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Abstract. Of the 24 PWR plants in Japan, eleven have been operated for more than 30 years. Accordingly, it has 
become extremely important to take measures against ageing structures and components in order to achieve safe 
and reliable long term operation of these plants. In this paper, a concept of the ageing countermeasure for PWR 
in Japan is outlined and then representative technologies related to various maintenance activities are presented.  

1. Introduction 

There are 24 pressurized water reactors (PWRs) in Japan. One PWR, which has started its commercial 
operation in 1970, is 41 yeas old. Other ten PWRs are operating more than 30 years since their 
commercial operations. So it becomes one of the most important concerns to face the ageing 
management of the structures and components of PWR. It becomes more important to perform 
appropriate ageing countermeasures to achieve safe and reliable long term operation.  

In this paper, a concept of the ageing countermeasure for PWR in Japan is outlined and then 
representative technologies related to various maintenance activities are presented, which are based on 
comprehensive capabilities of Mitsubishi Heavy Industries, Ltd. (MHI) as a nuclear plant supplier. 

2. Concept of maintenance program for ageing plants 

In order to ensure the safety and reliability of a plant, it is important to make an adequate diagnosis of 
the degradation of the structures and components caused by ageing and to carry out appropriate 
preventive maintenance. From this point of view, a technical evaluation of ageing is conducted every 
10 years for plants with an operation period exceeding 30 years, in which a comprehensive evaluation 
of the integrity of the plant based on up-to-date knowledge, e.g. knowledge data base of OECD/NEA 
Stress Corrosion Cracking and Cable Ageing Project (SCAP) and IAEA international generic ageing 
lessons learned (I-GALL) report to be issued next year, is carried out and a future 10-year 
maintenance plan is designed based on the results of these evaluations. 

The basic concepts in designing the maintenance plan are as shown in Fig. 1. First, an evaluation of 
the life time of the components currently in use is made on the basis of their current condition and the 
assumed degradation mechanism. According to the results of evaluation, the structures and 
components are broadly divided into the following three categories. 

(a) Components found to have a sufficiently long life of over 60 years have their reliability confirmed 
through inspection or monitoring their condition while continuing a basic and normal maintenance 
program. 

(b) Components found to have a life time up to 60 years are suitable for the dedicated preventive 
maintenance program such as degradation mitigation and/or repair in addition to inspection and 
monitoring their condition. 

(c) Components found to have a life time of less than 60 years are candidates for replacement in 
addition to the degradation mitigation and/or repairs. 
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In taking measures against ageing structures and components, it is important to choose appropriate 
measures from the maintenance menu based on the component condition, and for this it becomes 
necessary to provide the basic maintenance techniques in a timely manner such as evaluation and 
analysis, inspection and monitoring, degradation mitigation and repair, and replacement. 

 

FIG. 1. Concept of countermeasures against ageing nuclear power plants 

3. Maintenance technology and its applications 

Technical fields for maintenance are consisted of integrity evaluation technique, inspection technique, 
mitigation technique, preventive maintenance and repair technique, replacement technique, monitoring 
technique and system improvement technique.  Improvement of each technique leads to implementing 
advanced maintenance, operation and servicing successfully by means of realizing the two seemingly 
conflicting requirements of improved safety and reliability and increased economic efficiency and 
operability of NPPs, at the sane time [1]. 

3.1. Degradation mitigation and repair technology of main components 

Stress corrosion crack (SCC) occurs due to the interaction among three factors, that is, susceptibility 
for SCC of materials, environmental such as water quality or temperature and stress such as tensile 
stress.  Therefore, it is effective against SCC to eliminate more than one factor, for example, removing 
residual stress on surface of components as mitigation measure of tensile stress and cladding as 
improvement for materials. 

(a) Water Jet Peening Technique 
When high-pressure water is jetted in underwater, strong vortex flow is caused by shearing force 
due to speed gap at the boundary between the high-pressure jetted water and static water. 
Cavitation bubbles are generated at low pressure region in the center of the swirling flow. 
However, pressure is recovered as flowing downstream and the cavitation bubbles are collapsed 
instantly. Water jet peening (WJP) is a method of using shock pressure by collapse of the bubbles 
to form plastic deformation on the metal surface and change tensile residual stress on the vicinity of 
surface to compressive stress as shown in Fig. 2. Residual stress of surface is improved from tensile 
stress to compressive stress by means of WJP. WJP was applied to reactor vessel bottom mounted 
instrument (BMI) nozzles of 22 plants in Japan. 

