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ABSTRACT 

It may be broadly well-known that regulatory requirements for nuclear power plants (NPPs) in Japan have 
been strengthened through revision of statutes (i.e., Act on Regulation of Nuclear Source Materials, Nuclear 
Fuel Materials and Nuclear Reactors [1], and relevant Ordinances) reflecting lessons learned from 
Fukushima-Daiichi NPPs Accident. Kyushu Electric Power Co., Inc. (Kyushu EPCO) restarted Sendai 
NPPs first in Japan under these requirements in 2015. 

For restarted NPPs, newly introduced safety assessment (termed “Safety Improvement Assessment; 
SIA” hereinafter) is imposed by the Act in order to further improve the safety voluntarily after every 
periodic facility inspection. Kyushu EPCO performed 1st-round SIA on Sendai NPPs in 2017 first in Japan 
and 2nd-round SIA in 2019 subsequently. 

SIA includes seismic probabilistic risk assessment (PRA), safety margin evaluation (SME, termed 
“stress test” in European countries) for seismic event. The results of seismic PRA and seismic SME did not 
improve considerably compared to those before new regulatory requirements were enforced. Conservatism 
in structural evaluation for beyond design basis events (Beyond DBE; BDBE) presumably contributes to 
these results. 

INTRODUCTION 

Only 9 commercial NPPs resumed operation for these 6 years since new regulatory requirements had been 
enforced in 2013. Restarted plants are all pressurized water reactors (PWRs). Boiling water reactors 
(BWRs) need a while until restart though 3 units have obtained the permission by Nuclear Regulation 
Authority of Japan (NRA). Figure 1 shows the licensing status of commercial NPPs in Japan as of March 
2019. 

The new regulatory requirements tightened measures to prevent or deal with severe accidents (SAs) 
and acts of terrorism [2]. As a result, standard seismic motion (SSM, safe shutdown earthquake in the 
United States), against which safety functions of the plant should be maintained, was raised considerably. 
The maximum acceleration of SSM on Sendai site, for example, was raised from 372Gal to 620Gal. The 
response spectra on the bed rock of SSMs are shown in figure 2. Red solid line and red broken line in the 
chart indicate, respectively, site specific earthquake (Ss-1) and earthquake without identifying its seismic 
source (Ss-2) formulated in compliance with the new requirements. Blue solid line and blue broken line in 
the chart indicate, respectively, site specific earthquake (Sk2) and near field earthquake (SN) formulated in 
compliance with the previous requirements. Kyushu EPCO reinforced considerable amount of support 
structures of components and pipings in the plants to ensure the plants resist the increased seismic motion. 
Figure 3 shows a few examples of seismic reinforcement implemented at Sendai. 
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Figure 1. Licensing status for commercial nuclear power plants in Japan. 

Figure 2. Response spectra of design earthquake. 
Figure 3. Examples of seismic reinforcement. 

As a result of various initiatives and enormous efforts to meet the new regulatory requirements 
including those mentioned above, Kyushu EPCO achieved restart of Sendai NPPs successfully first in Japan 
in 2015 [3-5]. Sendai NPPs kept safe and reliable operation for about 13 months subsequently, and then 
shut down reactors for about 4 months for mandatory periodic facility inspection. 

The newly introduced periodic safety assessment is specified in the article 43-3-29 of the Act [1]. 
The licensees of restarted NPPs shall conduct the SIA after every periodic facility inspection, submit it to 
NRA and disclose it in compliance with the article. Kyushu EPCO submitted and disclosed 1st-round SIA 
on Sendai NPPs naturally first in Japan in 2017 [6]. Since the typical operating cycle of NPPs in Japan is 
about 1.5 years (about 13-month-operation and about 3-month-outage cyclically) at present, Kyushu EPCO 
submitted and disclosed 2nd-round SIA on Sendai NPPs in 2019 [6]. 

OUTLINE OF SAFETY IMPROVEMENT ASSESSMENT ON SENDAI 

The contents of SIA are specified in the guidelines issued by NRA [7]. SIA should consist of followings 
typically: 
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1. Scope of conformity with laws and ordinances reviewed by safety regulations;
2. Actions voluntarily taken to improve safety:

2-1 Policy of continuous initiatives to improve safety;
2-2 Survey: 

(1) Implementation of activities related to safety;
(2) Domestic and international, scientific and technical, latest knowledges;
(3) Plant walkdown (if undergone);

2-3 Safety improvement plan; 
2-4 Description of actions to be taken: 

(1) Actions to be taken on structures, systems and components (SSCs);
(2) Actions to be taken on framework;

2-5 Result of external evaluation (if undergone); 
3. Investigations and analyses on actions voluntarily taken to improve safety:

3-1 Evaluation on implementation of activities to improve safety:
(1) Internal and external events;
(2) Deterministic safety analyses;
(3) PRA for internal and external events;
(4) SME;

3-2 Mid-and-long-term evaluation on implementation of activities to improve safety; 
4. Global Assessment.

