
December 6, 2002 

MEMORANDUM TO: Thomas S. Kress, Acting Chairman 
Thermal Hydraulic Phenomena Subcommittee 

FROM: Maggalean W. Weston, 
Michael Snodderly 
Senior Staff Engineers, ACRS 

SUBJECT: WORKING COpy OF THE MEETING MINUTES OF THE ACRS 
SUBCOMMITTEES ON THERMAL HYDRAULIC PHENOMENA 
AND RELIABILITY AND PRA SUBCOMMITTEES, NOVEMBER 
5, 2002, ROCKVILLE, MD 

A working copy of the minutes for the Thermal Hydraulic Phenomena and Reliability And PRA 
Subcommittees meeting on GSI-189, "Susceptibility of Ice Condenser And Mark III 
Containments to Early Failure From Hydrogen Combustion During a Severe Accident," held on 
November 5,2002, is attached for your review. Please provide me with any comments you 
might have. 

Attachment: 
As Stated 



UNITED STATES
 
NUCLEAR REGULATORY COMMISSION
 

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
 
WASHINGTON, D.C. 20555-0001
 

December 6, 2002 

MEMORANDUM TO: Maggalean W. Weston 
Senior Staff Engineer 
ACRS 

FROM: Thomas S. Kress, Acting Chairman 
Thermal Hydraulic Phenomena Subcommittee 
ACRS 

SUBJECT: CERTIFICATION OF THE MINUTES OF THE MEETING OF THE 
ACRS SUBCOMMITTEES ON THERMAL HYDRAULIC 
PHENOMENA AND RELIABILITY AND PRA SUBCOMMITTEES, 
NOVEMBER 5, 2002, ROCKVILLE, MD 

I hereby certify that, to the best of my knowledge and belief, the minutes of the Thermal 

Hydraulic Phenomena and Reliability And PRA Subcommittees meeting on GSI-189, 

"Susceptibility of Ice Condenser And Mark III Containments to Early Failure From Hydrogen 

Combustion During a Severe Accident," issued December 6, 2002, are an accurate record of 

the proceedings for that meeting. 

Thomas S. Kress Date 



ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
 
THERMAL HYDRAULIC PHENOMENA
 

AND
 
RELIABILITY AND PRA SUBCOMMITTEES
 

GSI 189- "SUSCEPTIBILITY OF ICE CONDENSER AND
 
MARK III CONTAINMENTS TO EARLY FAILURE FROM
 

HYDROGEN COMBUSTION DURING A SEVERE ACCIDENT"
 
ROOM T-2B3, 11545 ROCKVILLE PIKE, ROCKVILLE, MARYLAND
 

MEETING MINUTES
 
November 5, 2002
 

The ACRS subcommittees on Thermal Hydraulic Phenomena and Reliability and Probabilistic 
Risk Assessment held a meeting on November 5,2002, with representatives of the NRC staff 
and their contractors, Brookhaven National Laboratory (BNL), Information Systems 
Laboratories (ISL), Inc., and JTA, Inc. for Sandia National Laboratories (SNL). The purpose of 
the meeting was to hear a presentation regarding revisions to the proposed recommendations 
for resolution of GSI-189, "Susceptibility of Ice Condenser And Mark III Containments to Early 
Failure From Hydrogen Combustion During a Severe Accident." By letter dated June 17, 2002, 
the ACRS recommended that the Office of Nuclear Regulatory Research (RES) complete 
additional analyses to quantify uncertainties prior to providing the technical assessment results 
to the Office of Nuclear Reactor Regulation (NRR). In a letter dated JUly 18, 2002, the staff 
agreed with the Committee that there were a number of uncertainties associated with the 
resolution of this issue, indicated that it would be performing additional analyses to better 
understand these uncertainties, and would provide its additional findings to the Committee. 
This presentation responded to that commitment. The meeting was open to the public. 
Maggalean W. Weston was the cognizant ACRS staff engineer and designated federal official 
(DFO) for this meeting. There were no written comments provided by the public. The meeting 
was convened by Thomas S. Kress, acting as Chairman of the Thermal Hydraulic Phenomena 
Subcommittee at 1:33 p.m. on November 5,2002, and adjourned at 5:19 p.m. that day. 

ATTENDEES 

Attendees at the meeting included ACRS members and staff, NRC staff, BNL, ISL, and SNL, 
and members of the pUblic as follows. 

