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15 SAFETY ANALYSES

This chapter addresses all ESBWR plant safety analyses. The details of most of the safety
analyses are contained within this chapter; however, per the Regulatory Guide 1.70 format, some
safety analyses are addressed in detail in other design control document (DCD) Tier 2 chapters
(e.g., emergency core cooling system [ECCS] performance is addressed within Section 6.3). For
those safety analyses not addressed in detail in Chapter 15, references are provided to their
locations within Tier 2.

15.0 ANALYTICAL APPROACH

In this chapter, the effects of anticipated process disturbances and postulated component failures
are examined to determine their consequences and to evaluate plant capabilities to control or
accommodate such failures and events. System response analyses are based upon the
equilibrium core loading documented in Reference 15.0-6, and are used to identify the limiting
events for the ESBWR. Other fuel designs and core loading patterns, developed in compliance
with Appendix 4B, similar to the equilibrium core, do not significantly affect the sensitivities
demonstrated by this study. Evaluation of these limiting events for each plant fuel cycle ensures
that criteria 2 and 3 of Table 4B-1 and the criterion in Appendix 4B.6 are met.

The results of the system response analyses for the initial core loading documented in
Reference 15.0-7 are provided in Reference 15.0-8. System response analyses bounding
operation in the feedwater (FW) temperature operating domain are documented in
Reference 15.0-9.

GE Hitachi Nuclear Energy (GEH) has developed a unique systematic approach to plant safety
consistent with the GEH boiling water reactor (BWR) technology base. The key to the GEH
approach to plant safety is the Section 15.1 Nuclear Safety Operational Analysis (NSOA). A
NSOA is a system level qualitative failure modes and effects analysis (FMEA) of plant protective
functions to show compliance with the events addressed in Chapter 15. Key inputs into the NSOA
are derived from the applicable regulations, through industry codes and standards, and the plant
safety analyses.

In Section 15.1, all unacceptable safety results and all required safety actions are identified. In
addition, an evaluation of the entire spectrum of events is consistently carried out for the
ESBWR to demonstrate that a consistent level of safety has been attained.

The NSOA acceptance criteria are based on Title 10, Code of Federal Regulations (10 CFR) and
the guidance provided in NUREG-0800 (Standard Review Plan [SRP]).

The starting point for the NSOA is the regulatory acceptance criteria and design code allowables
such that the acceptability of safety analysis results can be determined. This concept enables the
results of any safety analysis to be compared to applicable criteria. Unacceptable safety results
represent an extension of the nuclear design criteria for plant systems and components that are
used as the basis for system design. The unacceptable safety results have been selected so that
they are consistent with applicable regulations and industry codes and standards.
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The focal point of the NSOA is the event analysis, in which all safety-related protection
sequences are evaluated until all required safety actions are successfully completed. The event
analysis identifies all required front-line safety systems and their safety-related auxiliaries.

The full spectrum of initial conditions limited by the constraints placed on planned operation is
evaluated. All events are analyzed until a stable condition is obtained. This ensures that the
event being evaluated does not have an unevaluated long-term consideration.

In the event analysis, all safety-related systems, operator actions and limits to satisfy the required
safety actions are identified. Limits are derived only for those parameters continuously available
to the operator. Credit for operator action is taken only when an operator can be reasonably
expected to perform the required action based on the information available to him.

In the NSOA, a complete and consistent set of safety actions (i.e., those required to prevent
unacceptable results) has been developed. For all of the events that are evaluated, a single-
failure-proof path to plant shutdown is identified. ~The application of the 10 CFR 50,
Appendix A single-failure criterion to these events is imposed as an additional measure of
conservatism in the NSOA process.

15.0.1 Classification and Selection of Events

The classification of events for the ESBWR is primarily based on the classifications and terms
used in 10 CFR because:

e 10 CFR has authority over all other document types;

e The SRP and Regulatory Guide (RG) 1.70 do not provide specific definitions for all
versions of abnormal event categories;

e The SRP and RG 1.70 do not use the same terminology for the non-accident abnormal
events, and thus, the non-accident abnormal event classifications within the SRP and
RG 1.70 could be misinterpreted;

e The non-accident abnormal event classification terms in the SRP and RG 1.70 are not the
same as the abnormal event classifications in 10 CFR;

e 10 CFR specifically defines an anticipated operational occurrence (AOQO), Loss-of-
Coolant Accident (LOCA), Anticipated Transient Without Scram (ATWS), normal
operation, design basis events (DBEs), and a number of associated terms; and

e The use of terms is more consistent within 10 CFR than in the SRP or RG 1.70.

The most recently certified BWR (i.e., the Advanced Boiling Water Reactor [ABWR]) licensing
documents are used for additional guidance.

The DBEs in 10 CFR assume an initiating event (and any resultant failures) with or without a
single active component failure or operator error. Postulating design basis events that assume a
failure beyond the single failure criterion or a common-mode failure are not specifically required
by 10 CFR. However, 10 CFR does require evaluations of three specific event scenarios, i.e.,
Safe Shutdown Fire, Station Blackout (SBO) and ATWS, and some of these event scenarios do
assume failures beyond the single failure criterion and common-mode failures. Therefore, these
events should not be classified as DBEs. However, their safety analyses are included in the
ESBWR DCD.
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Historically, DBEs should have annual probabilities > 10°. Therefore, any event with an annual
probability of < 10 is not considered credible, and thus, is not classified as a DBE.

10 CFR, SRP and RG 1.70 postulate events that (for the ESBWR with its advanced design
features and additional redundancy) require failures beyond the single failure criterion or require
common-mode failures. Those events are included in the ESBWR DCD, but not as DBEs.

Per 10 CFR, AOOs are expected to occur once in a plant’s lifetime, while accidents are low
probability events that are not expected to occur during a plant’s lifetime. Because the ESBWR
has a design life of 60 years, any abnormal event that has an annual probability of occurrence
> 1/60 could be classified as an AOO. However, based on BWR experience, a value of > 1/100
1s used.

Based on 10 CFR, the SRP or a Nuclear Regulatory Commission (NRC) reviewed Licensing
Topical Report (LTR), the safety analysis acceptance criteria for each of the special events is
developed on an event-specific basis.

10 CFR consistently refers to any failure of a fission product barrier that results in an offsite
radiological consequence as an accident.

15.0.1.1 Approach For Determining Event Classifications

(1) Per 10 CFR, the 10 CFR 50 App. A definitions, General Design Criteria (GDC), the
10 CFR 50.49 design basis event definition, SRP 6.1.1, SRP 15.0.1, RG 1.183 and
guidance from events addressed in the SRP:

a. Divide the types of events as DBEs, and by exclusion, all other events as special events;
b. Provide the basis for which events should be classified as AOOs;

c. Provide the basis for a (non-AOO and non-accident) classification of events with lower
probabilities than AOOs, but for conservatism historically not treated or classified as
accidents; and

d. Generate the criterion for determining which type of accidents shall be classified as
design basis accidents (DBAs), and by exclusion, which shall not (all other accidents).

(2) Per the regulatory definition of an AOO (event probability), historical information and
guidance from the SRP determine specific criteria for classifying events as AOOs.

(3) Based on (a) regulations associating accidents with radiological consequences, (b)
application of single failure criterion, (c) SRP and RG 1.70 guidance for the types of events
that should be addressed in Chapter 15, (d) SRP acceptance criteria for transient/AOO events
that result in fuel failure, and (e) historically consistent terms, generate a classification term
and criteria for determining non-AOO and non-accidents events, which (a) should be treated
as design basis events and (b) result from an initiating event with or without assuming a
single active component failure or single operator error. Include this new DBE term in the
DBE classifications.

(4) Based on 10 CFR, SRPs, and RG 1.183 generate a definition for an accident.

(5) Based on (a) reviewing 10 CFR that have added other abnormal events (e.g., ATWS, SBO,
Safe Shutdown Fire), (b) the fact that DBEs do not include common-mode failures or
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additional failure(s) beyond the single failure criterion, (c) reviewing the SRP events that
include common-mode failures or failure(s) beyond the single failure criterion, and (d)
historically evaluated non-DBE events and associated classification terms, generate
classification terms for non-DBEs that are addressed in Chapter 15.

15.0.1.2 Results of Event Classification Determinations

Table 15.0-1 provides the results of the event classifications in the form of a determination
criterion vs. event classification matrix. Table 15.0-1 is based on the results from the following
evaluation.

(1) a. Per 10 CFR 50.49, and the fact that the SRP treats all postulated abnormal initiating
events with or without assuming a single active component failure or single operator
error as if they are all design basis events, the following are classified as design basis
events:

e Normal operation, including AOOs;
e Infrequent events [see Item (3) for additional details];
e Accidents;
e External events; and
e Natural phenomena.
b. AOQOOs, by definition, are classified as part of normal operations, do not have radiological
consequences (except if in combination with an additional single active component
failure or single operator error), have more restrictive acceptance criteria (e.g., GDC 10

or 10 CFR 20 vs. 10 CFR 52.47) than accidents, and thus, are not accidents and shall not
be treated as accidents.

c. A classification term for events with lower probabilities than AOOs, but for conservatism
should not be treated as accidents, should be provided.

d. Except for AOOs, 10 CFR, SRP and RG 1.70 do not explicitly or implicitly apply any
quantitative event frequency criterion for defining any other abnormal event
classification. Therefore, event frequencies should not be used to determine accident
type event classifications.

SRP 6.1.1, SRP 15.0.1 and RG 1.183 are consistent in categorization of DBAs. A DBA
is an accident postulated and analyzed to confirm the adequacy of a plant engineered
safety feature.

By exclusion, all other accidents are not classified as DBAs.
(2) An AOO is any abnormal event that has an event probability of > 1/100 per year.

(3) The other (non-AOO and non-DBA) postulated abnormal events are classified as
“infrequent events.”

An infrequent event is defined as a DBE (with or without assuming a single active
component failure or single operator error) with:

a. Probability of occurrence of < 1/100 per year, and
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b. A radiological consequence less than a design basis accident.

(4) The other (non-AOO and non-infrequent incident) DBEs should be classified as accidents
with DBAs as a subset.

An accident is defined as a postulated DBE that is not expected to occur during the
lifetime of a plant, which:

a. Equates to either an American Society of Mechanical Engineers (ASME) Code Service
Level C or D incident, and

b. Results in radioactive material releases with calculated doses comparable to (but not to
exceed) the 10 CFR 52.47 exposures.

(5) Historically, non-DBEs that are evaluated in BWR safety analysis reports or DCD have
been termed as “special events.” As no better term has been specified in a regulatory
document, it is judged reasonable to maintain that term in the ESBWR DCD.

Special events
a. Are not included as design basis events in 10 CFR 50.49, and

i.  are postulated in 10 CFR to demonstrate some specified prevention, coping or
mitigation capabilities, without specifically requiring a radiological evaluation, or

ii.  include a common mode equipment failure or additional failure(s) beyond the single
failure criterion.

Note: Special events do not include severe accidents or other events that are only
evaluated as part of the plant Probabilistic Risk Assessment (PRA).

Because of the ESBWR’s advanced engineering and additional redundant features, some of the
abnormal events for earlier plants are classified differently for the ESBWR.

15.0.2 Abnormal Events To Be Evaluated

In selecting the AOOs to be analyzed as part of the plant safety analysis, the nuclear system
parameter variations listed below are considered possible initiating causes of challenges to the
fuel or the reactor coolant pressure boundary (RCPB).

e Decrease in Core Coolant Temperature;
e Increase in Reactor Pressure;
e Reactivity and Power Distribution Anomalies;
e Increase in Reactor Coolant Inventory; or
e Decrease in Reactor Coolant Inventory.
The AOOs considered in the ESBWR safety analyses are listed in Table 15.0-2.

The parameter variations listed above include all the effects within the nuclear system (caused by
AOOs) that can challenge the integrity of the reactor fuel or RCPB. The variation of any one
parameter may cause a change in another parameter. However, for analysis purposes, challenges
to barrier integrity are evaluated by groups according to the parameter variation initiating the
plant challenge, and which typically dominates the event response.
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The potentially limiting AOOs are identified in Subsection 15.2.6.

The infrequent events considered in the ESBWR safety analyses are listed in Table 15.0-2, and
are discussed in detail in Section 15.3. These consist of reactivity, power and pressure anomalies
such as the Control Rod Withdrawal Error, the Loss of Feedwater Heating (LOFWH) With
Failure of Selected Control Rod Run-In (SCRRI) and Select Rod Insert (SRI), and Generator
Load rejection with Total Turbine Bypass Failure. The potentially limiting infrequent events are
identified in the results subsection for each potentially limiting event.

The accidents considered in the ESBWR safety analyses are listed in Table 15.0-2, and discussed
in detail in Section 15.4.

The following accidents pose the most limiting challenge to plant design and radiological
exposure limits:

e LOCA Inside Containment;

e Reactor Water Cleanup/Shutdown Cooling (RWCU/SDC) System Line Failure Outside
Containment; and

e Fuel Handling Accident.

The LOCA is re-evaluated as part of the process for establishing the core operating limits for
new fuel types.

The special events evaluated as part of the ESBWR safety analysis are listed in Table 15.0-2, and
discussed in detail in Section 15.5. Special events that require re-evaluation for each fuel cycle
are identified in the analysis subsections for those events.

The computer codes used in each event analysis are listed in Table 15.0-8.

15.0.3 Determination of Safety Analysis Acceptance Criteria

Where acceptance criteria are specified in 10 CFR, those criteria or their equivalent SRP criteria
shall be used. However, if an acceptance criterion in the SRP conflicts with the associated
acceptance criterion in a regulation, then the criterion specified in the regulation is used. Where
an acceptance criterion is not specified in 10 CFR, the criterion in the SRP is used. Where an
acceptance criterion is not specified in regulations or the SRP, the criterion is developed
primarily based on a review of the regulations, and secondarily based on reviews of regulatory
guide(s) and the SRP.

A listing of the ESBWR abnormal events and their event classifications and relevant SRP section
is provided in Table 15.0-2. Table 15.0-2 is subject to change due to future probabilistic
analyses or regulatory considerations, and thus, may be revised in the future.

15.0.3.1 Anticipated Operational Occurrences

For AOOs, the GDC 10 acceptance criterion is: “The reactor core and associated coolant,
control, and protection systems shall be designed with appropriate margin to assure that specified
acceptable fuel design limits are not exceeded during any condition of normal operation,
including the effects of anticipated operational occurrences.” To meet the intent of GDC 10,
SRP 15.1.1 — 15.1.4 and SRP 15.2.1 — 15.2.8, detailed acceptance criteria for AOOs, both not in
combination and in combination with an additional single active component failure (SACF), or
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single operator error are provided. For an AOO, which is not in combination with an additional
SACEF or single operator error, the SRP 15.1.1 — 15.1.4 and SRP 15.2.1 — 15.2.8 criterion is “Fuel
cladding integrity shall be maintained by ensuring that the minimum critical power ratio (MCPR)
remains above the MCPR safety limit for BWRs based on acceptable correlations.”

A SACF or single operator error is a non-coincidental failure/error that is independent of the
initiating fault that caused the AOO. For an AOO in combination with an additional SACF or
single operator error, the SRP 15.1.1 — 15.1.4 and SRP 15.2.1 — 15.2.8 criterion is “fuel failure
must be assumed for all rods for which the critical power ratio (CPR) falls below those values
cited above for cladding integrity unless it can be shown, based on an acceptable fuel damage
model that fewer failures occur. There shall be no loss of function of any fission product barrier
other than the fuel cladding.” However, the SRP does not provide a specific radiological
acceptance criterion, in the event that fuel cladding failures do occur. As AOOs are part of
normal operation, GDC 60 and 10 CFR 20 apply.

The 10 CFR 20.1301(a)(1) 1 mSv (0.1 rem) annual dose limit combined with (i.e., subtracting)
the 10 CFR 20.1302(b)(2)(i1) 0.5 mSv (0.05 rem) annual limit (for normal airborne releases) is
the appropriate radiological acceptance limit for an AOO in combination with an additional
SACEF or single operator error (i.e., an AOO with an additional single failure). This position is
conservatively based on an assumption that an individual at the exclusion boundary annually
receives 100% of the 10 CFR 20.1302(b)(2)(ii) 0.5 mSv (0.05 rem) annual limit from normal
operations (which is conservative, when compared to the 10 CFR 50, Appendix I 0.1 mGy
(10 millirad) as low as reasonably achievable [ALARA] annual airborne gamma dose guideline),
and applying the 10 CFR 20.1301(a)(1) 1 mSv (0.1 rem) annual dose limit. Therefore, the
radiological acceptance criterion for an AOO with a single failure should generically be (1 mSv
— 0.5 mSv) = 0.5 mSv (0.05 rem) total effective dose equivalent (TEDE).

For AOOs, the GDC 15 acceptance criterion is that “The reactor coolant system and associated
auxiliary, control, and protection systems shall be designed with sufficient margin to assure that
the design conditions of the reactor coolant pressure boundary are not exceeded during any
condition of normal operation, including anticipated operational occurrences.” The equivalent
criterion in SRP 15.1.1 — 15.1.4 and SRP 15.2.1 — 15.2.8 is “Pressure in the reactor coolant and
main steam systems should be maintained below 110% of the design values,” which corresponds
to the ASME Boiler and Pressure Vessel (B&PV) Code Service Level B limit.

The SRP provides an AOO-related acceptance criterion that is not addressed in GDC 10 or 15,
which is “An incident of moderate frequency (i.e., an AOO) should not generate a more serious
plant condition without other faults occurring independently.”

Consistent with GDC 38, if an AOO involves Safety Relief Valve (SRV) or Depressurization
Valve (DPV) discharge, containment and suppression pool pressures and temperatures shall be
maintained below their design values.

Based on the above, Table 15.0-3 lists the DCD Chapter 15 safety analysis acceptance criteria
for AOO. Except for event-specific differences, Table 15.0-4 lists the Tier 2 Chapter 15 safety
analysis acceptance criteria for AOOs in combination with an additional SACF or single operator
error. These sets of acceptance criteria assume that all related safety analyses are performed with
accepted models.
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15.0.3.2 Infrequent Events

The ESBWR is designed such that any infrequent event would not result in the reactor water
level dropping to below the top of the core (i.e., active fuel).

For a new plant, 10 CFR associate the consequences of postulated accidents with the exposures
in 10 CFR 52.47. Infrequent events do not result in a larger consequence than the least severe of
the DBAs, and thus, their maximum radiological acceptance criterion should be <25 mSv (2.5
rem) TEDE. However, if the SRP specifies a different or additional radiological acceptance
criterion (e.g., a 10 CFR 20 limit or a different TEDE value), then the SRP acceptance criteria

apply.
Based on 10 CFR and the SRP, GDC 19 is the only basis for the acceptance criterion on control

room doses for all non-AOO abnormal event evaluations, such as infrequent events and
accidents.

Based on the ASME code classification of events with their associated stress limits and
historically accepted criterion, infrequent events most closely correlate with ASME B&PV Code
Service Level C limits. Therefore, reactor coolant system pressure should be based on the
ASME B&PV Code Service Level C limit, which is conservatively interpreted to correspond to
120% of design pressure.

If an infrequent event results in an SRV/DPV discharge or fission product release to the
containment, then containment stresses (i.e., pressures and temperatures) should be limited such
that there is no loss of a containment barrier safety function, and thus, the containment must
remain within its design limits/values.

Except for event-specific differences, Table 15.0-5 provides a generic set of acceptance criteria
for infrequent event safety analyses.

15.0.3.3 Accidents

For a new plant, 10 CFR associate the consequences of postulated accidents with the exposures
in 10 CFR 52.47. Non-DBAs should not result in a larger consequence than the least severe of
the DBAs, and thus, their radiological acceptance criteria should usually be limited to 25 mSv
(2.5 rem) TEDE. However, (like infrequent events) if the applicable SRP specifies a different or
additional radiological acceptance criterion (e.g., a 10 CFR 20 limit or a different TEDE value),
then the SRP acceptance criterion applies.

