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Use of PRA Techniquesto Optimize the Design of the IRIS Nuclear Power Plant
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True design optimization of aplant:sinherent safety and performance characteristics results
when a probabilistic risk assessment (PRA) isintegrated with the plant-level design process. This
isthe approach being used throughout the design of the International Reactor Innovative and
Secure (IRIS) nuclear power plant to maximize safety. A risk-based design optimization tool
employing a*“one-button” architecture is being developed by the Oak Ridge National Laboratory
to evaluate design changes; new modeling approaches, methods, or theories; modeling
uncertainties and compl eteness; physical assumptions; and data changes on component,
cabinet, train, and system bases. Unlike current PRAS, the one-button architecture allows
components, modules, and data to be interchanged at will with the probabilistic effect
immediately apparent. Because all of the current and previous design, modeling, and data sets are
available viathe one-button architecture, the saf ety ramifications of design options are
evaluated, feedback on design alternatives isimmediate, and true optimization and understanding
can be achieved. Thus, for thefirst time, PRA analysts and designers can easily determine the
probabilistic implications of different design configurations and operating conditionsin various
combinations for the entire range of initiating events. The power of the one-button architecture
becomes evident by the number of design alternatives that can be evaluatedC11 component
choicesyielded 160 design alternatives. Surprisingly, the lessons learned can be counter-intuitive
and significant. For example, one of the alternative designs for IRIS evaluated viathis
architecture revealed that because of common-cause failure probabilities, using the most reliable
components actually decreased systems' reliablity.
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I. Introduction Typica optimization programs use PRAsto optimize

The International Reactor Innovative and Secure (IRIS) plants on a system-by-system basis, one change at atime.
designisaimed at achieving four mgjor objectives: Previous evaluations are discarded. Unfortunately,
proliferation resistance, enhanced safety, economic optimization requires evaluating different system and
competitiveness, and reduced waste. The safety approach component configurations in various combinations for the
of Generation |1 reactors [current nuclear power plants entire range of initiating events. Thus, unlike current
(NPPs)] can be defined as coping with accidents: design optimization programs, the most effective PRA
conseguences by active means, while theimproved program should allow different types of plant systemsand
approach of Generation |11 reactors (e.g., AP600) is coping components, in different states, to be interchangeably
by inherently safer passive means. The design of IRIS, a evaluated. However, because each “new” plant
next-generation NPP, promotes safety to the next level configuration may or may not improve plant safety, all
through safety by design that eliminates most accident previous design alternatives should be retained to maximize
initiators while the consequences of other accidents are the benefits of arisk-based design.
rendered acceptable. Current PRAs are generally first drawn up to

The designers of the IRIS plant are using a saf ety-by- demonstrate safety and are often unsuited for applications
design approach to cover all aspects of safety (e.g., aimed at making design or operating decisions.? For design
internally, externally, and shutdown-initiated events) at the work, comparisons are made between design alternatives
very beginning of the design process. The design of IRIS using simplified models that can be used as the design
began using probahilistic risk assessment (PRA) very early progresses and later, the complex modelsthat are
in the design processCat the conceptual phase.? developed at design Afreeze points{ (i.e., full-scope PRAS).
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For example, during the design of the AP600, the iterative
process for the PRA included

development of a PRA model,

use of the model to identify weaknesses,
quantification of PRA benefits of alternate design and
operational strategies, and

adoption of selected design and operational
improvements.
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The scope and detail of the AP600 PRA model
increased as the plant design matured. The iterative
process (five stages and six revisions) resulted in a
number of design and operational improvements®

By developing a program that allows designers to use
the PRA to make design decisions regarding aplant’s
reliability, safety, and cost, designers can continuously
perform trade-off studies to identify strengths and
weaknesses. To create atool that designers could use on
acontinuous basis rather than in stages

requires arisk-based design optimization tool that
designers could (and would) actually use,
allowsthe designersto learn what makes a system
reliable,

allows designers to observe how changesin one
system affects other systems, and
providesimmediate feedback on design alternatives.
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The value of asystem for easily and quickly evaluating
design alternatives becomes apparent when considering
the final design approval (FDA) review for the CE System
80+ reactor containment design. The NRC requested that
the designers evaluate design alternatives that help
mitigate the consequences of severe accidents. Sixty-
three design alternatives were considered, and twenty-
seven were quantified.