ACRS Members/Staff 

T. Kress, Chairman F. Peter Ford, Member 
G. Wallis, Member M. W. Weston, DFO 

NRC Staff 

Charles Ader, RES Allen Notafrancesco, RES Jack Rosenthal, RES 
Andre Druzd, NRR Asimios Malliakos, RES Harold Vandermolen, RES 
Sidney Feld, RES Robert Palla, NRR Alan Rubin, RES 
Christopher Grimes, NRR 



Contractors/Industry 

Mike Barrett, Duke Energy Jim Meyer, ISL 
Robert Gill, Duke Energy Jack Tills, JTAlSNL 
John Lehner, BNL 

A list of those attendees who registered is attached to the office copy of these minutes. 

PRESENTATIONS AND DISCUSSION 

The presentations to the subcommittees and the related discussions are summarized below. 
The presentation slides and handouts used during the meeting are attached to the office copy 
of the minutes. 

Chairman's Comments 

Thomas Kress, acting as Chairman of the Thermal Hydraulic Phenomena Subcommittee, 
convened the meeting. Dr. Kress stated that the purpose of the meeting was to discuss the 
revised recommendation on the resolution of GSI-189. He reminded the subcommittee that 
they had reviewed this issue in June and in that meeting they suggested that it would be helpful 
if RES made come additional considerations of uncertainties. He said that the staff had done 
some reevaluations and were here to share their findings with the subcommittee and talk about 
how the reevaluation factored into their recommendations. 

NRC Staff and Industry Presentations 

The NRC presentations were made by Jack Rosenthal and Allen Notafrancesco of RES, John 
Lehner of Brookhaven National Laboratory, James Meyer of Information Systems Laboratories, 
and Jack Tills for SNL. 

Generic Safety Issue (GSI)-189 

Background 

GSI-189 addresses the adequacy of combustible gas control during station blackout (SBO) 
conditions in PWR ice condenser and BWR Mark III containments. These systems consist of 
AC-powered igniters which are intended to initiate burning at lean gas mixtures. This issue was 
identified to the Commission as a possible cost/beneficial backfit as part of the effort to 
risk-inform the combustible gas control requirements of 10 CFR Part 50.44. In accordance with 
Management Directive 6.4, RES has performed a technical assessment of GSI-189 and was 
prepared to present the results to the Subcommittee. 

Introductory remarks were provided by Jack Rosenthal, Chief of the Safety Margins and 
Systems Analysis Branch, RES. Mr. Rosenthal acknowledged the Committee's letter of June 
17,2002, which recommended additional analyses to quantify uncertainties prior to providing 
the technical assessment results to I'JRR. He explained that RES had completed these 
additional analyses and were now prepared to present them to the Subcommittee. 
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Mr. Allen Notafrancesco, RES, provided an overview of the forthcoming presentation. He 
indicated that RES is seeking comments from the Full Committee on its recommendation that 
GSI-189 be forwarded to NRR for possible regulation and guidance development. 

Benefit Analysis 

The benefit, or averted cost, portion of the technical assessment was presented by John 
Lehner of Brookhaven National Laboratory. The benefit analysis consisted of reductions in 
public and occupational radiation exposure, and averted offsite property damage when current 
combustible gas control systems are assumed operable during S80. The benefit analysis was 
carried out in accordance with the guidance provided in NUREG/BR-0058, "Regulatory Analysis 
Guidelines of the U.S. Nuclear Regulatory Commission," and NUREG/BR-0184, "Regulatory 
Analysis Technical Evaluation Handbook." The estimated benefits, or averted costs, along with 
additional uncertainty and sensitivity estimates were shown on Slide 10 for PWR ice condenser 
containments and Slide 14 for BWR Mark III containments. 

Subcommittee Comments 

•	 Dr. Kress pointed out that the Committee had reviewed NUREG/BR-0058 and NUREG/BR­
0184 and that if they were followed than the analysis should be appropriate. 

•	 Dr. Wallis asked if on-site property costs had been included. Mr. Lehner stated that they 
were not included because the igniter system was assumed to be effective in preventing 
early containment failures but not subsequent late containment failures associated with 
SBO sequences. The impact of a late containment failure versus an early containment 
failure on on-site property costs was considered to be the same whether for the purpose of 
this analysis. 

