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ABSTRACT 
 
The Safety Margin Assessment (SMA) of the Sendai Nuclear Power Plant (NPP) evaluates the extent to 
which the plant’s facilities can withstand natural hazards (external hazards) beyond the design basis 
without significant damage to the reactor core, containment failure or significant damage to the spent fuel. 
In addition to earthquakes and tsunamis, other natural phenomena such as tornadoes and lightning ("other 
natural hazards") have been evaluated. 
 

In the assessment of the impact of other natural phenomena, the external hazards affecting Sendai 
NPP have been comprehensively analysed and evaluated and continuously updated, for example, additional 
quantitative assessments of the safety margins for volcanoes (ash fall) have been conducted, and the updates 
of the assessment, considering the effects of the specific severe accident response facilities, which are now 
in operation, have also been conducted. As a result of these assessments, it has been confirmed that the 
safety of the Sendai NPP, including the Specific Severe Accident Response Facilities (SSARF), is ensured 
by the safety measures that have already been developed against the impact of other natural phenomena 
(external hazards) beyond the design basis. We will continuously update and improve these assessments to 
reflect national and international experience and new findings. 
 
INTRODUCTION 
 
Based on the lessons learned from the Fukushima Dai-ichi accident, the newly revised regulatory standards 
require the Japanese utilities of the restarted NPP to assess the safety of each reactor and submit the 
assessment report six months after the completion of each periodic inspection. 
 
  Since the restart of operations in 2015, Sendai unit1 has conducted and submitted six safety 
improvement assessments. This process is explained also in SMiRT-25. In addition to probabilistic risk 
assessment (PRA), the SMA evaluates to what extent the reactor facilities can prevent significant core 
damage, containment failure and significant spent fuel damage, considering the impact of natural 
phenomena (external hazards) beyond the design basis. In the SMA, in addition to earthquakes and tsunamis, 
other natural phenomena such as tornadoes and lightning strikes ("other natural phenomena") are also 
evaluated. The impacts of other natural phenomena have been comprehensively analyzed and evaluated in 
the second assessment. A quantitative assessment of the safety margin for volcanoes (ash fall) is 
additionally carried out in the 3rd assessment. In the 6th Assessment, it was updated to include the impact 
of the SSARF, which is now in service. 
 

In evaluating safety margins for natural phenomena other than earthquakes and tsunamis, we do 
not necessarily seek the same critical limit (cliff edge) as for earthquake and tsunami assessments, but rather 
conduct assessments that consider the characteristics of each natural phenomenon. We have developed an 
assessment policy based on on-site surveys in Europe to evaluate the resilience of NPP against rare natural 
phenomena. Specifically, we defined hazard values for each natural phenomenon corresponding to an 
annual exceedance probability of 10-6 as events of greater magnitude and significantly lower probability 
than those considered in the initial design and safety analysis of design basis accidents and severe accidents. 
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With this policy, we have assessed the impact of the rare natural phenomena on Sendai NPP. However, for 
some natural phenomena, it is not possible to calculate a hazard value corresponding to an annual 
exceedance probability of 10-6, and for such phenomena, we qualitatively evaluated that no impact would 
occur. 
 
SAFETY MARGIN ASSESSMENT FOR OTHER NATURAL PHENOMENA 
 
We evaluate the ability of power reactor facilities to withstand natural phenomena (external hazards) 
other than earthquakes and tsunamis, such as tornadoes, lightning strikes, and other natural phenomena 
(external hazards) that exceed design basis without causing significant damage to the reactor core or fuel 
in the spent fuel pool, or failure of the containment and release of large amounts of radioactive material 
outside the site.  

 
EVALUATION METHOD 
 
Since there was no experience in evaluating safety margins for other natural phenomena in Japan before, 
we conducted the on-site survey in Europe. Based on the survey results, we have decided to assess the 
impact on Sendai NPP of external hazards with an annual exceedance probability of 10-6, which are 
considered to be greater than the events assumed in the design basis accident and the severe accident, and 
with much lower probability. For events for which the hazard probability could not be quantified, a 
qualitative assessment was conducted. 
 
REVIEW AND ANALYSIS/CLASSIFICATION OF ASSESSMENT EVENTS  
 
To ensure protection against other natural phenomena (external hazards), it is necessary to properly 
identify the events that should be considered for each NPP from all possible external events and to 
evaluate their impact on the NPP. 
 

