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Abstract – Westinghouse is currently conducting the pre-application licensing of the International Reactor 
Innovative and Secure (IRIS). One of the key aspects of the IRIS design is its safety-by-designTM philosophy 
and within this framework the PRA is being used as an integral part of the design process. The most 
ambitious risk-related goal for IRIS is to reduce the Emergency Planning Zone (EPZ) to within the 
exclusion area by demonstrating that the off-site doses are consistent with the US Protective Action 
Guidelines (PAGs) for initiation of emergency response so that the required protective actions would be 
limited to the exclusion area. 
As a first step, a model has been developed to provide a first order approximation of the Large Early 
Release Frequency (LERF) as a surrogate predictor of the off-site doses. A key-aspect of the LERF model 
development is the characterization of the possible paths of release. Four main categories have been 
historically pointed out: 1. Core Damage (CD) sequences with containment bypass, 2. CD sequences with 
containment isolation failure, 3. CD sequences with containment failure at low pressure and 4. CD 
sequences with containment failure at high pressure. They have been reevaluated to account for the IRIS 
design features. 
The most significant difference from a current PWR LERF model is a direct consequence of two of the key 
IRIS design features. The integral layout results in the absence of loop piping and surge lines and thus two 
of the most significant paths for depressurization due to creep rupture for high pressure sequences are 
eliminated. The third path leading to this scenario is usually a thermally-induced SGTR that causes the 
lifting of the secondary side safety relief valves. IRIS employs internal, helical coil once-through steam 
generators using Inconel 690 tubes. These SGs have the primary coolant on the exterior of the tubes and 
the secondary fluid flowing through the tubes. The, secondary side piping is designed for full primary 
pressure and this has eliminated the need for secondary side safety valves. These major differences in the 
SG design allow a significant reduction in the SGTR initiating event frequency and thermally-induced tube 
rupture; coupled with the possibility of isolation of the first part of the secondary side, this depressurization 
path is considered negligible.  
The containment design is another unique characteristic of IRIS. The small, 1-¾” thick, spherical steel 
containment vessel has an inert N2 atmosphere that dramatically reduces the probability of containment 
overpressure failures due to H2 burns. Moreover, the small size of the containment and the importance of 
the containment pressure in the accident mitigation strategy imply a more effective monitoring of 
containment atmosphere that should result in a better and quicker identification of any isolation failure. 
However, the relatively small containment will result in a more rapid pressurization following a severe 
accident. This issue will need to be investigated further as the containment design proceeds. 
The preliminary evaluation of the IRIS LERF is as low as 6.42E-10, around two order of magnitude lower 
than other advanced designs. 



I. INTRODUCTION 

Westinghouse is currently conducting the 
pre-application licensing of the International 
Reactor Innovative and Secure (IRIS)[1]. One of 
the key aspects of the IRIS design is the IRIS 
philosophy of safety-by-designTM[2] and within 
this framework the PRA is being used as an 
integral part of the design process[3,4]. The most 
ambitious risk-related goal for IRIS is to reduce 
the Emergency Planning Zone (EPZ) to within 
the exclusion area by demonstrating that the off-
site doses are consistent with the US Protective 
Action Guidelines (PAGs) for initiation of 
emergency response, so that the required 
protective actions would be limited to the 
exclusion area. 

At the present stage of the IRIS design, a 
full scope analysis on off-site doses is not yet 
feasible; nevertheless both a deterministic and a 
probabilistic approach to this issue have already 
been initiated. The probabilistic approach will be 
to demonstrate that the probability of having a 
release greater than a pre-determined value (25 
mrem) at the site boundary is less than a goal 
consistent with the Quantitative Health Objective 
(QHO).  This requires detailed knowledge of the 
source term, the severe accident progression in 
containment and the containment failure mode, 
location and timing.  Thus, as a first step, a 
preliminary model has been developed to have a 
first order approximation of the Large Early 
Release Frequency (LERF) using the NRCs 
simplified LERF model from NUREG/CR-6595 
as a starting point. Regulatory Guide 1.174[5] 
defines the LERF as the frequency of those 
accidents leading to significant, unmitigated 
releases from containment in a time frame prior 
to effective evacuation of the close-in population 
such that there is a potential for early health 
effect. It is also stated that the LERF can be used 
as a surrogate for the early fatality QHO. The 
objective of this approach is to provide an early 
identification of potential problem areas so that 
they can be addressed in the design process. 