•	 When asked for his input, Dr. Kress stated that he would retain the 5th percentile 
uncertainty range. In fact, he would give it more credence then the 95th percentile 
uncertainty range because the enhancement goes beyond adequate protection. 
Therefore, the staff should be certain of an enhancement's cosUbenefit ratio before it 
imposes added burden. 

•	 Dr. Wallis asked why the NUREG-1150 Sequoyah source term was grafted onto a Duke 
plant. Mr. Lehner explained that the Duke source term was considerably smaller than that 
used in NUREG-1150 and had a commensurate impact on the averted cost as shown on 
Slide 10.	 .. 

•	 Dr. Kress asked if there was a commitment by Duke to install the flood wall to further 
reduce SBO. Mr. Bob Gill of Duke Energy stated that both McGuire and Catawba had filed 
letters with the staff in August to complete the modification by early 2005. 

•	 Dr. Kress asked how external events were considered. Mr. Lehner responded that 
external events, including seismic, were addressed using point estimates provided by Duke 
for Catawba and McGuire as shown on Slide 10. 
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Cost Analysis 

The cost portion of the technical assessment was presented by James Meyer of Information 
Systems Laboratories. The costs for implementing and maintaining backup power to the 
hydrogen igniters for 40 years was estimated for three cases: 1) a pre-staged diesel generator 
powering only the igniters, 2) a portable diesel generator powering only the hydrogen igniters, 
and 3) a pre-staged diesel generator powering both igniters and air return fans for ice 
condenser plants. The cost analysis also considered a hydrogen control capability completely 
independent of igniter systems, namely passive autocatalytic recombiners. The cost analysis 
was carried out in accordance with the guidance provided in NUREG/BR-0058, "Regulatory 
Analysis Guidelines of the U.S. Nuclear Regulatory Commission," and NUREG/BR-0184, 
"Regulatory Analysis Technical Evaluation Handbook." The estimated costs, along with 
associated uncertainty estimates, were shown on Slide 10 for PWR ice condenser and BWR 
Mark III containments. 

Subcommittee Comments 

•	 Dr. Wallis commented that the cost of the portable generator was higher than what he 
would have anticipated. Mr. Meyer said that most of the cost was associated with 
engineering, procedure development, and prestaged costs. Prestaged costs included 
cabling and isolation devices for connecting to safety grade systems. 

•	 Dr. Kress commented that the cost analysis was good and demonstrated that the 
uncertainty associated with this issue is driven by the benefit analysis. The benefit analysis 
is not as robust as the cost analysis but it is as good as could be expected when relying 
upon existing information. Dr. Kress went on to say that this issue does not appear to 
warrant a fully integrated uncertainty analysis so the question becomes how to use the 
uncertainty information. 

Ice Condenser Igniter Performance 

In response to a concern raised during the June 2002 ACRS meeting, RES reevaluated the role 
air return fans have on ice condenser containment performance. Mr. Jack Tills, of JTA for SNL, 
presented updated MELCOR code scoping calculations for the Sequoyah plant. Mr. Tills 
concluded that when igniters are functioning (with or without an air return fan activated) 
hydrogen accumulation is limited by discrete burning which assures that the resulting pressures 
do not pose a challenge to containment. When a fan is functioning, there are more burns in the 
lower containment and the ice chest melt-out would be sooner. 

Mr. Allen Notafrancesco presented the results from a review of previous evaluations of 
hydrogen igniter systems and related combustion issues associated with ice condensers. In 
support of the Atomic Safety and Licensing Board hearings on hydrogen control for McGuire 
Units 1 & 2, Duke Power Company assembled a team of combustion experts. For combustion 
issues associated with the ice chest, the experts' response after having toured the McGuire 
containment was that the geometry and flow conditions inside the ice condenser region are not 
conducive to producing a transition to detonation. The experts further concluded, even without 
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air return fans or containment sprays, that the hydrogen stream emerging from the ice 
condenser will mix slower with the air under the dome, and will be ignited and burn as a 
slow-burning diffusion flame. 

Subcommittee Comments 

•	 Dr. Kress stated that Mr. Wallace of Duke Energy brought up a good point. Mr. Wallace 
acknowledged that the air return fans would result in the ice chest melting faster but 
questioned whether it was enough of a negative to prevent a licensee from supplying 
power to the air return fans if they choose to. The staff agreed that it was not enough of a 
negative. 

