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Abstract 

Advanced reactor designs such as the AP1000®2 plant made significant use of risk-information and 
Probabilistic Safety Assessments (PSA) to support the design phase and enhance their safety 
characteristics. PSA is now expected to play an even more prominent role in the design of advanced 
reactors of the next generation.  

Most recently, the International Reactor Innovative and Secure (IRIS) reactor piloted a more 
intimate approach to PSA in the design phase, labelled Safety-by-DesignTM  PSA was used as an 
integral tool in assisting the designer in reaching an estimate Core Damage Frequency (CDF) in 
the range of 1.0E-08. The experience gained from the AP1000®  plant and the IRIS is now being 
applied to the new Small Modular Reactor (SMR) currently under development in Westinghouse. 

The use of the risk insights obtained from present day PSA models have been helping to avoid some 
design problems of earlier plants.  The use of the risk insights is beneficial in providing guidance in 
system design, plant layout, selection and design of major equipment. The review of past 
operational risk is factored into the design of new plants to eliminate or reduce risk in each 
operating state. Beyond being a mere design assisting tool for early identification of vulnerabilities, 
PSA is expected to have a broader impact. Leaving the familiar berths of the well known Light 
Water Reactor (LWR) technology, for which there are essentially historical and well rooted basis 
for the definition of the design and licensing basis accidents, PSA is a potential tool to assist in a 
new and systematic approach for the identification of such design/licensing basis. Such 
methodology has been conceptually defined in the ANS design standard 53.1 for high temperature 
gas reactors but with a technology neutral focus. 

The ability of having the chance of make risk-informed considerations on a brand new design, when 
much more degrees of freedom are available to the designers, opens the possibility of envisioning 
new and bolder risk-informed applications that may require diverse consideration. The pristine 
example for that is probably associated with the possibility of risk-informing Emergency Planning 
requirements. Such risk-informed application was investigated for the IRIS design and is currently 
a hot topic in the ANS presidential commission on SMRs. 

The new potential scenarios in which PSA is envisioned to provide support to the design of SMRs 
also bear challenges such as the applicability of currently used risk metrics (such as CDF) and of 
the standards that have been so far developed to support PSA modeling for the current fleet of 
operating reactors.  The necessity of providing new metrics is a topic that is currently being 
discussed. 

                                                      

2 AP1000 is a trademark or registered trademark in the United States of Westinghouse Electric Company LLC, its subsidiaries and/or 
its affiliates. This mark may also be used and/or registered in other countries throughout the world. All rights reserved. Unauthorized 
use is strictly prohibited. Other names may be trademarks of their respective owners. 
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This paper reviews the potential new scenarios where PSA may be of significant support to design 
and operation of SMRs; it reviews Westinghouse’s experience and lessons learned in this endeavour 
and will discuss related challenges and what the PSA community is currently developing to address 
them. 

Keywords PSA, SMR, Design, Risk 

1.  Introduction 

Risk-informed design through Probabilistic Safety Assessment (PSA) techniques has been playing a 
key role in Westinghouse approach to the development of new nuclear power plant designs. Risk 
insights support the design from the initial requirement definition phase to a continuous risk 
assessment of multiple design alternatives through both safety and reliability metrics.  

As each new design builds on the lessons learned from the previous generations of nuclear plants, 
the use of risk information and of PSA techniques during all design phases also uses previous 
experience to provide a more effective and comprehensive input to the design of safer nuclear 
power plants.  

The design of the most recent Westinghouse Small Modular Reactor (SMR) will take credit of risk-
informed frameworks currently being defined for the next generation of nuclear plants and it is now 
using risk-informed approaches and processes initially developed during the design of the AP1000® 
plant and then further enhanced during the preliminary design of the IRIS reactor. At the same time, 
the SMR design is transitioning even further away from the classical Pressurized Water Reactor 
(PWR) characteristics; this will place the SMR design in an intermediate position in which some of 
the currently recognized PSA concepts will be likely challenged.  