[1. One-Button Architecture

Theideaof mixing PRA and design is nothing new.
Tools devoted to automatically constructing fault trees
have been proposed by several researchers since the
1970s, but most of thesetools (in particular, the first ones)
were characterized by adrastic simplification of the system
model to make the automatic treatment of the system
description possible. According to Carpignano, simplified
system modelsyield fault trees and models with low
accuracy that do not accurately represent the systemnrs
functioning or malfunctioning.” Thus, although the
concept of automatic fault tree construction is over 30
years old, the fact that analysts and designers do not use
it indicatesitsineffectiveness. In reality, no matter how
good the algorithm is for creating fault trees, this approach

will never be as good as a PRA analyst working directly
with the designers!

The objective isto have a baseline PRA of IRISwitha
collection of alternative system designs, modeling
approaches, modeling assumptions, physical
assumptions, level of detail, and datato evaluate their
importance. Optimization requires looking at different
cases for different systemsin various combinations.
Because the goal during the design of IRISisto usea
safety-by-design approach, feedback from lessons learned
must be easily incorporated into the models. Optimization
also requires that many aspects and influences on safety
must be evaluated in toto, not in isolation. To meet these
needs, the Oak Ridge National Laboratory (ORNL) is
devel oping arisk-based design optimization tool (RBOT)
that uses a one-button architecture to more easily evaluate
the risk impacts from different combinations of design
alternatives, modeling techniques, data sets, and external
events.

The one-button architecture is designed to evaluate
combinations of design and event options through sets of
fault tree modulesin adynamic PRA. Changing the design
isas simple as picking adesign alternative from a scroll-
down menu (Fig. 1). The RBOT computer program
automatically inserts the correct fault tree modul&(s) into
the PRA model in FaultTree+ ® re-links the correct
support systems, adjusts the common-cause failure
probabilities, and recal cul ates the parameters of interest. If
additional design alternatives are desired and are not
available in the scroll-down list of options, they can be
easily created and added by a PRA analyst. Because all of
the current and previous design, modeling, and data sets
are available viathe one-button architecture, the safety
ramifications of design options are evaluated very early,
feedback on design alternativesisimmediate, and true
optimization of the plant design can be achieved.

The parameters available for optimizing the design are
described below.

1. Reliability

The IRIS project is being managed with the philosophy
of designing reliability into the plant at the earliest
possible stage of development. Designing for reliability is
the most economically sound approach to take. This
approach differs from the numerous design optimization
and improvement programs traditionally used in the
commercial nuclear industry that have employed PRASto
optimize plants on a system-by-system basis. Optimization
requires evaluating different system configurationsin
various combinations for the entire range of initiating
events. The most effective PRA program would allow the
designers to assess the impact of various design options
themselves without having to become PRA experts. For
example, consider each of the following arrangements for
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Fig. 1 One-button architecture for PRA evaluations.

auxiliary feedwater (AFW) systems that exist at various
nuclear power plants:

$ Beaver Valey: 2B50% capacity motor-driven pumps
(MDPs) and 1B100% capacity turbine-driven pump
(TDP);

$ ANO 1: one MDP and one TDP (both 100% capacity
pumps);

$ Braidwood: one MDP and one diesel-driven pump
(both 100% capacity pumps).