•	 Dr. Kress and Dr. Wallis both suggested to only present the conclusion slide of the 
MELCOR study to the Full Committee. Mr. Rosenthal suggested including graphs that 
showed the impact of igniter and air return fan availability. Drs. Kress and Wallis agreed 
with the suggestion. 

•	 Dr. Kress suggested to Mr. Rosenthal that he include in his presentation to the Full 
Committee his discussion of possibly requiring Mark III containments to have igniters 
available during SSO based on defense-in-depth arguments. During the Subcommittee 
presentation, Mr. Rosenthal pointed out similarities between ice condenser and Mark III 
containment designs and then argued from a defense-in-depth perspective that if you 
require something of a similar design shouldn't you do it for the other. Mr. Rosenthal also 
stated that Mark III containments have more zirconium than other designs which could 
result in greater amounts of hydrogen. In addition, He reminded the Subcommittee that 
the igniters are not available during SSO which is a dominant contributor to core damage 
frequency. He then argued whether or not it makes sense require a system for hydrogen 
control that is not available for a dominant contributor. 
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ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
 
THERMAL HYDRAULIC PHENOMENA
 

AND
 
RELIABILITY AND PRA SUBCOMMITTEES
 

GS1189- "SUSCEPTIBILITY OF ICE CONDENSER AND
 
MARK III CONTAINMENTS TO EARLY FAILURE FROM
 

HYDROGEN COMBUSTION DURING A SEVERE ACCIDENT"
 
ROOM T-2B3, 11545 ROCKVILLE PIKE, ROCKVILLE, MARYLAND
 

November 5, 2002
 

- PROPOSED AGENDA·
 

SUB..IECT	 PRESENTER '"IME 

I.	 Introductory Remarks 
Subcommittee Chair T.S. Kress 1:30-1 :35 p.m. 

II. NRC Staff Presentation	 1:35-3:15 p.m. 
A. Introduction and Overview Allen Notafrancesco, RES 
B. Benefits Analysis	 John Lehner, BNL 
C. Cost Analysis	 James Meyer, ISL 
D.	 Ice Condenser
 

Combustion Issues Allen Notafrancesco, RES
 

****BREAK****	 3:15-3:30 p.m. 

III. NRC Staff Presentation (Continued)	 3:30-4:30 p.m. 
E. MELCOR Analysis	 Jack Tills, SNL 
F. Summary/Recommendations All 

IV. Committee Comments and Discussion	 4:30-5:30 p.m. 

BNL - Brookhaven National Laboratory 
ISL - Information Systems Laboratories 
SNL - Sandia National Laboratories 

ACRS CONTACT: Ms Maggalean W. Weston, mww@nrc.govor(301)415-3151.
 

Note: Number of copies of presentation materials to be provided to the ACRS - 35.
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Subcommittee meeting, and the 
Committee will discuss a draft ACRS 
report to the Commission on the NRC 
Safety Research Program. 

12:30 p.m.-1 p.m.: Miscellaneous 
(Open)-The Committee will discuss 
matters related to the conduct of 
Committee activities and matters and 
specific issues that were not completed 
during previous meetings, as time and 
availability of information permit. 

Procedures for the conduct of and 
participation in ACRS meetings were 
published in the Federal Register on 
October II, 2002 (67 FR 63460). In 
accordance with those procedures, oral 
or written views may be presented by 
members of the public, including 
representatives of the nuclear industry. 
Electronic recordings will be permitted 
only during the open portions of the 
meeting. Persons desiring to make oral 
statements should notify the Associate 
Director for Technical Support named 
below five days before the meeting, if 
possible, so that appropriate 
arrangements can be made to allow 
necessary time during the meeting for 
such statements. Use of still, motion 
picture. and television cameras during 
the meeting may be limited to selected 
portions of the meeting as determined 
by the Chairman. Information regarding 
the time to be set aside for this purpose 
may be obta~ned by contacting the 
Associate Director prior to the meeting. 
In view of the possibility that the 
schedule for ACRS meetings may be 
adjusted by the Chairman as necessary 
to facilitate the conduct of the meeting, 
persons planning to attend should check 

available through the NRC Public 
Document Room at pdr@nrc.gov, or by 
calling the PDR at 1--800-397--4209. or 
from the Publicly Available Records 
System (PARS) component of NRC's 
document system (ADAMS) which is 
accessible from the NRC Web site at 
http://www.nrc.govIreading-rml 
adams.htm} or http://www.nrc.gov/ 
reading-rmldoc-collections/ (ACRS & 
ACNW Mtg schedules/agendas). 