Finally, the SMR design will pursue new risk-informed applications, only available to new plants, 
such as risk-informed emergency planning, which will likely require new methods, new standards, 
and a licensing framework capable to accommodate such new concepts. 

The risk-informed approach to the design of the Westinghouse SMR is a challenging new chapter of 
the use of PSA in the design phase of nuclear reactors. 

2.  Westinghouse smr preliminary design 

The Westinghouse SMR (Figure 1) is a 200 MWe class, integral Pressurized Water Reactor (iPWR) 
with all primary components located inside the reactor vessel.  Passive safety systems and proven 
components, based on the Westinghouse AP1000® plant design, are incorporated throughout to 
achieve the highest levels of safety and to reduce the number of components required.  The passive 
safety systems for the SMR allow for no operator intervention required for 7 days.   

The fully modular constructed Westinghouse SMR containment vessel has a height of 89 ft and an 
outer diameter of 32 ft.  The reactor vessel has a height of 81 ft and an outer diameter of 11.5 ft. The 
reactor core is composed of 89 fuel assemblies from the partial-height of the 17x17 fuel assembly 
design used in the AP1000® reactor.  Further based on the AP1000® plant design, the reactor vessel 
internals are modified for the smaller core and to provide support for the internal control rod drive 
mechanisms.  Eight (8) proven, horizontally-mounted axial-flow pumps provide the driving head 
for the reactor coolant system while eliminating the need for pump seal injection.  The recirculating, 
once-through, straight tube steam generator design achieves a compact physical envelope with an 
innovative approach to steam separation.  Finally, the pressurizer is integrated into the reactor vessel 
head to eliminate the need for a separate component. 
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Figure 1. Westinghouse SMR Model 

2.1  SMR Risk-Informed Design Framework 

A Risk-informed design approach is not only a matter of initiating the PSA at the very beginning of 
the design phase and constantly provide risk monitoring of the design alternatives; it also and 
overall implies an iterative, structured and close interaction between the PSA team and the design 
and safety analysis team. In addition, a structured framework is required in which the risk-
information can be gauged with potentially changing ultimate design goals. As a result of this 
structured interaction, two somehow different points of view on the design (probabilistic and 
deterministic) are coupled and harmonized, with a significant benefit in terms of overall plant 
safety. 

The most complete and comprehensive risk-informed design approach is probably described in the 
ANS draft standard for Nuclear Safety Criteria and Safety design process for Modular Helium-
Cooled Reactor Plants (ANS- draft). While still not formally approved and explicitly dedicated to 
the gas technology, the draft ANS standard contains a technology neutral approach to risk-informed 
design that is very applicable to designs such as iPWRs, for which classical design basis accidents 
may or may not be applicable depending on how the characteristics of each single design push them 
towards more innovative solutions. 

The ANS 53.1 approach is based on a balanced deterministic and probabilistic interaction that starts 
with the definition of a set of Frequency vs. Consequences acceptance criteria and curves which are 
deduced from Top Level Regulatory Requirements. Such Farmer’s curves are used to classify 
events into unacceptable and acceptable and, within this last category, differentiate between 
anticipated operational occurrence, design basis accident and beyond design basis accidents. The 
subsequent design development and safety analysis phases are in this way constraints into a well 
structured framework.   
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The ANS 53.1 draft approach aligns very well with the envisioned NRC approach for the review 
and licensing of iPWRs, as for example described in a recent position paper by the NRC (Magruder, 
2011) that will gauge the review level of System Structures and Components (SSC) based on their 
safety and risk significance. 

Figure 2 describes the still in draft approach to risk-informed design described in ANS 53.1. 

In addition, the framework provided in the ANS draft standard allows for a consistent approach to 
risk-informed applications; for example the risk-informed emergency planning, which is envisioned 
as one potentially key aspect in the overall success of iPWR. This framework, in other words, 
provides discipline to the process of using risk-insights in the design phase, which will allow risk 
insights to play a broader role than what was possible so far.  