II. IRIS PRA LEVEL-1 MODEL 

A full Level 3 PRA that covers all modes of 
operation and addresses both internal and 
external initiators will be required for Design 
Certification. However, for the pre-licensing 
phase, the IRIS PRA effort focused on the at-
power Level 1 PRA for internal events. A 
reasonably complete Level 1 model was 

developed to support evaluation of the IRIS 
design features and their reliability in mitigating 
Core Damage (CD) scenarios. With the IRIS 
design and safety analysis still in the early 
stages, the Level 1 PRA models are being built 
in an iterative fashion working with the system 
designers and analysts. 

The starting point for the development of a 
Level-1 PRA was the identification of initiating 
events (IEs). The classical lists of Pressurized 
Water Reactor (PWR) initiating events in EPRI 
NP-2230[6] and also in NUREG/CR-3862[7] and 
NUREG/CR-5750[8] were carefully reviewed to 
identify those events that are applicable to the 
IRIS design. The safety-by-designTM IRIS 
philosophy has led to the elimination of several 
classical event initiators (e.g. Large LOCA); in 
other cases, the Initiating Event Frequency (IEF) 
has been lowered (e.g. SGTR). Table 1 lists the 
initiating event categories for the pre-application 
IRIS PRA. 

Standard modeling techniques were used to 
develop the fault tree models for the IRIS safety 
systems. The IRIS PRA used generic data for 
quantification of the models. The primary data 
sources used were the EPRI PRA Key 
Assumptions and Ground Rules (KAG) 
document[9], and the database used for the 
AP1000 PRA[10]. The IRIS models were 
quantified using the CAFTA computer code and 
the large linked fault tree approach. Table 1 
presents the core damage contribution for each of 
the initiating events.  

III. IRIS CONTAINMENT EVENT TREE 

According to the methodology outlined in 
NUREG/CR-6595[11], the first task in the 
development of a LERF model is the 
construction of a simplified Containment Event 
Tree (CET). Such a tree is structured to interface 
with the Level 1 PRA for accidents initiated 
during full power operation, described above. 
The standard simplified CET is based on the 
results of severe accident research performed 
over  the  last  several years.  It was developed in 
order to capture the most important characteristic 
of severe accident progression that influence the 
potential for early containment failure or bypass.  

NUREG/CR-6595 suggests two different 
simplified CETs for PWR. This is due to the fact 
that a PWR can be housed in one of three 
containment designs: 



Table 1 – IRIS IE List for Level-1 PRA 

IE Category IEF CDF 
LOCA from upper part of the 
vessel 8.85E-04 9.00E-12 

Spurious ADS actuation 6.49E-06 2.55E-14 
LOCA from lower part of the 
vessel 1.32E-04 4.78E-11 

RCS Leakage 4.65E-03 3.57E-13 
SGTR 1.88E-04 4.80E-11 
Reactor Vessel Rupture 1.00E-08 1.00E-08 
Interfacing System LOCA 5.00E-11 5.00E-11 
Transients with Main Feedwater 8.54E-01 1.88E-09 
Loss of Main Feedwater 6.05E-02 1.24E-10 
Loss of Condenser 8.50E-02 4.20E-10 
Loss of Support Systems 1.95E-02 1.42E-09 
Loss of Offsite Power 1.18E-01 3.13E-09 
Isolable Secondary Side Line 
Break 5.96E-04 1.60E-10 

Not Isolable Secondary Side Line 
Break 3.72E-04 5.59E-11 

Power Excursion 4.50E-03 7.79E-12 
ATWS - 2.01E-09 

Total 1.94E-08 
 

- large volume containments 
- sub-atmoshperic containments 
- ice condenser containments. 