Videoteleconferencing service is 
available for observing open sessions of 
ACRS meetings. Those wishing to use 
this service for observing ACRS 
meetings should contact Mr. Theron 
Brown, ACRS Audio Visual Technician 
(301-415-8066), between 7:30 a.m. and 
3:45 p.m.. ET, at least 10 days before the 
meeting to ensure the availability of this 
service. Individuals or organizations 
requesting this service will be 
responsible for telephone line charges 
and for providing the equipment and 
facilities that they use to establish the 
videoteleconferencing link. The 
availability of videoteleconferencing 
services is not guaranteed. 

Dated: October 22, 2002. 

Andrew L. Bates, 
Advisol}' Committee Management Officer. 
[FR Doc. 02-27335 Filed 10-25-02; 8:45 amI 
BILLING CODe 759~1-P 

NUCLEAR REGULATORY 
COMMISSION 

with the Associate Director if such ~ Advisory Committee on Reactor 
~rescheduling would result in major 

inconvenience. 
In accordance with Subsection 10(d) 

Pub. L. 92--463, I have determined that 
it is necessary to close portions of this 
meeting noted above to discuss 
organizational and personnel matters 
that relate solely to internal personnel 
rules and practices of ACRS, and 
information the release of which would 
constitute a clearly unwarranted 
invasion of personal privacy, per 5 
U.S.C. 552b(c)(2) and (6), and to protect 
national security information per 5 
U.S.C. 552b(c)(I). 

Further information regarding topics 
to be discussed, whether the meeting 
has been canceled or rescheduled, the 
Chairman's ruling on requests for the 
opportunity to present oral statements, 
and the time allotted therefor can be 
obtained by contacting Dr. Sher 
Bahadur, Associate Director for 
Technical Support (301--415-0138), 
between 7:30 a.m. and 4:15 p.m., ET. 

ACRS meeting agenda, meeting 
transcripts, and letter reports are 

Safeguards Subcommittee Meeting on 
Thermal-Hydraulic Phenomena (GSI­
189); Revised 

The starting time for the ACRS 
Subcommittee meeting on Thermal­
Hydraulic Phenomena (GSI-189) 
scheduled for November 5, 2002, Room 
T-2B3, 11545 Rockville Pike, Rockville. 
Maryland has been changed from 8;30 
a.m. to 1:30 p.m. 

For further information contact: Ms. 
Maggalean W. Weston (telephone 301­
415-3151) between 7:30 a.m. and 5:00 
p.m. (EDT). 

Dated: October 18, 2002. 

Howard J. Larson. 
Acting Associate Director for Technical 
Support. ACRSIACNW. 
[FR Doc. 02-27336 Filed 10-25-02; 8:45 amI 
BILLING CODe 759~1-P 

SECURITIES AND EXCHANGE 
COMMISSION 

Sunshine Act Meeting 

FEDERAL REGISTER CITATION OF PREVIOUS 
ANNOUNCEMENT: [67 FR 64940. October 
22,2002] 
STATUS: Open meeting 
PLACE: 450 Fifth Street, NW., 
Washington, DC 
ANNOUNCEMENT OF OPEN MEETING: Open 
meeting. 

The Commission will hold an Open 
Meeting on Friday, October 25, 2002 at 
2:30 p.m., in Room lC30, the William O. 
Douglas Room, to consider 
appointments to the Public Company 
Accounting Oversight Board. 

The Commission (Chairman Pitt, 
Commissioners Glassman, Goldschmid, 
Atkins and Campos) determined that no 
earlier notice thereof was possible. 

At times, changes in Commission 
priorities require alterations in the 
scheduling of meeting items. For further 
information and to ascertain what, if 
any, matters have been added, deleted 
or postponed. please contact: The Office 
of the Secretary at (202) 942-7070. 