The selection of the evaluation events is based on the plant license documents and the external 
hazards identified in the IAEA SSG-25 Safety Factor 7: Hazard Analysis. In accordance with the evaluation 
method, hazard values corresponding to the annual exceedance probability of 10-6 were calculated and 
quantitatively evaluated. However, for some types of natural phenomena, hazard values equivalent to an 
annual exceedance probability of 10-6 could not be calculated, and for such phenomena, the characteristics 
of each hazard were analyzed as described below to qualitatively assess that the impact could not occur. 
- Due to the location and geography of the plant site, the hazard is unlikely to affect the area around the 

plant. 
- The event in which the effect of the hazard is covered by the assessment of other natural phenomena. 
- The hazard is an event that can be managed by the measures already in place to deal with the effects of 
the hazard. 
 
 The process of examining and classifying evaluation events is shown in Figure 1, and the results 
are shown in Table 1. 
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Figure1: The flow of the review and the classification of the evaluation events 
 

Table1. Results of the examination and classification of each evaluation event 
 

External 
Hazard 

Quantitative 
Evaluation 

Qualitative Evaluation 
Event unlikely to have impacts 
due to geographic locations 

Event included in other 
events 

Event that can be 
managed operationally 

flood 
- 

flooding, detour of rivers, 
lowering or rising water levels of 
lakes or rivers, static shaking 

- - 

high winds, 
including 
tornadoes 

tornadoes, 
high winds 
(typhoons, 
hurricanes) 

- - - 

lightning 
strike 

lightning 
strike 

- - - 

fire 
- - - 

forest and grassland 
fires 

weather high/low 
temperatures, 
freeze, 
snowfall, 
snow 
accumulation, 
snowstorms, 
rainfall 
(heavy rain) 

snowslides, high humidity, dense 
fog, mist, drought, sandstorms 
(salty storms), salt damage and 
salt clouds 

Included in low 
temperature and freezing 
ice accumulation, freezing 
(ice crystals, ice walls, 
frost, white frost) 
Included in snowfall and 
snow cover (hailstorms) 
Included in tornadoes 
(high/low atmospheric 
pressure) 

- 

solar wind 
- - - 

solar flares, magnetic 
storms 

hydrogeologic 
and hydraulic 
hazards 

- 

Landslide, Soil collapse 
(mountain, cliff), mudslide, 
landslide caused by groundwater, 
extreme lowering of groundwater 
level, soil shrinkage or swelling, 
mud gush, sinking/subsidence, 
land cracks, ground uplift, 
groundwater erosion, coastal 
erosion, karst, toxic gases, water 
vapor, cold water (seawater) 

Included in tsunami (storm 
wave, high tide, high/low 
sea level) 
 
Included in rainfall (slope 
failure) 

high-temperature water 
(seawater) 

volcanic 
hazard 

volcanic ash - 
- 

volcano (volcanic 
activity, ash fall) 

biological 
pollution - - - 

biological events, 
animals, organic 
substances in water 

Meteorite* - - - - 
*Excluded due to extremely low probability of falling 

Selection of evaluation events 
(Natural phenomena) 

Hazard value of 10-6 
can be calculated or not 

Quantitative evaluation Qualitative evaluation 

Yes 

No 
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SAFETY MARGIN ASSESSMENT FOR OTHER NATURAL PHENOMENA  
 
Each natural phenomenon (external hazard) that has been quantitatively evaluated in the safety margin 
assessment is detailed below. 
 
1. High Winds Including Tornadoes (Typhoons) 
 
In designing for tornadoes, the maximum wind speed is set at 100.0 m/s based on past tornadoes and the 
annual probability of tornado hazard exceedance. In addition, flying debris prevention and tornado 
protection measures are taken to ensure that safety functions are not affected by the combined loads of 
wind force, air pressure difference, and shock loads from flying debris caused by tornadoes. 
 

