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14  HIGH WIND RISK 

This section documents the high winds analysis of the ESBWR PRA. 

14.1  INTRODUCTION  

The probabilistic high winds analysis is performed to assess the impacts of high wind forces on 
the safe operation of the ESBWR plant. 

The ESBWR high wind analysis explicitly quantifies accident sequences and containment 
releases initiated by tornado and hurricane winds.  Straight winds are lesser velocity winds that 
pose minimal challenges to the plant design. 

The analysis shows that the core damage frequency due to high winds is not a significant 
contributor to ESBWR core damage risk. 

The scope of the analysis includes both at-power and shutdown high wind-induced accident 
scenarios.  
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14.2  METHODOLOGY  

The high wind risk analysis involves the following major steps:  

(1) Tornado hazard frequency 

(2) Tornado-induced plant impacts 

(3) Calculation of tornado-induced core damage frequencies and release frequencies 

(4) Hurricane hazard frequency 

(5) Hurricane-induced plant impacts, and 

(6) Calculation of hurricane-induced core damage frequencies and release frequencies. 

The tornado hazard frequency is based on NOAA data (Reference 14-1).  The hurricane hazard 
frequency is also based on NOAA data (Reference 14-5).  The high wind-induced plant impacts 
are based on a qualitative evaluation based on ESBWR plant civil engineering design criteria 
(Reference 14-2).  The internal events PRA accident sequence structures, system fault trees and 
success criteria are used in the calculation of the at power high winds CDF and releases.  The 
shutdown PRA accident sequence structures, system fault trees and success criteria are used in 
the calculation of shutdown high winds CDF and releases. 

Both at-power and shutdown high wind-induced accident scenarios and releases are quantified. 
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14.3  IDENTIFICATION OF PLANT HIGH WIND STRIKE AREAS  

The ESBWR high wind risk analysis assumes the following impacts occur with a probability of 
1.0 given an F2, F3, F4, or F5 tornado or a Category 3, 4, or 5 hurricane strike:  

• Switchyard component failures (i.e., loss of preferred power) 

• No offsite power recovery within the analysis period following a high wind strike 
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14.4  CALCULATION OF THE HIGH WIND STRIKE FREQUENCY 

14.4.1  Tornado Strike Frequency 

This section documents the calculation of the annual exceedance frequency for the tornado 
hazard.  The tornado hazard is a function of tornado strike frequency and intensity.  A commonly 
used definition of tornado intensity is the Fujita, or F-scale, tornado wind speed intensity 
relationship developed by Dr. Theodore Fujita of the University of Chicago.  The Fujita F-scale 
is a classification based on increasing intensity from F-0 to F-6, with each level corresponding to 
a range of wind speeds.  Although the Fujita Scale has been in use for 33 years, the limitations of 
the scale, such as a lack of damage indicators and lack of a clear correlation between wind speed 
and damage, have led to the development of the Enhanced Fujita Scale (EF) by the Wind Science 
and Engineering Center at Texas Tech University in Lubbock, Texas.  

The intensity levels and associated wind speeds are summarized in Table 14-1. 

The first step in determining the tornado strike frequency was to download the raw tornado data 
covering the period 1950 through 2005 from the NOAA website (Reference 14-1).  Listed values 
of “–9F” were deleted from the data because there was no estimate available.  Blank F values 
were also deleted because the data could not be determined.  The remaining data was sorted 
based on F rating.   

As shown in Table 14-1, the F rating and EF rating can be used interchangeably.  It is assumed 
that all structures, Cat I, Cat II, and the non-seismic structures, can withstand the winds 
associated with an F0 or F1.  The only impact to the site is expected to be a loss of preferred 
power with no additional equipment failures associated with the tornado.  These loss of preferred 
power events are covered by the internal events PRA and have been included under the initiating 
events for Loss of Preferred Power, Weather Related (See Section 2 of this document).  No 
additional evaluation of EF0 or EF1 events is required here. 