Furthermore, MHI presented WJP technique on its qualification testing program against alloy 600 
PWSCC issue at the code week meeting of the American Society of Mechanical Engineers 
(ASME) codes and standards in November 2011. MHI continues to contribution on standardizing 
WJP Code. 
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FIG. 2. Schematic Principle of Water jet peening Technique 

(b) Ultrasonic Shot Peening Technique 
It is difficult to apply conventional shot peening method for reducing residual stress of J-groove 
welds of vessel head penetrations. Consequently, MHI developed ultrasonic shot peening technique 
with compact size equipment and independent of variety shapes of J-welds. Residual stress on 
surface is reduced in a manner of back-and-forth motions of the shot in a chamber by means of 
ultrasonic oscillation of piezoelectric element as a result of plastic deformation of material surface 
as shown in Fig. 3. This technique is also able to be applied to inner surface of outlet and/or inlet 
nozzle of steam generator with larger diameter and applied to 14 plants in Japan. 
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FIG. 3. Ultrasonic Shot Peening equipment 

(c) Outer Surface Irradiated Laser Stress Improvement Process Technique 
Outer surface irradiated laser stress improvement process (L-SIP) is a technique of generating 
temperature gradient in thickness direction by heating rapidly from outer surface of nozzles and 
tubes in order to reduce residual stress of inner surface. Use of fiber laser as a heating source makes 
it possible to heat up rapidly without cooling water to cool inside the nozzles and tubes. Therefore, 
the device can be made compactly as shown in Fig. 4. Residual stress of surface is improved from 
tensile to compressive stress by means of L-SIP. L-SIP was applied to six nozzles in Japan. 
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FIG. 4. Outer surface irradiated laser stress improvement process (L-SIP) 
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(d) Improved Material and Cladding Techniques 
When a surface touches the primary system feed water a countermeasure employing high nickel 
based alloy TT690 (Alloy 690), which has excellent PWSCC resistance, is used. Alloy 690 has 
double the chromium content of Alloy 600. It is used for cladding, and prevents the Alloy 600 from 
coming in contact with the water by overlay welding its surface (with Alloy 690) or by 
replacement, which is described in the next section. As for an example of the application of the 
degradation technique to the reactor vessel outlet nozzle safe end joints (using welded Alloy 600), 
the cladding technique, INLAY,  on the reactor vessel nozzle welded region is shown in Fig. 5. In 
order to ensure a flow passage and to allow inspection, a groove is machined at surface before 
cladding (overlay welding). An automatic 3-layer, temper-bead welding process, not requiring 
post-weld heat treatment, was developed and applied to four plants in Japan. The cladding repair 
technique has also been applied to reactor vessel nozzle head penetration joints.  

Furthermore, to reduce the radiation exposure and shorten the work period, MHI has developed 
advanced INLAY system using new technologies and equipments. The advanced INLAY system 
has been applied to three plants in Japan by March 2012 [2]. 

 

FIG. 5. Cladding technique applied to reactor vessel outlet nozzle safe end joint 

(e) Replacement with improved material 
A partial replacement technique (replacement of nozzle safe end joint) will be used when total 
replacement is difficult and to repair damage and for preventative maintenance. An example of this 
is shown in Fig. 6, the replacement of a reactor vessel outlet nozzle safe end joint. In this method, 
the welding is done using Alloy 690 welding material with excellent SCC resistance when Alloy 
600 joints are removed and replaced with new ones. 

 

FIG. 6. Partial replacement technique applied to reactor vessel outlet nozzle safe end joint 
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When components such as the reactor vessel clouser head (RVCH), the steam generator (SG), and 
the reactor core internals (CIs) are replaced, the new components are made with material with 
excellent SCC resistance. Since a PWR's CIs are designed to be removed, they can be removed as a 
unit, stored and preserved in a container, and new reactor internals installed as shown in Fig. 7. The 
replacement of CIs with advanced design and material was carried out for the first time in the 
world, and totally done in four PWR plants in Japan [3, 4]. Also, 22 RVCHs and 32 SGs for 12 
plants were replaced in Japan. 

 

FIG. 7. Reactor core internals component replacement technique 

(f) Repair Technique 
When damage is detected and repair is required, it is possible to remove the defective part and 
install a new boundary component. Fig. 8 shows an example of the repair of reactor vessel BMI 
nozzle. The removal of defects is a technique of partial removal when the component is structurally 
safe after removing the defect. The installation of a component for the new boundary is installed 
outside the damaged component to prevent leakages from the defect. 

 

FIG. 8. Repair technique of reactor vessel BMI nozzle 

3.2. Export of main components for replacements 

In 2003, MHI installed replacement RVCH at Surry 2 owned by Dominion Generation, Inc. USA. 
Since then MHI has exported 22 SGs, 20 RVCHs and one pressurizer (Prz) to European, US and 
Brazil utilities. SGs have been improved to upgrade output and prevent tube corrosion, RVCH 
penetrations have had their material changed to alloy 690 which support canopy-less CRDM and high-
quality J-groove welding, and modified RVCH penetrations and CRDMs are shipped together as 
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shown in Fig. 9 which was realized by MHI for the first time in the world, and is now the standard 
process for replacement work in the USA. Pressurizers use high wattage density heaters in order to  
increase the inner volume of the steam phase in the space above the heater, assured a wider volume 
control span for expanding its operating range. These components were delivered in a short period 
employing state-of-the-art technologies while conforming to all laws, regulations, codes and 
customers' specifications [5]. 