The Westinghouse SMR risk-informed design approach will follow, as applicable, the concepts of 
the draft ANS 53.1 design framework.   

3.  Risk insights supporting design requirement definition 

The Westinghouse SMR is still in its initial design phase, in which the conceptual design is 
proceeding in parallel with the definition of the Frequency vs. Consequences acceptance criteria, 
nevertheless risk-insights are being already used to influence the initial thought process, similarly to 
what has been done for other Westinghouse designs.    

The design of the AP600 (and consequentially of the AP1000® plant) for example, benefited from 
PSA insights even before the actual design was conceived. Westinghouse investment in passive 
plant technology coincided with the beginning of wide spread use of PSA among the nuclear fleet, 
in response to Unite States Nuclear Regulatory Commission (US NRC) Generic Letter (GL) 88-20. 
In the requirement definition phase of the AP600, PSA insights from the existing fleet of operating 
reactor were reviewed with the goal of tackling directly in the design phase the common 
vulnerabilities of the classical PWR design which started emerging along with the results of GL 88-
20 responses. The AP passive design concept stemmed, among other things, by such review of risk 
insights (Lutz, 2009). 

Early risk insights from the existing fleet showed how reliance on either offsite or onsite ac power 
sources to operate pumps to provide decay heat removal from the reactor core following an 
initiating event resulted in loss of offsite power with failure of the onsite emergency diesel 
generators accounting for up to 50% of the Core Damage Frequency (CDF). Similarly, reliance on 
continued cooling of reactor coolant pumps (RCPs) to prevent pump seal failures that lead to rapid 
losses of reactor coolant system (RCS) inventory resulted in the RCS inventory loss through the 
RCP seals following a loss of all seal cooling being a significant contributor to core damage for 
station blackout events as well as fire initiated events. RCP seal failures account for up to 50% of 
the CDF for internal initiating events for conventional plants and a significant contribution to CDF 
from fire initiating events.  
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Figure 2. ANS 53.1 risk informed design framework for SMR 
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Reliance on pumps to provide water for long term heat removal means for example that the 
Emergency Core Cooling System pumps are required to operate for the duration of many loss of 
coolant accidents (LOCAs) to continually provide cooled water to the core. In addition, auxiliary 
feedwater pumps are required to operate for the duration of an event for small LOCA and non-
LOCA accident conditions. Pump failures, either failure of pumps to start or failure of the pumps to 
complete their mission time, account for up to 50% of the CDF for some conventional plants.  

Such risk insights, among others, drove AP design requirements towards passive characteristics 
such as: 

• Minimal Reliance on Offsite Power for accident mitigation: the front-line accident mitigation 
for the AP1000® plant design is independent of AC power. Accident response does not rely on 
sources of pumped water for decay heat removal. There are no emergency diesel generators in the 
AP1000® plant design for accident mitigation but rather the diesel are used as a defense in depth 
system.  
• Minimal Reliance on Pumped Decay Heat Removal: The Passive Core Cooling System is 
comprised of Core Makeup Tanks, Accumulators and an In-containment Refueling Water Storage 
Tank (IRWST) that passively provide water to the reactor core using processes that are governed by 
the natural laws of physics. No pumps are required for long term decay heat removal if diverse and 
redundant valves are opened upon automatic signals.  Again pumps are provided as part of a 
defense in depth system which reduces overall plant risk. 
• Elimination of Reactor Coolant Pump Seals as a Source of RCS Inventory Loss: The AP1000® 
plant design features reactor coolant pumps that have no seals that can fail and result in a loss of 
reactor coolant. As a result, accident sequences that do not result in ADS actuation do not rely on 
RCP seal integrity for success. 