EF2 and EF3 tornados would exceed the wind speed design of non-seismic structures but would 
not affect RTNSS or Seismic Category I or Cat II structures.  Therefore, for EF2 and EF3 
tornados the equipment located in non-seismic structures or in the yard will be assumed to fail.  
The occurrence rate per square mile per year for EF2 and EF3 tornados is the number of 
occurrences of EF2 and EF3 tornados divided by the number of square miles in the United States 
(3,537,438 sq mi) divided by the number of years in the data (56).   

Probability of EF2/EF3 = ((7,855 + 2061)/3,537,438)/56 = 5.01E-05 occurrences/sq mi/yr 

The site area is approximately 0.14 square miles. 

The probability of occurrence of an EF2/EF3 tornado per year to the ESBWR site is: 

5.01E-5 occurrences/sq mi/yr * 0.14 sq mi = 7.01E-06 occurrences/yr 

This will be used for the at power EF2/EF3 tornado strike frequency. 

If the reactor well is flooded (Mode 6-Flooded), the risk associated to loss of preferred power 
due to a tornado strike has been judged to be negligible because the large amount of water stored 
above the core assures core cooling during a long period of time.  This time would be 
significantly longer than 24 hours.  This long period could be used to establish an adequate path 
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from an external water source to the reactor well. CRD pumps, FAPCS pumps, RWCU/SDC 
pumps, or firewater pumps which are all housed in Seismic Category I structures and therefore 
would be available, could provide the cooling function when powered from on site power.  The 
long period of time available makes it practically certain that sufficient inventory can be 
supplied. 

Therefore, the loss of preferred power, the assumed initiator for tornados, is not analyzed in 
detail for the case when the reactor well is flooded (Mode 6-Flooded). 

The EF2/EF3 tornado strike frequency for Mode 5 will be the number of hours in Mode 5 per 
year divided by the number of hours in a year times the EF2/EF3 tornado strike frequency.  From 
subsection 16.2.1.2 of this document, the number of hours in Mode 5 per refueling is 192.  Since 
there is one refueling every two years, the number of hours in Mode 5 per year would be 96.   

The EF2/EF3 tornado strike frequency in Mode 5 would be: 

(96 hours/8760 hours) * 7.01E-06 occurrences/year = 7.68E-08 occurrences/year. 

The EF2/EF3 tornado strike frequency for Mode 5 Open will be the number of hours in Mode 5 
Open per year divided by the number of hours in a year times the EF2/EF3 tornado strike 
frequency.  From subsection 16.2.1.2 of this document, the number of hours in Mode 5 Open per 
refueling is 48.  Since there is one refueling every two years, the number of hours in Mode 5 
Open per year would be 24.   

The EF2/EF3 tornado strike frequency in Mode 5O would be: 

(24 hours/8760 hours) * 7.01E-06 occurrences/year = 1.93E-08 occurrences/year. 

The EF2/EF3 tornado strike frequency for Mode 6 Unflooded (6U) will be the number of hours 
in Mode 6 Unflooded per year divided by the number of hours in a year times the EF2/EF3 
tornado strike frequency.  From subsection 16.2.1.2 of this document, the number of hours in 
Mode 6 Unflooded per refueling is 59.  Since there is one refueling every two years, the number 
of hours in Mode 6 Unflooded per year would be 29.5.   

The EF2/EF3 tornado strike frequency in Mode 6U would be: 

(29.5 hrs/8760 hrs) * 7.01E-06 occurrences/year = 2.36E-08 occurrences/year. 

EF4, and EF5 tornados would exceed the wind speed design of RTNSS structures, but not 
Seismic Category I or Seismic Category II buildings.  Therefore, for EF4, and EF5 tornados, the 
equipment located in RTNSS structures and the yard will be assumed to fail.  The occurrence 
rate per square mile per year for EF4 and EF5 tornados combined is the number of occurrences 
of EF4 and EF5 tornados divided by the number of square miles in the United States (3,537,438 
sq mi) divided by the number of years in the data (56). 