Based on 10 CFR and the SRP, GDC 19 is the only basis for the acceptance criterion on control
room doses for all postulated accidents.

For the DBAs, the SRP 15.0.1 and RG 1.183 provide the consequence acceptance criteria of
25 mSv (2.5 rem) TEDE, 63 mSv (6.3 rem) TEDE and 0.25 Sv (25 rem) TEDE [equivalent to
10%, 25% and 100% of the 10 CFR 52.47 exposures], depending on the specific DBA. For
DBAs, which do not have a consequence acceptance criterion specified in SRP 15.0.1 and/or
RG 1.183, the smallest (i.e., 25 mSv (2.5 rem) TEDE) criterion is applied.

For any accident that involves ECCS activation, the 10 CFR 50.46(a)(3)(b) acceptance criteria
apply, and thus, the calculated changes in core geometry shall be such that the core remains
amenable to cooling.
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RG 1.70 classifies accidents as “limiting faults,” which can be correlated to different service
levels or design conditions in the applicable industry code, e.g., ASME B&PV Code Service
Level C or D. To ensure conservatism and minimize the number of acceptance condition
options, for DBAs, reactor coolant pressure boundary components shall be limited to ASME
B&PV Code Service Level C limits.

If an accident results in an SRV/DPV discharge or fission product release to the containment,
then containment stresses (i.e., pressures and temperatures) should be limited such that there is
no loss of a containment barrier safety function, and thus, the containment must remain within its
design limits/values.

The set of acceptance criteria for accident safety analyses is provided in Table 15.0-6.

Because radiological acceptance criteria vary for the different event scenarios, for each non-
AOO design basis event scenario applicable to an ESBWR, Table 15.0-7 provides radiological
acceptance criteria.

15.0.3.4 Special Events

The acceptance criteria for each of the special event safety analyses are developed on an event-
specific basis, based on the coping, mitigation or acceptance criteria specified in 10 CFR, the
SRP or an NRC reviewed LTR.

15.0.3.4.1 MSIV Closure With Flux Scram

The main steam isolation valve (MSIV) Closure With Flux Scram analysis (commonly referred
to as the Overpressure Protection Analysis) event scenario is specifically chosen to bound all of
the design basis events with respect to the RCPB pressure.

The event requires/assumes:

e An operator error, multiple equipment failures or a common mode failure cause(s) the
MSIVs in all four main steamlines (MSLs) to simultaneously close;

e The two MSIV position switch circuits on three to six MSIVs fail, which causes the
MSIV position scram function to fail; and

e The reactor is shutdown by a high neutron flux scram trip.

The MSIV Closure With Flux Scram analysis demonstrates that the SRVs have adequate
pressure relief capacity to prevent the RCPB ASME B&PV Code Service Level B pressure
limit(s) and the Reactor Coolant System Pressure Safety Limit in the Technical Specifications
(TS) from being exceeded.

Therefore, this event only has the following acceptance criterion:

e Pressures in the reactor coolant and main steam systems shall be maintained below 110%
of their design values (i.e., not exceed ASME B&PV Code Service Level B).

15.0.3.4.2 Shutdown Without Control Rods

Assuming all control rod insertion mechanisms fail, for every fuel cycle, cold shutdown core
k-effective (kes) calculations are performed at various cycle exposure points, to ensure that the
Standby Liquid Control (SLC) system can inject adequate (boron solution) negative reactivity
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into the core to allow for cold shutdown. This analysis plus the normal control rod shutdown
margin calculations demonstrate compliance to GDC 26.

The Shutdown Without Control Rods event only needs/has the following acceptance criterion:
e Under the most reactive core conditions, ke shall be < 1.0.

15.0.3.4.3 Shutdown from Outside Main Control Room

A Shutdown from Outside Main Control Room (MCR) safety analysis shall demonstrate that the
plant can achieve and maintain safe shutdown, assuming the reactor is scrammed by the
operators before they vacate the MCR.

The ability to cope with a Shutdown from Outside MCR event is based on meeting the following
acceptance criteria:

e Adequate reactor coolant inventory is maintained such that reactor water level is
maintained above the core (i.e., top of active fuel);

e Achieve and maintain the plant to those shutdown conditions specified in plant TS as Hot
Shutdown; and

e If containment isolation is involved, containment and suppression pool pressures and
temperatures shall be maintained below their design values.

15.0.3.4.4 Anticipated Transient Without Scram

As documented in Reference 15.0-4, the generic BWR ATWS performance analysis acceptance
criteria are summarized below:

e Pressures in the reactor coolant and main steam systems are maintained below 120% of
the RCPB design pressure (ASME B&PV Code, Section III, Service Level C limit);

e Peak cladding temperature is within the 10 CFR 50.46 limit of 1204°C (2200°F);
e Peak cladding oxidation is within the requirements of 10 CFR 50.46;
e Peak suppression pool temperature does not exceed its design temperature;

e Peak containment pressure does not exceed containment design pressure;
e A coolable geometry is maintained; and

e Radiological releases shall be maintained within 10 CFR 100 allowable limits.

15.0.3.4.5 Station Blackout (SBO)

An SBO safety analysis shall demonstrate that the plant can cope with the effects (i.e., with
minimum equipment available) of an SBO for the duration of the SBO. The ability to cope with
an SBO is based on meeting the following acceptance criteria:

e Adequate reactor coolant inventory is maintained such that reactor water level is
maintained above the core (i.e. top of active fuel);

e Achieve and maintain the plant to those shutdown conditions specified in plant Technical
Specifications as Hot Shutdown or Stable Shutdown; and

e If containment isolation is involved, containment and suppression pool pressures and
temperatures shall be maintained below their design values.
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15.0.3.4.6 Safe Shutdown Fire

The following acceptance criteria are derived from 10 CFR Part 50.48 and Regulatory
Guide 1.189.

e Core subcriticality is achieved and maintained with adequate core shutdown margin, as
specified in the plant Technical Specifications.

e Adequate reactor coolant inventory is maintained such that reactor water level is
maintained above the core (i.e., top of active fuel).

e Stable Shutdown is achieved and maintained.

e The reactor remains safely in stable shutdown for 72 hours, cold shutdown capability is
restored within 72 hours, and the reactor is then placed in cold shutdown.

e (Cold shutdown conditions are maintained thereafter.

e If containment isolation is involved, containment and suppression pool pressures and
temperatures shall be maintained below their design values.

Safety-Related and Nonsafety-Related equipment may be used to meet the above criteria.

15.0.3.4.7 Waste Gas System Leak or Failure

Because the ESBWR Offgas System pressure boundary is designed to withstand dynamic
overpressure from potential hydrogen detonation of at least 17 times the normal system operating
pressure, a structural failure in the Offgas System is not a credible event. For the ESBWR, the
only plausible event scenario that could result in a waste gas release requires two independent
operator errors and an instrumentation isolation trip or (mechanical) isolation function failure to
occur, and would result in only the release of noble gases. The postulation of a Waste Gas
System Failure for the ESBWR goes beyond the 10 CFR 50 Appendix A single failure criterion,
and thus, it does not qualify as a design basis event. The Waste Gas System Leak or Failure
event is not in the list in NUREG-0800, which no longer requires this event to be analyzed
within Chapter 15. Therefore, the Waste Gas System Failure for the ESBWR is classified as a
special event.

The radiological analysis acceptance criterion for the Waste Gas System Failure comes from
Branch Technical Position (BTP) 11-5 from NUREG-0800: “the dose criterion in every case
should not exceed 25 mSv (2.5 rem) at the exclusion area boundary.”

15.0.3.4.8 Potential Special Events

10 CFR and the SRP do not contain a generic set of safety analysis acceptance criteria for special
events. The safety analysis acceptance criteria for these events are on an event-specific basis. It
is expected that any (potential) future special event will also have event-specific safety analysis
acceptance criteria.

15.0.4 Event Analysis Format

For each event, the following information is provided in Sections 15.2, 15.3, 15.4 and 15.5.
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15.0.4.1 Identification of Causes

Situations that lead to the analyzed events are described in their associated event descriptions.
The frequency of occurrence of each event is summarized based upon the NSOA, currently
available operating plant history for the abnormal event, and the evaluations in Appendix 15A.
Events for which inconclusive data exist are discussed separately within each event section.
15.0.4.2 Sequence of Events and Systems Operations

Each event evaluated is discussed and evaluated in terms of:

e A step-by-step sequence of events from initiation to final stabilized condition.

e The extent to which normally operating plant instrumentation and controls are assumed to
function.

e The extent to which the plant and reactor protection systems are required to function.

e The credit taken for the functioning of normally operating plant systems.

e The operation of engineered safety systems that is required.
Each sequence of events is supported by the NSOA. The effect of a single equipment failure or
malfunction or an operator error on the event is shown in the NSOA.
15.0.4.3 Evaluation of Results

The results of the design basis events analyses are presented in Sections 15.2, 15.3 and 15.4. The
limiting events can be identified based on those results. Reasons why the other events are not
limiting are given in the event documentation.

For the equilibrium core loading in Reference 15.0-6, a representative MCPR operating limit is
determined. Results of the AOO analyses for individual plant-specific core loading patterns will
differ slightly from the results shown in this chapter. However, the relative results between core
associated events do not change. For the initial core loading in Reference 15.0-7, a
representative MCPR operating limit is determined.

15.0.4.4 Barrier Performance

The significant areas of interest for internal pressure damage are the high-pressure portions of the
RCPB (i.e., the reactor vessel and the high pressure pipelines attached to the reactor vessel).
15.0.4.5 Radiological Consequences

This subsection describes the consequences of radioactivity releases for the core loading, during
DBEs. For all events whose consequences are limiting, a detailed quantitative evaluation is
presented. For non-limiting events, a qualitative evaluation is presented or results are referenced
from a more limiting or enveloping case or event.

15.0.5 Single Failure Criterion
From 10 CFR 50, Appendix A:

15.0-12



26A6642BP Rev. 10
ESBWR Design Control Document/Tier 2

“A single failure means an occurrence which results in the loss of capability of a component to
perform its intended safety functions. Multiple failures resulting from a single occurrence are
considered to be a single failure. Fluid and electric systems are designed against an assumed
single failure if neither:

(1) a single failure of any active component (assuming passive components function properly)
nor;

(2) a single failure of a passive component (assuming active components function properly),
results in a loss of the capability of the system to perform its safety functions.

Single failures of passive components in electric systems should be assumed in designing against
a single failure.”

The single failure criterion requires the plant design to be capable of providing specific functions
during any DBE assuming a single failure in addition to the event initiating occurrence and any
other coincident failures specified in the required DBE analysis assumptions. The application of
the single failure criterion to fluid systems is described in American National Standards
Institute/American Nuclear Society (ANSI/ANS) 58.9 and electrical items are described in
Institute of Electrical and Electronic Engineers (IEEE) 379.

The IEEE criteria specify that electrical systems be designed to accommodate either a passive or
an active single failure. For fluid systems in DBE analyses, the single failure criterion only
applies to active failures. The single failure criterion is applicable to:

e Emergency core reactivity control (scram);

e Emergency core cooling;

e Reactor coolant pressure boundary isolation;

e Reactor coolant system pressure relief;

e Containment cooling;

e Containment isolation;

e Containment atmosphere clean up; and

e Their required supporting functions such as cooling water and electrical power.
Only one failure needs to be assumed per plant DBE.

This subsection describes the application of single failure relative to DBEs. Single failure is
defined in 10 CFR 50, Appendix A, and is specifically applied to multiple GDCs.

The treatment of plant capability evaluation events (i.e., special events) is consistent with their
specific event definitions that are typically beyond the safety design bases of the plant. As a
result, an additional single failure is not applied unless there is a specific licensing commitment.

15.0.5.1 Single Failures as Event Initiators

The AOOs identified in the safety analysis are frequently associated with transients that result
from a single component failure or operator error, and are postulated during specific, applicable
modes of normal plant operation. Operator error is usually only considered as an event initiator.
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Operator error is defined as a deviation from written operating procedures or operating practices.
An operator error includes actions that are a direct consequence of one operator's single
erroneous decision. An operator error does not include subsequent actions performed in
response to the initiating event that resulted from the initial operator error.

Operator errors include:
e Erroneous selection and withdrawal of a control rod or control rod group.
e The manual isolation of the main steam lines caused by operator misinterpretation of an
alarm or indicator.
15.0.5.2 Application of Single Failure Criterion to Event Analysis

The single-failure requirements for DBEs in the safety analysis and the NSOA are applied as
follows:

e For DBEs, the protection sequences within mitigation systems are to be single-
component-failure-proof. This position is in addition to any single-component failure or
single operator error that is assumed as the event initiator. The requirement for assuming
an additional single failure in the mitigation system adds a significant level of
conservatism to the safety analysis. However, the event acceptance limits for DBEs are
not changed by the application of an additional single-failure requirement.

e For AOO:s, it is not always necessary to assume a single failure in normal operating
systems in addition to the failure assumed as the event initiator. The basic logic for this
assumption is based upon the probability of occurrence of a double failure in normal
operating systems, which may be less than once per plant lifetime and exceeds the
probability of occurrence definition for AOOs in 10 CFR 50, Appendix A.

e For infrequent events and accidents, single failures are considered consistent with plant-
specific licensing commitments (e.g., valve malfunctions for LOCA).

e For mitigation systems included in the NSOA, single failures of active electrical and fluid
components, and passive electrical components are treated in the same manner in the
development of the event diagrams.

e During Technical Specifications surveillance testing or when complying with an Action,
while not meeting the associated Limiting Condition for Operation (LCO), applying the
single failure criterion for affected components/systems is not required.

The single failures identified above are considered in the design of the plant, as required by
specific GDCs, and are utilized in the safety analysis of the specific events.

15.0.6 Combined License (COL) Information

None.

15.0.7 References
15.0-1 (Deleted)
15.0-2 (Deleted)
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Event Not Included D B
Radiological Analysis | Additional SACF | g oL MOECED Zi,%&s;(gl')’(ﬁ)as's
Determination Basis or Single Operator and )
Criteria Annual Thermal Hvdraulic Error =
VSs. Probability Basi}s’ uit
Event >107 10 CFR Is Postulated Assumes Assumes
Classification 52.47 S POSHAted | common- | Failures
10 CFR 20 Yes No ina ’
& Reoulation Mode Beyond
GDC 19 & Failure(s) | SFC™
Greater than 99.9%
of the fuel rods in the
core would be‘ (Not needed) X
expected to avoid
AOO X boiling transition
safety limit
. 5
Maintain 100% Core X X
Coverage
Infrequent Maintain 100% Core X* X X X*
Event Coverage
Accident 10 CFR 50.46 X X
Special Event
sk * PEL skokk X* T X ** X+t
* Specific event dependent.
ok Does not include severe accidents and other events that are only evaluated as part of the plant PRA.

kkk

++

If applicable to a specific special event.
Or any combination of these conditions.

SFC — single failure criterion
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Table 15.0-2
ESBWR Abnormal Event Classifications
Abnormal Event Relevant
Event Classification SRP(s)¥
Loss of Feedwater Heating AOO 15.1.1
Closure of One Turbine Control Valve AOO 15.2.1
Generator Load Rejection with Turbine Bypass AOO 15.2.1
Generator Load Rejection with a Single Failure in the AOOY
Turbine Bypass System 15.2.1
Turbine Trip with Turbine Bypass AOO 15.2.1
Turbine Trip with a Single Failure in the Turbine Bypass AooW 1521
System
Closure of One Main Steamline Isolation Valve AOO 15.2.1
Closure of All Main Steamline Isolation Valves AOO 15.2.1
Loss of Condenser Vacuum AOO 15.2.1
Loss of Shutdown Cooling Function of RWCU/SDC AOO 15.2.1
Control Rod Withdrawal Error During Startup AOO 15.4.1
Control Rod Withdrawal Error During Power Operation AOO 15.4.2
Inadvertent Isolation Condenser (IC) Initiation AOO 15.1.1
Runout of One Feedwater Pump AOO 15.1.1
Opening of One Turbine Control or Bypass Valve AQOO 15.1.1
Loss of Unit Auxiliary Transformer ® AOO 15.2.6
Loss of Grid Connection ® AOO 15.2.6
Loss of All Feedwater Flow AOO 15.2.7
Loss of Feedwater Heating — Infrequent Event Infrequent Event 15.1.1
Feedwater Controller Failure — Maximum Flow Demand Infrequent Event 15.1.1
Pressure Regulator Failure - Opening of All Turbine Infrequent Event
Control and Bypass Valves 15.2.1
Pressure Regulator Failure — Closure of All Turbine Infrequent Event 15.1.1
Control and Bypass Valves
1(:}9111erat0r Load Rejection with Total Turbine Bypass Infrequent Event 1521
ailure
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ESBWR Abnormal Event Classifications

Abnormal Event Relevant
Event Classification SRP(s)¥

Turbine Trip with Total Turbine Bypass Failure Infrequent Event 15.2.1
Control Rod Withdrawal Error During Refueling Infrequent Event 15.4.1
antrol Rod Withdrawal Error During Startup With Infrequent Event 15.4.1
Failure of Control Rod Block
antrol Rod Withdrawal Er'ror. During Power Operat'ion Infrequent Event 15.4.2
with Automated Thermal Limit Monitor (ATLM) Failure
Fuel Assembly Loading Error, Mislocated Bundle Infrequent Event 15.4.7
Fuel Assembly Loading Error, Misoriented Bundle Infrequent Event 15.4.7
Inadvertent SDC Function Operation Infrequent Event | 15.1.1-15.1.4
Inadvertent Opening of a Safety Relief Valve Infrequent Event 15.6.1
Inadvertent Opening of a Depressurization Valve Infrequent Event | 15.6.1, 15.6.5
Stuck Open Safety Relief Valve Infrequent Event 15.6.1
Liquid-Containing Tank Failure Infrequent Event 15.7.3
Fuel Handling Accident Accident 15.7.4
LOCA Inside Containment Accident 15.6.5 & 5a
Main Steamline Break Outside Containment Accident 15.6.4
Control Rod Drop Accident Accident 4.2,154.9
Feedwater Line Break Outside Containment Accident 15.3.5
Failurf: of Small Line Carrying Primary Coolant Outside Accident 15.6.2
Containment
RWCU/SDC System Line Failure Outside Containment Accident 15.6.5
Spent Fuel Cask Drop Accident Accident 15.7.5
MSIV Closure With Flux Scram (Overpressure Protection) @) 5.2.1
(SlhemdsoLW(l,1 g;tt:rflughi?gérv(vilzss;bﬂity) Special Event 9:3.5
Shutdown from Outside Main Control Room Special Event 7.4
Anticipated Transients Without Scram Special Event 15.8
Station Blackout Special Event 8'21(2}1;(;)}{ G
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Design Control Document/Tier 2

ESBWR Abnormal Event Classifications

Abnormal E.Vent . Relevant

Event Classification SRP(s)¥
Safe Shutdown Fire Special Event 9.5.1
Waste Gas System Leak or Failure Special Event 11.3

(O]
SRP 15.2.
@
3)
pressure limit(s) — Special Event.

