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Abstract

Outage Risk Assessment and Management (ORAM) is a computerized methodology developed by the
U.S. Electric Power Research Institute (EPRI) to help Nuclear Power Plant personnel manage the risk
and safety associated with refueling and forced plant outages. Today, over 60 plants including NPP
Krsko are using ORAM during the preparation and performance of plant outages. In fact, many
plants are attributing much of the reductions in the duration of refueling outages to the use of ORAM.

The success of the ORAM methodology is the capability to provide plant and management personnel
with understandable results from both deterministic evaluations of plant safety and quantitative risk
assessments. The Nuklearna Elektrarna Krsko (NEK) use of ORAM involves both of these
approaches. The deterministic portion of ORAM is used to model the NPP Krsko Shutdown
Technical Specifications and administrative considerations. The probabilistic portion of ORAM uses
industry and NEK specific initiating events and other risk elements pertaining to shutdown to derive a
quantitative risk assessment for various end states, including core damage and RCS boiling. The
deterministic and probabilistic approaches to safety complement one another. This paper expands on
the value of each approach and demonstrates the benefits of combining these elements in the
decision-making process.

Another key advantage of ORAM is the ability to apply the methodology to specific outages. Since
no outage is identical, this provides tremendous benefits to plant personnel for managing the safety
and risk of a particular outage. ORAM does this by organizing all of the various plant configurations
and equipment unavailability windows into numerous plant states. Furthermore, ORAM evaluations
can be "automated" by interfacing with outage scheduling software programs such as Primavera. For
each plant state, the deterministic and the probabilistic logic evaluations are applied. This paper will
demonstrate the ORAM evaluation for an actual NPP Krsko outage

Background

The ORAM program grew from shutdown safety studies originating in early 1991. EPRI recognized
a need for heightened awareness in the area of shutdown risk as a result of various events and
initiatives. Currently, the US Nuclear Regulatory Commission (NRC) is considering a proposed rule
on shutdown safety. In addition, outage durations are being reduced in order to assure economic plant
operations. Without a consistent methodology for managing outages, extensive outage length
reduction is not possible. ORAM has been demonstrated to provide this needed consistency.

NEK's use of ORAM originated in 1993 in response to a regulatory initiative for a plant specific
shutdown risk model. NEK worked with ERIN Engineering, the developers of the ORAM software,
to construct a specific NPP KrSko ORAM PSSA model which was completed in 1994. In addition, a
deterministic ORAM model was also developed. Since model completion in 1994, NEK has used
ORAM to evaluate refueling outages. In 1997, NEK embarked on a project with ERIN to refine both
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the probabilistic and deterministic ORAM model. This model has been applied to the April 1998
refueling outage.

Overview of the ORAM Process

Figure 1 illustrates a flow diagram of the ORAM process. ORAM can receive equipment
unavailability information by electronic interface with outage/maintenance planning schedules. In
the case of NPP Krsko, this is Primavera. This interface populates the ORAM Plant States Database
(PSDB). This interaction with the maintenance schedule allows plant personnel to immediately
reevaluate safety based on the latest changes to the overall schedule. Users can also manually change
the PSDB to conduct sensitivity scenarios or evaluate inadvertent equipment unavailabilities that are
not in the schedule. The PSDB not only contains equipment unavailabilities, but also provides
important configuration information such as RCS level.
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Figure 1: ORAM Flow Diagram

The ORAM framework also allows the user to define any number of expressions or constants. In
addition, ORAM keeps track of time dependencies (e.g., days after shutdown). This feature enables
users to develop expressions and logic based on time available rather than being forced to use point
estimates. For this, thermal hydraulic data relating to the time to RCS boiling and time to core
uncovery for various temperatures and configurations are used within the user-defined expressions.
Initiating event recovery curves and operator response equations are also used. Constants from the
IPE such as initiating event frequencies and random failure probabilities are also used as ORAM
variables.