Dated: October 24. 2002. 
Jonathan G. Katz. 
SecretaI}'. 
[FR Doc. 02-27483 Filed 10-24-02; 12:30 
pml 
BILLING CODe 801~1-U 

SECURITIES AND EXCHANGE 
COMMISSION 

[Release No. 34-46702; File No. SR-Amex­
2002-47] 

Self-Regulatory Organizations; Order 
Approving Proposed Rule Change and 
Amendment Nos. 1 and 2 and Notice of 
Filing and Order Granting Accelerated 
Approval of Amendment No.3 by the 
American Stock Exchange LLC 
Relating to Non-Member Fees for 
Transactions in Nasdaq Securities 
Traded on an Unlisted Basis 

October 22, 2002. 

On June 3, 2002, the American Stock 
Exchange LLC ("Amex" or "Exchange") 
filed with the Securities and Exchange 
Commission ("SEC" or "Commission") 
the proposed rule change pursuant to 
section 19(b)(1) of the Securities 
Exchange Act of 1934 ("Act''),1 and 
Rule 19b--4 thereunder. 2 Amex filed 
Amendment No.1 on June 11. 2002,3 

'15 U.S.C. 78slb)(l). 
217 CFR 240.19b-4. 
"See leller from William Floyd-Jones. Assistant 

General Counsel. Amex. to Katherine England. Esq.. 
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NUCLEAR REGULATORY 
COMMISSION 

V Advisory Committee on Reactor 
"'1\	 Safeguards, Subcommittee Meeting on 

Thermal-Hydraulic Phenomena (GSI­
189); Notice of Meeting 

The ACRS Subcommittee on Thermal­
Hydraulic Phenomena (GSI-189) will 
hold a meeting on November 5,2002, 
Room T-2B3, 11545 Rockville Pike, 
Rockville, Maryland. 

The entire meeting will be open to 
public attendance. 

The agenda for the subject meeting 
shall be as follows: 

Tuesday, November 5, 2002-8:30 
a.m. unti112:30 p.m. 

The purpose of this meeting is to 
discuss the results of additional. 
analyses to quantify uncertainties to 
support the NRC Office of Nuclear 
Regulatory Research's proposed 
recommendation to resolve GSI-189, 
Susceptibility of Ice Condenser and 
Mark III Containments to Early Failure 
from Hydrogen Combustion During a 
Severe Accident. The purpose of this 
meeting is to gather information, 
analyze relevant issues and facts, and 
formulate proposed positions and 
actions, as appropriate, for deliberation 
by the full Committee. 

Oral statements may be presented by 
members of the public with the 
concurrence of the Subcommittee 
Chairman. Written statements will be 
accepted and made available to the 
Committee. Persons desiring to make 
oral statements should notify the 
Designated Federal Official named 
below five days prior to the meeting, if 
possible, so that appropriate 
arrangements can be made. Electronic 
recordings will be permitted only 
during those portions of the meeting 
that are open to the public. 

During the initial portion of the 
meeting, the Subcommittee, along with 
any of its consultants who may be 
present, may exchange preliminary 
views regarding matters to be 
considered during the balance of the 
meeting. 

The Subcommittee will then hear 
presentations by and hold discussions 
with representatives of the NRC staff 
and other interested persons regarding 
this review. 

Further information regarding topics 
to be discussed, whether the meeting 
has been canceled or rescheduled, and 
the Chairman's ruling on requests for 
the opportunity to present oral 
statements and the time allotted therefor 
can be obtained by contacting the 
Designated Federal Official, Ms. 
Maggalean W. Weston (telephone 301­

415-3151) between 7:30 a.m. and 5 p.m. 
(EDT). Persons planning to attend this 
meeting are urged to contact the above 
named individual at least two working 
days prior to the meeting to be advised 
of any potential changes to the agenda. 

Dated: October 17, 2002. 
Sher Bahadur, 
Associate Dirfictor for Technical Support, 
ACRS!ACNW. 
[FR Doc. 02-27001 Filed 10-22-02; 8:45 am] 
BILLING CODE 759l)-P 

NUCLEAR REGULATORY 
COMMISSION 

[Docket Nos. (as shown in Attachment 1) 
EA-02-104] 

Order Modifying Licenses (Effective 
Immediately) 

In the Matter of All 10 CFR part 50 
licensees who currently store or have 
near term plans to store spent fuel in an 
ISFSI under the general license 
provisions of 10 CFR part 72. 