Probability of EF4/EF5=[(489+50)/3,537,438]/56=2.72E-06 occurrences/sq mi/yr 

The site is approximately 0.14 square miles. 

The probability of occurrence of an F4, or F5 tornado per year to the ESBWR site is: 

2.72E-06 occurrences/sq mi/yr * 0.14 sq mi = 3.81E-07 occurrences/year 

This will be used for the EF4/EF5 tornado strike frequency.  
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The EF4/EF5 tornado strike frequency for Mode 5 will be the number of hours in Mode 5 per 
year divided by the number of hours in a year times the EF4/EF5 tornado strike frequency.  From 
subsection 16.2.1.2 of this document, the number of hours in Mode 5 per refueling is 192.  Since 
there is one refueling every two years, the number of hours in Mode 5 per year would be 96.   

The EF4/EF5 tornado strike frequency in Mode 5 would be: 

(96 hours/8760 hours) * 3.81E-07 occurrences/year = 4.18E-09 occurrences/year. 

The EF4/EF5 tornado strike frequency for Mode 5 Open will be the number of hours in Mode 5 
Open per year divided by the number of hours in a year times the EF4/EF5 tornado strike 
frequency.  From subsection 16.2.1.2 of this document, the number of hours in Mode 5 Open per 
refueling is 48.  Since there is one refueling every two years, the number of hours in Mode 5 
Open per year would be 24.   

The EF4/EF5 tornado strike frequency in Mode 5O would be: 

(24 hours/8760 hours) * 3.81E-07 occurrences/year = 1.04E-09 occurrences/year. 

The EF4/EF5 tornado strike frequency for Mode 6 Unflooded (6U) will be the number of hours 
in Mode 6 Unflooded per year divided by the number of hours in a year times the EF4/EF5 
tornado strike frequency.  From subsection 16.2.1.2 of this document, the number of hours in 
Mode 6 Unflooded per refueling is 59.  Since there is one refueling every two years, the number 
of hours in Mode 6 Unflooded per year would be 29.5.   

The EF4/EF5 tornado strike frequency in Mode 6U would be: 

(29.5 hrs/8760 hrs) * 3.81E-07 occurrences/year = 1.28E-09 occurrences/year. 

14.4.2  Hurricane Strike Frequency 

NUREG/CR-6890, Volume 1, “Reevaluation of Station Blackout Risk at Nuclear Power Plants 
Analysis of Loss of Offsite Power Events: 1986-2004” (Reference 14-4) provides data for Loss 
of Offsite Power due to hurricanes.  Per Table A-2 of Reference 14-4, there were 5 hurricane 
related loss of offsite power events at nuclear power plants during the time covered by the study.  
Only coastal plants are considered vulnerable to hurricanes.  Table A-3 of Reference 14-4 lists 
the coastal plants.  Table D-1 of Reference 14-4 provides the reactor critical years (rcry) and 
reactor shutdown years (rsy) for all plants.  The totals for coastal plants during the study is 
292.65 rcry and 35.37 rsy for a total of 328.02 reactor calendar years (rcy). 

The initiating event frequency for hurricane related loss of offsite power events is the number of 
loss of offsite power events caused by hurricanes at power divided by the rcy for coastal plants.  
The initiating event frequency for hurricane related losses of offsite power is 5/328.02 = 1.52E-
02 events/rcy. 

The only impact to the site from Category One and Category Two hurricanes is expected to be a 
loss of preferred power with no additional equipment failures associated with the hurricanes.  
These loss of preferred power events are covered by the internal events PRA and have been 
included under the initiating events for Loss of Preferred Power, Weather Related (See Section 2 
of this document).  No additional evaluation of Category One or Category Two hurricanes is 
required.  To prevent double counting, they will be excluded from the hurricane initiating event 
data.  
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If the reactor well is flooded (Mode 6-Flooded), the risk associated to loss of preferred power 
due to a hurricane strike has been judged to be negligible because the large amount of water 
stored above the core assures core cooling during a long period of time.  This time would be 
significantly longer than 24 hours.  This long period could be used to establish an adequate path 
from an external water source to the reactor well. CRD pumps, FAPCS pumps, RWCU/SDC 
pumps, or firewater pumps which are all housed in Seismic Category I buildings and therefore 
would be available, could provide the cooling function when powered from on site power.  The 
long period of time available makes it practically certain that sufficient inventory can be 
supplied. 