“)

Refer to Table 1.9-20 for revision number.
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An AOO in combination with an additional SACF or single operator error, as discussed in SRP 15.1 and

Both are covered by the Loss of Non-Emergency Alternating Current (AC) Power to Station Auxiliaries event.
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Table 15.0-3
Safety Analysis Acceptance Criteria for AOOs

e Pressures in the reactor coolant and main steam systems shall be maintained below 110%
of their design values (i.e., not exceed ASME B&PV Code Service Level B).

e Fuel-cladding integrity should be maintained by ensuring that the reactor core is designed
with appropriate margin during any conditions of normal operation, including the effects
of AOOs. The minimum value of the critical power ratio (CPR) reached during the AOO
should be such that 99.9 percent of the fuel rods in the core would not be expected to
experience boiling transition during core-wide transients.

e Uniform cladding strain < 1%.
e No fuel centerline melt.
e Reactor water level shall be maintained above the top of the core (i.e., active fuel).

e Containment and suppression pool pressures and temperatures shall be maintained below
their design values.

e An AOO should not generate a more serious plant condition unless other faults occur
independently.

e There is no loss of function of any fission product barrier (Safety Relief Valve or
Depressurization Valve discharge does not apply).
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Table 15.0-4
Safety Analysis Acceptance Criteria for AOOs in Combination With an Additional Single

Active Component Failure or Single Operator Error

e Reactor water level shall be maintained above the top of the core (i.e., active fuel).

e Pressures in the reactor coolant and main steam systems shall be maintained below 110%
of their design values (i.e., not exceed ASME B&PV Code Service Level B), and the
reactor steam dome pressure shall be maintained less than or equal to the Reactor Coolant
System Pressure Safety Limit in the Technical Specifications.

e If containment isolation is involved, containment and suppression pool pressures and
temperatures shall be maintained below their design values.

e Except for fuel cladding, there shall be no loss of function of any fission product barrier.

e Fuel cladding failures shall be limited such that the radiological consequence shall be
< 0.5 mSv (0.05 rem) TEDE over the duration of the event.
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*

Table 15.0-5

Safety Analysis Acceptance Criteria for Infrequent Events

Reactor water level shall be maintained above the top of the core (i.e., active fuel).

Pressures in the reactor coolant and main steam systems shall be maintained below the
ASME B&PV Service Level C limit, which corresponds to 120% of design pressure.

Radiological consequence shall be < 25 mSv (2.5 rem) TEDE. However, if the
applicable SRP section specifies an accident-specific (i.e., different or additional)
radiological acceptance criterion, then the accident-specific SRP acceptance
criterion/criteria is/are applied.*

Containment and suppression pool pressures and temperatures shall be maintained below
their design values.

Control room personnel shall not receive a radiation exposure in excess of 50 mSv
(5 rem) TEDE for the duration of the event.

For example, the liquid radwaste tank failure must meet 10 CFR 20 Appendix B, Table 2, Column 2 for the
liquid release.
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Table 15.0-6

Safety Analysis Acceptance Criteria for Accidents

e Pressures in the reactor coolant and main steam systems shall be maintained below the
ASME B&PV Service Level C limit, which corresponds to 120% of design pressure.

e Radiological consequence shall be <25 mSv (2.5 rem) TEDE, 63 mSv (6.3 rem) TEDE,
or 0.25 Sv (25 rem) TEDE, depending on the accident-specific acceptance criterion in
NUREG-0800, SRP 15.0.1.

e The calculated maximum fuel element cladding temperature shall not exceed 1204°C
(2200°F).

e The calculated total oxidation of the cladding shall nowhere exceed 0.17 times the total
cladding thickness before oxidation.

e The calculated total amount of hydrogen generated from the chemical reaction of the
cladding with water or steam shall not exceed 0.01 times the hypothetical amount that
would be generated if all of the metal in the cladding cylinders surrounding the fuel,
excluding the cladding surrounding the plenum volume, were to react.

e Calculated changes in core geometry shall be such that the core remains amenable to
cooling.

e After any calculated successful initial operation of the ECCS, the calculated core
temperature shall be maintained at an acceptably low value and decay heat shall be
removed for the extended period of time required by the long-lived radioactivity
remaining in the core.

e (Containment and suppression pool pressures and temperatures shall be maintained below
their design values.

e Control room personnel shall not receive a radiation exposure in excess of 50 mSv
(5 rem) TEDE for the duration of the accident.
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ESBWR Event Classifications and Radiological Acceptance Criteria

Accident Class**

Radiological Acceptance Criteria***

GDC
Infrequent IOACFRBZO’ 19, 25 mSv 63 mSv 0.25 Sv
Evgn ¢ Accident Tzll)l?l.e 2’ (Deleted) | 50 mSv | (2.5 rem) | (6.3 rem) | (25 rem)
Event* Column 2 (5rem) | TEDE TEDE TEDE
" TEDE

Loss of Feedwater Heating — Infrequent X X X
Event
Inadvertent SDC Function Operation X X X
Contro.l Rod Withdrawal Error During X x X
Refueling
Control Rod Withdrawal Error During X X X
Startup With Failure of Control Rod Block
Control Rod Withdrawal Error During Power X X X
Operation with ATLM Failure
Inadvertent Opening of a Depressurization X X X
Valve
Inadvertent Opening of a Safety Relief Valve X X X
Stuck Open Safety Relief Valve X X X
Feedwater Controller Failure — Maximum X X X
Demand
Pressure Regulator Failure - Opening of All X X X
Turbine Control and Bypass Valves
Pressure Regulator Failure — Closure of All X X X
Turbine Control and Bypass Valves
Generator Load Rejection with Total Turbine

. X X X
Bypass Failure
Tu'rbme Trip with Total Turbine Bypass X X X
Failure
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Table 15.0-7
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ESBWR Event Classifications and Radiological Acceptance Criteria

Accident Class** Radiological Acceptance Criteria***
GDC
10 CFR 20, 19, | 25mSv | 63mSy | 0.25Sv
Infrequent . App. B,
Event Accident Table 2 (Deleted) | 50 mSv | (2.5 rem) | (6.3 rem) | (25 rem)
Event* Column " (5rem) | TEDE TEDE TEDE
TEDE
Liquid-Containing Tank Failure X X X X
Fuel Assembly Loading Errors X X
(mislocated and misoriented)
Spent Fuel Cask Drop Accident X ++
Failure of Small Line Carrying Primary
Coolant Outside Containment X X X+ X+
Feedwater Line Break Outside Containment X X+ X+
Reactor Water Cleanup / Shutdown Cooling
System Failure Outside Containment X X X+ X+
Con.trol de Drop Acc1dent X X X
(radiological analysis)
Main Steamline Break Outside Containment X X X+ X+
LOCA Inside Containment Radiological X X X
Analysis, (including all leakage paths)
Fuel Handling Accident X X X
Waste Gas System Leak or Failure +++ X X
Based on SRP 15 and ABWR Final Safety Evaluation Report (Reference 15.0-3) events involving a radiological consequence.
ok From Table 15.0-2.
***  Based on the 10 CFR 20, SRP 15 and BTP 11-5.
+ 25 mSv (2.5 rem) assuming equilibrium iodine activity in reactor coolant, and 0.25 Sv (25 rem) assuming a pre-incident iodine spike in the reactor coolant.

++  As discussed in Subsection 15.4.10, the spent fuel cask drop accident meets requirements of SRP 15.7.5 such that radiological consequences are not
evaluated.

+++ Classified as a special event.
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Table 15.0-8
ESBWR Safety Analysis Codes

Safety Analysis Analysis Code
Stability Evaluation (Chapter 4) TRACG04"
Reactor Building Compartment Pressurization Analysis (Chapter 6) CONTAIN 2.0
Loss of Feedwater Heating TRACG04"
Closure of One Turbine Control Valve TRACG04"
Generator Load Rejection with Turbine Bypass TRACG04"
g}elgzzztg; ;g?;i Rejection with a Single Failure in the Turbine TRACG04D
Turbine Trip with Turbine Bypass TRACG04"
Turbine Trip with a Single Failure in the Turbine Bypass System TRACG04"
Closure of One Main Steamline Isolation Valve TRACG04"
Closure of All Main Steamline Isolation Valves TRACG04"
Loss of Condenser Vacuum TRACG04"
Loss of Shutdown Cooling Function of RWCU/SDC N/AW
Control Rod Withdrawal Error During Startup PANACI1
Control Rod Withdrawal Error During Power Operation N/A®
Inadvertent Isolation Condenser Initiation TRACG04"
Runout of One Feedwater Pump TRACG04"
Opening of One Turbine Control or Bypass Valve TRACG04"
Loss of Non-Emergency AC Power to Station Auxiliaries TRACG04"
Loss of All Feedwater Flow TRACG04"
Loss of Feedwater Heating — Infrequent Event RS]{)?CRi(]);‘:) (/)3
Feedwater Controller Failure — Maximum Flow Demand TRACG04"
Er}t/a;asllslsrev I;lefélslator Failure - Opening of All Turbine Control and TRACG04®D
I];ryeszlslgev Raiilslator Failure — Closure of All Turbine Control and TRACG04"
Generator Load Rejection with Total Turbine Bypass Failure TRACG04"
Turbine Trip with Total Turbine Bypass Failure TRACG04"
Control Rod Withdrawal Error During Refueling N/A®
ggﬁgg} ﬁgg g:)till((irawal Error During Startup With Failure of PANACI1
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Table 15.0-8
ESBWR Safety Analysis Codes
Safety Analysis Analysis Code
Control Rgd Withdrawal Error During Power Operation with N/A®
ATLM Failure
Fuel Assembly Loading Error, Mislocated Bundle N/A®W
Fuel Assembly Loading Error, Misoriented Bundle N/AW
Inadvertent SDC Function Operation N/A®
Inadvertent Opening of a Safety/Relief Valve TRACG04"
Inadvertent Opening of a Depressurization Valve N/AW
Stuck Open Safety/Relief Valve TRACG04"
Liquid-Containing Tank Failure RADTRAD 3.03
Fuel Handling Accident RADTRAD 3.03
LOCA Inside Containment — Containment Pressurization TRACG04?
LOCA Inside Containment — ECCS Performance TRACG04?
LOCA Inside Containment — Radiological RADTRAD 3.03%
Main Steamline Break Outside Containment RADTRAD 3.03
Control Rod Drop Accident T?ﬁgggﬁ(r /
Feedwater Line Break Outside Containment RADTRAD 3.03
léagrlllsarlien(;t;esrlrtrlall Line Carrying Primary Coolant Outside RADTRAD 3.03
RWCU/SDC System Line Failure Outside Containment RADTRAD 3.03
Spent Fuel Cask Drop Accident N/AW
MSIV Closure With Flux Scram (Overpressure Protection) TRACG04"
(hen SLC system shutdown capabiliy) PANACII
Shutdown from Outside Main Control Room N/A®
Anticipated Transients Without Scram TRACG04"
Station Blackout TRACG04"
Safe Shutdown Fire N/A®W
Waste Gas System Leak or Failure N/AW

1

@
3)
4

TRACGO04 is used with core inputs from PANACI11 and fuel gap thermal conductivity input from

GESTROS.

TRACGO04 is used with fuel gap thermal conductivity input from GESTROS.

RADTRAD 3.03 is used with inputs from MELCOR 1.8.6.

N/A indicates the DCD safety analysis did not apply a computer code.
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15.1 NUCLEAR SAFETY OPERATIONAL ANALYSIS

The NSOA is a system level qualitative FMEA of plant protective functions that shows which
systems and functions are required for the events addressed in Chapter 15 to meet their associated
acceptance criteria.

15.1.1 Analytical Approach

15.1.1.1 NSOA Objective

The objective of the NSOA is to identify, for each event in the Chapter 15 safety analyses, the
system level requirements that ensure the plant can be brought to a stable safe condition.
Specifically, the NSOA considers the entire duration of each event from the spectrum of possible
initial conditions and aftermath until either some mode of planned operation is resumed or the
plant is in a stable shutdown condition.

The NSOA process uses operational criteria and required actions to identify the required
systems, automatic instrument trips, monitored parameters (associated with required operator
actions), and auxiliary systems to bring the plant to a stable shutdown condition for each event.
The system-level requirements identified in the NSOA reflect the licensing basis of the plant and
constitute the minimum required actions to bring the plant to a stable shutdown condition. In
actual plant operation, additional procedural guidance and plant equipment are available to
prevent or further mitigate these events. Finally, the NSOA focuses primarily on active plant
features used to bring the plant to a stable shutdown condition; passive plant features are
implicitly considered but not explicitly documented in the event evaluations and diagrams.

15.1.1.2 NSOA Relationship to Safety Analysis

The safety analysis is performed to demonstrate compliance with appropriate event acceptance
criteria (Subsection 15.0.3) for limiting event paths. Review of the event acceptance criteria
illustrates the safety analysis focus on event consequences. The event acceptance criteria are
either fission product barrier design basis limits or radiological dose limits derived from
applicable regulatory requirements.

As such, the event paths analyzed as "limiting" in the safety analysis generally correspond to one
of the event paths for each event in the NSOA, or a conservative representation of one.

This safety analysis limiting-event path is selected to pose the most significant challenge to the
applicable event acceptance criteria, and thus, typically concentrates on the short-term response
to the event. Therefore, the safety analysis is consequences-oriented, focusing on the limiting
short-term response to the event, and the NSOA is event/system-oriented, focusing on the
system-level required actions necessary over the entire duration of the event (long-term
response) to bring the plant to a stable configuration.

15.1.2 Method of Analysis

15.1.2.1 Operational Criteria

The operational criteria are identified in Table 15.1-1.
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The operational criteria establish the requirements for:

e Satisfying the applicable required actions to bring the plant to a stable condition
consistent with the plant licensing basis;

e Applying the single failure criterion; and
e Satisfying requirements unique to certain events.

Operational criteria are based upon the applicable regulatory requirements and guidance,
industry codes and standards, plant-specific licensing requirements, Nuclear Steam Supply
System (NSSS) requirements, and fuel supplier design requirements.

15.1.2.2 Analysis Assumptions and Initial Conditions

15.1.2.2.1 Operating Modes

The ESBWR plant operating envelope is defined in Table 15.1-2. Operating mode definitions
are consistent with the MODES defined in the Technical Specifications.

The main objective in defining operating modes is to divide the plant operating spectrum into
sets of initial conditions. The ESBWR operating modes associated with planned operations
define the operating envelope from which anticipated operational occurrences, Infrequent
Events, Accidents, and Special Events are initiated. ESBWR operating modes define the
physical condition (e.g., pressure, temperature) of the reactor. The events associated with each
operating mode are provided in Table 15.1-3.

Each operating mode includes an allowable range of values for important plant parameters.
Within each mode, these parameters are considered over their entire range.

For each event, the operating modes in which the event can occur are determined. An event is
considered applicable within an operating mode if the event can be initiated from the operating
envelope that characterizes the operating mode.

15.1.2.2.2 Planned Operation

Planned operation refers to normal plant operation under planned conditions within the allowable
operating envelope in the absence of significant abnormalities. Following an event, planned
operation is not considered to have resumed until the plant operating mode is identical to a
planned operating mode that could have been attained had the event not occurred. As defined,
planned operation can be considered as a chronological sequence:

Plant outage > achieving criticality > heatup > power operation >

achieving shutdown > cooldown > plant outage

15.1.2.3 Event Analysis Rules

The event analysis rules are consistent with applicable regulatory requirements and guidance,
and applicable industry codes and standards. Table 15.1-4 provides the event analysis rules used
in performing the NSOA, along with explanations of the individual rules.
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15.1.3 NSOA Results

15.1.3.1 Event Evaluations and Diagrams

The individual event evaluations in conjunction with their respective event diagrams document
the detailed results of the NSOA. The event diagram format is shown in Figure 15.1-1. The
locations of the event evaluations are identified in Subsection 15.1.4 and the associated event
diagrams are shown in Figures 15.1-2 through 15.1-47.

An event diagram for each event evaluated identifies the applicable operating mode(s) (for the
overall event evaluation and, where applicable, for event paths that only apply to specific
operating modes), the required actions, the relationship of system operation and operator actions
to the required actions, and the required functional redundancy. In addition, event diagrams
identify each signal that initiates automatic system operation or alerts the operator to the need for
action.

15.1.3.2 Summary Matrices

A system, instrument trip, or operator action is considered "required" if identified on an event
diagram as necessary to satisfy a required action or the operational criteria.

Based upon the event evaluations and diagrams, matrices are provided in Table 15.1-5 and
Table 15.1-6 to identify the required systems and automatic instrument trips, respectively for the
events evaluated in the NSOA and the safety analyses.

15.1.4 Event Evaluations

For each of the events considered in the NSOA, Table 15.1-7 shows the locations of the event
description and the relevant protection sequence diagram.

15.1.5 COL Information

None.

15.1.6 References

None.
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Table 15.1-1

Operational Criteria

Applicability

Criteria

1. Planned operation

The plant is operated observing operating
mode monitoring requirements identified to
preserve safety analysis assumptions and
establish initial conditions for event analyses.
Normal plant operating procedures are
followed as applicable.

2. All events

All required actions to bring the plant to a
stable condition consistent with the plant
licensing basis are satisfied.

3. All events

Emergency Operating Procedures (EOPs) are
followed when applicable.

4. AOOs

The plant is designed and operated such that
no single failure in mitigation systems can
prevent required actions from being satisfied.

5. Infrequent Events and Accidents

The plant is designed and operated to satisfy
required actions, considering limiting single
failure as defined by applicable regulatory
requirements and licensing commitments.

6. AOOs, Infrequent Events and Accidents

Single-failure criterion is not applicable
during periods of system or component
testing required by TS or when operating
under limiting conditions for operation
required by Technical Specifications.

7. Special events

The plant is designed and operated consistent
with applicable regulatory requirements and
licensing commitments.
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Table 15.1-2
ESBWR Operating Modes

MODE 6 - REFUELING

e Allowable Mode Switch Positions: SHUTDOWN or REFUEL
Power Considerations: Decay Heat Only
e One or more reactor vessel head closure bolts less than fully tensioned

MODE 6 S —- REACTOR PRESSURE VESSEL (RPV) VENTED
AND REACTOR NOT SHUTDOWN
(Applies when performing Shutdown Margin test
in accordance with Technical Specifications)

e Allowable Mode Switch Positions: SHUTDOWN REFUEL STARTUP
Power Considerations: Decay Heat Only
e One or more reactor vessel head closure bolts less than fully tensioned

MODE 5 - COLD SHUTDOWN

e Allowable Mode Switch Positions: SHUTDOWN
e <93.3°C (200°F) Average Reactor Coolant Temperature
e Power Considerations: Decay Heat Only

MODE 4 - STABLE SHUTDOWN

e Allowable Mode Switch Positions: SHUTDOWN
e 215.6°C (420°F) > Average Reactor Coolant Temperature > 93.3°C (200°F)
e Power Considerations: Decay Heat Only

MODE 3 - HOT SHUTDOWN

e Allowable Mode Switch Positions: SHUTDOWN
e Average Reactor Coolant Temperature > 215.6°C (420°F)
e Power Considerations: Decay Heat Only

MODE 2 — STARTUP

e Allowable Mode Switch Positions: REFUEL or STARTUP
e Power Considerations: Average Power Range Monitor (APRM) Fixed Neutron Flux —
High, Setdown Power > Reactor Power > Decay Heat

MODE 1 - POWER OPERATION

e Allowable Mode Switch Positions: RUN
e Power Considerations: Licensed Power Level > Reactor Power > Decay Heat
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Table 15.1-3

ESBWR Events Associated With Operating Modes

Applicable
Abnormal Event Operating
Mode(s)

Loss of Feedwater Heating 1&2
Closure of One Turbine Control Valve 1 &2
Generator Load Rejection with Bypass 1 &2
Generator Load Rejection with a Single Failure in the Bypass 1 &2
System
Turbine Trip with Bypass 1 &2
Turbine Trip with a Single Failure in the Bypass System 1&2
Closure of One Main Steamline Isolation Valve 1 -4
Closure of All Main Steamline Isolation Valves 1 -4
Loss of Condenser Vacuum 1 -4
Loss of Shutdown Cooling Function of RWCU/SDC System 2 - 6&6S
Control Rod Withdrawal Error During Startup 2 -5&6S
Control Rod Withdrawal Error During Power Operation 1 &2
Inadvertent Isolation Condenser Initiation 1 -6 & 6S
Runout of One Feedwater Pump 1&2
Opening of One Turbine Control or Bypass Valve 1 -4
Loss of Non-Emergency AC Power to Station Auxiliaries 1 - 6&6S
Loss of All Feedwater Flow 1 &2
Loss of Feedwater Heating — Infrequent Event 1&2
FW Controller Failure — Maximum Flow Demand 1&2
Pressure Regulator Failure Opening of All Turbine Control 1 -4
and Bypass Valves
Pressure Regulator Failure — Closure of All Turbine Control
and Bypass Valves T&2
Generator Load Rejection with Total Bypass Failure (at High | &2
Power)
Turbine Trip with Total Bypass Failure (at High Power) 1&2
Control Rod Withdrawal Error During Refueling 6
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Table 15.1-3
ESBWR Events Associated With Operating Modes

Applicable
Abnormal Event Operating
Mode(s)

Control Rod Withdrawal Error During Startup With Failure > - 5&6S
of Control Rod Block
Control R(?d Withdrawal Error During Power Operation with | & 2
ATLM Failure
Fuel Assembly Loading Error, Mislocated Bundle I - 6&6S
Fuel Assembly Loading Error, Misoriented Bundle 1 - 6&6S
Inadvertent SDC Function Operation 1 -4
Inadvertent Opening of a Safety Relief Valve 1 - 6&6S
Inadvertent Opening of a Depressurization Valve 1 - 6&6S
Stuck Open Safety Relief Valve 1 - 6&6S
Liquid-Containing Tank Failure 1 - 6&6S
Fuel Handling Accident I - 6&6S
LOCA Inside Containment 1 - 6&6S
Main Steamline Break Outside Containment 1 -5
Control Rod Drop Accident 1 - 6&6S
Feedwater Line Break Outside Containment 1 - 6&6S
Failure of Small Line Carrying Primary Coolant Outside
Containment I-6&65
RWCU/SDC System Line Failure Outside Containment 1 - 6&6S
Spent Fuel Cask Drop Accident 1 - 6&6S
MSIV Closure With Flux Scram (Overpressure Protection) 1 & 2
(Slhel:ltdsolfvclz1 gﬁﬁf thu?:igvovﬁz?):lbﬂity) I &2&65
Shutdown from Outside Main Control Room 1 & 2&6S
Anticipated Transients Without Scram 1 &2
Station Blackout 1 & 2
Safe Shutdown Fire 1 & 2
Waste Gas System Leak or Failure 1 &2
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Table 15.1-4

Event Analysis Rules

A. General Rules

Explanation

A.1 Include all events that are part of the plant
safety analysis.