As an assessment of the safety margin, the wind speed corresponding to an annual exceedance 
probability of 10-6 was calculated from the tornado hazard curve shown in the license application, and the 
result was 104.7 m/s. Based on the results, we evaluated the degree of shear strain on the building due to 
tornado wind loads, the stress on outdoor equipment, the wall thickness required to prevent penetration by 
flying debris, and the strength of the tornado protective net to assess the impact on the NPP. Since 104.7 
m/s is not so different from the design value of 100.0 m/s, as a simplified evaluation, we confirmed that the 
square value (1.10) of the ratio of the wind speed to the design value (104.7/100.0) is smaller than the ratio 
of the design allowable value to the evaluated value (hereinafter referred to as "margin"), considering that 
the tornado effect is proportional to the square of the wind speed, as a simplified evaluation. With this 
confirmation, we evaluated that the integrity of these was ensured. The results of the evaluation of the 
impact of wind loads and flying debris on the building are shown in Tables 2 and 3. 
 

Table 2. Results of the wind load impact assessment 
 

Building (B.) 
Design (wind speed 100.0 m/s) (B) 

Square 
value 

Impact 
evaluation 

result shear 
skewness* 

allowable 
value 

(A) margin 

Reactor B. 0.039×10-3 

2.0×10-3 

51.28 

1.10 

(A) > (B) Good 
Reactor auxiliary B. 0.010×10-3 200.0 (A) > (B) Good 
Diesel B. 0.056×10-3 35.71 (A) > (B) Good 
Main steam pipe room B. 0.067×10-3 29.94 (A) > (B) Good 

*The shear skewness value shows the lowest value for the case evaluated. 
 

Table 3. Results of the impact assessment for flying debris 
 

Building (B.) 
Design (wind speed 100.0 m/s) (B) 

Square 
value 

impact 
assessment 

result Thickness required to 
prevent penetration 

Minimum 
thickness 

(A) 
margin 

Reactor B. 20.6 cm 40 cm 1.94 

1.10 

(A) > (B) Good 
Reactor auxiliary B. 20.6 cm 30 cm 1.45 (A) > (B) Good 
Diesel B. 20.6 cm 50 cm 2.43 (A) > (B) Good 
Main steam pipe room B. 20.6 cm 50 cm 2.43 (A) > (B) Good 
Diesel generator 
fuel storage vessel base 

22 mm 45 mm 2.05 (A) > (B) Good 

Diesel generator 
Fuel storage tank base 

22 mm 45 mm 2.05 (A) > (B) Good 
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2. Lightning Strike 
 
In the design against lightning strikes, the design lightning strike current is set at 150 kA, which is the 
recommended maximum assumed lightning strike current for 500 kV transmission substations, and the 
safety function is ensured by installing lightning protection equipment, equalizing the potential 
distribution of the building earthing system, and circuit design to suppress lightning surges to the safety 
protection circuit based on the "Guidelines for Lightning Resistance of Nuclear Power Plants " 
 

 To evaluate the safety margin, we calculated the maximum lightning current value for an annual 
exceedance probability of 10-6 using the observed lightning strike data and the "Lightning Protection Design 
Guide for Power Plants/Substations and Underground Transmission Lines". First, a cumulative frequency 
distribution curve was prepared for the maximum current value of each lightning strike observed in 
Kagoshima Prefecture, where the Sendai NPP is located. Next, the number of lightning strikes per year was 
calculated from the number of strikes around the Sendai NPP and the area of the reactor building, and this 
number was converted to the equivalent of 106 years. The current value corresponding to the inverse of this 
number was obtained from the cumulative frequency distribution curve, resulting in a maximum lightning 
strike current value of 369 kA corresponding to an annual exceedance probability of 10-6. The impact of 
this lightning strike current value on the NPP was evaluated on the basis of the following assumptions and 
a qualitative assessment was made of whether the plant could withstand to the identified accident scenarios 
through operation and other measures. 
 
(1) Assumptions 
- Conservatively, it is assumed that multiple facilities are simultaneously damaged by lightning strikes, 

and that a direct lightning strike and the induced lightning surge will always result in a loss of facilities 
functionality. But for multiple mobile outdoor facilities in a distributed arrangement, it is assumed that 
there should not be consecutive direct lightning strikes. 

- Assume that induced lightning surges from outdoor cables cause the loss of functionality of normally 
connected outdoor equipment, and also the connection points of equipment inside the building. 

- The momentary false signals caused by lightning strikes do not affect the malfunction of the equipment, 
considering the control of the operator. 