Similarly, for the current phase of the design of the Westinghouse SMR, PSA analysts are ensuring 
that the plant is designed for initiators that dominate the present day reactor CDF. Design provisions 
derived from PSA insights from the current fleet again include strategies for mitigation of loss of 
offsite power coincident with a failure of emergency power, for which availability of critical valves 
to properly align is essential even in a passive safety system design. To this end, design 
requirements at the system level are being derived to ensure that a fail safe approach is always 
adopted, this includes solutions such that critical valves be air operated rather than motor operated 
and potentially include local air accumulators which will ensure availability with limited 
requirements on emergency batteries. This approach reduces the need for a large number of 
batteries and the required support systems. Additionally, it potentially allow for redirection of the 
battery to power other critical loads for a longer time period.  

At this stage of the design, a complete PSA model that can be used for estimating CDF or release 
frequencies metrics is still not feasible; still, PSA techniques can be used to help shape beyond 
design strategies that may be available or not depending on the design of the principal front-line 
safety systems explicitly dedicated to accident mitigation. In the design of the IRIS reactor, PSA 
was used in this phase through the use of simplified Event Trees. The initial lack of details related 
to system performance and general success criteria induced the adoption of the concept of 
“bellwether sequences” to sanity checks the sequence analysis. A “bellwether sequence” is a core 
damage sequence that reflects a key simplifying assumption. These sequences typically involve 
only an initiator and one system failure and the associated core damage frequency can be estimated 
by a preliminary hand calculation.  The hand calculation of the frequency provides a quick check on 
the potential impact of the simplifying assumption on overall core damage frequency. If the impact 
is felt to be large enough to be of concern, the assumption and associated sequence are examined in 
more detail to determine if additional mitigation paths could be credited, additional best estimate 
TH analyses would be needed to revise the assumption, or the assumption is appropriate. For the 
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last condition, designers could then determine if the preliminary design is acceptable at the present 
point of the design phase. 

Simplified Fault Trees can also be used to evaluate high level system alternatives and system 
success criteria. The simplified FTs are quantified with the only scope of having system level 
cutsets that can systematically provide system weak links.     

4.  Continuous design risk monitoring 

The classical use of PSA within the design phase is centered on a continuous monitoring of the 
design against established classical quantitative risk metrics such as CDF and various release 
frequencies. To be able to enter in this phase of the PSA support to the design, a somehow complete 
preliminary design needs to be reached. Depending on the design stage, an extremely simplified FT 
modeling of support systems is used. The complete, even though simplified, PSA model allows at 
this point for a more comprehensive risk monitoring of the design by tracking intersystem 
dependencies that cannot be easily tracked in a single failure criterion approach.  

Risk insights through explicit modelling of the AP600 and AP1000® plant design targeted for 
example classical high risk contributors such as common cause failure events and human action 
failures. The current reliance on human actions as part of the accident mitigation strategies to 
provide long term core cooling results in a potential decrease of CDF by over 200% for some 
conventional plant assuming that all human actions can be considered perfectly reliable. Reliance on 
redundant trains of safety systems with identical components results in common cause failure 
accounting for as much as 5% of the total CDF at some conventional plants.  

The AP1000® plant design has benefited from these insights by achieving a significant reduction in 
Common Cause Failures (CCF) affecting the Dominant Risk Mitigation Features. The Passive Core 
Cooling System (PXS) uses diverse components where it has been shown to be risk significant. In 
addition, the ADS has four separate stages with built-in diversity. The potential for common cause 
failures to disable the safety systems is therefore greatly reduced or eliminated. The AP1000® plant 
design uses a digital system for the protection I&C.  Such a system has a potential for CCF due to 
both hardware and software. The probability of such failures is reduced by extensive verification of 
the system.  In addition, a separate diverse I&C system is designed to provide actuation functions 
that are risk important in the unlikely CCF of the protection I&C system.  