The ice condenser containments (or pressure 
suppression containments), being smaller and 
with a lower design pressure, have been found to 
respond to severe accidents differently than large 
and dry subatmospheric designs. The small 1-¾” 
thick, spherical steel IRIS containment vessel is 
a unique characteristic of IRIS that does not 
quite fit within the categories presented in 
NUREG/CR-6595. It can be defined as a 
pressure suppression containment that relies on 
the suppression pools, rather then ice, for the 
pressure suppression function and with a design 
pressure significantly higher than dry or 
subatmospheric containments. Moreover, the 
inert N2 containment atmosphere is expected to 
dramatically reduce damages and failures due to 
H2 burns and explosions, even without the use of 
gas recombiners.  

As a result of the previous considerations, 
the simplified CET suggested by NUREG/CR-
6595 for pressure suppression containment has 
been adapted to the IRIS containment design by 
removing the issue regarding the hydrogen 
igniters. The resulting CET is different from the 
dry subatmospheric containments CET (that 
doesn’t have any headers related to H2 igniters 
either) because of the numerical values for 
containment failure at low and high pressure that  
are still taken from the pressure suppression 

CET, with H2 igniters considered always 
successfully operating.  

Another difference from the CET suggested 
in the NUREG/CR-6595 is the fact that the 
probability of bypassing the containment has 
been kept separated from the probability of pre-
existent failures in the containment isolation. 
Although the effect of these two categories of 
failure is the same (i.e., no need for the 
containment to fail in order to have a release as a 
result of a CD sequence) the separation helps 
keeping tracks of scenarios where the Initiating 
Event (IE) itself causes the bypass rather than a 
release due to pre-existing failures. 

One of the questions that should be asked 
during the construction of a CET is “is the Core 
Damage arrested without Vessel Breach?” This 
question addresses any recovery actions taken 
after the start of core damage to restore core 
coolability and avoid core meltdown and reactor 
vessel   breach.   A   negative   response   to   this 
question implies that the recovery actions were 
unsuccessful and the core debris melts through 
the reactor  vessel.  In the IRIS Preliminary  
Level-1 PRA no credit was taken for any 
recovery actions. For this reason it has been 
chosen not to credit for them also during the 
LERF model development. Obviously, this is a 
very conservative assumption because many of 
the core damage sequences identified are 
expected to give the operator enough time to set 
some kind of recovery action. 

Finally, at this preliminary design phase of the 
IRIS design, a complete set of Plant Damage 
States (PDSs) for all the CD sequences is not yet 
available. For this reason all the unsuccessful 
sequences (i.e., leading to CD) have been 
accounted as a potential for Early Release. This 
is, again, a conservative assumption, because it is  

CD ISO BYP RCSP CNT Path LER 
     
     1 NO 

     
     2 YES 

     
     3 NO 
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 ↑ Yes    
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     6 YES 

Figure 1 – IRIS Simplified CET 



expected that, for some sequences, the resulting 
PDS will still have a less significant impact on 
the LERF. 

Figure 1 depicts the simplified IRIS CET 
resulting from the above considerations. The 
meaning of each Event Tree header is explained 
below: 

CD – Core Damage occurs 
ISO – Containment Isolation is successful 
BYP – Containment Bypass is prevented 
RCSP – Reactor Coolant System (RCS) 

depressurization is successful 
CNT – Containment failure is prevented 
LER – Large Early Release occurs 

IV. IRIS RELEASE PATH AND 
CONTRIBUTORS 

Using the simplified IRIS CET, four main 
categories have been identified for release paths 
in IRIS:  

1. CD sequences with containment bypass,  
2. CD sequences with containment isolation 

failure, 
3. CD sequences with containment failure at 

low RCS pressure and 
4. CD sequences with containment failure at 

high RCS pressure.  

Because the IRIS design is a PWR, these 
four main categories are not so different from the 
categories historically used for standard PWRs. 
Nevertheless, the contributors for some of them 
needed to be reevaluated because of the safety –
by-designTM approach used for the IRIS design. 