ORAM also has its own system dependency fault trees. The maintenance data populating the PSDB
from the schedule interface often only include equipment/trains which are tagged out for
maintenance. However, a key system may be unavailable, not because the system itself is tagged out,
but because its support systems such as electrical power or service water are tagged out for
maintenance. Therefore, ORAM fault trees are used to capture these dependencies to determine
actual system unavailabilities. Since these fault trees are based on maintenance data, only house
events, (i.e., available/unavailable) are used. Uncertainty data is then used within the ORAM event
trees.

The PSDB system dependency fault trees, and user-defined expressions are used in both the
Probabilistic Shutdown Safety Assessment (PSSA) portion and the deterministic Risk Management
Guideline (RMG) portion of ORAM. These quantitative and qualitative portions can be developed
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When using RMGs for outage evaluation, each outage is divided into a series of discrete shutdown
states defined by plant mode, availability of RCS inventory, and RCS configuration. Each plant state
is reviewed relative to several key safety functions. The following safety functions are considered for
the NPP Krsko base deterministic model:

• Reactivity Control
• Decay Heat Removal
• Inventory control
• Spent Fuel Pool Cooling
• Electric Power Availability
• Cooling Water/Vital Support
• Containment Integrity and Cooling

The relative reliability of each safety function is determined by decision logic contained in shutdown
safety function assessment trees. A "color" is assigned to the safety function indicating the relative
degree to which the safety function is supported. Colors range from green through yellow, orange,
and red. The color determines the defense in depth for a selected safety function in a given plant
state, and how well the plant is managed in that condition determined the risk. Risk management
guideline documents exist for each color, for each safety function, and for each plant state. The risk
management guidelines are a compendium of information of risk significance for the condition under
review.

Within the ORAM software, plant personnel are given the opportunity to respond to each RMG with
explanation for the particular action taken. Thus, permanent records of actions and justifications
before, during and after an outage or power evolution can be kept.

Risk Management Guideline Use for Special Events

The deterministic framework of the ORAM Risk Management Guideline process provides an
excellent platform for evaluation of safety considerations in addition to the above conventional safety
functions. Along these lines, pilot studies for evaluation. of shutdown fire vulnerabilities and
shutdown flooding vulnerabilities were incorporated into the ORAM RMG logic. Past experience has
shown that it is difficult to attempt to quantify these vulnerabilities at shutdown. This difficulty stems
from the inability to predict, to the extent done for the at-power PSA, the plant shutdown
configurations and equipment unavailabilities, and the increased use of ignition sources in the plant
(e.g., grinding and welding). Using the ORAM RMG process, a qualitative assessment of the
vulnerabilities associated with potential fires and floods is provided. This serves a major industry
objective of increasing awareness and, thereby, enhancing safety in regard to these events. This is
accomplished through the Shutdown Safety Function Assessment Tree (SSFAT) logic with extensive
use of individual guidelines.

Application of the ORAM Process at NPP Krsko

The ORAM PSSA and RMG evaluations discussed above were applied to the NPP Krsko refueling
pre-outage schedule. The pre-outage schedule indicated the outage duration would commence on 25
April 1998 and end on 28 May 1998. Outage activities include work on all major systems including
both trains of RHR, both emergency diesel generators, both Safety Injection trains, both Charging
System Pumps, both Emergency Service Water trains, both AFW motor driven pumps, and AC and
DC electrical busses. Some of this equipment was unavailable for short periods of time (e.g., hours)
while other equipment outages took days to return to service. Much of the work was done during the
defueled period. The outage also contained midloop operation for installing and removing steam
generator nozzle dams. The results of evaluating safety and risk on the pre-outage schedule are
described next.
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and used separately. But the most successful applications of ORAM have used the combination of
both approaches, as was done for the NPP Krsko April 1998 Outage. Each methodology is discussed
below followed by application examples.