Finally, AP600 and AP1000® plant aredesigned to have minimal reliance on Operator Actions. The 
operation of the front-line accident mitigation systems requires no operator intervention for success. 
Successful short term and long term core cooling is accomplished by automatic means to 
depressurize the RCS using the ADS and to initiate passive cooling using either recirculation 
between the RCS and the IRWST. While over 60 operator actions are credited in the AP1000® plant 
PRA, they involve actions to prevent an event form progressing to an accident conditions or they 
involve actions to mitigate an accident in which the front-line systems have failed to perform their 
function. 

Seven major PSA quantifications have been performed on the AP600 for CDF and Large Release 
Frequency (LRF), while one major quantification has then been performed on the AP1000® plant 
design. During each of these quantifications, the PSA results were reviewed for potential 
modifications. Many design and operation changes have been made based on these PSA insights, 
especially during the earlier AP600 quantifications, resulting in classical safety metrics of the 
AP1000® plant design (CDF and LRF) being roughly two orders of magnitude lower than the 
existing fleet.  

The evolution of PSA techniques and the definition, in the early 2000s, of industry standards for 
PSA development coincided with Westinghouse’s involvement in the development of the 
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conceptual design of the IRIS reactor, for which lessons learned from the AP1000® plant  design 
experience were used to make PSA an essential tool in the IRIS Safety-by-design philosophy. The 
risk-informed design approach applied for the IRIS reactor (Maioli, 2005) was therefore envisioned 
as a more intimate and continuous interaction between the design team and the PSA team, with a 
more structured feedback from the PSA to the design side. In this approach, PSA results have a 
more direct influence on the plant design, rather then simply following its development. 

The main “drawback” of such an approach is that probabilistic studies need to be initiated at a very 
early stage of the design, when several required design information may only be partially or 
qualitatively available. This requires a more flexible approach to probabilistic analysis than used in 
the past and, especially, results in a relevant number of assumptions, which importance in the risk 
assessment is well beyond what is currently handled in a PSA for operating plants. A fundamental 
part of using PSA in the initial design stage was therefore the documentation and monitoring of all 
these assumptions for further analysis and confirmation of their actual applicability.  

An IRIS PSA Assumptions Database was developed and was the primary qualitative tool used to 
store and document all the foreseen source of uncertainties: to each assumption added to the 
database, an associated degree of uncertainty was added, which was connected with the kind of 
design or analysis information that was still required. The database, as well as the uncertainty 
degree of each assumption, was continuously updated as the development of the design makes 
further IRIS-specific information available 

While this was a continuous process, it could be divided in phases, each phase focused on one of the 
major assumptions categories. The IRIS internal events CDF history summarized in Fig.3 shows the 
iterative relationship between the PSA and the design team, which is evident in the spikes in the 
CDF that can be seen after the dramatic reduction of the initial values due to the first iteration, 
which corresponded to the system requirement definition phase. CDF changes are usually due to the 
PSA model being updated and refined; such refinements can bring light to some new issues to be 
discussed and addressed with the design team and to additional details added to the initially 
simplified model. The most visible change in Fig.3 is for example due to the Human Reliability 
Analysis (HRA) that, along with the implementation of several design modifications identified 
during the first PSA iteration, was one of the main areas of work during the second phase of the 
IRIS PSA development. 

The PSA analyst supporting the design can by use of his experience add value ensuring that the 
expected operator actions are achievable within the required timeframe. Also the analyst can ensure 
that the action is one that the operator would indeed perform. This is obviously done before any 
plant procedures have been developed. 

The importance of assumption treatment, identification, and their link with model uncertainties is 
now even more recognized by PSA practitioners, even for the operating fleet. The development of 
the Westinghouse SMR is therefore adopting a similar approach in the identification and tracking of 
assumptions and the associated induced model uncertainties.  The new SMR PSA assumption 
database is going to be directly derived from current PWR Owners Group (PWROG) activities 
aimed at the identification of model related uncertainties. 