Therefore, the loss of preferred power, the assumed initiator for hurricanes, is not analyzed in 
detail for the case when the reactor well is flooded (Mode 6-Flooded). 

The hurricane strike frequency for Mode 5 will be the number of hours in Mode 5 per year 
divided by the number of hours in a year times the hurricane strike frequency.  From subsection 
16.2.1.2 of this document, the number of hours in Mode 5 per refueling is 192.  Since there is 
one refueling every two years, the number of hours in Mode 5 per year would be 96.   

The hurricane strike frequency in Mode 5 would be: 

(96 hours/8760 hours) * 1.52E-02 occurrences/year = 1.67E-04 occurrences/year. 

Because of the long advanced warning for an approaching hurricane, the staff will have adequate 
time to at a minimum set the head in place resulting in a Mode 5 Open configuration.  Shutdown 
Hurricane Mode 6 unflooded high wind strike frequency has been added to Shutdown Hurricane 
Mode 5 Open. 

The hurricane strike frequency for Mode 5 Open will be the number of hours in Mode 5 Open 
per year plus the number of hours in Mode 6 Unflooded divided by the number of hours in a year 
times the hurricane strike frequency.  From subsection 16.2.1.2 of this document, the number of 
hours in Mode 5 Open per refueling is 48 and the number of hours in Mode 6 Unflooded is 59.  
Since there is one refueling every two years, the number of hours in Mode 5 Open per year 
would be 24 and the number of hours in Mode 6 Unflooded would be 29.5.   

The hurricane strike frequency in Mode 5 Open would be: 

(24+29.5 hours/8760 hours) * 1.52E-02 occurrences/year = 9.31E-05 occurrences/year. 
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14.5  CALCULATION OF CORE DAMAGE FREQUENCY  

The internal events PRA accident sequence structures and system fault trees and success criteria 
are used in the calculation of the high winds CDF.  The CDF and release quantifications are 
performed at a quantification truncation limit of 1E-15/yr. 

Both at-power and shutdown high wind-induced accident sequences and releases are quantified. 

14.5.1  At-Power Core Damage and Release Frequencies 

To assess the ESBWR at-power high wind-induced core damage risk, the loss of offsite power 
event tree of Section 3 is quantified using the frequency of high wind strikes per year at-power as 
the initiating event frequency.  

The ESBWR structures are designed for several different wind loadings.  Seismic Category I and 
Category II buildings are designed to be tornado resistant for maximum tornado wind speeds of 
330 mph.  Structures which house RTNSS equipment are designed for Category 5 hurricanes 
with a maximum wind speed of 195 mph.  Non-seismic structures are designed for extreme 
winds of 110 mph (Reference 14-2). 

For wind speeds less than approximately 110 mph, EF0 and EF1 tornados as well as Category 1 
and Category 2 hurricanes, no quantification is required because no additional equipment failures 
as a result of the winds are expected.  These events have been addressed in the internal events 
loss of preferred power, weather related, failures. 

For wind speeds exceeding approximately 110 mph but less than approximately 195 mph, EF2 
and EF3 tornados as well as Category 3, Category 4 and Category 5 hurricanes, all equipment 
which is not located in RTNSS structures or Seismic Category I and Category II structures is 
assumed to fail.  Equipment in RTNSS, Seismic Category I and Seismic Category II structures is 
credited.  