Probabilistic Shutdown Safety Assessment (PSSA*)

The PSSA employs the basic principles of a Probabilistic Safety Assessment (PSA) to quantify
endstate frequencies for various initiating events considering thermal hydraulic aspects, failed human
actions, equipment unavailabilities, and safety function equipment failures. Endstates include not
only core damage, but also bulk core boiling and spent fuel pool boiling. Equipment unavailabilities
and failure probabilities are quantified. Results include a timeline of endstate frequencies during an
actual outage.

The basic elements of PSSA include the following:

• The outage is represented as a series of plant states.
• Plant thermal hydraulic considerations are included in the model.
• Operator responses are captured within the model.
• System dependencies are captured in Fault Trees.
• Initiating events for each end state are developed.

During an outage, the thermal hydraulic analysis is a key input to the endstates under consideration.
Decay heat is a function of time after shutdown. As decay heat decreases, it takes more time to
progress form an initiating event to RCS boiling to excess fuel temperature. The thermal hydraulic
analysis also provides insights such as the applicability of certain backup systems to remove decay
heat.

The initiating events considered in the PSSA reflect challenges to safety functions in the shutdown
configurations. Decay heat removal and inventory control are the primary safety functions challenged
which would result in the RCS Boiling and/or Core Damage end states. The following represent NEK
specific initiating events in the PSSA model:

• DHR Pump Failure
• Loss of Offsite Power
• Loss of AC Power Bus
• RHR Isolation Events
• Loss of CCW/ESW
• Rapid Draindown Events
• Small Leak Events

In the PSSA, time-dependent analytical expressions rather than point estimates are used to model the
initiating events. The use of analytical expressions allows more effective consideration of the unique
plant states, thermal hydraulic considerations, human performance and hardware reliability.

Risk Management Guidelines - Conventional Model

The Risk Management Guideline (RMG) framework of the ORAM program forms the basis for
complete and consistent safety reviews of outages during the planning phase, the actual outage, and
for post outage/evolution critiques. The RMG model provides a methodology to improve the
technical basis for safety management decisions. It focuses on two important inputs: (i) a measure of
defense in depth, given plant conditions, and (ii) safety enhancement actions commensurate with the
degree of defense in depth. This methodology further provides discipline to the decision process and
attempts to remove subjectivity from the process. The result is an approach to safety management
which produces traceable and repeatable decisions.
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Probabilistic Shutdown Safety Assessment (PSSA) Results

An ORAM risk profile graph for the RCS Boiling endstate for the pre-outage schedule is shown in
Figure 2. The units are in events per hour rather than events per year. At the start of the outage, the
risk is relatively high because decay heat is high and inventory is low. The variations between 26
April and 2 May represent activities pertaining to steam generator availability/unavailability such as
opening a large vent and then proceeding to reduced inventory for nozzle dam installation. On 2
May, the reactor cavity is flooded. From 4 May 19:00 to 5 May 01:00, the core is deluded. Then on
20 May the inventory is lowered to the reactor flange. On 24 May it is further reduced and later on 24
May, the RCS is completely intact. However, steam generator heat removal is not available at this
time. Finally, on 26 May reactor heat up begins and the hot shutdown state is reached.

The pre-outage core damage risk profile is provided in Figure 3. As shown, the profile is similar to
that of RCS boiling, except the magnitude of risk is significantly lower.
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Figure 2: NPP Krsko Pre-Outage RCS Boiling Risk (Events Per Hour)
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Figure 3: NPP Krsko Pre-outage Core Damage Risk (Events Per Hour)
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Thus it can be seen that changes in the risk profiles for both RCS boiling and core damage can be
directly attributed to ongoing outage configuration changes and activities. Spent fuel pool risk was
also evaluated but is not addressed within this paper.

Risk Management Guideline Results

The overall RMG evaluation is illustrated in Figure 4. Here, the "green" indication (darker gray on
the chart) in most safety functions throughout the outage reflects a relative safe outage plan, (here
are a number of "yellow" conditions (light gray regions on the chart) in several safety functions. This
represents a change of defense in depth status to a slightly lower state, but still acceptable. The
"orange" conditions (medium gray diagonal cross-hatched) which exist arc categorized as reduced
defense in depth representing marginal risk. In general, contingency plans will be developed for the
"orange" conditions. There are no "red" conditions in this pre-outage plan. Red conditions indicate a
Technical Specification violation or otherwise unacceptable risk configuration. Red conditions
should never be planned.