In the simplest words, this document is an incorporation of updated final safety analysis report 
(UFSAR) in the United States and periodic safety review (PSR) report in European countries. Chapter 1 of 
this document is exactly UFSAR part and the others are PSR parts. Among those, the evaluations defined 
in section 3-1 shall be conducted every 5 years and also at the timing that massive modifications are 
implemented. The evaluation defined in section 3-2 is 14 safety factors review in accordance with 
International Atomic Energy Agency (IAEA) Safety Standards Series No. SSG-25 [8] which shall be 
conducted every 10 years. 

Main results of 1st-round and 2nd-round SIA on Sendai NPPs are outlined below. 

Scope of Conformity with Laws and Ordinances Reviewed by Safety Regulations 

Operating license for commercial NPPs in Japan mainly consists of permission for installation, approval 
for construction plan and approval for operational safety program. They are specified in articles 43-3-5, 43-
3-9 and 43-3-24 of the Act respectively [1]. Thus, Kyushu EPCO compiled these licensing documents 
overwritten in chronological order and submitted them to NRA as this chapter of 1st-round SIA, whereas 
NRA pronounced complaint about this way of compilation and suggested to develop UFSAR [9]. 

In response to this, Kyushu EPCO developed UFSAR in accordance with IAEA Safety Standards 
Series No. GS-G-4.1 (DS449) [10] and submitted this to NRA as chapter 1 of 2nd-round SIA. Although 
some of its contents were not filled with existing licensing documents, this issue would be solved in next 
round. 

Safety Improvement Plan 

A number of initiatives to further improve safety, including digitization of protection relay on metal-clad 
switchgear (MC), relocation of switchyard in the site to higher ground and addition of off-site power lines, 
were brought voluntarily through routine activities. Among these, digitization of protection relay on MC is 
also effective to improve safety from PRA and SME point of view. This is described below. 
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Probabilistic Risk Assessment for Internal and External Events 

Level 1 and Level 2 PRA was conducted for internal and external events. In addition, effective dose was 
estimated at site border in compliance with the guidelines [7].  

NRA agreed following safety goals [11]: 
1. 10-4/reactor-year (RY) for core damage frequency (CDF);
2. 10-5/RY for containment failure frequency (CFF);
3. 10-6/RY for frequency of accident associated with 137Cs released into environment which

exceeds 100TBq (CsRF).
Thus, CDFs, CFFs and CsRFs for internal event, seismic event and tsunami were estimated in 1st-round 
SIA. PRA for the other events, such as internal flooding, internal fire, superposition of earthquake and 
tsunami, external events other than earthquake and tsunami, events occurring in spent fuel pool and events 
occurring in multiple units simultaneously, are to be performed depending on maturity of PRA methodology. 

Figure 4. CDFs (/RY).           Figure 5. CFFs (/RY). 

PRA for internal event, seismic event and tsunami event was performed. CDFs and CFFs for each 
event are shown in figure 4 and 5 respectively. Yellow bars in the charts indicate those excluding systems 
and components installed and equipment provided before and after Fukushima in order to address SAs. 
Otherwise blue bars in the charts indicate those including systems, components and equipment to address 
SAs. It was demonstrated that these systems, components and equipment contributed to reduce the CDFs 
and CFFs significantly except for seismic event. As for CsRF, it was judged qualitatively that 137Cs released 
from failed containment exceeded 100TBq, and the frequencies equalled to CFFs. 

Effective dose at the site border for 7 days 
was estimated, where containment function was 
maintained after core damage. Under this condition, 
the maximum amount of radioactivity released into 
the atmosphere was estimated to be approximately 
3.2TBq. Based on this activity and meteorological 
sequences which covered various meteorological 
conditions over a year using the data observed at the 
site for a year, the average of pediatric effective 
doses on all sequences was approximately 43mSv. 
Figure 6 shows the exposure pathway considered. 