For wind speeds exceeding approximately 195 mph, EF4 and EF5 tornados, all equipment in 
RTNSS structures is assumed to fail as well as all equipment located in non-seismic, non-
RTNSS buildings.  Only equipment in Seismic Category I and Category II structures is credited.   

14.5.2  Shutdown Core Damage and Release Frequencies 

The shutdown mode high wind initiating event frequencies are used in the internal events 
shutdown LOPP event tree, with the same modeling discussed previously. 

A shutdown initiating event is defined as any event that provokes a disturbance in the desired 
state of the plant and that requires some kind of action to prevent damage to the core.  The 
postulated shutdown initiating events related to internal events, fire and flooding will challenge: 

• Decay Heat Removal (includes Loss of RWCU/SDC, Loss of Preferred Power, and Loss 
of all Service Water), or 

• Reactor Coolant System Inventory Control (includes several postulated LOCAs during 
shutdown). 

Tornado and hurricane scenarios during Mode 5, Mode 5-Open and Mode 6-Unflooded are 
explicitly quantified.  Scenarios during Mode 6-Flooded are not explicitly quantified in the 
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accident sequence analysis since adequate water remains above the core to prevent core damage 
for more than 24 hours.  
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14.6  RESULTS  

The core damage frequency results of the ESBWR high wind risk analysis are summarized in 
Table 14-2.  The total core damage frequency for both at-power and shutdown conditions is 
2.53E-09/yr (1.34E-09/yr at-power and 1.19E-09/yr during shutdown).  This frequency is not 
significant in comparison to the internal events result and the core damage frequency goal.   

The Level 2 PRA release categories are described in Section 8.2.1.4.  Technical specifications 
leakage (TSL) is the Level 2 success state and indicates an intact, controlled containment 
boundary.  The high winds analysis produces a total non-TSL release frequency of 1.22E-09.  
The at-power non-TSL release frequency is 3.00E-11/yr.  The shutdown non-TSL release 
frequency is 1.19E-09, the same as the shutdown CDF.  This is because the containment is 
assumed to be open during all Mode 5 and Mode 6 operations.  This leads to containment bypass 
for all shutdown sequences. 

The dominant cutsets for the at-power high winds CDF are provided in Table 14-3, and those for 
shutdown high winds CDF are provided in Table 14-4.   

The risk importance measures for the at-power high winds CDF are provided in Table 14-5, and 
those for shutdown high winds CDF are provided in Table 14-6. 

The probability of each release category is summarized in Table 14-7. 

The frequency of severe winds tends to be regional in nature, and thus varies.  To ensure that this 
analysis bounds the potential ESBWR sites, a set of sensitivity analyses is performed.   The 
premise of the high wind risk analysis is that these scenarios are not significant contributors to 
risk.  Therefore, if large changes in the high wind frequencies only cause small, insignificant 
changes in the CDF and LRF, then the base model is considered appropriate for any specific site. 

The hurricane frequencies are generated based on the plant being in a coastal (that is, hurricane 
susceptible) area, so a site that is not located on or near the coast would tend to have a reduced 
high wind impact.  The sensitivity analyses confirm that the overall significance is not increased 
and no new insights are generated for hurricanes. 

The tornado frequencies are generated based on a national average for US sites.  The underlying 
data is not amenable to generating site-specific values.  For this sensitivity, the tornado 
frequency (all categories) is increased by a factor of 10.  This is considered bounding for any 
ESBWR site.  The sensitivity analyses confirm that the CDF and LRF values do not increase to 
the level at which high wind risk becomes significant.  In addition, no new insights are generated 
and no additional risk significant components are identified. 

The conclusion of the sensitivity evaluation is that the ESBWR high wind risk evaluation is 
appropriate for any ESBWR nuclear power plant site. 
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14.7  INSIGHTS  

The plant should not be in a Mode 6 Unflooded condition when a hurricane strike occurs.  This is 
because in Mode 6 unflooded the containment is open, the reactor vessel is open and the water 
above the core will not keep the core cool for an extended period of time.  
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14.8  CONCLUSIONS  

The main conclusion that can be drawn from the ESBWR high wind risk analysis is that the risk 
from tornado or hurricane strikes on the plant is acceptably low.  The estimated core damage 
frequency (both at-power and shutdown conditions) from high winds is 2.53E-09 per calendar 
year.  The core damage frequency for high winds is not additive with core damage frequencies 
from other sections. 