All events considered in the plant safety
analysis are included in the NSOA, consistent
with NSOA goals and objectives.

A.2 Identify on event diagrams all required
systems, automatic trips, and operator
actions necessary to either satisfy
operational criteria or perform required
actions.

Systems, automatic trips, and operator actions
are identified only if they are uniquely
necessary to either accomplish required
actions or satisfy operational criteria.

A.3 Consider all plant systems, including
passive plant features required in the
mitigation of events.

The functions of passive plant features (e.g.,
MSL flow restrictors and control rod drive
[CRD] housing supports) used to mitigate the
consequences of events are identified.

A.4 Consider hardware restrictions included in
the plant design to prevent operation
outside the operating envelope.

Hardware restrictions (e.g., control rod
withdrawal restrictions and refueling
interlocks) are included in the plant design to
constrain plant operation to within the
allowable operating envelope.

B. Planned Operation Rules

Explanation

B.1 Consider only systems, limits, and
restrictions necessary to attain planned
operation and satisfy operational criteria.

Consideration of planned operation is limited
and not followed through to completion,
because planned operation is constrained by
normal plant operating procedures.

B.2 Limit the initial conditions for AOOs,
infrequent events, accidents, and special
events to operating modes and envelopes
allowed during planned operation in the
applicable operating mode.

All events in the safety analysis are initiated
from an operating mode within the allowable
operating envelope.

B.3 Consider the full range of initial
conditions for each event analyzed.

This rule assures that all event paths are
identified. Different initial conditions can
lead to different paths that may establish
unique requirements.

B.4 Apply hardware restrictions only to
planned operation.

Restrictions are hardware-implemented
constraints on normal plant operation to limit
the consequences of postulated events.
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Event Analysis Rules
B. Planned Operation Rules Explanation

B.5 Identify normal operating systems
considered for a planned operation
function during an event as “Planned
Operation - Specific System Available.”

Normal operating systems are considered if
the system is employed in the same manner
during the event as it was prior to the event or
if continued operation can significantly
change the event path.

C. Event Diagram Rules

Explanation

C.1 Consider the entire duration of the event
from the spectrum of possible initial
conditions and aftermath until either some
mode of planned operation is resumed or
the plant is in a stable condition with
continuity of core cooling.

Planned operation is considered "resumed"
when normal operating procedures are being
followed and plant operation is identical to
that used in any operating mode consistent
with allowable operating modes and
envelopes. A stable operating condition is
defined as the completion of all required
actions and the stabilization of plant
parameters.

C.2 Identify systems, automatic trips, and
operator actions if there is a unique
requirement as a result of the event. If a
normal operating system that was
operating prior to the event will be
employed in the same manner during the
event and if the event did not affect
system operation, the system does not
appear as a unique requirement on the
event diagram.

Systems, limits, and operator actions are
identified as "required" only if a unique
requirement to satisfy either required actions
or operational criteria is established. When
normal operating systems are considered,
specific systems assumed to be available are
identified.

C.3 Credit operator action only if the operator
can reasonably be expected to accomplish
the required action under existing
conditions and has availability of
necessary information to implement
required plant procedures.

Operator action may be necessary to either
attain planned operation or a stable condition.

C.4 Identify two types of parameters:
Parameters that initiate an automatic trip
or system actuation and monitored
parameters (available to the operator) that
require action.

Parameters are instrument setpoints at which
either an automatic trip or system initiation or
operator action is assumed to occur. Where
either an automatic action or operator action
accomplishes the same function, the
automatic action is identified.
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Event Analysis Rules
C. Event Diagram Rules Explanation

C.5 Consider a system that plays a unique role
in response to an AOO, infrequent event,
accident, or special event to be "required"
unless the system’s effects are not
included in the event analysis.

Systems that have a unique role in an event
are considered "required" unless the safety
analysis for the event provides a basis that

operation of the system is not required.

C.6 Identify operating mode(s) in which the
event is applicable.

Because of plant operational considerations
and the definition of operating modes, not all
events can occur in all operating modes.

C.7 Identify the safety-related paths that
include:

e Required actions.

e Front-line systems.

e Automatic trips.

e Monitored parameters.

e Normal operating systems evaluated
in analysis.

Event diagrams are the primary source of
documentation of NSOA results. Notes
identify required actions that are not
applicable and required actions satisfied by
the normal operating systems.

C.8 Identify passive plant features necessary at
the system level.

Passive plant features are associated with
system level requirements. (To avoid adding
unnecessary complexity to the event
diagrams, the event diagrams do not show
applicable passive plant features.)
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Feedwater
Heating

Closure of

One Turbine

Control Valve

Generator
Load

Rejection with

Bypass

Generator
Load

Rejection with
a Single

Failure in the
Bypass

System

Turbine Trip
with Bypass

Turbine Trip

with a Single
Failure in the

Bypass

System

One MSIV

Closure of

Closure of All

MSIVs

Condenser
Vacuum

Loss of
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Shutdown
Cooling

Function of

RWCU/SDC
System

Control Rod
Withdrawal
Error During
Startup

Control Rod
Withdrawal

Error During
Power

Operation

Inadvertent
Isolation

Condenser
Initiation

Runout of One
FW Pump

Opening of
One Turbine
Control or

Bypass Valve

Loss of Non-
Emergency

AC Power to
Station

Auxiliaries

Loss of All
FW Flow
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Loss of
Feedwater
Heating With
Failure of
SCRRI and
SRI
Feedwater
Controller
Failure —
Minimum
Temperature
Demand
Feedwater
Controller
Failure —
Maximum
Flow Demand
Pressure
Regulator
Failure
Opening of
All Turbine
Control and
Bypass Valves
Pressure
Regulator
Failure —
Closure of All
Turbine
Control and
Bypass Valves
Generator
Load
Rejection with
Total Bypass
Failure (at
High Power)
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Loading Error,
Mislocated
Bundle

SDC Function
Operation

Startup With
Fuel

Turbine Trip
with Total
Bypass
Control Rod
Withdrawal
Control Rod
Withdrawal
Failure of
Control Rod
Block
Control Rod
Withdrawal
Error During
Power
Operation
with ATLM
Failure

Fuel

Loading Error,
Misoriented

Error During
Bundle

Failure (at
High Power)
Refueling
Error During
Assembly
Assembly
Inadvertent
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Inadvertent

Opening of a

Safety Relief

Valve

Inadvertent

Opening of a

DPV

Stuck Open

Safety Relief

Valve

Liquid-

Containing

Tank Failure

Fuel Handling
Accident

LOCA Inside

Containment

Main

Steamline
Break Outside
Containment
Control Rod

Drop Accident

Note: Safety-

related

features of

FMCRD*
prevent Rod
Drop.

System

Feedwater

Line Break
Outside
Containment
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X

Small Line

Carrying
Primary

Failure of

MSIV Closure
With Flux
Scram

Coolant
Outside
Containment
RWCU/SDC
System Line
Failure
Outside
Containment
Spent Fuel
Cask Drop
Accident

(Overpressure
Protection)
Shutdown
Control Rods
(i.e., SLC
System

from Outside
Main Control
Room

Without
Anticipated

shutdown
capability)
Shutdown
Transients
Without
Scram
Blackout

Station

15.1-16



L(9[[00u0) 19AT) SOM

(SODd) washs
SuI[00)) JUAWIUTRIUO) JAISSEJ

uoneniu|
NdT «dIDN uonepey YSiy

Design Control Document/Tier 2

soury Suizijenby §OAD

SOad

IS/TIDS

_E:HS&E@ L
100 uorssaxddng Y3 — SOAVA

o[EeOSuUMOp

10U YAV - (T 19497) [9A97]
I0Je A\ MOT AJY — WAISAS DTS

(0wt [, puodag (S)
1 [9A9] paureisng — wsLS DTS

J[BISUMOD 10U JATYJV - 9INSSaIJ
Y31H swo AdY — WIsAS OIS

uonIqmul SAV — SMLV

Ploequiny MO M — SMLV

JuoneradO DAS/NOMY

(T 19A97) [9A9T JOJE M\
MO AdY — 103\ dnaseN D

speusis uone[os] YD dH
2% S[eusIS uone[os] M4

\50:—
sururea}s Y31 - 21nso) AISIW

wnnoe A Idsuapuo))
UIBJA MOT — 2InSO[D AISIN

QINSSAIJ SUIJWEA)S UIBIA[AOU]
QuUIQIN], MO — 2IMSO[) AISIA

Table 15.1-5

(1 [9A9T) [9A9T 1978 A
MOT AdY —2mMsO[) AISIN

26A6642BP Rev. 10

(99S OE/M T T9AYT]) [9ADT JJR M
MOT AdY — 2IMSO[y AISIN

NSOA System Event Matrix

ESBWR

M:oﬁom.ﬂm,m
peoT —aInso[) 1sed ADL

15.1-17

wnnoeA
IOSUAPUO)) MOT — dINsSo[D) AS.L

(87 1A
1M YSIH AdY — 2IS0[) ASL

,2In80[)
1584 ADL — UOHEDIU] AL

[INS0[) ASL — UOnBHIU A€L

(mo[g M Jo ssoT) sng
UOIRISUIN) JOMO JO SSOT — SOT

WINNOBA JOSUIPUOD
MO[-MOT —INSO[D xAdL

(1 1A27)
[9AT 1976 )\ MOT AdY — xSOI

(Kejop 29s-(¢ T [9A07T)
[9AT 197e )\ MOT AdY — xSOI

(Ke1op puodas-( 1) aInssaig
swo( YSIH Ad¥ — «SII

uonisod AISIN — +SOI

uonemoy Add

(+SAv)
JPOIA PR1eMdY JMOJ — AMS

OPOIN JOI[Y A10§eS — AYS

System listed applies to a fast closure of a TCV. No systems are required for slow closure.

The system or component listed, or the specific function listed is nonsafety-related.
ADS — Automatic Depressurization System

FAPCS — Fuel and Auxiliary Pools Cooling System

FMCRD - Fine Motion Control Rod Drive
GDCS — Gravity-Driven Cooling System
ICS — Isolation Condenser System

MCR — Main Control Room
PCCS — Passive Containment Cooling System

SRI — Select Rod Insert
TBYV — Turbine Bypass Valve

EFU — Emergency Filter unit
TSV — Turbine Stop Valve

System Leak
or Failure
W)

@

*

Shutdown Fire
Waste Gas

Safe
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Feedwater
Heating

Closure of One

Turbine Control

Valve

Generator Load
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Generator Load

Rejection with a

Single Failure in
the Bypass
System

S
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s
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Turbine Trip

with a Single
Failure in the

Bypass System

Closure of One

Main Steamline
Isolation Valve
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Closure of All

Main Steamline

Isolation Valves

Loss of

Condenser
Vacuum

Loss of

Shutdown

Cooling Function
of RWCU/SDC

System

Control Rod

Withdrawal Error
During Startup

—
£
dEM_M
OMW
MEa
S = o
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==
SR
OB A

Operation

Inadvertent
Isolation

Condenser
Initiation

Runout of One
Feedwater Pump
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Opening of One
Turbine Control

or Bypass Valve
Loss of Non-

Emergency AC
Power to Station

Auxiliaries

Loss of All

Feedwater Flow
LOFWH With

Failure of SCRRI

and SRI

Feedwater

Controller
Failure —

Minimum

Temperature
Demand

Feedwater

Controller
Failure —
Maximum Flow
Demand
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Pressure

Regulator Failure
Opening of All

Turbine Control
and Bypass
Valves

Pressure

Regulator Failure
— Closure of All
Turbine Control
and Bypass
Valves

Generator Load
Rejection with
Total Bypass

Failure (at High

Power)

Turbine Trip
with Total

Bypass Failure

(at High Power)
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During Refueling
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Control Rod
Block

Control Rod
Withdrawal Error
During Power
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Fuel Assembly
Loading Error,
Mislocated
Bundle

Fuel Assembly
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g
S
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Bundle

Inadvertent SDC

Function

Operation
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Inadvertent

Opening of a

Safety Relief

Valve

Inadvertent

Opening of a
DPV

[
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2
o~
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Containing Tank

Liquid-
Failure

Fuel Handling
Accident

LOCA Inside

Containment

Main Steamline
Break Outside
Containment

15.1-23



26A6642BP Rev. 10

Design Control Document/Tier 2

ESBWR

Table 15.1-6
NSOA Automatic Instrument Trip/Event Matrix

Popaooxy Jejowered JNGUIN
10 ‘papaddxy IdjowelIed

WTILV ‘AMY “—o0[g poy

aInssald [[omAI( YSIH — werog

poLdd JANYS — WIS

(mo7, 197eMpPas]
JO sS0) — sng UONBISUAL)
10MO{ JO SSOT — WIRIOS

WNNoB A
IOSUQPUO)) MO — WEIDS

(a1qeyreae
ssedAq juaroryynsur yrm)
Amso[)) 158 ADL — WRIdS

(a1qe[reae ssedAq juarorynsur
)IM) 2INSO[D) ASL — WeIdS

armyerodwo |,
1004 uorssaxddng y3iy — weis

uonIsod AISIN — WeIos

Sasng UONEISUAL) IOMOJ
1IN0 UO JoMO JO SSOT — WEIOS

8D
[9A9T Jore A\ YSIH AdY — WeIds

(€D
[9ADT 1)\ MOT AdY — WRIDS

IOMOJ [BUWIdY
pavnuIS YSIH NYJV — WeIs

xn[
uonnaN YStH AV — Weis

Control Rod

Drop Accident

Note: Safety-

related features

of FMCRD

System prevent
Rod Drop.

Feedwater Line
Break Outside
Containment

Failure of Small
Line Outside

Containment

RWCU/SDC
System Line

Failure Outside
Containment

Spent Fuel Cask
Drop Accident

MSIV Closure

Flux Scram

(Overpressure
Protection)
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The system or component listed, or the specific function listed is nonsafety-related.

MRBM — Multi-Channel Rod Block Monitor

Shutdown W/O
Control Rods
Safe Shutdown
System Leak or
Failure

Without Scram
Fire

(ATWS)

Control Room
Station

(SLC system
capability)
Shutdown from
Outside Main
Anticipated
Transients
Blackout
Waste Gas

)

*
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ESBWR NSOA Events
NSOA Event ]S)l::ls)csslclfizlgl Relevant
Event Diagram

Loss of Feedwater Heating 15.2.1.1 15.1-2
Closure of One Turbine Control Valve 15.2.2.1 15.1-3
Generator Load Rejection with Bypass 15.2.2.2 15.1-4
(S};;ltee:rrflltor Load Rejection with a Single Failure in the Bypass 15223 15.1-5
Turbine Trip with Bypass 15.2.2.4 15.1-6
Turbine Trip with a Single Failure in the Bypass System 15.2.2.5 15.1-7
Closure of One Main Steamline Isolation Valve 15.2.2.6 15.1-8
Closure of All Main Steamline Isolation Valves 15.2.2.7 15.1-9
Loss of Condenser Vacuum 15.2.2.8 15.1-10
Loss of Shutdown Cooling Function of RWCU/SDC System 15.2.2.9 15.1-11
Inadvertent Isolation Condenser Initiation 15.2.4.1 15.1-12
Runout of One Feedwater Pump 15.2.4.2 15.1-13
Opening of One Turbine Control or Bypass Valve 15.2.5.1 15.1-14
Loss of Non-Emergency AC Power to Station Auxiliaries 15.2.5.2 15.1-15
Loss of All Feedwater Flow 15253 15.1-16
Loss of Feedwater Heating With Failure of SCRRI and SRI 15.3.1 15.1-17a
FDeeergZ\I/lager Controller Failure — Minimum Temperature 153.1 15.1-17b
Feedwater Controller Failure — Maximum Flow Demand 15.3.2 15.1-18
Pressure Regulator Failure Opening of All Turbine Control
and Bypass Valves 15.3.3 15.1-19
Errlzsglyrre)als{:%}git(e)z Failure — Closure of All Turbine Control 15.3.4 15.1-20
gs\lzlzrra)ltor Load Rejection with Total Bypass Failure (at High 153.5 15.1-01
Turbine Trip with Total Bypass Failure (at High Power) 15.3.6 15.1-22
Control Rod Withdrawal Error During Refueling 15.3.7 15.1-23

15.1-26
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Table 15.1-7
ESBWR NSOA Events
Subsection Relevant
NSOA Event Describing Event
Event Diagram

Control Rod Withdrawal Error During Startup 15.2.3.1 15.1-24a
Control Rod Withdrawal Error During Power Operation 15.2.3.2 15.1-25b
Control Rod Withdrawal Error During Startup With Failure
of Control Rod Block 15.3.8 15.1-24b
Control Rod Withdrawal Error During Power Operation with
ATLM Failure 15.3.9 15.1-25a
Fuel Assembly Loading Error, Mislocated Bundle 15.3.10 15.1-26
Fuel Assembly Loading Error, Misoriented Bundle 15.3.11 15.1-27
Inadvertent SDC Function Operation 15.3.12 15.1-28
Inadvertent Opening of a Safety Relief Valve 15.3.13 15.1-29
Inadvertent Opening of a Depressurization Valve 15.3.14 15.1-30
Stuck Open Safety Relief Valve 15.3.15 15.1-31
Liquid-Containing Tank Failure 15.3.16 15.1-32
Fuel Handling Accident 15.4.1 15.1-33
LOCA Inside Containment 15'4i25’ii'4'3’ 15.1-34a/b
Main Steamline Break Outside Containment 15.4.5 15.1-35a/b
Control Rod Drop Accident 15.4.6 15.1-36
Feedwater Line Break Outside Containment 15.4.7 15.1-37a/b
Fallur§: of Small Line Carrying Primary Coolant Outside 15.4.8 15.1-38a/b
Containment
RWCU/SDC System Line Failure Outside Containment 15.4.9 15.1-39a/b
Spent Fuel Cask Drop Accident 15.4.10 15.1-40
MSIV Closure with Flux Scram (Overpressure Protection) 15.5.1 15.1-41
Shutdown Without Control Rods
(i.e., SLC system shutdown capability) 15.52 15.1-42
Shutdown from Outside Main Control Room 15.5.3 15.1-43
Anticipated Transients Without Scram 15.5.4 15.1-44a/b

15.1-27
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ESBWR NSOA Events

Subse.ctﬁon Relevant
NSOA Event Describing Event

Event Diagram

Station Blackout 15.5.5 15.1-45a/b
Safe Shutdown Fire 15.5.6 15.1-46
Waste Gas System Leak or Failure 15.5.7 15.1-47

15.1-28
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EVENT TITLE

Specific Plant Condition?

p Either parameter

Both parameter limits imitintes _System P F

together initiate U operation

System Q operation Single parameter initiates
P P | *— gystem R operation

System
System System u

Q R

[ |

System H

s Parameter limit has
been reached requiring ——m °

operator action

System Manual action initiates System
T System V. ———— @ \Y

NOTE:
Either System Q or System R operation is required

< Required Action A >
Operation of both System S and System T is required

LEGEND: CRDS = Control Rod Drive System
RV = Reactor Vessel
HVAC Subsystem, SLCS = Standby Liquid Control System

Figure 15.1-1. Event Diagram Format
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Loss of Feedwater Heating

Low FW
Temperature

Detect FW

ATLM Temperature change

Initiate SCRRI/SRI
Function

RC&IS

Insert
SCRRI/SRI —— Selected

Control Rods
Y
Reactor variables
settle into new steady state

Figure 15.1-2. Event Diagram —
Loss of Feedwater Heating
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Closure of One Turbine
Control Valve

No

Reactor variables
settle into new
steady state

Fast Closure?