Which of theseis better for an AFW system? How do
the various support systems affect the reliability of the
system? Are different valve types or system components
important contributors to system failure? Do test and
maintenance activities for different components affect the
availability of the system? How would you rank the
alternate system designs? How many alternate system
designs should be evaluated? A review of historical data’
shows that diversity of the AFW pumpsresultsin the
smallest system unreliability and that cross-ties between
trains has aminimal effect on system reliability because
pump failures are the most likely causes of system failures.
The best arrangement for AFW systems based on
historical data, and confirmed using RBOT, is2 MDPs and
1 TDP, followed closely by 1 MDP and 2 TDPs.

PRAsperformed in isolation (i.e., one change at atime)
result in numerous system designs, none of which are
guaranteed optimal. However, the one-button architecture
used for IRIS allows designers to evaluate the benefits

(and costs) of different types and capacities of
components (e.g., pumps and valves) and various systems
arrangements, including cross-ties between system trains.
These choices allow designers, and not just the PRA
analysts, to evaluate alternatives probabilistically, identify
the dominant failure modes, and focus on reducing the
calculated core damage frequency (CDF) by concentrating
on its dominant contributors.

2. Passive Safety

Early PRAs excluded failures of passive equipment
such as pipes, wiring, and multiple check valves from the
guantitative analyses because they generally represented
avery small contribution to system failure.® Because the
CDFsfor next generation NPPs (such as IRIS) should be
oneto two orders of magnitude |lower than those for
current-generation NPPs, passive failures may now be
measurable contributorsto the CDF. Conversely, if a
passive system requires some active component for
initiation, the exclusion of passive components may be
realistic because the failure probability of the active
component will dominate the system failure probability.

Designers and PRA analysts evaluating new designs
for inherently safe reactors must evaluate the physical
phenomenathat make the passive safety features
effective. Evaluations should include

$ determining and modeling how the safety functions of
the passive processes could be interrupted (e.g., is
external cooling of low pointsin anatural circulation
loop possible?); ™

$ identifying and probabilistically quantifying the
uncertaintiesin the physics of heat transfer in passive
systems (e.g., in a passive system, corrosion within
pipes might prevent natural convection from reaching
the designed operation point); and

$ evaluating and modeling the transition period between
the point at which the passive systems are “ spent,”
such as aninjection tank becoming empty, and the
start of active systems.

Designers must be aware that passivity by itself isnot
synonymous with improved safety and reliability.** Two
conclusions from the Korean Next Generation Reactor
(KNGR) PRA werethat sfety injection tanks had no
considerable effectsin reducing the CDF, while the reactor
cavity flooding system and catalytic hydrogen igniters
were important contributors to accident mitigation and to
containment protection after core damage occurs. (IRIS
does not have an emergency core cooling system, has
reactor cavity flooding capability, and has an inert
containment.)

The one-button architecture supports these new
modeling approaches by providing designerswith a
probabilistic evaluation of physical phenomena and



uncertainties for various passive designs coupled with
active systems. In addition, the one-button architecture
supports not only the standard binary approachCworking
or failed, which may not be adequate for passive
systemsCbut can support modules for degraded
conditions.

3. Internal and External Events

During theinitial design stages, design activities
typically focus on internally-initiated events such as | oss-
of-coolant accidents (LOCAS), operational transients, and
anticipated transient without scram (ATWS) events.
Because internal events are better understood and easier
to evaluate, significant effort and experience has identified
many initiators of internal events. For example, the AP600
PRA evaluates 26 initiating eventsin three
classesCLOCA, transient, and ATWSCeight of which
contribute >94% of the internally initiated CDF.

Focusing on reducing the internally initiated CDF could
have minimal impact on the total CDF. Externally initiated
events are often significant contributors to a plant=s total
CDF.* Individual plant examinations (IPEs) for current-
generation NPPs have shown that the CDF from seismic
events are of similar magnitude to, or even larger than the
CDF frominternally initiated events and that 70% of the
plants that performed I PEs proposed plant improvements
based on their seismic analysis. In addition, 25% of the
I PE external events submittals reported that the CDF from
fire exceeds internal-events CDF. Although none of the 70
IPEsfor external events (IPEEE) submittals identified any
high wind, flood, or other external-event-related
vulnerabilities, one plant lowered its flood CDF by three
orders of magnitude by improving door-penetration seals.
Without considering external events from a scoping
perspective to identify unique vulnerabilities, significantly
reducing the CDF from internally initiated events may
result in only marginally reducing the overall CDF.