- The building is constructed of reinforced concrete and is earthed, so equipment inside the building is not 
affected by lightning strike. 

- The mobile severe accident response facilities are distributed in several places, and not all of them lose 
their functions at the same time. 

 
(2) Accident scenarios identified 
Assume loss of external power supply due to damage to the power transmission system caused by 
lightning strike currents exceeding design assumptions. In addition, since the seawater pumps are usually 
connected to the outdoor cables, loss of their function due to induced lightning surges is also assumed. 
Taking these assumptions into account, we evaluated the possibility of core cooling even under "the Loss 
of Outside Power supply (LOOP) and the Loss of Component Cooling Water system (CCW)" scenario. 
 
(3) Impact evaluation results 
Figure 2 shows the scope of impact of a lightning strike during operation and the success scenario (event 
tree) for successful core cooling. 
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Figure 2: Image of lightning impact and success scenarios 
 
 From the results of the success scenario analysis, it can be qualitatively assessed that even if a 
lightning strike exceeding the design assumptions occurs and the large capacity air-cooled generator and 
some instrumentation and control systems lose function, it is possible to take countermeasures through 
manual operation by operators, monitoring of parameters through alternative measures, and power supply 
by a mobile medium capacity generator. Therefore, it is confirmed that the core cooling function is 
maintained. In addition, it is assessed that the cooling function of the spent fuel is maintained. As a result, 
a lightning strike with an exceedance probability of 10-6 will not affect the integrity of the Sendai NPP. 
 
3. High Temperature 
 
The estimated design for high temperature is set at 33.0℃ outdoor temperature, and outdoor equipment, 
etc. is installed with the capacity for operating temperature of 40-50℃ in Sendai NPP. 
 
 To assess the safety margin, daily maximum temperature data of 19 meteorological sites in 
Kyushu from the beginning of observation to 2021 were integrated using the SY method, and based on 
this, the optimal extreme value distribution was obtained to calculate the daily maximum temperature 
corresponding to the annual exceedance probability of 10-6 at three sites around Sendai NPP. The results 
showed that the high temperature corresponding to an annual exceedance probability of 10-6 was 39.3°C. 
As a result, it was confirmed that the function of the outdoor components will be maintained as it is 
within the possible operating temperature range of the outdoor components. 
 
 If the cooling function for the reactor auxiliary components is not sufficient due to the rise in 
seawater temperature caused by the high temperature, the additional operation of the seawater pumps and 
the reactor auxiliary component cooler/pumps will be activated, and if the cooling function is still 
insufficient, the reactor will be shut down, thus the plant safety will be ensured. 
 
4. Low Temperature and Freezing 
 
The estimated design for low temperature and freezing is set at -7°C outdoor temperature, and those at 
risk of freezing are equipped with heat tracing, heat retention and heating, and other measures to ensure 
that safety functions are maintained by operational means in Sendai NPP. 
 
 To assess the safety margin, daily minimum temperature data of 19 meteorological sites in 
Kyushu from the beginning of observation to 2021 were integrated using the SY method, and based on 
this, the optimal extreme value distribution was obtained to calculate the daily minimum temperature 
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corresponding to the annual exceedance probability of 10-6 at three sites around Sendai NPP. The results 
showed that the minimum temperature corresponding to the annual exceedance probability of 10-6 was -
10.5°C. Based on this temperature, we have evaluated the impact on outdoor facilities and confirmed that 
safety functions will be maintained as follows. Since the progress of the event will be slow and can be 
predicted in advance based on the information from public authorities and other sources, it is estimated 
that appropriate freeze protection and warming measures can be taken. 
- The Refueling Water Storage Tank (RWST) is always heated by a heater and is not affected by low 

temperatures. 
- The Condensate Storage Tank (CST) is not affected by low temperatures because it has a structure that 

can be heated by secondary system auxiliary steam. 
- Mobile outdoor facilities are not affected by low temperatures because they can be warmed up and 

operated under low temperature conditions. 
 
5. Snowfall (Snow Accumulation) 
 
For the design against snowfall (snow accumulation), a snow load of 30 cm has been set in accordance 
with the Building Standard Act in Japan. In addition, a strength evaluation is conducted for a snow load 
of 38 cm, which is the maximum monthly value in the snow accumulation observation records around the 
Sendai NPP. 
 