The most significant differences from the 
current PWR LERF models are a direct 
consequence of two of the key IRIS design 
features. The integral layout results in the 
absence of loop piping and surge lines, thus, two 
of the most significant paths for depressurization 
due to creep rupture for high pressure sequences 
are eliminated. The third path leading to this 
scenario is usually a thermally-induced creep-
rupture of the steam generator tubes that causes 
the lifting of the secondary side safety relief 
valves. IRIS employs internal, helical coil once-
through steam generators using Inconel 690 
tubes. These SGs have the primary coolant on 
the exterior of the tubes and the secondary fluid 
flowing through the tubes, such that the IRIS SG 
tubes are in compression rather than in tension. 
A preliminary study on the IRIS SG suggests[12] 
that these major differences in the SG design 

may significantly reduce the potential for a 
creep-rupture failure of the steam generator tubes 
during a high pressure core melt sequence.  
Moreover, in a classical PWR, the possibility for 
thermally-induced tube rupture in the SG appears 
when the level in the vessel drops under the cold 
leg nozzles (i.e., when hot gases start circulating 
in the primary side of the SG). In IRIS, once the 
inventory level drops near the top of the core (i.e. 
under one third of the altitude of the entire 
vessel) the preferred steam path is expected to be 
the central raiser rather than the annular space 
where the SGs are hosted. As a result of this 
configuration, circulation of hot gases in the SGs 
is expected to be dramatically reduced (some 
recirculation could be expected in the upper part 
of each SG, between RCP and the set of lower 
connection – shroud valves – between the riser 
part of the vessel and the SG primary side).  

Finally, the helical coil steam generator 
design used for IRIS evolved from similar 
designs developed for high-temperature gas 
cooled reactors, therefore the likelihood of creep 
rupture is expected to be further reduced.  

All the previous described features concur in 
making IRIS less susceptible to creep ruptures, 
suggesting that this depressurization path, which 
leads to a direct release path, could be considered 
as negligible.  

The improvement in the SGs resistance to 
tube ruptures and the absence of safety relief 
valves on the secondary side also impact the 
containment bypass category. As a matter of fact, 
this implies that SGTR CD sequences are not 
direct bypass sequences if the isolation of the 
first part of the secondary side is assured. For 
consistency with other LERF models the 
containment bypass category also encloses 
secondary side ruptures with induced SGTR. 
Obviously, in case of secondary side line break 
downstream the Main Isolation Valves, CD 
sequences are going to lead to a release only if 
main steam isolation is also failed. Finally, no 
particular difference is expected in the treatment 
of the V-sequences (i.e. Interfacing System 
LOCA) that still lead directly to a release via 
containment bypass. 

The potential for containment isolation 
failures could theoretically be reduced by the 
IRIS design features because the importance of 
the containment pressure in the accident 
mitigation strategy endorsed by IRIS should 
imply a more effective monitoring of the 
containment atmosphere, resulting in a better and 



quicker identification of any isolation failure and 
a consequential lowering of the probability of 
pre-existent failures. The inert N2 atmosphere 
should also be a benefit under this point of view. 
Because of the early design phase of the 
containment, it has been decided not to take 
credit for now of the benefit herein suggested. 
When further details regarding the containment 
isolation and atmosphere monitoring will be 
available this potential way of further lowering 
the probability of release will be taken into 
consideration. 

V. IRIS LERF MODEL 

The methodology presented in NUREG/CR-
6595 is designed to take the maximum advantage 
from the Level-1 PRA results. Once the release 
path categorization has been performed and the 
contributors for each category are identified, the 
203 CD sequences identified in the IRIS Level-1 
PRA only needed to be rearranged in order to be 
consistent with the new Top Event defined (i.e., 
CD with subsequent release rather than only 
CD). 

A summary of the release categories and of 
the number of CD sequences enclosed in each 
category can be found in Table 2. It should be 
noticed that, according to Table 2, the total 
number of sequences is higher than the total 
number of CD sequences identified during the 
Level-1 at power IRIS PRA. This is due to the 
fact that a lot of core damage sequences have 
more than one possible LERF end-state in the 
LERF model, depending upon containment 
status. For example, a CD sequence has a 
particular impact on the total LERF if the 
containment is already bypassed, but must also 
be considered in the low/high pressure category 
in case the containment failure is a direct 
consequence of the developing sequence. 
Moreover, some sequence has been 
conservatively considered in the model as 
coupled with the probability of more than one 
failure (e.g.: Steam Line Break AND induced 
SGTR). 