Open remaining

SB&PC/TGCS — TCVs and

needed TBVs

High Neutron Flux

High RV

Scram Low Turbine L2 MSIV
3 — +30s s
RP3 Signal L2 Inlet Pressure +30s \’[:;I)::e] g:e:;ir;_ Position

Insert
CRDS —= Control MSIV ICS
Rods.

Reactor Reactor 2 ressure
Shutdown Isolation Inventory Control

Figure 15.1-3. Event Diagram —
Closure of One Turbine Control Valve
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Generator Load Rejection with
Turbine Bypass

_ Generator Load
" Rejection Signal

SB&PC —— Open TBV

Initiate SCRRI/SRI

DPS .
Function

Insert Selected

SCRRI/SRI Control Rods

Y

Reactor variables
settle into new steady state

Figure 15.1-4. Event Diagram —
Generator Load Rejection with Turbine Bypass
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Generator Load Rejection with Single
Failure in Turbine Bypass System

Power/Load Generator Load
P . P —— .. ;
| | Unbalance Signal Rejection Signal
Low Turbine
P L2+30s P Inlet Pressure Initiate
| | DPS  |—» SCRRI/SRI SB&PC —» Open TBV
Function
High RV Seram Sianal
L2 Dome Pressure MSIV cram signa
MSIV +30's P P with P Position RPS (T,CV_ C]OSU]‘&":
10 s timer with insufficient
bypass)
Insert Selected
SCRRISRT ——> Control Rods
Reactor Insert
Isolation icS ERDS Control Rods

Reactor Pressure &

Inventory Control Reactor Shutdown

Figure 15.1-5. Event Diagram —
Generator Load Rejection with a Single Failure in the Turbine Bypass System
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Turbine Trip with Turbine Bypass

_ Turbine Trip
" Signal

SB&PC |—— Open TBV

Initiate SCRRI/SRI
Function

DPS

Insert Selected

SCRRI/SRI Control Rods

\J

Reactor variables
settle into new steady state

Figure 15.1-6. Event Diagram —
Turbine Trip with Turbine Bypass
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Turbine Trip with Single Failure in
Turbine Bypass System

L2+30s Low Turbine I:P Turbine Trip [P:'—' Turbine Trip
Inlet Pressure Signal Signal
Initiate
. DPS — SCRRI/SRI SB&PC |—» Open TBV
s g‘gh RPV S Function
ome Pressure MSIV
MSIV +30's ‘ | P | with | P Position
10's timer Scram Signal
(TSV closure
RPS with insufficient
bypass)
Reactor 1CS SCRRI/SRI |—» Insert Selected
Isolation Control Rods
Insert
CRDS Control Rods

Reactor Pressure &
Inventory Control

Reactor Shutdown

Figure 15.1-7. Event Diagram —
Turbine Trip with a Single Failure in the Turbine Bypass System
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Closure of One Main Steamline
Isolation Valve

Yes Full Power?

High Main
Steamline Flow

P ——»

SB&PC/ Open TCVs
TGCS Open needed TBVs

MSIV — Close Remaining
MSIV

Reactor variables
settle into new
steady state

P +—— MSIV Position

Scram
Signal

Insert
Reactor Pressure
CRDS — Control Control
Rods

Reactor
Shutdown

Figure 15.1-8. Event Diagram —
Closure of One Main Steamline Isolation Valve
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Closure of All Main Steamline Isolation Valves

MSIV
P .
Position
RPS I Sf:ram ICS
Signal
Insert
Reactor Pressure
CRDS — Control Control
Rods

Reactor Shutdown

Figure 15.1-9. Event Diagram —
Closure of All Main Steamline Isolation Valves
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Loss of Condenser Vacuum

Turbine Trip MSIV ‘ Low Condenser
P Signal P Position P Vacuum
SB&PC — Open TBV ICS

RPS = Scram Signal

Reactor Pressure
Control

Low
Condenser «— P CRDS | Insert
Vacuum Control Rods

Reactor
Shutdown

MSIV

Figure 15.1-10. Event Diagram —
Loss of Condenser Vacuum
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Loss of Shutdown Cooling Function of
RWCU/SDC System

Modes 3-5

Close Head Vent

O,

Head Vent
Open?

L2+30s

ICS

Pressure and
Inventory Control

Design Control Document/Tier 2

Mode 6

[}

GDCS

High Pressure + 10 s

Extended Core
Cooling &
Inventory Control

Sustained L1 with
150 s Timer

Figure 15.1-11. Event Diagram —
Loss of Shutdown Cooling Function of RWCU/SDC System

15.1-39
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Level
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Line
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Inadvertent Isolation Condenser
System Initiation

Increased
P
water level

Adjust FW flow
to compensate

FWCS F——

Reactor variables
settle into new steady state

Figure 15.1-12. Event Diagram —
Inadvertent Isolation Condenser Initiation
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Runout of One Feedwater Pump

P |———— Increased Water Level

FWCS  |—— Reduce Feedwater Flow from
other pumps(s)

Water Level is maintained
at normal value

Figure 15.1-13. Event Diagram —
Runout of One Feedwater Pump
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Opening of One Turbine Control
or Bypass Valve

P Decreased Reactor

Dome Pressure

SB&PC/ Adjust Turbine Control and

-
TGCS Bypass Valves to compensate

Reactor variables
settle into new
steady state

Figure 15.1-14. Event Diagram —
Opening of One Turbine Control or Bypass Valve
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Loss of Non-Emergency AC Power to
Station Auxiliaries

Design Control Document/Tier 2

SB&PC —* Open TBV

Turbine Trip
Signal

Level 2 with 30 s

P Timer-or-Low

Condenser Vacuum

MSIV

Isolation

Loss of Power

P » Generation Bus

(Loss of Feedwater
Flow)

RPS — Scram Signal

CRDS |, Insert Control
Rods

Reactor Shutdown

ICS

Reactor Pressure
Control & Inventory
Control

Loss of Power Generation Bus
(Loss of Feedwater Flow)

Figure 15.1-15. Event Diagram —
Loss of Non-Emergency AC Power to Station Auxiliaries
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Loss of All Feedwater Flow

P » Loss of Power Generation Bus
(Loss of Feedwater Flow)

RPS ——» Scram Signal

CRDS ——— Insert Control Rods

Level 2 With Loss of Power Generation Bus
30 s Timer (Loss of Feedwater Flow)

Reactor
Shutdown

MSIV IcS

Reactor Pressure
Control & Inventory
Control

Isolation

Figure 15.1-16. Event Diagram —
Loss of All Feedwater Flow
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Loss of Feedwater Heating
with Failure of SCRRI and SRI

Reactor variables settle
into new steady state

MCR Air Intake P
High Radiation

Filter and
Pressurize MCR

- CRHAHVS

MCR
Habitability

LEGEND: CRHAHVS = Control Room Habitability Area HVAC Subsystem

Figure 15.1-17a. Event Diagram —

Loss of Feedwater Heating With Failure of SCRRI and SRI
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Feedwater Controller Failure
Minimum Temperature Demand

Low FW
P
Temperature
ATLM Detect FW
Temperature change
RC&IS Inltlat‘e SCRRI/SRI
Function
Insert Selected
SCRRI/SRI Control Rods

Reactor variables
settle into new steady state

Figure 15.1-17b. Event Diagram —
Feedwater Controller Failure - Minimum Temperature Demand
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Feedwater Controller Failure
Maximum Flow Demand

Level
[P s

Open
BV SB&PC

RPS = Scram Signal

Reactor Pressure
Control

Insert Control
CRDS ™ Rods

Reactor
Shutdown

12430 Low Turbine
Inlet Pressure

High RV
L2 Dome Pressure MSIV
MSIV +30s | P ‘ | P | with D} Position
10 s timer
) ICS
Isolation

Reactor Pressure &
Inventory Control

Figure 15.1-18. Event Diagram —
Feedwater Controller Failure — Maximum Flow Demand
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Pressure Regulator Failure Opening of All
Turbine Control and Bypass Valves

Low Main

P —> }
Steamline Pressure

MSIV — MSIV Closure

MSIV
Position

1CS RPS — Scram Signal

Insert Control
CRDS Rods

Reactor Pressure
& Inventory Control

Reactor
Shutdown

Figure 15.1-19. Event Diagram —
Pressure Regulator Failure — Opening of All Turbine Control and Bypass Valves

15.1-48



26A6642BP Rev. 10
ESBWR Design Control Document/Tier 2

Pressure Regulator Failure Closure of All
Turbine Control and Bypass Valves

:
]

High _
P |——» Neutron P li2+30s | P Low Turbine
Flux | Inlet Pressure
RPS —» Scram Signal High RV
MSIV L2 mp p | Dome Pressure[ MSIV
+30s with Position
10 s timer
Insert
CRDS — Control
Rods
Isolation ICS

Reactor
Shutdown

Reactor Pressure &
Inventory Control

Figure 15.1-20. Event Diagram —
Pressure Regulator Failure — Closure of All Turbine Control and Bypass Valves
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Generator Load Rejection
with Total Bypass Failure
(at High Power)

Scram Signal
Low Turbine Power/Load (TCV closure MCR Air Intake
E 30s Inlet Pressure P Unbalance Signal RPS ™ with insufficient High Radiation P

bypass)

High RV

Dome MSIV Initiate Insert Filter and
MSIV P . P » DPS — SCRRI/SRI CRDS - . -4+— CRHAHVS
Pressure with Position Function Control Rods Pressurize MCR

10 s timer

: Reactor : Insert Selected
SCRRI/SRI —
Isolation 1cs S¢ S Control Rods
Reactor Pressure & Reactor MCR
Inventory Control Shutdown Habitability

LEGEND: CRHAHVS = Control Room Habitability Area HVAC Subsystem

Figure 15.1-21. Event Diagram —
Generator Load Rejection with Total Bypass Failure (at High Power)
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Turbine Trip with Total
Bypass Failure
(at High Power)
i Scram Signal
Low Turbine . . MCR Ai
Turbine Trip (TSV closure r
L2+30s Inlet I:P Signal RPS with insufficient Intake High P:|
Pressure bypass) Radiation
High RV
L2 Dome MSIV Initiate Insert Filter and
MSIV Yoo [P] [P] Presswe [P ]-position DPS  [—» SCRRISRI CRDS  |—» Control Pressurize «—| CRHAHVS
’ with Function Rods MCR
10 s timer

Insert
Reactor Ics SCRRISRI | —» Selected MCR
Isolation Control Rods Habitability
Reactor Pressure &
Inventory Control
Reactor
Shutdown
LEGEND: CRHAHVS = Control Room Habitability Area HVAC Subsystem
Figure 15.1-22. Event Diagram —

Turbine Trip with Total Bypass Failure (at High Power)
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Control Rod Withdrawal Error
During Refueling

Withdrawal of the most reactive rod or the most reactive rod pair
associated with the same HCU does not result in criticality.
RWM prevents withdrawal of additional rods.

Figure 15.1-23. Event Diagram —
Control Rod Withdrawal Error During Refueling
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Control Rod Withdrawal Error
During Startup

P ——» SRNM Period

RPS  ——Scram Signal

CRDS |—Insert Control Rods

Reactor
Shutdown

Figure 15.1-24a. Event Diagram —
Control Rod Withdrawal Error During Startup
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Control Rod Withdrawal Error
During Startup With Failure of
Control Rod Block

Are withdrawn
rods in sequence?

Yes No

| High ‘
P — Neutron P —» SRNM Period
I Flux ‘

RPS  — Scram Signal

Insert
CRDS Control Rods

Reactor
Shutdown

Figure 15.1-24b. Event Diagram —
Control Rod Withdrawal Error During Startup With Failure of Control Rod Block
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Control Rod Withdrawal Error
During Power Operation
With ATLM Failure

Design Control Document/Tier 2

MRBM

P |—— Parameter

Exceeded

RC&IS

—— Rod Block

Rod

Terminate

Withdrawal

MCR Air Intake
High Radiation

Filter and

Pressurize MCR <+—— CRHAHVS

MCR
Habitability

LEGEND: CRHAHVS = Control Room Habitability Area HVAC Subsystem

Figure 15.1-25a. Event Diagram —
Control Rod Withdrawal Error During Power Operation with ATLM Failure
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Control Rod Withdrawal Error
During Power Operation

ATLM
P t— Parameter
Exceeded

RC&IS — Rod Block

Terminate Rod
Withdrawal

Figure 15.1-25b. Event Diagram —
Control Rod Withdrawal Error During Power Operation
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Fuel Assembly Loading Error
Mislocated Bundle

Planned Operation
(All normally operating systems remain in operation)

Figure 15.1-26. Event Diagram —
Fuel Assembly Loading Error — Mislocated Bundle
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Fuel Assembly Loading Error
Misoriented Bundle

Planned Operation
(All normally operating systems remain in operation)

Figure 15.1-27. Event Diagram —
Fuel Assembly Loading Error — Misoriented Bundle
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Inadvertent SDC
Function Operation

Mode 1 | Mode 2

Reactor variables settle
into new steady state

High Neutron Flux

RPS — Scram Signal
CRDS Insert
Control Rods

Reactor
Shutdown

Figure 15.1-28. Event Diagram —
Inadvertent SDC Function Operation
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Inadvertent Opening of a
Safety/Relief Valve
p High Suppression
[‘]—’ Pool Temperature

RPS L & Seram Signal
CRDS Insert
Control Rods

Reactor
Shutdown

Figure 15.1-29. Event Diagram —
Inadvertent Opening of a Safety Relief Valve
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Inadvertent Opening of a
Depressurization Valve

p Sustained L1
Water Level

ADS PCCS
Limit
RPV Containment

Depressurization
Pressure

Sustained L1 .

High D 1
P — Water Level with p B DIYWel o 1 p
) ressure

150 s Timer
Sf:ram RPS
Signal

Open GDCS Pool

GDCS Valves to RPV

Insert
Contro] <«— CRDS
Rods

Extended Core
Cooling &
Inventory Control

Reactor
Shutdown

Figure 15.1-30. Event Diagram —
Inadvertent Opening of a Depressurization Valve
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Stuck Open Safety/Relief Valve

Reactor Scrammed with
One SRV Stuck Open

Low Main
PCCS P [—» Steamline
Pressure

Limit
Containment MSIV
Pressure
P Sustained L1
Water Level
ADS [solation

Sustained L1 a
Water Level with | p Depressurization p MSIV Position
150 s Timer

Open GDCS

GDCS Pool Valves to RPV

ICS

Reactor Pressure
Control

Extended Core Cooling
& Inventory Control

Figure 15.1-31. Event Diagram —
Stuck Open Safety Relief Valve
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Liquid Containing Tank Failure

Planned Operation MCR AirIntake . [}

(All normally operating High Radiation
systems remain in operation)

Filter and

Pressurize MCR | CRHAHVS

MCR
Habitability

LEGEND: CRHAHVS = Control Room Habitability Area HVAC Subsystem

Figure 15.1-32. Event Diagram —
Liquid-Containing Tank Failure
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Fuel Handling Accident

\
Planned Operation

(All other normally operating systems
remain in operation)

p High Radiation in
Reactor Building
Normal Building
o —» Isolate
Ventilation

Monitor Radiation

@ Level

Radiation Release
Control

Figure 15.1-33. Event Diagram —
Fuel Handling Accident
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Loss of Power

Generation Bus
— Loss of P:I P | P ‘

Feedwater Flow

Loss of Power
Generation Bus
— Loss of
Feedwater Flow
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LOCA Inside Containment

Design Control Document/Tier 2

High DW
Pressure

L3 Water
Level

High Drywell
Pressure with

One Hour Delay

"]

Sustained L1
Water Level

amid

Insert
CRDS (Seram) == control Rods
Reactor
Shutdown
L2 Water ll\)fISIV il V\;ater
p Level with osition eve ; .
30 sec. Timer
Open
s Valves to IC

Inventory Control

LEGEND: CRHAHVS = Control Room Habitability Area HVAC Subsystem

Figure 15.1-34a. Event Diagram —
Loss-of-Coolant-Accident Inside Containment
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Continued from previous page
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High Radiation

]_. in Reactor
Building

Normal Building

Ventilation »- [solate

Monitor Radiation
@ Level

L1 Water Level
with 30 min Timer

Sustained L1
Water Level
with 150 s Timer

GDCS

Open GDCS
— Pool Valves
1o RPV

Extended
Core Caaling

L2 Water L2 Water High Drywell
Level with Level with n ﬂ Iiéw\galcr n prgssum)w i:h
30 s Timer 30 s Timer I Hour Delay
Containment Close . Close ADS Actuation
Isolation Valves MSIV. = oives n with 150 s Delay
Open GDCS
< Isolation > PCCS GDCS [ postValves
| | o RPV
Limit Limit
Containment Containment
Pressure Pressure
ot T el Sustained L1 Water
n *— L0.5 Waler Level Level With 50s Timer
Gnes Open SLC | Inject Boron

Equalizing Lines

I-

High-High
Drywell
Pressure

Feedwater
Isolation

m
Containment
Pressure

Figure 15.1-34b. Event Diagram —
Loss-of-Coolant-Accident Inside Containment
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Main Steam Line Break
Outside Containment

MSIV L3 Water

Position Level Sustained L1
taine
p i e K A er e =L
Water Level

Loss of Power

Generation Bus
— Loss of
Feedwater Fl
cedwater Flow CRDS (Scram) , Insert ADS — Open Valves
Control Rods

Reactor RV
Shutdown Depressurization

L2 Water ll\’ASltV
P Level with P osition
30 sec. Timer
Loss of Power

High RV Dome

Level
Pressure with 10 Intake High <—E
Radiation

L1 Water
MCR Air
P |

sec Timer
Generation Bus
— Loss of
Feedwater Flow .
Ics Open Filter al?d CRHAHVS
> Valves to IC Pressurize MCR

MCR
< Inventory Control > Habitability

LEGEND: CRHAHVS = Control Room Habitability Area HVAC Subsystem
Figure 15.1-35a. Event Diagram —

Main Steamline Break Outside Containment
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Main Steam Line Break
Outside Containment

Continued from previous page

Design Control Document/Tier 2

-— P

GDCS

Extended Core Cooling

Open GDCS Pool
Valves to RPV

L2 Water Low Turbine High Steam
— Level with Inlet Press Line Flow L1 Water
30 s Timer Level
- P -«-— P P P
L2 Water
Contai ¢ Level with
ontammen L, Close 30 sec Timer
Isolation Valves
MSIV Close
) Valves
[solation
L1 Water
P | o Level with
30 min Timer
Sustained L1 Water
P Level with 50 s Timer
L0.5 Water
P ™ Level
Open‘ . Inject
GDCS ——s Equalizing SLCS Boron
Lines

Extended Core Cooling

Figure 15.1-35b. Event Diagram —
Main Steamline Break Outside Containment
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Control Rod Drop Accident

Not a credible event.
No protection sequence required.