 To assess the safety margin, monthly maximum snow depth data of 19 meteorological sites in 
Kyushu from the beginning of observation to 2021 were integrated using the SY method, and based on 
this, the optimal extreme value distribution was obtained to calculate the monthly maximum snow depth 
corresponding to the annual exceedance probability of 10-6 at three sites around Sendai NPP. The results 
showed that the maximum snow depth corresponding to the annual exceedance probability of 10-6 was 
99.4 cm. Based on this snow depth, we evaluated the snow load and its impact on the building and 
equipment and confirmed that their safety functions would be maintained as follows. The results of the 
strength evaluation of the building against snow loads are shown in Table 5. Since the progress of the 
event will be slow and can be predicted in advance based on the information from public authorities, it is 
estimated that it is possible to secure access routes, etc by removing snow. 
- The diesel generator intake and exhaust lines and the seawater pump motor exhaust line are located high 

enough to prevent clogging by large amounts of snow. 
- The safety significant buildings are strong enough to withstand the snow loads, as shown in Table 4. 
 

Table 4. Strength evaluation results of each building against snow loads 
 

Building (B.) allowable load [N/m2] Snow load [N/m2] result 
Reactor B. 6,200 

1,988 
 

(Snow accumulation 
depth 99.4 cm) 

Good 
Reactor auxiliary B. 8,100 
Fuel handling B. 4,400 
Diesel B. 8,100 
Main steam pipe room B. 8,100 

 
6. Rainfall (Driftwood) 
 
As for the design against rainfall (driftwood), the on-site drainage system (Rainwater Drainage Treatment 
System) has a drainage capacity of 160 mm/h, which exceeds the maximum daily 1-hour rainfall of 127.0 
mm/h recorded around the Sendai NPP, so that safety-significant equipment will not be affected. 
 To assess the safety margin, the maximum daily 1-hour rainfall data of 19 meteorological sites 
in Kyushu from the beginning of observation to 2021 were integrated using the SY method, and based on 
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this, the optimal extreme value distribution was obtained to calculate the maximum daily 1-hour rainfall 
corresponding to the annual exceedance probability of 10-6 at three sites around Sendai NPP. The results 
showed that the maximum daily 1-hour rainfall corresponding to the annual exceedance probability of 10-

6 was 251.0 mm/h. Although the rainfall exceeds the drainage capacity of 160 mm, it has been confirmed 
by a plant walkdown inside the NPP that even if the site is flooded, the rainwater does not accumulate due 
to obstacles. It was also verified that the water level does not exceed the allowable overflow height of the 
site ground level +2.0m and naturally drains to the sea following the site slope as shown in Figure 3. 
Consequently, it was assessed that the safety functions are maintained. 

 
 
 
 
 
 

 
 
 
 

Figure3. Inflow and outflow paths from mountain slopes during heavy rain events 
 

Even if driftwood is generated due to slope failure caused by regional rainfall, it can be removed 
by a dust removal device installed at the seawater intake, and it has been evaluated and confirmed that 
safety functions can be maintained by adjusting seawater intake, generator output, and using plant 
shutdown procedures as necessary. 
 
7. Volcano (Ash Fall) 
 
As for the design against volcano (ash fall), the design layer thickness was conservatively set at 15 cm 
based on the NRA’s Volcanic Impact Assessment Guide and review of literature and geological surveys, 
assuming volcanic ash from the Sakurajima Satsuma eruption in the license application document for the 
Sendai NPP. In addition, in accordance with the Volcanic Effects Assessment Guide for NPPs, volcanic 
activity is continuously monitored, and measures and actions are planned in the case of significant 
changes in the observed data. 
 

 For the additional safety margin assessment, we have assumed a volcanic (ash fall) hazard 
scale that exceeds the design, although this is an event for which the annual exceedance probability 
cannot be calculated. Specifically, in the volcanic ash simulation, a conservative calculation was 
performed by extracting and using only the wind direction and speed data from the observation dataset 
indicating the winds blowing from Sakurajima to the Sendai NPP. As a result, the thickness of the 
volcanic ash layer was assumed to be 25 cm, the concentration in the air was assumed to be 2.6 g/m3, and 
the arrival time to the power plant was assumed to be 68 minutes. For these evaluated values, the safety 
function was confirmed to be maintained as follows. 
- The density of volcanic ash in the air is lower than the design requirement of 3.3 g/m3 for the filter 

container connected to the diesel generator intake air. 
- It is estimated that the filter container can be connected to the diesel generator inlet in 52 minutes, 

compared to 68 minutes for the volcanic ash to reach the Sendai NPP. 
- The ability of the building and outdoor facilities to withstand loads from a 25 cm layer of volcanic ash 

exceeding the design criteria was verified and it was confirmed that the margin was maintained.  