Finally, beyond its contribution in defining the design concept and philosophy and monitoring the 
design evolution through risk based measures, PSA will be used to support availability/reliability 
programs in a fashion similar to what was done for the AP design, for which Fault Tree modeling of 
systems unique to the AP design supported the reliability and availability programs aimed at 
satisfaction of the United States Advanced Light Water Reactor Utility Requirement Document 
(ALWR URD) and European Utility Requirement (EUR) targets for plant availability. As result of 
such activities, critical equipment has been identified and ranked through the availability models 
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and appropriate reliability target have been consequentially set to drive the AP1000®  plant 
availability well above the targets set by both the US ALWR URD and the EUR (Anderson, 2009). 
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Figure 3. IRIS CDF evolution with the design 

5.  Challenges to use of psa in design phase 

As mentioned, the main challenge in the use of PSA techniques to support the design phase of a 
nuclear plant is the lack of information, which exponentially increases the uncertainties associated 
to any quantitative risk measure that can be associated to an early design. Under this point of view, 
the risk-informed framework suggested in ANS 53.1, as described above, appears essential. The 
initial risk-based values, as provided by the PSA team in the requirement definition phase or in the 
initial design support, are significant only in the fact that allow for tracking what potential event is 
going to be a design basis accident rather than a beyond design accident and whether any design 
alternative initially considered becomes vulnerable to unacceptable events in the Frequency vs. 
Consequence curve.  

With the evolution of the design, as more information comes to be available, risk metrics become 
more realistic but they still need to be closely watched for the associated model uncertainties. The 
assumption/uncertainty database is going to track design alternatives in the form of different Event 
Trees or different Fault Trees explicitly modeled in the PSA, which will identify the uncertainty 
bounds for CDF and release frequency values.  

Another challenge to the use of PSA in design phase is the lack of a recognized standard against 
with to compare the technical adequacy of a PSA developed for a non-operating reactor, this in the 
view of the fact that the current ASME/ANS standard is dedicated to operating reactor and has 
requirements that are clearly not applicable until operation of the plant has commenced. 
Additionally, PSA standards already published only address Level-1 PSA (i.e., up to CDF 
evaluation with limited release frequency considerations) and do not address yet Level 2 (full scope 
release frequency assessment) or Level 3 (risk impact to population). To address this challenge, the 
ANS/ASME Joint Risk Management Committee which maintains PSA standard, is developing a 
technology neutral standard that would span from the initiating event definition to risk to the 
population (thus bypassing the concepts of Level 1, 2 and 3 PSA, which are tailored against the 
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light water technology and may not be able to accommodate different kind of designs). The 
technology neutral PSA standard (know as the Non-LWR PSA standard) is in its final stage of 
development and ready for public comments.  

Finally, risk-informed applications exclusively dedicated to new design, such as risk-informed 
emergency planning, have been discussed for SMRs. While the technical feasibility of a risk-
informed methodology has been addressed in multiple examples (see for example IAEA, 2010), 
there are challenges in the PSA application associated with such endeavour, such as the need for a 
full scope internal and external event PSA, which appears necessary. Current designs that have used 
PSA as support, have limited such support to internal events and have only used limited insights as 
far as external events (mainly seismic) are concerned (Kumagai, 2007); this has the potential to 
result in new design being extremely robust as far as internal events are concerned, and then being 
completely dominated by external events as far as the risk profile is concerned. While innovative 
design solutions are possible in an early design stage to cope with extreme events, the need for 
integrating external events considerations on a probabilistic basis at a relatively early design stage is 
going to be another challenge for effective and balanced use of PSA as a support of the design 
phase. 

6.  Conclusions 

PSA is playing and will play a significant role in the design of the Westinghouse SMR. Lessons 
learned from use of risk-information in the design of the AP600 and AP1000® plant and of the IRIS 
conceptual design are being applied.  In addition the experience of the PRA analyst will add insights 
from design and operation of present day nuclear plants. 

In addition, the PSA community is gearing up with guidance such as the ANS 53.1 and the Non-
LWR PSA standards, which will allow the development of new design to benefit from risk insights 
in an unprecedented manner. Still, significant challenges are expected on the path.  
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