Figure 15.1-36. Event Diagram —
Control Rod Drop Accident
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ESBWR

Feedwater Line Break
Outside Containment

MSIV
Position L3 Water
p P:I P Level Sustained L1 P:I
Water Level
Loss of Power
Generation Bus
— Loss of
Feedwater Flow Insert
CRDS (Scram) —» C(;ntrol Rods ADS — Open Valves

Reactor RV
Shutdown Depressurization

L2 Wate MSIV L1 Water
Levelax;iih Position Level High RV Dome MCR Air
P 30 sec. Timer P P P P Pressure with 10 Intake High Pj
Loss of Power sec Timer Radiation
Generation Bus
— Loss of
Feedwater Flow
(o) Open Filter and
Valves to IC Pressurize MCR CRHAHVS

: : < MCR >
Inventory Control Habitability

Figure 15.1-37a. Event Diagram —
Feedwater Line Break Outside Containment
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Feedwater Line Break

. . Continued from previous page
Outside Containment P pag

L2 Water
P |— Level with
30 s Timer L2 Water
Level with €+— P P — ]iév\;\r{ater
30 Sec Timer
Containment Close
Isolation Valves
MSIV — Close Valves
Isolation
Isolation

Sustained L1

Water Level --+— P

with 150 s Timer L1 Water

P — Level with
30 Min Timer
Open GDCS
GDCS I Pool Valves
to RPV , Sustained L1 Water
P LO.5 Water Level P Level with 50 s Timer
Extended Core Cooling 0 -
“ » Open Equalizing
GDCS Lines SLCS — Inject Boron

Extended Core Cooling Inventory Control

Figure 15.1-37b. Event Diagram —
Feedwater Line Break Outside Containment
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Failure of Small Line Carrying Primary
Coolant Outside Containment

MSIV L3 Water
Closure Level

._{ p | ._I P | EJ]_, Sustained L1 4_[]1
Water Level

Loss of Power

Generation Bus
Loss of

Feedwater Flow

I
CRDS Cnsggol Rods ADS — Open Valves

Reactor RV
Shutdown Depressurization

MSIV L1 Water
L2 Wate_r Position Level MCR Air
Level with .
P~ 130 sec. Timer P P P . Intake High p
) Sec. High RV Dome Radiation
Loss of Power Pressure with 10
Generation Bus sec. Timer
Loss of
Feedwater Flow .
Ics Open Filter and
Valves to IC Pressurize MCR CRHAHVS

Inventory Control MCR
ventory Lontr Habitability

LEGEND: CRHAHVS = Control Room Habitability Area HVAC Subsystem

Figure 15.1-38a. Event Diagram —
Failure of Small Line Carrying Primary Coolant Outside Containment
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Failure of Small Line Carrying Primary

. . Continued fi /ious
Coolant Outside Containment ontinued from previous page

L2 Water
P +—» Level with
30 s Timer L2 WaTef L1 Water
Level w1t.h -+ P P Level
30 Sec Timer
Containment Close
Isolation ™ Valves
MSIV — Close Valves
Isolation
Isolation

Sustained L1

Water Level - P

with 150 s Timer L1 Water

P — Level with
30 Min Timer
Open GDCS
GDCS — Pool Valves )
to RPV P L0.5 Water p Sustame‘d Ll Wat‘er
Level Level with 50 s Timer
Extended Core Cooling Qpen o
GDCS — E‘_*”a"z‘“g SLCS L Inject Boron
ines

Extended Core Cooling Inventory Control

Figure 15.1-38b. Event Diagram —
Failure of Small Line Carrying Primary Coolant Outside Containment
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RWCU/SDC System Line Failure
Outside Containment

MSIV L3 Water

Positi Level .
> ‘ osition > | I:P Sustained L1 P:I
‘_{ ! Water Level

Loss of Power

Generation Bus
Loss of

Feedwater Flow

Insert
CRDS (Scram) — Control Rods ADS — Open Valves

Reactor RV
Shutdown Depressurization

MSIV L1 Water
L2 Water Position Level MCR Air
P Level with P P ! b
30 sec. Timer Hieh RV D Intake High
i ome b
Loss of Power £ ) Radiation
. Pressure with
Generation Bus .
10 sec. Timer
Loss of
Feedwater Flow .
1cs Open Filter and
Valves to IC Pressurize MCR CRHAHVS

Inventory Control MCR
ventory L-ontr Habitability

LEGEND: CRHAHVS = Control Room Habitability Area HVAC Subsystem

Figure 15.1-39a. Event Diagram —
RWCU/SDC System Line Failure Outside Containment
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RWCU/SDC System Line Failure

. . Continued from previous page
Outside Containment © pre pag

30 s Timer L2 Water
| Level with -—
30 Sec Timer

L1 Water
Level

L2 Water
P — Level with
P

=

—

Containment Close
. -
Isolation Valves

m MSIV — Close Valves
Sustained L1 m

Water Level <*— P
L1 Water

with 150 s Timer
P — Level with
30 Min Timer

. Open GDCS |
GDCS [~ Pool Valves L05 W Sustained L1 W
to RPV E ater Sustaine ater
P Level P Level with 50 s Timer

GDCS |, Open Equalizing

Lines Inject Boron

Extended Core Cooling

Figure 15.1-39b. Event Diagram —

RWCU/SDC System Line Failure Qutside Containment
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Spent Fuel Cask Drop Accident

|

Planned Operation
(All other normally operating systems
remain in operation)

Figure 15.1-40. Event Diagram —
Spent Fuel Cask Drop Accident
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MSIV Closure with Flux Scram
(ASME Overpressure Protection)

NMS

CRDS

Reactor
Shutdown

Trip on APRM High
Neutron Flux

Generate Flux SRVs
Trip Signal

Pressure
Relief

Initiate
Scram

Insert
Control
Rods

Figure 15.1-41. Event Diagram —

P —

—

SRVs Open on
High Pressure

Limit Pressure
Increase

MSIV Closure With Flux Scram (Overpressure Protection)
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Shutdown Without
Control Rods

@ SLCS lwnlj-cct.Boralcd
ater

Figure 15.1-42. Event Diagram —
Shutdown Without Control Rods (i.e., SLC System Capability)
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Shutdown From Outside
Main Control Room

Design Control Document/Tier 2

RPS

@ (Scram)

CRDS

Reactor

Shutdown

Steam Condensation &
RPV Depressurization

Figure 15.1-43. Event Diagram —
Shutdown from Outside Main Control Room
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Anticipated Transients
Without Scram

L2 Water Level High RV Dome Pressure L2 Water Level and High RV Dome Pressure
and SRNM not <+— P P — and SRNM not <« P P —> and APRM > 6% rated
. . APRM 2 6% rated power
Downscale for 3 min Downscale for 3 min power for > 60 sec
SLCS — Inject Boron ADS Inhlblt'ADS
Actuation
S};j'?gg\)in Control Pressure
SRVs Open on
L2 Water Level—» P P High RPV Pressure
IcS SRV Limit Pressure
Increase

Reactor Pressure
Control and
Inventory Control

Pressure
Relief

Figure 15.1-44a. Event Diagram —
Anticipated Transients Without Scram
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FWCS

Power
Suppression

Anticipated Transients Without Scram Continued from previous page
High RV Dome
P [— Pressurc and SRNM MSIV L1 Water
not Downscale L2 Water Level Position Level
with - P - P - P P |—»
30 s Timer High RV Dome
L Fecdwater Pressure with
Runback 10 s Timer
High Suppression
P | HIZ pp! Alvec
Pool Temperature ICS |, Open Valves
to IC
Suppression
FAPCS PEEFCoollin Steam Condensation
g & RV Depressurization

Suppression
Pool Cooling

Figure 15.1-44b. Event Diagram —

Anticipated Transients Without Scram
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Station
Blackout

Loss of Power
Generation Bus - Loss <+— P
of Feedwater Flow

Sustained L1
Water Level P

PCCS
ADS — Open Valves
Insert Limit
Control Rods ™ CRDS Containment
Pressure

RV Depressurization

Reactor Shutdown

Loss of Power
Generation Bus - Loss «-——— P
of Feedwater Flow

ICS — Open Valves to IC

Steam Condensation,
RV Depressurization &
Inventory Control

Figure 15.1-45a. Event Diagram —
Station Blackout
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ESBWR
Station Blackout Continued from previous page
L2 Water
P (—» Level \.mlh L2 Water
30 x Timer Level with <«—] P P LI Water
30 sec Timer Level
Containment Close
Isolation Valves
MSIV » Close
Valves
Isolation
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L1 Water
Level with «-— P
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Water Level with «+— P

150 s Timer

P L0.5 Water
Level
GDCS Open GDCS Pool
Valves to RPV
GDCS Open =
Equalizing Lines

Extended Core Cooling

Extended Core Cooling

Figure 15.1-45b. Event Diagram —
Station Blackout

15.1-83



ESBWR

26A6642BP Rev. 10

Safe Shutdown Fire
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* Control
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1cs

—» Open Valves to IC
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Figure 15.1-46. Event Diagram —

Safe Shutdown Fire
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Radioactive Offgas System
Leak or Failure*

High Radiation
Alarm

0GS Close Bypass
\M Valve

Offgas Release
Terminated

* Leak is assumed to result from inadvertent opening of a valve bypassing the charcoal adsorber tanks

Figure 15.1-47. Event Diagram —
Waste Gas System Leak or Failure
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15.2 ANALYSIS OF ANTICIPATED OPERATIONAL OCCURRENCES

Each of the AOOs addressed in the Section 15.1, “Nuclear Safety Operations Analysis” (NSOA),
is evaluated in the following subsections. Appendix 15A provides a determination of event
frequency to categorize AOOs as defined in 10 CFR 50 Appendix A. Tables 15.2-1, 15.2-2, and
15.2-3 provide the important input parameters and initial conditions used/assumed in the AOO

analyses. Table 15.2-23 provides the response time limits for initiation signals used/assumed in
AOQO analyses.

In the analysis of AOOs and Infrequent Events in Section 15.3 nonsafety-related systems or
components are considered to be operational in the following situations:

e When assumption of a nonsafety-related system results in a more limiting event;

e When a detectable and nonconsequential random, independent failure must occur in order
to disable the system; and

e When nonsafety-related systems or components are used as backup protection (i.e. not
the primary success path, included to illustrate the expected plant response to the event).

For the core power-feedwater temperature operating domain as discussed in Subsection 4.4.4.3,
Figure 15.2-17 shows the lines for rod block, control system action and protection system
actuation. The details are discussed in Reference 15.2-5.

15.2.0 Assumptions

Assumptions are listed in the event discussions and Table 15.2-1.
15.2.1 Decrease In Core Coolant Temperature
15.2.1.1 Loss Of Feedwater Heating

15.2.1.1.1 Identification of Causes

A feedwater (FW) heater can be lost in at least two ways:
e Steam extraction line to heater is closed; or
e FW is bypassed around heater.

The first case produces a gradual cooling of the FW. In the second case, the FW bypasses the
heater and no heating of the FW occurs. In either case, the reactor vessel receives colder FW.
The maximum number of FW heaters that can be tripped or bypassed by a single event
represents the most severe event for analysis considerations.

The ESBWR is designed such that no single operator error or equipment failure causes a loss of
more than 55.6°C (100°F) FW heating.

The loss of FW heating causes an increase in core inlet subcooling. This increases core power
due to the negative void reactivity coefficient. However, the power increase is slow.

A LOFWH that results in a significant decrease in feedwater temperature is independently
detected by the Automated Thermal Limit Monitors (ATLMs) and by the Diverse Protection
System (DPS), either of which mitigates the event by initiating SCRRI and SRI functions as
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discussed in Subsections 7.7.2.2.7.7, 7.7.3.3 and 7.8.1.1.3. This prevents violating any reactor
thermal limits. These functions are also collectively referred to as SCRRI/SRI.

Control rod insertion is conservatively assumed to start only when the temperature difference
setpoint is reached in the FW nozzle. The SCRRI/SRI is able to suppress the neutron power
increase and ensure that the MCPR reduction is small.

The SCRRI/SRI function reduces the core power and limits the change in MCPR after a Loss of
Feedwater Heating. The SCRRI/SRI rod pattern depends on the fuel cycle exposure and
initiating event. The rod pattern analyzed in this event is divided into seven control rod groups;
six SRI groups, with scattered insertion times (a separation of 15 seconds between each
subgroup) and one SCRRI group. However, no SCRRI rods were assigned for this rod pattern.
SCRRI rods were not defined in this rod pattern; they are not required to show acceptable CPR
results.

Events may exist where the SCRRI/SRI is not activated because the loss of feedwater
temperature is less than 16.7°C (30°F). These events have a power increase of up to
approximately 106% starting at rated conditions. The resulting ACPR/Initial Critical Power
Ratio (ICPR) is approximately 0.04 and is bounded by the inadvertent isolation condenser (IC)
initiation (Table 15.2-4a). Therefore, these events do not need to be reanalyzed for any specific
core configuration.

15.2.1.1.2 Sequence of Events and Systems Operation

Sequence of Events

Table 15.2-5 lists the sequence of events for Figure 15.2-1. Reference to figure header number
implies all figures in series

There is no scram during this event. No operator action is required to mitigate the event.
Systems Operation

In establishing the expected sequence of events and simulating plant performance, the plant
instrumentation and controls, plant protection and reactor protection systems are assumed to
function normally. A failure of a single Hydraulic Control Unit (HCU) is assumed.

15.2.1.1.3 Core and System Performance

Input Parameters and Initial Conditions

The event is simulated by programming a change in FW enthalpy corresponding to the assumed
loss in FW heating, shown in Table 15.2-1.

Results

Because the power increase during this event is controlled by the SCRRI/SRI insertion, the
reduction of the MCPR is very small, and turns around when the SCRRI/SRI function takes
effect. The results are summarized in Table 15.2-4a.

No scram is assumed in this analysis. Nuclear system pressure does not significantly change and
consequently, the RCPB is not threatened.
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This event is potentially limiting with respect to operating limit minimum critical power ratio
(OLMCPR), because of the effect cycle-to-cycle changes to the SCRRI/SRI rod pattern have on
ACPR/ICPR. This event is analyzed for each fuel cycle. The SCRRI/SRI requirements are
documented in the Core Operating Limits Report (COLR) in accordance with Technical
Specifications. The OLMCPR is established for the limiting event and documented in the COLR
in accordance with Technical Specifications.

15.2.1.1.4 Barrier Performance

As noted previously, the effects of this event do not result in any temperature or pressure
transient in excess of the criteria for which the fuel (including thermal-mechanical criteria as
discussed in Section 8.3 of Reference 15.2-1), pressure vessel or containment are designed.
Therefore, these barriers maintain their integrity and function as designed.

15.2.1.1.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2 Increase In Reactor Pressure
15.2.2.1 Closure of One Turbine Control Valve

15.2.2.1.1 Identification of Causes

The ESBWR Steam Bypass and Pressure Control (SB&PC) system uses a triplicated digital
control system. This system is similar to the one used in the ABWR design. The SB&PC
system controls the Turbine Control Valves (TCVs) and turbine bypass valves to maintain
reactor pressure. As presented in Subsection 15.2.4.2, the ESBWR design includes a triplicated
digital control system which provides improved fault tolerance relative to single channel analog
systems. The discussion in Subsection 15.2.4.2 applies as well to control actuators in SB&PC
for TCVs and turbine bypass valves. No credible single failure in the control system results in a
minimum demand to all TCVs and bypass valves. A voter or actuator failure may result in an
inadvertent closure of one TCV or one turbine bypass valve if it is open at the time of failure. In
this case, the SB&PC system senses the pressure change and commands the remaining control
valves or bypass valves, if needed, to open, and thereby automatically mitigates the transient to
maintain reactor power and pressure.

Because turbine bypass valves are normally closed during normal full power operation, it is
assumed for purposes of this transient analysis that a single failure causes a single turbine control
valve to fail closed. Should this event occur at full power, the remaining control valves opening
may not be sufficient to maintain the reactor pressure, depending on the turbine design. In this
case the turbine bypass valves open to control reactor pressure.

15.2.2.1.2 Sequence of Events and System Operation
Sequence of Events

Postulating an actuator failure of the SB&PC system causes one TCV to close. The pressure
increases because the reactor is still generating the initial steam flow. The SB&PC system opens
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the remaining control valves and some bypass valves. This sequence of events is listed in
Table 15.2-6 for Figure 15.2-2, for a fast closure with partial arc, and in Table 15.2-7 for Figure
15.2-3, for a slow closure with partial arc. Plots of Critical Power Ratios (CPRs) include
multiple fuel channels of different power levels and initial CPRs which are modeled by the
TRACG code. The plot legend shows numerical identifiers for the channels used in the TRACG
model. There is no scram during this event. No operator action is required to mitigate the event.

Systems Operation

Normal plant instrumentation and control are assumed to function. After a closure of one turbine
control valve, the steam flow rate that can be transmitted through the remaining three TCVs
depends upon the turbine configuration. For plants with full-arc turbine admission, the steam
flow through the remaining three TCVs is at least 95% of rated steam flow. This capacity drops
to about 85% of rated steam flow for plants with partial-arc turbine admission. Therefore, this
transient is less severe for plants with full-arc turbine admission. In this analysis, the case with
partial-arc turbine admission is analyzed to cover all plants. Two valve closure times are
considered. One is the bounding closure time for fast TCV closure. The second is the minimum
closure time for servo operation of the TCV (Subsection 10.2.2.2.1 and Figure 10.2-3). The
minimum servo closure time is referred to as slow closure.

Table 15.2-1 provides the following data for the TCV:
e Design full stroke closure time, from fully open to fully closed;

e Bounding closure time assumed in the fast closure analysis that results in the neutron flux
peak just below the scram setpoint. Faster closing times result in scram actuation and are
bounded by the analyzed closure rate;

e Closure time assumed in the slow closure analysis; and

e Percent of rated steam flow that can pass through three TCVs.

15.2.2.1.3 Core and System Performance

A simulated fast closure of one TCV (using the bounding steamline inputs in Table 15.2-1) is
presented in Figure 15.2-2. Neutron flux increases, because of the void reduction caused by the
pressure increase. The calculated neutron flux reaches the high neutron flux scram setpoint;
however, the scram is not credited because the peak is close to the high flux scram analytical
limit. When the sensed reactor pressure increases, the pressure regulator opens the bypass
valves, keeping the reactor pressure at a constant level. The calculated peak simulated thermal
power is provided in Table 15.2-4a. The number of rods in boiling transition for this transient
remains within the acceptance criterion for AOOs. Therefore, the design basis is satisfied.