 

Ridge Line 

Rainwater flow from mountain side slopes 

Solid Waste Storage 

Stormwater overflow on the property 
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However, since the margin for the RWST was small, as an optional strengthening measure, the 
weld line leg length was extended for the welds between the top section steel welded to the tank body 
plate and the roof plate, as shown in Figure 4, to increase the margin. 
  

 
 
 
 
 
 
 
 
 
 

 
Figure4. Improved margin for volcanic ash load on RWST (welds) 

 
The calculated hazard values and their calculation methods for the external hazards 

quantitatively evaluated above are summarized in Table 5. Statistical processing, analysis and evaluation 
of meteorological data and other data were performed by the Japan Weather Association. 
 

Table 5 External hazard assessed quantitatively and hazard value of 10-6 annual exceedance probability 
 

External 
Hazard 

event considered hazard values 
of 10-6/year 

The way to set the value (Reference) 
design value 

High 
winds 

including 
tornadoes 

Tornadoes 
(Wind speed) 

104.7 m/s Set according to the tornado hazard 
curves shown in Appendix VI of the 
license application. 

100.0 m/s 

Lightning 
strike 

Lightning strike 
(Maximum 

lightning strike 
current) 

369 kA Based on the observation data from 
July 2012 to June 2022 collected by 
the lightning positioning system in the 
area including the entire Kagoshima 
Prefecture where the plant is located, a 
value of 10-6 annual exceedance 
probability was obtained from the 
cumulative frequency distribution. 

150 kA 

Weather High temperature 
(Outdoor 

temperature) 

39.4 °C The values were set based on the 10-6-
year probability of annual exceedance 
calculated by the Japan 
Meteorological Society using the 
Station-Year Method (SY), which is a 
statistical analysis of extreme values 
based on meteorological data from the 
year of observation through 2021 at 
the meteorological sites closest to the 
plant (Kagoshima, Akune, and 
Makurazaki). 

33.0 °C 

Low temperature 
and freezing 

(Outdoor 
temperature) 

-10.5 °C -7.0 °C 

Snowfall (snow 
accumulation) 

99.4 cm 30.0 cm 

Rainfall 
(1-hour rainfall) 

251.0 mm 160.0 mm 

 

 

upper beam plate 

previous weld line 
extended weld line 

Magnified image of weld region  

volcanic ash: 25cm 

roof board 

welds 

RWST upper beam plate 

beam plate 
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DISCUSSION 
 
The evaluation method and results of this evaluation are not final, and continuous improvement efforts 
should be made, considering the following. 
- For natural phenomena other than earthquakes and tsunamis, it is necessary to continue to closely 

monitor domestic and international findings, standards, and trends, and to review and extend foreign 
literature as necessary. 

- The current evaluation method is also not definitive and needs to be continuously reviewed for a better 
method. 

- Data and trends on the impacts of climate change need to be continuously monitored. Assessment results 
should also be updated as appropriate, and the validity of the assessment results for each natural 
phenomenon should be re-evaluated as necessary. 

- To implement countermeasures against external hazards more effectively, it is also important to consider 
three indicators of risk: what will happen, how often it will occur, and how severe the impact will be. By 
focusing limited resources on higher-risk areas, we believe we can implement countermeasures that 
contribute to safety improvements more effectively. 

 
CONCLUSION 
 
For the Sendai NPP, safety margins were evaluated for natural phenomena other than earthquakes and 
tsunamis (external hazards), considering natural hazards with an annual exceedance probability of 10-6 years 
beyond the design. As a result, it was confirmed that the safety measures already applied will ensure that 
no "cliff-edge exceedance events", which can cause significant core damage, will occur and that safety will 
be ensured. 
 
 We will continue to update and improve our assessments to reflect national and international 
experience and new findings. 
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