Sensitivity analyses were performed. As a result, it was demonstrated that digitization of protection 
relay on MC decreased CDFs and CFFs for seismic event significantly. In particular, CDF on unit 1 dropped 
from 1.7×10-6 (/RY) to 8.5×10-7 (/RY) and CDF on unit 2 dropped from 1.0×10-6 (/RY) to 6.6×10-7 (/RY). 
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Figure 6. Exposure pathway. 
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CFF on unit 1 dropped from 1.5×10-6 (/RY) to 6.3×10-7 (/RY) and CFF on unit 2 dropped from 8.7×10-7 
(/RY) to 5.1×10-7 (/RY). 

Safety Margin Evaluation 

SME evaluates to what extent of external events beyond design basis the facilities withstand without 
causing significant damage of fuels in reactor core and spent fuel pool, containment failure nor large release 
of radioactivity. Events to be considered are earthquake, tsunami and superposition of them as well as the 
other external events which may occur at the site [7]. 

Followings are the results of SME for reactor core during power operation against earthquake and 
tsunami. Cliff edges were identified in SMEs and alternatives were proposed when cliff edges were reached. 
Table 1 shows these results. Provided, however, that protection relays of MC are digitized, exclusion of 
failed relays (see *1 in table 1) are unnecessary. Figure 7 and 8 shows cliff edge scenarios (CESs) of seismic 
and tsunami SME on reactor core during power operation of unit 1 respectively. 

Table 1: Results of seismic and tsunami SME on core during power operation. 
Events Cliff edge events Cliff edges Alternatives 

Earthquake Failure of water feed from 
turbine drive auxiliary feed 
water pump (TD AFWP) to 
steam generators (SGs)*1 

*2

1029Gal 
  (1026Gal)*3 

Resume water feed from TD AFWP 
to SGs by operators’ manually 
opening its driving steam inlet valves 

Tsunami Failure of water feed from 
submerged TD AFWP to SGs 15m Water injection to SGs or core by 

mobile diesel drive injection pump 
*1 Protection relays of MC are failed at 804Gal (882Gal)*3, and then core may be damaged by loss of

cooling due to loss of emergency power. Since the emergency power, however, can be resumed by 
exclusion of the failed relays, this cliff edge is avoidable. 

*2 Cliff edge accelerations (CEAs) are the high confidence of low probability of failure (HCLPF, 95%
confidence of 5% probability of failure in practice) values defined on bed rock. 

*3 The values in parenthesis represent those of unit 2.

Figure 7. CES for seismic SME on core during power operation of unit 1. 

Interaction between units should be also evaluated. The case where one unit is during outage and 
the other unit is in operation, is considered. Since equipment hatch (EH) is open during outage, containment 
of the offline unit is flooded in case tsunami height exceeds 13.3m. In addition, since containment airlock 
(AL) is open, auxiliary building (AB) is flooded and then its connected AB of the other unit is also flooded. 

LOOP + Loss of CCW Reactor Shutdown Supply from EDG 

Cool SGs by 
TD AFWP 

Open MSRV 
manually at field 

Core Injection 
from Acc. Tank 

Supply from Hi. 
Cap. AC Gen. 

Core Cooling 
Success 

Core Damage 

Success 

MC Fails at 0.82G 

Steam Inlet Valve Fails 
at 1.04G Yellow filled events might fail at 0.82G due to malfunction of 

protection relays of MC. 
These could succeed if excursion of failed relays was performed. 

Acronyms and abbreviations 
LOOP: Loss of Off-site Power  MSRV:  Main Steam Relief Valve 
CCW:  Component Cooling Water Acc.:  Accumulator 
EDG:  Emergency Diesel Generator Hi. Cap. AC Gen.: High Capacity Air Cooled Generator 
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As a result, safety functions of operating unit may be lost. Figure 9 shows this. Loss of safety functions of 
operating unit, however, is avoidable by closing the AL of the offline unit when giant tsunami alert is 
announced. 

Figure 8. CES for tsunami SME on core during power operation of unit 1. 

Figure 9. Interaction between offline unit and operating unit. 

Flooding and fire which accompanied earthquake, and fire which accompanied tsunami were 
considered. It was determined whether these events affect the CESs of seismic and tsunami SME as follows: 

1. Flooding inside buildings which accompanies earthquake:
a. Submersion

Maximum levels of flooded water from components damaged by cliff edge earthquake (CEE),
which were unnecessary to succeed CES of seismic SME, in each compartment separated by
walls, doors, weirs and combination of them where components needed for CES were
installed, were estimated, and then the estimated level and the component failure levels were
compared in each area. As a result, it was demonstrated that since failure levels exceeded
maximum levels or submerged components were water-resistant, this event did not affect
seismic SME.

b. Pouring
Pouring onto components needed for CES of seismic SME due to flooded water from
components damaged by CEE, which were unnecessary to succeed CES, was considered.
Target components lied outside the area affected by spurting from origin components in
straight-line path nor parabolic path and the area affected by dripping from openings on
ceiling and penetrations on walls. It was therefore demonstrated that this event did not affect
seismic SME.