 

Table 2 – IRIS Preliminary LERF Results (No 
RVRP) 

Category Sequences %  LERF 
CNT Bypass 25 15.31 9.83E-11 
CNT Isolation Failure 178 5.44 3.49E-11 
CD at Low RCS Pressure 91 16.35 1.05E-10 
CD at High RCS Pressure 87 62.93 4.04E-10 

Total 6.42E-10 

The probabilities for containment failure at 
low and high pressure have been taken from the 
NUREG/CR-6595 as follow: 

- Containment failure probability at low 
RCS pressure (assumed CD): 1.00E-02 

- Containment failure probability at high 
RCS pressure (assumed CD): 5.00E-02 

The probability of a pre-existing 
containment isolation failure is taken as an 
average of other PRA results and is 2.10E-03. It 
must be noticed that this is a conservative value 
because a detailed analysis of possible failures 
for a similar containment[13] (1-¾” thick 
spherical steel containment) led to a lower 
number by two orders of magnitude. 

Finally, the probability for an induced 
SGTR following a SLB has been taken as 4.00E-
03. This is 25 times lower than the usual value; 
the modification factor is consistent with the 
preliminary study regarding the higher reliability 
of the IRIS SGs[12]. 

VI. RESULTS 

After multiple interactions with the design 
team the preliminary results of the Level-1 IRIS 
PRA indicated a CDF as low as 1.94E-08. This 
result is obviously impacted by a large amount of 
epistemic-kind uncertainties due to the lack of 
information in a design phase reactor. One of the 
biggest uncertainties is related to the most 
significant contributor to CDF: Reactor Vessel 
Rupture (RVRP) event, assumed to lead directly 
to CD and contributing more than 50% to the 
overall CDF. In a classical loop PWR, a RVRP 
is defined as a rupture of the reactor vessel that 
cannot be coped by the safety injection. This 
definition is not applicable to IRIS because the 
IRIS design does not include any safety 
injection. Moreover, a RVRP event is normally 
assumed to be at the bottom of the vessel, to be 
reasonably sure to address the worst scenario. In 
the case of IRIS, because of the reactor vessel 
cavity with its LOCA mitigation strategy, an 
extended failure at the bottom of the vessel could 
still be mitigated.  

In case of the LERF evaluation, two 
different approaches have been considered. In 
the first approach the RVRP event has been 
assumed to lead directly not only to CD, but also 
to an overpressurization of the containment with 
a consequent break and release. In the second 
approach the RVRP event is also assumed to 



lead directly to CD, but not to the containment 
failure.  

According to the first approach, the 
preliminary LERF result has been evaluated as 
1.05E-08. This result is well below the overall 
NRC LERF criterion for classical PWRs (1.00E-
06/year). However it is obviously highly driven 
by the RVRP contribution (95% of the total 
LERF).  

If the RVRP event is not assumed to lead 
directly to containment failure, the IRIS LERF 
has been evaluated as low as 6.42E-10. This is 
around five orders of magnitude less than current 
PWRs[11] and around two orders of magnitude 
less than other advanced designs[14]. Table 2 
summarizes the preliminary IRIS LERF results 
according with the second approach, with a 
truncation probability of 1.00E-14.  

Obviously, the results herein presented are 
to be considered as preliminary, because of the 
degree of uncertainty associated with a 
preliminary design phase.  Apart from 
uncertainties impacting the Level-1 PRA, it must 
also be remembered that uncertainties related 
with the containment behavior are even larger 
when the pressurization ratio is higher[15] (as we 
can expect in IRIS because of the reduced size of 
the containment). The high degree of uncertainty 
affecting these results can be partially balanced 
by the very conservative assumptions made 
during the development of the model. 

The preliminary IRIS LERF herein 
presented can be considered one of the first steps 
in the development of the approach to support 
reduction of the EPZ within the exclusion zone.   
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