It isalso important to evaluate the shutdown risk early
in the design phase because some passive safety systems
may not be available or may be ineffective during
shutdown. Therisk while aplant is shut down may exceed
the risk during normal operations.

The one-button architecture for IRISisideal for
evaluating the risk from shutdown and seismic events
early in the design. For example, consider evaluating a
seismic event using the one-button architecture. The one-
button architecture globally changes the data to reflect
that off-site power is unavailable because of an
earthquake, no off-site power recovery is assumed for up
to 24 h after the occurrence of an earthquake, all
components not qualified for the seismic event fail, and
normal failure rates apply for seismically qualified
components.” Fragility curves are used to refine CDF
estimates for the external events.

4. Aging

Aging concerns are not limited to active components.
New concerns with respect to aging arise because of the
reliance on passive safety systems. Influences such as
corrosion within piping could prevent natural circulation
cooling in passive systems. In general, a systenrs
operational mode is afactor influencing aging-related
component failures because components in some standby
systemsdisplay high aging fractions Thisis particularly
important for IRIS, which has a 48-month minimum
maintenance interval.

Through the use of the one-button architecture,
designers can now observe the effects of aging of
systems and components by adjusting the failure
probability (based on aging-related studies) and providing
apriority ranking of aged structures/passive components
to determine their risk significance. The goal is not just to
design areliable system for today, but to design asystem
that will be reliable for the duration of the plant fuel cycle
(i.e., 4 years). Those components with a high risk
significance are targets for exploring other design
alternatives. Thus, by incorporating this information into
the PRA models, designers can eval uate how aging
components affect system and plant reliability (e.g., at 1-
2-, and 4-years).

5. FailureData, Human Error Probabilities, and
Uncertainties

Component failure data, recovery probabilities, and
human error probabilities can vary greatly. For example, a
review of datafrom several NPP | PEs showed that the
failure probability for a spuriously operating block valve
differs between plants by afactor of over 10,000. Further
complicating the issue isthat in practice, most PRAs do
not provide much information regarding the failure of
passive components.

The one-button architecture for IRISis set up to
evaluate not only model changes but al so data changes.
Further, changes can beindividual or global. With aclick
of a button, designers can change data from different
plantsto high, low, and average values from a collection
of IPEs and back to IRIS-specific data. Datafor individual
components can also be changed viathe one-button
architecture. This allows designersto observe the
sensitivity of system reliability to the data and to identify
latent design weaknesses by using favorable or
conservative failure and recovery data. Similarly, IRIS
designers can take equipment out of service and observe
the impact of this action on the CDF. Further, thereisthe
benefit from being able to globally change the human error
probabilitiesto 0 or 1 for comparison with the base-case
CDF to evaluate the plant:=s sensitivity to operator actions.



I11. Risk-Based Design Optimization
1. Design Alternatives

Optimization requires evaluating different system
configurationsin various combinations for the entire
range of initiating events. A collection of design
aternatives for various systems for IRIS were identified
through the review of current and Generation |11 NPP
designs. For example, areview of operating NPPs shows
that typical relief systems[similar to IRIS:s automatic
depressurization system (ADS)] are one or two trains.
Generation |11 NPPs have more complex systems such as
two trains with four stages of pressure relief. Further
review shows that the block valvesfor the power-operated
relief valves (PORVs) may beinitially open or closed. By
providing choices for component type (air-operated or
motor-operated valves), initial valve position (open or
closed), number of trains (1 or 2), and valve capacity (50%
or 100%), the one-button architecture allows designers to
evaluate 40 unique design alternatives. Evaluating the
failure modes then provides clues on how the system can
be improved.