The ESBWR is inherently safe with respect to high wind events and the plant can be safely shut 
down at low risk to plant personnel and the general public. 

The conclusion of the sensitivity evaluation is that the ESBWR high wind risk evaluation is 
appropriate for any ESBWR nuclear power plant site. 
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Table 14-1 

Tornado F-Scale Intensities 

Fujita Scale EF Scale 

Fujita 
Scale 

Number of 
Tornados 

3-Second Gust 
Speed mph 

EF 
Scale

3-Second 
Gust Speed 

mph 
F0 20,043 45 - 78 EF0 65 - 85 
F1 15,850 79 - 117 EF1 86 - 109 
F2 7,855 118 - 161 EF2 110 - 137 
F3 2,061 162 - 209 EF3 138 - 167 
F4 489 210 - 261 EF4 168 - 199 
F5 50 262 - 317 EF5 200 - 234 
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Table 14-2 

High Wind-Induced CDF 

Plant Mode 

High Wind 
Strike 

Frequency 
(per year) 

CDF 
(per year) 

Non-TSL 
(per year) 

At-Power Tornado F2/F3 7.01E-06 4E-13 0(1) 

At-Power Tornado F4/F5 3.81E-07 4.86E-11 9.0E-12 

At-Power Hurricane 1.52E-02 1.29E-09 2.10E-11 

Total At Power High Winds  1.34E-09 3.00E-11 

Shutdown Tornado F2/F3 Mode 5 7.68E-08 ε(3) ε(3) 

Shutdown Tornado F2/F3 Mode 5 Open 1.93E-08 ε(3) ε(3) 

Shutdown Tornado F2/F3 Mode 6 Unflooded 2.36E-08 1.20E-11 1.20E-11 

Shutdown Tornado F4/F5 Mode 5 1.18E-08 4E-13 4E-13 

Shutdown Tornado F4/F5 Mode 5 Open 1.04E-09 ε(3) ε(3) 

Shutdown Tornado F4/F5 Mode 6 Unflooded 1.28E-09 8E-13 8E-13 

Shutdown Hurricane Mode 5 1.67E-04 7.01E-10 7.01E-10 

Shutdown Hurricane Mode 5 Open 9.31E-05 4.75E-10 4.75E-10 

Shutdown Hurricane Mode 6 Unflooded NA(2) NA(2) NA(2) 

Total Shutdown High Winds  1.19E-09 1.19E-09 

Total High Winds  2.53E-09 1.22E-09 

Notes: 

(1) No accident sequence cutsets contributed to non-TSL. 

(2) Because of the long advanced warning for an approaching hurricane, the staff will have 
adequate time to at a minimum set the head in place resulting in a Mode 5 Open 
configuration.  Shutdown Hurricane Mode 6 Unflooded high wind strike frequency has 
been added to Shutdown Hurricane Mode 5 Open. 

Calculated frequencies less than 1E-13 are reported as “ε”.
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Table 14-7 

High Winds CET Release Category Frequencies  

Release Category Frequency (per year)* 

TSL  1.33E-09 

FR  ε** 

BYP  1.20E-09 

OPVB  ε 

OPW1  ε 

OPW2  ε 

CCIW 1.3E-11 

CCID  ε 

EVE 0.00 

DCH 0.00 

BOC  4.00E-12 

*The frequency is the summed contribution to the release 
category from all accident classes, as shown in Table 8A-3.  
BYP is also augmented with frequency from shutdown 
operations which assume all shutdown core damage sequences 
are bypass sequences. 

**Calculated frequencies less than 1E-12 are reported as “ε”.   
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