 

FIG. 9. Reactor vessel closure heads and CRDM in factory 

3.3. Upgrade of Instrumentation and Control Systems and application for new plants 

For the stable operation of nuclear power plants, it is essential to have a highly reliable 
instrumentation and control (I&C) system with ease of operation. Installation  of I&C system soft-
operation main control board and computerized plant protection and control system is a global trend. 
MHI has installed the digital I&C system for digital upgrade and new plants [6]. 

(a) Soft-operation main control board 
The soft-operation main control board, as shown in Fig. 10, is designed to improve operability and 
reduce the operator workload, and thereby allow single-person operation.  

 

FIG. 10. Soft-operation main control board 

This main control board consists of followings: 
(i) Operator console 

The operator console is a compact console designed to enable centralized monitoring and control 
by integrating the conventional main control board equipped with hard-wired monitoring devices 
(e.g., indicators, recorders, indicator lamps, etc.) and controllers. Fig. 11 shows conventional 
monitoring and control instruments of the software-based operational visual display unit (VDU). 

 

FIG. 11. Monitoring and control instruments of the software-based operational VDU 
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(ii) Large display panel 
The large display panel (LDP) shows parameters that require continuous monitoring and 
integrated alarms so that operators can share an overview of the plant information. Fig. 12 shows 
screen shots of the large display panel. 

 

FIG. 12. Large display panel images 

(iii) Supervisor console 
This console has a capability to display the same screen as the operator console. The shift 
supervisor can monitor the same information viewed by the operator in order to direct and 
supervise the operation crew, as part of his or her responsibility. 

(b) Computerized Protection System 
MHI has much experience in applying digital technology to the plant control system by means of 
the plant I&C system for PWRs in Japan. Based on this experience, the digital technology is being 
applied to the protection system which requires higher safety and reliability. The key features of 
our digital protection system are outlined below. 
(i) Redundancy and independence 

The protection system is configured to have two or four train redundancy for the event of failure 
or the removal of a single system to maintain safety functions.  

(ii) Isolation from the plant control system  
When signals are acquired from the protection system to the plant control system, the systems are 
configured to allow for physical and electrical isolation between them so that failure in the plant 
control system would not have an impact on the protection system. In addition, data 
communication between these divisions applies optical interfaces which enable electrical 
isolation and communication memory, which prevents anomalies in the plant control system from 
affecting the protection system. 

(iii) Self-diagnostics function 
The protection system is equipped with self-diagnostics that are constantly active. When the self-
diagnostics function detects a failure, they send an alarm to the main control room so that 
operators can be notified of the failure in a timely manner. It is also designed to maintain the 
“fail-safe” state in case of a failure that causes loss of function of the safety system. 

(iv) Simple software 
Software applied to the protection system has the following features: 

- To ensure the ease of software verification, software is simply configured with fixed-cycle 
processing and single-task structure.  

- During the design and production phases of programs, visualization language is used for 
visualizing software in the same form as block or logic diagrams. This clarifies the source of 
the processing, and makes it easier for the third party to understand. 

(v) Verification and validation 
During the process of design, manufacture and test, verification and validation is performed in 
accordance with the domestic “Guidelines for Verification and Validation of Digital Safety 
Protection System of Nuclear Power Plants” (JEAG 4609-2008), MHI ensure that the functions 
required for safety protection are properly implemented in the software. 

(vi) Improved maintainability 
Application of digital technology helps in reducing maintenance work.  
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- The use of software-based arithmetic circuits eliminates the need for calibration of ranges, 
spans, set points and so forth, which are necessary in conventional analog circuits. For 
example, there are about 100 circuits with safety-related set points per unit, but their 
calibration is no longer needed.  

- The application of the automatic calibration function to the field sensor signal input circuits 
eliminates the need for calibration that is necessary in conventional analog circuits. For 
example, there are about 100 safety-related process parameters per unit, but the calibration of 
their input circuits are no longer needed. 

(c) Examples of application to existing and new plants 
Digital upgrade of the I&C system has taken place at the Ikata Nuclear Power Station Units 1 and 2 
of Shikoku Electric Power Co., Inc as shown in Fig. 13.  

 

FIG. 13. Example of renewal at existing domestic plants 

In terms of the new plant, digital I&C systems have been installed in Tomari Nuclear Power 
Station Unit 3 of Hokkaido Electric Power Co., Inc. There are also plans to install the digital I&C 
system in new plants to be constructed in the future. 

4. Conclusions 

MHI covers all activities in the maintenance fields on PWR plants and has been making effort to 
maintain state-of-the-art technology in the maintenance fields to provide the best engineering support 
service to develop the maintenance strategy and planning, and the best inspection, mitigating measure, 
repair and replacement services. 
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