A slow closure of one TCV is also analyzed as shown in Figure 15.2-3. The neutron flux
increase does not reach the high neutron flux scram setpoint. The results of this event are very
similar to the fast closure event discussed above. During the transient, the number of rods in
boiling transition remains within the acceptance criterion for AOOs. Therefore, the design basis
is satisfied.

This event (fast closure) is potentially limiting with respect to OLMCPR. This event is analyzed
for each fuel cycle. The OLMCPR is established for the limiting event and documented in the
COLR in accordance with Technical Specifications.

15.2-4



26A6642BP Rev. 10
ESBWR Design Control Document/Tier 2

15.2.2.1.4 Barrier Performance

Peak pressure at the SRVs is below the SRV setpoint. Therefore, there is no steam discharged to
the suppression pool. The peak vessel bottom pressure is below the upset pressure limit.

15.2.2.1.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.2 Generator Load Rejection With Turbine Bypass

15.2.2.2.1 Identification of Causes

Fast closure of the TCVs is initiated whenever electrical grid disturbances occur which result in
significant loss of electrical load on the generator. The TCVs are required to close as rapidly as
possible to prevent excessive over-speed of the turbine generator (TG) rotor. Closure of the
TCVs causes a sudden reduction in steam flow. To prevent an increase in system pressure,
sufficient bypass capacity is provided to pass steam flow diverted from the turbine.

After sensing a significant loss of electrical load on the generator, the TCVs are commanded to
close rapidly. At the same time, the turbine bypass valves are signaled to open in the "fast"
opening mode by the SB&PC system, which uses a triplicated digital controller. As presented in
Subsection 15.2.5.1.1, no single failure can cause all turbine bypass valves to fail to open on
demand.

Assuming no single failure, the plant has the full steam bypass capability available and the
Reactor Protection System (RPS) verifies that the bypass valves are open. The fast closure of the
TCVs produces a pressure increase that is negligible, because all the steam flow is bypassed
through the turbine bypass valves. The reactor power decreases when the SCRRI/SRI actuates.

The SCRRI/SRI function reduces the core power and limits the change in MCPR after a
generator load rejection with turbine bypass. The SCRRI/SRI rod pattern depends on the fuel
cycle exposure and initiation event. A typical rod pattern is analyzed in this event. The rod
pattern analyzed is divided into seven control rod groups: six SRI groups, with scattered
insertion times (a separation of 15 seconds between each subgroup) and a SCRRI group.
However, no SCRRI rods were assigned for this rod pattern and were not used to demonstrate
acceptable CPR results.

15.2.2.2.2 Sequence of Events and System Operation

Sequence of Events

A loss of generator electrical load from high power conditions produces the sequence of events
listed in Table 15.2-8.

Identification of Operator Actions

There is no scram during this event. No operator action is required to mitigate the event.
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System Operation

To properly simulate the expected sequence of events, the analysis of this event assumes normal
functioning of plant instrumentation and controls, plant protection and reactor protection systems
unless stated otherwise.

All plant control systems maintain normal operation unless specifically designated to the
contrary.

15.2.2.2.3 Core and System Performance

Input Parameters and Initial Conditions

The Turbine Generator Control System (TGCS) detects load rejection before a measurable
turbine speed change takes place.

The closure characteristics of the TCVs are assumed such that the valves operate in the full arc
mode. For this event, Table 15.2-1 provides the worst case full stroke closure time (from fully
open to fully closed) for the TCVs, which is assumed in the analysis. This results in a high
neutron flux that can cause a scram signal. Scram is not credited in the analysis. Scram can be
avoided when a more realistic TCV closure timing is assumed.

The bypass valve opening characteristics are simulated using the specified delay together with
the specified opening characteristic required for bypass system operation.

Results

Figure 15.2-4 shows the results of the generator trip from the 100% rated power conditions and
with the turbine bypass system operating normally. Although the peak neutron flux and average
simulated thermal power increase, the number of rods expected in boiling transition remains
within the acceptance criterion for AOOs.

This event is potentially limiting with respect to OLMCPR, because of the effect cycle-to-cycle
changes to the SCRRI/SRI rod pattern have on ACPR/ICPR. This event is analyzed for each fuel
cycle. The SCRRI/SRI requirements are documented in the COLR in accordance with Technical
Specifications. The OLMCPR is established for the limiting event and documented in the COLR
in accordance with Technical Specifications.

15.2.2.2.4 Barrier Performance

Peak pressure at the SRVs is below the SRV setpoint. Therefore, there is no steam discharged to
the suppression pool. The peak vessel bottom pressure remains below the upset pressure limit.
15.2.2.2.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.3 Generator Load Rejection With a Single Failure in the Turbine Bypass System

15.2.2.3.1 Identification of Causes

Fast closure of the TCVs is initiated whenever electrical grid disturbances occur, which result in
significant loss of electrical load on the generator. The TCVs are required to close as rapidly as
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possible to prevent excessive overspeed of the TG rotor. Closure of the TCVs causes a sudden
reduction in steam flow, which results in an increase in system pressure and reactor shutdown if
the available turbine steam bypass capacity is insufficient.

After sensing a significant loss of electrical load on the generator, the TCVs are commanded to
close rapidly. At the same time, the turbine bypass valves are signaled to open in the "fast"
opening mode by the SB&PC system, which uses a triplicated digital controller. As presented in
Subsection 15.2.4.2, the ESBWR design includes a triplicated digital control system which
provides improved fault tolerance relative to single channel analog systems. The discussion in
Subsection 15.2.4.2 applies as well to control actuators in SB&PC for TCVs and turbine bypass
valves. No single failure can cause more than half of the turbine bypass valves to fail to open on
demand. It is assumed that half of the turbine bypass valves fail to open on demand in this
analysis.

15.2.2.3.2 Sequence of Events and System Operation

Sequence of Events

A loss of generator electrical load with a single failure in the turbine bypass system from high
power conditions produces the sequence of events listed in Table 15.2-9.

Identification of Operator Actions
No operator action is required to mitigate the event.
System Operation

To properly simulate the expected sequence of events, the analysis of this event assumes normal
functioning of plant instrumentation and controls, plant protection and reactor protection systems
unless stated otherwise.

Conservatively, and to cover all possible failures, it is assumed that the system with a single
failure only opens to 50% of the total steam bypass capacity.

All plant control systems maintain normal operation unless specifically designated.

15.2.2.3.3 Core and System Performance
Input Parameters and Initial Conditions
The TGCS detects load rejection before a measurable turbine speed change takes place.

The closure characteristics of the TCVs are assumed such that the valves operate in the full arc
mode. For this event, Table 15.2-1 provides the design full stroke closure time (from fully open
to fully closed) for the TCVs and the worst-case closure time is assumed in the analysis.

SCRRI/SRI initiated by load rejection signal hydraulically inserts selected control blades in
advance of the scram; it is not simulated in this analysis.

The bypass valve opening characteristics are simulated using the specified delay, together with
the specified opening characteristic required for bypass system operation.

The pressurization and/or the reactor scram may compress the water level to the low level trip
setpoint (Level 2) and initiate the control rod drive (CRD) high pressure makeup function, and if
the low level signal remains for 30 seconds, MSIV closure, and isolation condenser operation
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occur. Should this occur, it would follow sometime after the primary concerns of fuel thermal
margin and overpressure effects have occurred.
Results

Figure 15.2-5 shows the results of the generator trip from the 100% rated power conditions
assuming only 50% of the total turbine bypass system capacity. Table 15.2-4a shows the results
for this event. Although the peak neutron flux and average simulated thermal power increase,
the number of rods in boiling transition remains within the acceptance criterion for AOOs in
combination with an additional single active component failure or operator error.

This event is potentially limiting with respect to OLMCPR. This event is analyzed for each fuel
cycle. The OLMCPR is established for the limiting event and documented in the COLR in
accordance with Technical Specifications.

15.2.2.3.4 Barrier Performance

Peak pressure at the SRVs is below the SRV setpoint. Therefore, there is no steam discharged to
the suppression pool. The peak vessel bottom pressure remains below the upset pressure limit.
15.2.2.3.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.4 Turbine Trip With Turbine Bypass

15.2.2.4.1 Identification of Causes

A variety of turbine or nuclear system malfunctions can initiate a turbine trip. Some examples
are moisture separator drain tank high levels, large vibrations, operator lockout, loss of control
fluid pressure, low condenser vacuum and reactor high water level.

After the main turbine is tripped, turbine bypass valves are opened in their fast opening mode by
the SB&PC system. The reactor power decreases when the SCRRI/SRI actuates.

The SCRRI/SRI function reduces the core power and limits the change in MCPR after a turbine
trip with turbine bypass. A typical rod pattern is analyzed in this event. The SCRRI/SRI rod
pattern used in the turbine trip with turbine bypass is the same as the one used in the generator
load rejection with turbine bypass discussed in Subsection 15.2.2.2.

15.2.2.4.2 Sequence of Events and Systems Operation

Sequence of Events

Turbine trip at high power produces the sequence of events listed in Table 15.2-10.
Identification of Operator Actions

There is no scram during the event. No operator action is required to mitigate the event.

Systems Operation

All plant control systems maintain normal operation unless specifically designated to the
contrary.
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15.2.2.4.3 Core and System Performance
Input Parameters and Initial Conditions

Table 15.2-1 provides the Turbine Stop Valve (TSV) full stroke closure time design range, and
the worst case (bounding) TSV closure time assumed in the analysis.

Results

A turbine trip with the bypass system operating normally is simulated at rated power conditions
as shown in Figure 15.2-6. Table 15.2-4a summarizes the analysis results. The neutron flux
increases rapidly because of the void reduction caused by the pressure increase. However, the
pressure increase is limited by the initiation of the steam bypass operation. Peak simulated
thermal power does not increase significantly. After the control system verifies that the bypass
capacity is adequate, the system activates the SCRRI/SRI to reduce the power to 60% and later
proceeds to a possible restart or a controlled shutdown. The number of fuel rods in boiling
transition during this event remains within the acceptance criterion for AOOs.

This event is similar to the generator load rejection with turbine bypass and does not need to be
evaluated each fuel cycle.
15.2.2.4.4 Barrier Performance

Peak pressure at the SRVs is below the SRV setpoint. Therefore, there is no steam discharged to
the suppression pool. The peak pressure at the vessel bottom remains below the upset pressure
limit.

15.2.2.4.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the

environment, there is no radiological consequence associated with this event.

15.2.2.5 Turbine Trip With a Single Failure in the Turbine Bypass System

15.2.2.5.1 Identification of Causes

A variety of turbine or nuclear system malfunctions can initiate a turbine trip. Some examples
are moisture separator drain tank high levels, large vibrations, operator lockout, loss of control
fluid pressure, low condenser vacuum and reactor high water level.

After the main turbine is tripped, turbine bypass valves are opened in their fast opening mode by
the SB&PC system.

15.2.2.5.2 Sequence of Events and Systems Operation
Sequence of Events

Turbine trip with a single failure in the turbine bypass system at high power produces the
sequence of events listed in Table 15.2-11.
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Identification of Operator Actions
No operator action is required to mitigate the event.
Systems Operation

All plant control systems maintain normal operation unless specifically designated to the
contrary. Credit is taken for successful operation of the RPS.

Conservatively, and to cover all possible failures, it is assumed that the system with a single
failure only opens to 50% of the total steam bypass capacity.

15.2.2.5.3 Core and System Performance
Input Parameters and Initial Conditions

Table 15.2-1 provides the TSV full stroke closure time design range, and the worst case
(bounding) TSV closure time assumed in the analysis. A reactor scram occurs due to fast TSV
closure, with inadequate availability of turbine bypass.

SCRRI/SRI initiated by turbine trip signal hydraulically inserts selected control blades in
advance of the scram; it is not simulated in this analysis.

Results

A turbine trip, assuming only 50% of the total turbine steam bypass capacity available, is
simulated at rated power conditions as shown in Figure 15.2-7. Table 15.2-4a summarizes the
analysis results. The neutron flux increases rapidly because of the void reduction caused by the
pressure increase. However, the flux increase is limited by the partial actuation of the steam
bypass system and the initiation of reactor scram. The peak simulated thermal power does not
significantly increase (< 10%) above its initial value. The number of fuel rods in boiling
transition during this event remains within the acceptance criterion for AOOs in combination
with an additional single active component failure or operator error. This event is similar to the
generator load rejection with a single failure in the turbine bypass system and does not need to be
evaluated each fuel cycle.

15.2.2.5.4 Barrier Performance

Peak pressure at the SRVs is below the SRV setpoint. Therefore, there is no steam discharged to
the suppression pool. The peak pressure at the vessel bottom remains below the upset pressure
limit.

15.2.2.5.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.6 Closure of One Main Steamline Isolation Valve

15.2.2.6.1 Identification of Causes

Protection system logic permits the test closure of one MSIV without initiating scram from the
position switches. An inadvertent closure of one MSIV may cause an immediate closure of all
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other MSIVs, depending on reactor conditions. Closure of all MSIVs is discussed in
Subsection 15.2.2.7.
15.2.2.6.2 Sequence of Events and Systems Operation

When a single MSIV is closed in conformance with normal testing procedures, no reactor scram
occurs and the reactor settles into a new steady state operating condition. Closure of a single
MSIV at power levels above those of the normal testing procedure may cause closure of all other
MSIVs. No operator action is required to mitigate the event.

Table 15.2-12 lists the sequence of events for Figure 15.2-8.

15.2.2.6.3 Core and System Performance

The neutron flux increases slightly while the simulated thermal power shows no increase. The
number of fuel rods in boiling transition during this event remains within the acceptance criterion
for AOOs. The effects of closure of a single MSIV are considerably milder than the effects of
closure of all MSIVs. Therefore, this event does not need to be reanalyzed for any specific core
configuration.

Inadvertent closure of one MSIV while the reactor is shut down produces no significant
transient. Closures during plant heatup are less severe than closure from maximum power cases.
15.2.2.6.4 Barrier Performance

Peak pressure at the vessel bottom remains below the pressure limits of the reactor coolant
pressure boundary. Peak pressure in the main steamline remains below the SRV setpoint.
Therefore, there is no steam discharged to the suppression pool.

15.2.2.6.5 Radiological Consequence
Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.7 Closure of All Main Steamline Isolation Valves

15.2.2.7.1 Identification of Causes

Operator actions or various steamline and nuclear system malfunctions can initiate MSIV
closure. Examples are low steamline pressure, high steamline flow, low water level or manual
action.

To define this event as an initiating event and not the byproduct of another AOO, only the
following are considered:

e Manual action (purposely or inadvertent);

e Spurious signals such as low pressure, low reactor water level, low condenser vacuum,;
and

e Equipment malfunctions, such as faulty valves or operating mechanisms.

A closure of one MSIV may cause an immediate closure of all other MSIVs, depending on
reactor conditions. If this occurs, it is also included in this category. During the MSIV closure,
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position switches on the valves provide a reactor scram if the position of two or more MSIVs are
less than that shown in Table 15.2-1 (except for interlocks which permit proper plant startup).
Protection system logic, however, switches to two out of three of the remaining MSIVs which
permits the test closure of one valve without initiating scram from the position switches.
15.2.2.7.2 Sequence of Events and Systems Operation

Sequence of Events

Table 15.2-13 lists the sequence of events for Figure 15.2-9.

No operator action is required to mitigate the event.

Systems Operation

MSIV closure initiates a reactor scram trip via position signals to the RPS. The same signal also
initiates the operation of isolation condensers, which prevents the lifting of SRVs.

All plant control systems maintain normal operation unless specifically designated to the
contrary.

15.2.2.7.3 Core and System Performance
Input Parameters and Initial Conditions

The MSIV design closure time range and the worst case (bounding) closure time assumed in this
analysis are provided in Table 15.2-1.

Position switches on the valves initiate a reactor scram, as addressed in Table 15.2-1. Closure of
these valves causes the dome pressure to increase.

Results

Figure 15.2-9 shows the changes in important nuclear system variations for the simultaneous
isolation of all main steamlines while the reactor is operating at rated power. The neutron flux
increases slightly while the simulated thermal power shows no increase. The FW injection and
the isolation condenser operation terminate the pressure increase. The anticipatory scram
prevents any change in the thermal margins. The number of fuel rods in boiling transition during
this event remains within the acceptance criterion for AOOs. Therefore, this event does not have
to be reanalyzed for any specific core configurations.

Inadvertent closure of all of the MSIVs while the reactor is shut down produces no significant
transient. Closures during plant heatup are less severe than the maximum power cases
(maximum stored and decay heat) presented.

15.2.2.7.4 Barrier Performance

Peak pressure at the vessel bottom remains below the upset event pressure limit for the reactor
coolant pressure boundary (RCPB). Peak pressure in the main steamline remains below the SRV
setpoint. Therefore, there is no steam discharged to the suppression pool.

15.2.2.7.5 Radiological Consequence

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.
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15.2.2.8 Loss of Condenser Vacuum

15.2.2.8.1 Identification of Causes

Various system malfunctions that can cause a loss of condenser vacuum due to some single
equipment failure are designated in Table 15.2-14.

15.2.2.8.2 Sequence of Events and Systems Operation

Sequence of Events

Table 15.2-15 lists the sequence of events for Figure 15.2-10.

The Loss of Condenser Vacuum initially does not affect the vessel; when the turbine trip setpoint
is reached it has a simultaneous scram with a bypass valve opening. Six seconds later (see
Table 15.2-16), the low vacuum setpoint produces closure of the bypass valve. With a small
delay, the MSIV also closes.

Identification of Operator Actions
No operator action is required to mitigate the event.
Systems Operation

In establishing the expected sequence of events and simulating the plant performance, the plant
instrumentation and controls, plant protection and reactor protection systems are assumed to
normally function.

Trip functions initiated by sensing a main turbine condenser vacuum are presented in Table 15.2-
16.

15.2.2.8.3 Core and System Performance
Input Parameters and Initial Conditions
TSV full stroke closure time is as shown in Table 15.2-1.

A reactor scram is initiated on low condenser vacuum at the same time that the turbine trip signal
is generated.

The analysis presented here is a hypothetical case with a conservative vacuum decay rate (see
Table 15.2-14). Thus, the bypass system is available for several seconds because the bypass is
signaled to close at a vacuum level that is less than the stop valve closure (see Table 15.2-16).

Results

As shown in Table 15.2-15, under the analysis vacuum decay condition, the turbine bypass
valves and MSIV closure would follow main turbine trip. This AOO is similar to a normal
turbine trip with bypass. The effect of MSIV closure tends to be minimal, because the reactor
scram on low condenser vacuum precedes the isolation by several seconds. Figure 15.2-10 show
the transient expected for this event. It is assumed that the plant is initially operating at rated
power conditions. Peak neutron flux and the peak average simulated thermal power are shown in
Table 15.2-4a. The number of fuel rods in boiling transition during this event remains within the
acceptance criterion for AOOs. Therefore, this event does not have to be reanalyzed for any
specific core configuration.
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15.2.2.8.4 Barrier Performance

Peak nuclear system pressure remains below the ASME code upset limit. Peak pressure in the
main steamline remains below the SRV setpoint. Therefore, there is no steam discharged to the
suppression pool. A comparison of these values to those for turbine trip at high power shows the
similarities between these two transients. The prime difference is the subsequent main steamline
isolation.

15.2.2.8.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.9 Loss of Shutdown Cooling Function of RWCU/SDC

Although the Reactor Water Cleanup/Shutdown Cooling (RWCU/SDC) system is nonsafety-
related, it can perform high and low pressure core cooling. The RWCU/SDC system has two
trains, each containing the necessary piping, pumps, valves, heat exchangers, instrumentation
and electrical power for operation. Each train also has its own cooling water supply, connection
to standby alternating current (AC) power, pump, and equipment room cooling system. For the
shutdown cooling function, each train has its own suction line from the RPV and return line to
the FW line. Thus, each of the RWCU/SDC trains is completely independent. The RWCU/SDC
system, together with the main condenser, reduces the primary system temperature after plant
shutdown.