Using this example, by clicking asingle “button” to
change the design of the system, designers can learn that
for those events requiring pressure relief that:

$ with only one block valve, theinitial position of the
block valve does not matterCfailures of the PORV
dominate the reliability of the system;

$ 2B50% capacity PORV s do not provide sufficient
redundancy and are in fact worse than having just one
PORYV because the failure of either PORV / block valve
arrangement causes the system to fail;

$ trueredundancy (2B vs. 1B100% capacity valve)
improves reliability by an order of magnitude and not
the square of the PORV:sfailure probability because of
shared systems and components; and

$ for those events requiring pressure relief, it isfour to
six times better to have the block valveinitially open,
whereit hasto spuriously transfer to the closed
position than to haveit initially closed and having to
open.

2. Design Alternativesfor IRISADS/ Emergency Heat
Removal System (EHRS) Design

The next test for the one-button architecture was to
evaluate amore complex example that allows designers to
change component types and configurationsin multiple
systems. Not only must all of thisinformation
automatically adjust to the option chosen, but common-
cause failure (CCF) data and support systems must be
updated. The one-button architecturein RBOT
automatically corrects the CCF probabilities and realigns
the correct support system(s) for the different components
in the FaultTree+ models. Thus, even with complicated
systems and alternatives, designers can not only observe

if the systemis morereliable, but can aso understand why
the system is better or worse.

Fig. 2 showsthe safety systemsfor the IRIS reactor. A
total of eleven design alternatives were provided for the
ADS and the [PJEHRS. Alternatives for the ADSinclude
the type of block valves[air-operated valves (AOVS),
motor-operated valves (MOV's), or both] and their initial
position (open or closed), the number of trains, and the
capacity of therelief valves (50% or 100%). Alternatives
for the EHRS include the type of valves that must open on
either the main or the bypasslines (AOV's, MOVs, or both)
to initiate the system. Support systems changes required
(based on the options chosen) include actuation signals,
electric power, and instrument air. Required CCF
probability changes are based on the initial position of the
valves and the valve combinations chosen. The resulting
11 choices provide 160 unigue design alternatives! The
architecture meets the necessary condition that the order
in which the design choices are madeisirrelevant [i.e., the
answer (CDF) isinvariant].

Fig. 2 IRIS safety systems. [ADS isthe automatic
depressurization system, PEHRS is the passive emergency
heat removal system, and LTCMS isthe long-term core
makeup system.]

With the use of the one-button architecture, the impact
of different components and system arrangementsis
readily apparent to designers. If adesigner chooses a
system arrangement with both PORV block valves closed
and both trains 100%, (s)he will note that the dominant
contributor to system failure is the CCF probability of the
block valvesto open. By knowing the largest contributor
to system failure, adesigner can now begin to evaluate
design alternatives. The simplest way to reduce the CCF
probability of the block valves' failing to open isto have
the block valves already open. The penalty for thiswould



be an inadvertent opening of a PORV. Because all
initiating events are considered in the trade-off studies,
any gains or losses are net gains or losses. Thus, for the
ADS, it isobserved that having the block valves originally
open improves system reliability 20% and reduces the
CDF 3.5% (Fig. 3). Once this CCF probability is reduced,
the type of block valve (e.g., MOV or AOV) is
inconsequential.
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Fig. 3 One-button architecture providing design
alternativesfor the ADS.

By applying similar optionsto the EHRS and having the
results immediately available, designers would notice that
asystem with all AOVswas the most unreliable. Although
using MOV s significantly improved the system, using a
mix of AOVsand MOV s provides the most reliable system
(Fig. 4). In fact, amixed-valve system improves system
reliability by 42%; the CDF isreduced by 23% (Fig. 5).
With the resultsimmediately available, designerswould
learn that with a mixed-valve EHRS, the dominant failure
modes are the CCF of the check valves (~95%) and the
rupture of the refueling water storage tank (RWST) (~5%).
(The CCF probability of the AOVsand MOVsin amixed
valve system isaminor contributor to system
unreliability.) The designers' next step would beto try to
reduce the CCF probability of the check valves. A review
of the AP600 PRA ™ shows the difficulty designers facein
thistask. About 21.5% of theinternally initiated CDF for
the AP600 involves an initiating event and the CCF of
some check valves; another 10.9% of the CDF involves an
initiating event, the CCF of some check valves, and
another independent hardware failure. Thus, by knowing
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Fig. 4 One-button architecture providing design alternatives
for the EHRS.