LOOP + Loss of CCW Reactor 
Shutdown 

Cool SGs by 
TD AFWP 

 

Core Injection 
from Acc. Tank 

Supply from Hi. 
Cap. AC Gen. 

Core Cooling 
Success 

Core Damage 
TD AFWP Fails 
at 15m 

TD AFWP might fail at 13m of 
tsunami height due to false 
signal from submerged 
condensate tank outlet valve 
outside buildings.  
This could succeed if steam 
inlet valve opened manually. 

Abbreviation 
Mob. Int. Cap. Gen.: Mobile Intermediate Capacity Generator 
 

Open MSRV 
manually at field 

Supply from Mob. 
Int. Cap. Gen. 

Success 

Hi. Cap. AC Gen. Fails at 13m 
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c. Steam
Spurting over components needed for CES of seismic SME due to leaked steam from piping
damaged by CEE, which were unnecessary to succeed CES, was considered. It was
demonstrated that no steam line existed which were damaged by CEE. It was therefore
demonstrated that this event did not affect seismic SME.

2. Flooding outside building which accompanies earthquake
Cliff edge tsunami height was demonstrated to be 15m (ground level+2m) in tsunami SME.
Even if high-capacity tanks outside were damaged by CEE, flooded water level did not exceed
15m. It was therefore demonstrated that this event did not affect seismic SME.

3. Fire inside buildings which accompanies earthquake
Combustible materials in fire compartment where components needed for CES of seismic SME
were installed, were identified. For example:
(a) Lubricant

High ignition point lubricants were in use. In addition, components containing lubricant
were not damaged by CEE.

(b) Hydrogen
Systems containing hydrogen were not damaged by CEE.

(c) Electric panel
Electric panels needed for CES of seismic SME were not damaged by CEE. Although
electric panels unnecessary for CES might be damaged by CEE, fire, if occurred, was
confined in metal cubicle.

(d) Electric cable
Ducts and conduits where cables needed for CES of seismic SME were installed, were not
damaged by CEE. In addition, flame-resistant cables were in use even those for unnecessary 
for CES and fire, if occurred, was confined in metal duct or conduit.

It was therefore demonstrated that this event did not affect seismic SME. 
4. Fire outside buildings which accompanies earthquake

Since house boiler fuel tank and its weir might be damaged by CEE, increased temperature of
the nearest outer wall of buildings (OW) due to thermal radiation from flame of leaked oil was
estimated. Schematic diagram of this is shown in figure 10. The maximum temperature of OW
reached 183̊C but did not exceed 200̊C. Structural integrity of radiated OW was demonstrated
to be ensured.

5. Fire which accompanies tsunami
Since house boiler fuel tank and turbine lubricant batching tank might be damaged by cliff edge
tsunami, it was considered that leaked oil from them was transferred to OW and caused fire.
Time dependent simulation was performed to calculate reactive force of OW, assuming that
1,200̊C of flame was heating OW directly for 2 hours. Schematic diagram of this is shown in
figure 11. As a result, since reactive force of OW was not lost, structural integrity of heated OW
was demonstrated not to collapse.

Figure 10. Fire which accompanies earthquake.           Figure 11. Fire which accompanies tsunami. 
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Followings are the results of SME for reactor core during power operation against the other natural 
events. Natural hazards with 10-6 (/year) of annual exceedance probability (AEP) which might affect plant 
safety, such as whirlwind, lightning strike, extreme temperatures, heavy snow, heavy rain, storm surge, 
freeze, hail, extreme atmospheric pressure, forest fire, volcano hazards, gellyfish attack and sun storm, were 
taken into account. It was demonstrated that the plants could address these hazards in accordance with 
existing operational procedures except lightning strike. 

As for lightning strike, alternatives were formulated. Since electric current of lightning strike with 
10-6 of AEP was estimated 340kA, operating or standby components and equipment outside buildings, such
as off-site power lines, transformers, sea water (ultimate heat sink) pumps, high capacity air cooled
generators and instrumentation, were assumed to be damaged. Thus, yellow filled events might fail among
those necessary to maintain core cooling shown in figure 12 due to (a) failure of start-up signal, (b) failure
of monitoring necessary parameters and (c) damaged generator. In this regard, however, (a) field operators
could configure necessary lines manually to start up TD AFWP, (b) operators could monitor alternative
parameters needed for opening MSRV and (c) mobile intermediate capacity generator could supply
necessary power. It was therefore demonstrated that core cooling could succeed.

