the 
frequency is judged to be fine as the cumulative dose is 
measured continuously and evaluated quarterly, but it is 
recommended to change to continuous monitoring through 
a remote real-time monitoring.

5.7  Concrete Integrity Inspection

The SAR requires a quarterly full inspection of the silo 
storage area, paying particular attention to serious cracks 
and delamination of the concrete, but the NPP’s procedure 
states that the inspection frequency must be once a year for 
routine inspections, every five years for periodic inspec-
tions, and as needed for special inspections. The silo sys-
tem is required to perform routine inspections every 5 years 
according to this procedure, but it is necessary to consider 
whether the frequency of routine inspections is increased 
to quarterly according to the SAR. The 5-year interval for 
routine inspections is considered reasonable as it is consis-
tent with the 10-year PSR interval for nuclear power plants.

6. Conclusion

In order to prepare the aging management plan suitable 
for the concrete silo dry storage system, the AMPs for each 
dry storage system in accordance with the U.S. license re-
newal guidelines were compared and the AMP that can be 
applied to the silo system was derived. And the suitability 
of periodic verification being currently conducted by the 
NPP’s procedures for the aging management of silo system 
was reviewed, and the improvements were suggested.

For the monitoring of concrete structures (S1), the NPP’s 
procedure can be utilized, but additional monitoring of the 
concrete pad is required. The monitoring of the protective 
coating of carbon steel structure (S2), the monitoring of the 
outer surface of basket (M1), and the monitoring of the leak-
age of basket welds (M3) are all related to the containment of 
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dry storage system, and the indirect monitoring of detection 
of excessive moisture and radioactivity during the contain-
ment inspection was analyzed. Monitoring of structural and 
functional soundness of internal structures (M5) requires the 
test analysis of actual SNF in long-term dry storage.

The periodic verification of surface dose rate inspection, 
surface contamination inspection, weld inspection, leakage 
inspection, surface water and groundwater inspection, cu-
mulative dose assessment and concrete inspection currently 
in place to manage the aging of silo system was reviewed. 
For the surface dose rate and cumulative dose assessment, 
it is necessary to establish a remote real-time monitoring 
system for continuous monitoring to reduce worker expo-
sure and improve efficiency and reliability. It is desirable 
to operate the leakage inspection flexibly. And the concrete 
integrity inspections may be considered for increased fre-
quency compared to routine inspections.

The concrete silo dry storage system must be operated 
safely and independently at the Wolsong NPP site until the 
interim storage or final disposal of SNF begins, even if the 
NPP ends its life and is decommissioned. Therefore, since 
the dry storage system has different structural and physical 
characteristics from the NPP facility, it is desirable to estab-
lish and implement the long-term aging management pro-
gram suitable for the characteristics and site conditions of 
dry storage system separately from the NPP’s procedures.
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