why and how the system fails, adesigner would learn that
for this system, further improvementsin the system’s
reliability will be difficult because check valves are needed
to prevent reverse flow.

With the wealth of information available to designers
through the one-button architecture, they can now
eval uate the numerous design alternatives and begin to
consider production, operation, and maintenance costs.
For example, if the use of amixed-valve system
significantly increases operation and maintenance costs, a
decision could be made to maintain all MOVsin the EHRS
because system reliability does not decrease appreciably
(Fig. 5). Thus, for the first time, plant reliability and cost
attributes can be optimized simultaneously.
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Fig.5 System failure probability based on PORV block
valve position and EHRS valve type.



3. LessonsLearned

A significant observation isthat relatively few
component choicesresult in avery large nurmber of design
alternatives. The 11 component choices for the ADS and
EHRS (type, position, capacity) resulted in 160 design
alternatives. The one-button architecture allows all of
these alternatives to be evaluated probabilistically with
ease and providesdesignersinsightsinto system
behavior. In addition, the architecture allows analysts to
evaluate all of the design alternatives by providing alist of
the top (best) and bottom (worst) “n” alternatives.

Another important lesson learned is that what appears
to bealogical decision for “optimizing” a system (without
actually evaluating it) may in fact be the wrong decision.
For example, removing MOV s from consideration because
their failure probability istwo to three times that of
AOVs™*® would be wrong. A more detailed evaluation
shows that the CCF probability for two AOVsistypically
greater than that for two MOV s by afactor of 1.2t0 2.0
(Refs. 15-17, 19) (Fig. 6). Because CCFstypically dominate
the failure modes of reliable systems (i.e., the
CCF probability islarger than the failure probability for the
independent valves multiplied together), using the more

“unreliable” valvesresultsin amore “reliable” system

(Fig. 7).

True optimization must consider not only different
aternatives for valves (motor-, air-, or solenoid-operated
valves) but alternatives for al equipment including pumps
(motor-, diesel, or turbine-driven) and instrumentation and
controls (analog and digital). Asthe evaluation of IRIS
saf ety systems shows, true optimization must consider
CCFs, recovery factors, unavailability of components and
systems from test and maintenance, and the initial
conditions of the equipment (open and closed).

V. Conclusions

Optimization requires looking at different casesfor
different systemsin various combinations. Similarly,
understanding how a plant operates and how different
modeling assumptions affect the results requires this same
type of procedure to see how everything behaves under
different circumstances. By use of PRA modules that can
be changed with the touch of a button, IRIS designers can
easily perform trade-off studies of different system
arrangements. Feedback early in the design process
provides designers with the opportunity to examine and
better understand the imp acts of design alternatives as
they are integrated at a systemslevel. Evaluating failure
modes provides clues on how the system can be
improved. Further, with information available early in the
design process on external events (e.g., seismic and
flooding) and shutdown events, designers will be ableto
significantly improve the safety; reliability; and cost of
building, maintaining, and operating the plant.
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Fig. 6 Common-cause failure probabilities for AOV's and
MOV sfrom different PRAS.
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Fig. 7 The use of more reliable components may resultin a
more unreliable system because of common-cause failure
contributions.

The risk-based tool for IRIS has shown that afew
component choices yield many design alternatives and
that “logical” decisions for optimization may be wrong.
Because all of the current and previous design, modeling,
and data sets are available via the one-button architecture,
the safety ramifications of design options are evaluated,
feedback on design alternativesisimmediate, and true
optimization and understanding can be achieved.
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