Figure 12. Schematic diagram of extreme lightning strike. 

To add information regarding volcano hazards, Kyushu EPCO is continuously monitoring calderas 
in the vicinity of the sites, evaluates the monitoring data annually. If the monitored data indicated likelihood 
of occurrence of ultra plinian eruption, the reactors would be shut down immediately, and the fuels would 
be unloaded and transported to outside of the site. This activity is one of the operational safety programs 
approved by NRA [5]. 

Global Assessment 

Routine activities to ensure safety of the plants were performed steadily. A number of initiatives to further 
improve safety were brought voluntarily. Among these, digitization of protection relay on MC was also 
effective to improve safety from PRA and SME point of view.  

Kyushu EPCO continuously reduces risks of the plants as low as reasonably practicable basically 
through routine activities as well as utilizing risk information. 

DISCUSSION 

The CDFs and CFFs for seismic event were not reduced so significantly and the CEAs were not increased 
so significantly, despite implemented seismic reinforcement, and installed SSCs and provided equipment 
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Core Damage Core Damage 
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for SAs, in order to address new regulatory requirements. One of the reasons is presumably because 
conservatism in the seismic evaluation exists considerably especially against BDBEs. The seismic 
evaluation models against BDBEs are essentially equal to those against DBEs as follows: for example, even 
in BDBEs, (a) a heat-exchanger fails if shear stress of an anchor bolt exceeds its allowable limit; (b) a vessel 
fails if combinatorial stress exceeds allowable limit for buckling; (c) SSCs supported by a building lose 
their functions if shear strain of aseismic wall of the building exceeds its allowable limit. This modelling is 
reasonable in design while on the other hand much conservative for BDBEs. The seismic evaluation models 
for BDBEs are expected to model actual behaviour during earthquake. For example, it is expected to model 
followings: (a) heat removal function of a heat-exchanger is not lost even if shear stress of an anchor bolt 
exceeds its allowable limit; (b) containment function of a vessel is not lost even if combinatorial stress 
exceeds allowable limit for buckling; (c) SSCs supported by a building do not lose their functions even if 
shear strain of aseismic wall of the building exceeds its allowable limit and the building cracks to an extent. 

To add information regarding stress test in Japan, Kyushu EPCO once performed stress tests in 
2011 in accordance with joint statement of 3 state ministers [12]. CEAs of Sendai unit 1 and 2 were 
estimated 1,004Gal and 1,020Gal respectively. Since ultimate strength was employed as criteria for past 
stress test while on the other hand HCLPF was employed for this SME, comparison between these 
evaluations might be difficult. 

CONCLUSION 

It is quite important for industries to assess the residual risks accurately and to identify risk-significant 
SSCs, in order to further improve the safety of their NPPs. Conservative assumptions and modelling in 
structural evaluation therefore should be eliminated as much as possible.  

Industries expect SMiRT to resolve these difficulties. 

ACRONYMS 

AB Auxiliary Building 
AEP Annual Exceedance Probability 
AL Air Lock 
BDBE Beyond Design Basis Event 
BWR Boiling Water Reactor 
CCW Component Cooling Water 
CDF Core Damage Frequency 
CEA Cliff Edge Acceleration 
CEE Cliff Edge Earthquake 
CES Cliff Edge Scenario 
CFF Containment Failure Frequency 
CsRF Cesium (>100TBq) Release Frequency 
DBE Design Basis Event 
EDG Emergency Diesel Generator 
EH Equipment Hatch 
HCLPF High Confidence of Low Probability 

of Failure 
IAEA International Atomic Energy Agency 
LOOP Loss of Off-site Power 

MC Metal-Clad switchgear 
MSRV Main Steam Relief Valve 
NPP Nuclear Power Plant 
NRA Nuclear Regulation Authority 
OW Outer Wall 
PRA Probabilistic Risk Assessment 
PSR Periodic Safety Review 
PWR Pressurized Water Reactor 
RY Reactor-Year 
SA Severe Accident 
SG Steam Generator 
SIA Safety Improvement Assessment 
SME Safety Margin Evaluation 
SSC Structure, System and Component 
SSM Standard Seismic Motion 
TD AFWP Turbine Drive Auxiliary Feed 

Water Pump 
UFSAR Updated Final Safety Analysis 

Report
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