The "orange" conditions which do exist deserve some explanation. The Orange for Decay Heat
Removal on 1 May is for a planned RHR Train A outage just before the cavity is flooded. This
condition will be reevaluated and possibly postponed until the cavity is flooded. The Orange for
Containment Integrity and Cooling from 3 May to 5 May represents a period where work is being
done on a penetration isolation valve. This is considered a higher risk activity since this may affect
containment closure. Also during this period, one of the containment fan cooling trains is
unavailable. The Spent Fuel Pool Cooling Orange periods correspond to 125 V DC bus outages.
Plant personnel have developed a contingency by arranging to have backup DC power available
during these periods.
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Figure 4: NPP Krsko Pre-outage Safety Function Display

The Orange conditions for SD Fire Vulnerability and SD Flood Vulnerability exist mainly because
NPP Krsko has many common areas containing components or cables from both divisions oi power
and equipment. Therefore, in many cases single vulnerabilities do exist. The more vulnerable
periods of the outage are then highlighted in Orange. This serves to provide heightened awareness.
Further insights can be gained by tracing the model logic.
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Tracing ORAM Results

To more effectively use the results of the risk and safety evaluations, ORAM provides the capability
to trace any period of time in either the risk profile or the safety function (color) display to the plant
configurations and equipment unavailability data downloaded from the maintenance schedule. This
very powerful feature enables plant personnel to pinpoint the maintenance activities of concern,
thereby facilitating the decision-making process.

An example of one level of tracing from the Safety Function Display for Shutdown Fire Vulnerability
is shown in Figure 5. Figure 6 shows one of the corresponding individual guidelines.
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Figure 5: SSFAT Tracing Example for Shutdown Fire Vulnerability
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Figure 6: Guideline Example for Shutdown Fire Vulnerability
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In this case, time to RCS boiling is greater than 2 hours with RHR Train A and one train of Safety
Injection initially available. An orange or marginal risk state has resulted. In general, the design of
NPP Krsko is such that there are several fire areas where single fire vulnerabilities exist. The
structure of each SSFAT and content of each decision block is completely user-definable. Each of
these SSFAT decision blocks can be further traced through the system dependency fault trees and
PSDB parameters back to the originating maintenance activity imported from the outage planning
software. The individual guidelines can also be referenced to provide more detailed insights
regarding the nature of the vulnerability.

Summary

EPRI's Outage Risk Assessment and Management (ORAM) methodology is being effectively applied
as a decision-making tool to help evaluate equipment outages both at shutdown and during power
operation. The key to its success is the capability of combining qualitative deterministic approaches
with quantitative risk analysis as is being accomplished at NPP Rrsko.

The quantitative analysis through the ORAM PSSA and the qualitative evaluation through the ORAM
RMG portion complement one another. The PSSA can be used to provide valuable estimations of
actual risk for various endstates (e.g., RCS boiling and core damage) throughout the changing
configurations of the outage. The RMG evaluation additionally concentrates on maintaining defense
in depth for various safety functions. The RMG process captures major Technical Specification and
administrative requirements. The framework of the RMG process could also be used for special
shutdown considerations such as vulnerabilities to fire and flooding.

Both the PSSA and the RMGs can be automated by direct linkage of the common Plant States
Database with outage scheduling programs (e.g., Primavera). The advantage of this interface is the
ability to rapidly assess a change or numerous changes to a schedule or equipment availability. The
results will reflect the risk and safety levels corresponding to the revised schedule. The capability to
trace both the PSSA and RMG results to the originating maintenance activitie(s) facilitates plant
personnel flexibility in rescheduling the maintenance prior to experiencing an undesirable situation.
Use of ORAM at the majority of US nuclear power plants has contributed to significant reduction in
outage lengths.
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