If one RWCU/SDC train is inoperable, the remaining operable RWCU/SDC train allows for
achieving cold shutdown within 36 hours after reactor shutdown.

In the event that both RWCU/SDC trains are lost, the Isolation Condenser System (ICS) is
capable of reaching and maintaining safe, stable conditions. The ICS is automatically initiated
when either reactor water level reaches Level 2, or pressure exceeds the high-pressure setpoint.
The ICS is capable of removing core decay heat for at least 72 hours following loss of shutdown
cooling.

During refueling mode, the ICS is unavailable. In the event that both RWCU/SDC trains are
unavailable, and the Fuel and Auxiliary Pools Cooling System (FAPCS) alternate shutdown
cooling or lower pressure coolant injection is unavailable, Gravity-Driven Cooling System
(GDCS) is available to ensure extended core cooling and inventory control for at least 72 hours
using injection valves (initiated on Level 1). If the three GDCS pools are exhausted and level
drops to Level 0.5, the GDCS equalization line valves are opened to allow suppression pool
water to drain into the vessel. The following is assumed in the analysis:

e Refueling mode starts 12 hours after shutdown;

e Minimum drainable amount of GDCS water is per Table 6.3-2;

e Minimum available suppression pool water inventory is per Table 6.3-2;
e Decay heat is per Table 6.3-11; and

e Reactor water level before flooding the upper cavity is Level 3.
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The RWCU/SDC system description and performance evaluation in Subsection 5.4.8 describes
the models, assumptions and results for shutdown cooling with two RWCU/SDC trains
operational.

15.2.3 Reactivity and Power Distribution Anomalies
15.2.3.1 Control Rod Withdrawal Error During Startup

15.2.3.1.1 Identification of Causes

It is postulated that during a reactor startup, a gang of control rods or a single control rod is
inadvertently withdrawn continuously due to a procedural error by the operator, or a malfunction
of the automated rod movement control system.

The Rod Control and Information System (RC&IS) has a dual-channel rod worth minimizer
function that prevents withdrawal of any out-of-sequence control rods from 100% rod density to
50% rod density (i.e., for Group 1 to Group 4 rods). It also has ganged withdrawal sequence
restrictions such that, if the specified withdraw sequence constraints are violated, the rod worth
minimizer function of the RC&IS initiates a rod block. These rod worth minimizer pattern
constraints are in effect from 100% rod density to the low power setpoint.

The startup range neutron monitor (SRNM) has a period-based trip function that stops
continuous rod withdrawal by initiating a rod block if the flux excursion generates a period
shorter than 20 seconds. The period-based trip function also initiates a scram if the flux
excursion generates a period shorter than 10 seconds. Any single SRNM rod block trip initiates
a rod block. Any two divisional scram trips out of four divisions initiates a scram. A detailed
description of the period-based trip function is presented in Subsection 7.2.2.1.1.1.

For this transient to happen, the reactor must be critical, with power less than the Low Power
Setpoint (LPSP). An operator manually selects the correct (in-sequence) rods, but instead of
pulling them incrementally, the rods are pulled continuously. The causes of the event are
summarized in Figure 15.3-7a in one of several scenarios shown (ganged rod operation - reactor
critical - operator error). Other scenarios in Figure 15.3-7a are discussed in Subsection 15.3.8.

15.2.3.1.2 Sequence of Events and Systems Operation

15.2.3.1.2.1 Sequence of Events

The sequence of events of a typical continuous control rod withdrawal error during reactor
startup is an operator withdraws a gang of rods or a single rod continuously. The flux excursion
generates a period shorter than 20 seconds. A SRNM period-based rod block stops all rod
movement, and the transient terminates.

15.2.3.1.2.2 Identification of Operator Actions

No operator actions are required to terminate this event, because the SRNM period-based block
function initiates and terminates this event.
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15.2.3.1.3 Core and System Performance

An operator manually withdraws in-sequence control rods continually. The rod withdrawal
continues until the reactor period is less than 20 seconds at which time the SRNM short-period
rod block stops the withdrawal. A bounding analysis is provided in Subsection 15.3.8. In this
analysis, the SRNM short-period rod block is not credited, and neither is the SRNM short-period
scram in one of the two cases. The analysis meets the AOO acceptance criteria.

15.2.3.1.4 Barrier Performance

An evaluation of the barrier performance is not made for this event, because there is no fuel
damage in this event and only with mild change in gross core characteristics.

15.2.3.1.5 Radiological Consequences

An evaluation of the radiological consequences is not required for this event, because no
radioactive material is released from the fuel.

15.2.3.2 Control Rod Withdrawal Error During Power Operation

15.2.3.2.1 Identification of Causes

The causes of a potential control rod withdrawal error are either a procedural error by the
operator in which a single control rod or a gang of control rods is withdrawn continuously, or a
malfunction of the automated rod withdrawal sequence control logic during automated operation
in which a gang of control rods is withdrawn continuously.

In ESBWR, the Automated Thermal Limit Monitor (ATLM) subsystem performs the associated
rod block monitoring function. The ATLM is a dual-channel subsystem of the RC&IS. Each
ATLM channel has two independent thermal limit monitoring functions. One function monitors
the Minimum Critical Power Ratio (MCPR) limit and protects the operating limit MCPR.
Another function monitors the Maximum Linear Heat Generation Rate (MLHGR) limit and
protects the operating limit of the MLHGR. The rod block algorithm and setpoint of the ATLM
are based on actual on-line core thermal limit information. If any operating limit protection
setpoint limit is reached, such as due to control rod withdrawal, control rod withdrawal
permissive is removed. Detailed description of the ATLM subsystem is presented in
Subsection 7.7.2.

Because there is no operating limit violation due to the preventive function of the ATLM, there
is no continuous rod withdrawal error.

15.2.3.2.2 Sequence of Events and System Operation

A single control rod or a gang of control rods is withdrawn continuously due to an operator error
or a malfunction of the automated rod withdrawal sequence control logic. The ATLM operating
thermal limit protection function of either the MCPR or MLHGR protection algorithms stops
further control rod withdrawal when either operating limit is reached. As there are no operating
limit violations, there is no basis for occurrence of the continuous control rod withdrawal error
event in the power range.

No operator action is required to mitigate this event.
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15.2.3.2.3 Core and System Performance

The performance of the ATLM subsystem of the RC&IS prevents continuous control rod
withdrawal error. The core and system performance are not significantly affected by such an
operator error or control logic malfunction.

15.2.3.2.4 Barrier Performance

The ATLM prevents pressure operating limits from being reached and fuel rods from entering
transition boiling.

15.2.3.2.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.4 Increase in Reactor Coolant Inventory

15.2.4.1 Inadvertent Isolation Condenser Initiation

15.2.4.1.1 Identification of Causes

Manual startup of the four individual isolation condensers is postulated for this analysis (i.e.,
operator error).

15.2.4.1.2 Sequence of Events and System Operation

Sequence of Events

Table 15.2-17 lists the sequence of events for Inadvertent Isolation Condenser Initiation.
Identification of Operator Actions

There is no scram during the event. No operator action is required to mitigate the event.

System Operation

To properly simulate the expected sequence of events, the analysis of this event assumes normal
functioning of plant instrumentation and controls. Specifically, the pressure regulation and the
automatic reactor water level control respond directly to this event.

Required operation of engineered safeguards other than what is described is not expected for this
event.

15.2.4.1.3 Core and System Performance

Input Parameter and Initial Conditions

The assumed ICS water temperature and valve opening time are provided in Table 15.2-1.

Inadvertent startup of all loops of the ICS was chosen as the limiting case for analysis because it
provides the greatest auxiliary source of cold water into the vessel.
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Results

Figure 15.2-11 shows the simulated transient event. It begins with the introduction of cold water
into the downcomer region. Full isolation condenser loop flow is established. No delays are
considered because they are not relevant to the analysis.

Addition of cooler water to the downcomer causes a reduction in inlet enthalpy, which results in
a power increase. The flux level settles out slightly above its operating level. The variations in
the pressure and thermal conditions are relatively small, and no significant effect is experienced.
The number of fuel rods in boiling transition remains within the acceptance criterion for AOOs,
and the thermal margins are maintained.

This event is potentially limiting with respect to OLMCPR. This event is analyzed for each fuel
cycle. The OLMCPR is established for the limiting event and documented in the COLR in
accordance with Technical Specifications.

Consideration of Uncertainties

Important analytical factors, including isolation condenser loop condensate water temperature,
are assumed to be at the worst conditions so that any deviations in the actual plant parameters
would produce a less severe transient.

15.2.4.1.4 Barrier Performance

Inadvertent Startup of the isolation condenser causes only a slight pressure decrease from the
initial conditions; therefore, no further RCPB pressure response evaluation is required.

15.2.4.1.5 Radiological Consequences

Because no activity is released during this event, a detailed evaluation is not required.
15.2.4.2 Runout of One Feedwater Pump

15.2.4.2.1 Identification of Causes

The FW pumps (three normally operating) are driven by an adjustable-speed induction motor
controlled by an adjustable speed drive. This event is postulated on the basis of a single failure
of a control device, specifically one that can directly cause an increase in coolant inventory by
increasing the speed of a single FW pump. The term “runout” is used in this section to describe
this failure.

The ESBWR Feedwater Control System (FWCS) uses a triplicated digital control system,
instead of a single-channel analog system that was originally provided in current BWR designs
(BWR/2-6). The digital systems consist of a triplicated fault-tolerant digital controller, the
operator control stations and displays. The digital controller contains three parallel processing
channels, each containing the microprocessor-based hardware and associated software necessary
to perform all the control calculations. The operator interface provides information regarding
system status and the required control functions.

Redundant transmitters are provided for key process inputs, and input voting and validation are
provided such that faults can be identified and isolated. Each system input is triplicated
internally and sent to the three processing channels (Figure 15.2-12). The channels produce the
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same output during normal operation. Interprocessor communication provides self-diagnostic
capability. A two-out-of-three voter compares the processor outputs to generate a validated
output to the control actuator. A separate voter is provided for each actuator. A “ringback”
feature feeds back the final voter output to the processors. A voter failure is thereby detected and
alarmed. In some cases, a protection circuit locks the actuator into its existing position promptly
after the failure is detected.

Table 15.2-18 lists the potential failure modes of a triplicated digital control system and outlines
the effects of each failure. Because of the triplicated architecture, it is possible to take one
channel out of service for maintenance or repair while the system is online. Modes 2 and 5 of
Table 15.2-18 address a failure of a component while an associated redundant component is out
of service. This type of failure could potentially cause a system failure. However, the
probability of a component failure during servicing of a counterpart component is considered to
be so low that these failure modes are not considered AOOs, but are considered infrequent events
(see Appendix 15A.3.5).

Adverse effect minimization is mentioned in the effects of Mode 2. This feature stems from the
additional intelligence of the system provided by the microprocessor. When possible, the system
is programmed to take action in the event of some failure to reduce the severity of the event. For
example, if the total steam flow or total FW flow signals fail, the FWCS detects this by the input
reasonability checks and automatically switches to one-element mode (i.e., control by level
feedback only). The level control would essentially be unaffected by this failure.

The only credible single failures that would lead to some adverse effect on the plant are Modes 6
(failure of the output voter) and 7 (control actuator failure). Either of these failures would lead to
a loss of control of only one actuator (i.e., only one FW pump with increasing flow). A voter
failure is detected by the ringback feature. The FWCS initiates a lockup of the actuator upon
detection of the failure. The probabilities of failure of the variety of control actuators are very
low based on operating experience. The worst single failure in the FWCS causes a runout of one
FW pump to its maximum capacity. In the event of one pump runout, the FWCS would then
reduce the demand to the remaining pumps, thereby automatically compensating for the
excessive flow from the failed pump. However, the demand to the remaining FW pump
decreases to offset the increased flow of the failed pump. The effect on total flow to the vessel is
not significant. The worst additional single failure would cause all FW pumps to run out to their
maximum capacity. However, the probability of this occurrence is extremely low.

15.2.4.2.2 Sequence of Events and Systems Operation
Sequence of Events

With momentary increase in FW flow, the water level rises and then settles back to its normal
level. Table 15.2-19 lists the sequencing of events for Figure 15.2-13.

Identification of Operator Actions

There is no scram during the event. No operator action is required to mitigate the event.
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Systems Operation

Runout of a single FW pump requires no protection system or Engineered Safety Feature (ESF)
system operation. This analysis assumes normal functioning of plant instrumentation and
controls.

15.2.4.2.3 Core and System Performance

Input Parameters and Initial Conditions

The maximum flow for a runout of one FW pump is provided in Table 15.2-1.
Results

The simulated runout of one FW pump event is presented in Figure 15.2-13. When the increase
of FW flow is sensed, the FW controller starts to command the remaining FW pumps to reduce
flow immediately. The vessel water level increases slightly (about 14 cm [6 inch]) and then
settles back to its normal level. Vessel pressure increases insignificantly, and the number of fuel
rods in boiling transition remains within the acceptance criterion for AOOs.

15.2.4.2.4 Barrier Performance

As previously noted, the effect of this event does not result in any temperature or pressure
transient in excess of the design criteria for the fuel, pressure vessel or containment. Therefore,
these barriers maintain their integrity and function as designed.

15.2.4.2.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.5 Decrease in Reactor Coolant Inventory

15.2.5.1 Opening of One Turbine Control or Bypass Valve

15.2.5.1.1 Identification of Causes

The ESBWR SB&PC system uses a triplicated digital control system. The SB&PC system
controls TCVs and turbine bypass valves to maintain reactor pressure. As presented in
Subsection 15.2.4.2, the ESBWR design includes a triplicated digital control system which
provides improved fault tolerance relative to single channel analog systems. The discussion in
Subsection 15.2.4.2 applies as well to control actuators in SB&PC for TCVs and turbine bypass
valves. No credible single failure in the control system results in a maximum demand to all
actuators for all TCVs and bypass valves. A voter or actuator failure may result in an inadvertent
opening of one TCV or one turbine bypass valve.

15.2.5.1.2 Sequence of Events and Systems Operation

The SB&PC system senses the pressure change and commands the remaining control valves to
close, and thereby automatically mitigate the transient and maintain reactor power and pressure.
There is no scram during the event. No operator action is required to mitigate the event.

Table 15.2-20 lists the sequence of events for Figure 15.2-14.
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15.2.5.1.3 Core and System Performance

Reactor power and pressure are maintained. Reactor scram does not occur.

15.2.5.1.4 Barrier Performance

The effects of this event do not result in any temperature or pressure transient in excess of the
design criteria for fuel, pressure vessel or containment. The peak pressure in the bottom of the
vessel remains below the ASME code upset limit. Peak steam line pressure near the SRVs
remains below the setpoint of the SRVs.

15.2.5.1.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.5.2 Loss of Non-Emergency AC Power to Station Auxiliaries

This event bounds the Loss of Unit Auxiliary Transformer and Loss of Grid Connection events.

15.2.5.2.1 Identification of Causes

Causes for interruption or loss of power from the unit auxiliary transformer can arise from
transformer (main and unit auxiliary) malfunction and isolated phase bus failures. Loss of grid
connection can result from major shifts in electrical loads, loss of loads, lightning, storms, wind,
etc., which contribute to electrical grid instabilities. These instabilities could cause equipment
damage if unchecked. Protective relay schemes automatically disconnect electrical sources and
loads to mitigate damage and regain electrical grid stability. The plant may affect bus transfers
and operate isolated from the electrical grid without scram. However in this analysis, it is
assumed that concurrent with a load rejection, there is a simultaneous loss of power on the four
power generation buses, causing the feedwater and circulating pumps to be lost. The bypass
valves remain initially available. The loss of the power generation buses produces a scram
signal. The loss of the circulating water pumps results in a loss of condenser vacuum over a
period of time. As condenser vacuum drops the turbine trips, bypass valves close and the MSIVs
close.

15.2.5.2.2 Sequence of Events and Systems Operation
Sequence of Events

For the Loss of Unit Auxiliary Power Transformer, Table 15.2-21 lists the sequence of events for
Figure 15.2-15.

Identification of Operator Actions
No operator action is required to mitigate the event.
Systems Operation

This event, unless otherwise stated, assumes and takes credit for normal functioning of plant
instrumentation and controls, plant protection and reactor protection systems.
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The reactor is subjected to a complex sequence of events when the plant loses all auxiliary
power. Estimates of the responses of the various reactor systems provide the simulation
sequence shown in Table 15.2-21.

15.2.5.2.3 Core and System Performance

Figure 15.2-15 shows graphically the simulated transient. The initial portion of the transient is
similar to the load rejection transient. At two seconds, the loss of the power generation buses
signal produces a scram and activation of the isolation condensers. The load rejection initiation
of the SCRRI/SRI function is not credited. At approximately six seconds the turbine bypass
valves are assumed no longer available to bypass the steam to the main condenser. The MSIV
closure is produced at 14 seconds due to low condenser vacuum signal. The CRD high pressure
injection is initiated due to low water level (Level 2), but the high pressure control rod drive
(HP CRD) flow is delayed until diesel power is available (145 seconds). In the case where
HP CRD is unavailable for level control, the system response is similar to the station blackout
event described in Subsection 15.5.5, which demonstrates that level can be maintained above the
top of active fuel with the ICS as the primary success path. In either case, there is no significant
increase in fuel temperature. The number of fuel rods in boiling transition remains within the
acceptance criterion for AOOs. Hence, fuel thermal margins are not threatened and the design
basis is satisfied. Consequently, this event does not need to be reanalyzed for specific core
configurations.

15.2.5.2.4 Barrier Performance

Peak nuclear system pressure at the vessel bottom remains below the ASME code upset limit.
Peak pressure in the main steamline remains below the SRV setpoint. Therefore, no steam is
discharged to the suppression pool.

15.2.5.2.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.5.3 Loss of All Feedwater Flow

Identification of Causes

A loss of FW flow could occur from pump failures, operator errors, or reactor system variables
such as a high vessel water level (Level 8) trip signal.

15.2.5.3.1 Sequence of Events and Systems Operation
Sequence of Events

Table 15.2-22 lists the sequence of events for Figure 15.2-16.
Identification of Operator Actions

No operator action is required to mitigate the event.
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Systems Operation

Loss of FW flow results in a reduction of vessel inventory, causing the vessel water level to
drop. The first corrective action is the loss of the power generation busses scram trip actuation.
This scram trip function meets the single-failure criterion.

15.2.5.3.2 Core and System Performance

The results of this transient simulation are presented in Figure 15.2-16. The initial water level is
assumed at Level 4. Feedwater flow terminates, and the loss of the power generation buses
scram signal is assumed (with activation of the ICS simultaneously). Subcooling decreases,
causing a reduction in core power level and pressure. As the core power level is reduced, the
turbine steam flow starts to drop off because of the action of the pressure regulator in attempting
to maintain pressure. Water level continues to drop, and the vessel level (Level 3) scram trip
setpoint is reached. Note that the reactor has been scrammed previously. The vessel water level
continues to drop to Level 2. At that time, CRD high pressure injection and closure of all MSIVs
are produced (with 30 second delay). In case HP CRD is unavailable for level control, the
system response is similar to the station blackout event described in Subsection 15.5.5, which
demonstrates that level can be maintained above the top of active fuel with the ICS as the
primary success path. In either case, the number of fuel rods in boiling transition remains within
the acceptance criterion for AOOs because increases in the heat flux are not experienced.
Consequently, this event does not need to be reanalyzed for specific core configurations.

15.2.5.3.3 Barrier Performance

The consequences of this event do not result in any temperature or pressure transient in excess of
the design criteria for the fuel, pressure vessel or containment. Therefore, these barriers maintain
their integrity and function as designed.

15.2.5.3.4 Radiological Consequences

Because this event does not result in any fuel failur