I 

The licensees identified in 
Attachment 1 to this Order have been 
issued a general license by the U.S. 
Nuclear Regulatory Commission (NRC 
or the Commission) authorizing storage 
of spent fuel in an independent spent 
fuel storage installation (ISFSI) in 
accordance with the Atomic Energy Act 
of 1954, 10 CFR part 50, and 10 CFR 
part 72. This Order is being issued to all 
licensees who currently store spent fuel 
or have identified near term plans to 
store spent fuel in an ISFSI under the 
general license provisions of 10 CFR 
part 72. Commission regulations at 10 
CFR 72.212(b)(5) and 10 CFR 73.55(h)(l) 
require these licensees to maintain 
safeguards contingency plan procedures 
in accordance with 10 CFR part 73, 
Appendix C. Specific safeguards 
requirements are contained in 10 CFR 
73.55. 

II 

On September 11, 2001, terrorists 
simultaneously attacked targets in New 
York, NY, and Washington, DC, 
utilizing large commercial aircraft as 
weapons. In response to the attacks and 
intelligence information subsequently 
obtained, the Commission issued a 
number of Safeguards and Threat 
Advisories to its licensees in order to 
strengthen licensees' capabilities and 
readiness to respond to a potential 
attack on a nuclear facility. The 
Commission has also communicated 
with other Federal, State, and local 
government agencies and industry 
representatives to discuss and evaluate 

the current threat environment in order 
to assess the adequacy of security 
measures at licensed facilities. In 
addition, the Commission has been 
conducting a comprehensive review of 
its safeguards and security programs 
and requirements. 

As a result of its consideration of 
current safeguards and security plan 
requirements, as well as a review of 
information provided by the intelligence 
community, the Commission has 
determined that certain compensatory 
measures are required to be 
implemented by licensees as prudent, 
interim measures, to address the current 
threat environment in a consistent 
manner throughout the nuclear ISFSI 
community. Therefore, the Commission 
is imposing requirements, as set forth in 
Attachment 21 of this Order, on all 
licensees who currently store spent fuel 
or have identified near term plans to 
store spent fuel in an ISFSI under the 
general license provisions of 10 CFR 
part 72. These interim requirements, 
which supplement existing regulatory 
requirements, will provide the 
Commission with reasonable assurance 
that the public health and safety and 
common defense and security continue 
to be adequately protected in the current 
threat environment. These requirements 
will remain in effect pending 
notification from the Commission that a 
significant change in the threat 
environment has occurred, or the 
Commission determines that other 
changes are needed. 

The Commission recognizes that 
licensees may have already initiated 
many of the measures set forth in 
Attachment 2 to this Order in response 
to previously issued advisories or on 
their own. It is also recognized that 
some measures may not be pOSSible or 
necessary at some sites, or may need to 
be tailored to accommodate the specific 
circumstances existing at the licensee's 
facility to achieve the intended 
objectives and avoid any unforeseen 
effect on the safe storage of spent fuel. 

Although the additional security 
measures implemented by the licensees 
in response to the Safeguards and 
Threat Advisories have been adequate to 
provide reasonable assurance of 
adequate protection of public health and 
safety, the Commission concludes that 
the security measures must be embodied 
in an Order, consistent with the 
established regulatory framework. In 
order to provide assurance that 
licensees are implementing prudent 
measures to achieve a consistent level of 
protection to address the current threat 

I Attachment 2 contains SAFEGUARDS
 
infonnation and will not be released to the public.
 



UNITED STATES
 
NUCLEAR REGULATORY COMMISSION
 

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
 
WASHINGTON, D.C. 20555·0001
 

October 17, 2002 

MEMORANDUM TO: Sher Bahadur, Associate Director 
for Technical Support, ACRS/ACNW 

~ 
I 

FROM: Maggalean W. Weston, sent6'~~~ 

SUB~IECT:	 FEDERAL REGISTER NOTICE REGARDING THE 
ACRS SUBCOMMITIEE·MEETING ON THERMAL­
HYDRAULIC PHENOMENA (GSI-189), NOVEMBER 5, 
2002, ROCKVILLE, MARYLAND 

Attached is a Federal Register Notice regarding the subject meeting. Please have this 
Notice transmitted for publication as soon as possible. 

Attachment: 
FR Notice 

cc with Attachment: 
1. Kress, ACRS 
J. Larkins, ACRS 
~1. Szabo, OGC 
A. Bates, SECY 
I. Schoenfeld, OEDO 
R. Jasinski, OPA 
1. Collins, NRR 
A. Hsia, RES 
PMNS 
Public Document Room 
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NUCLEAR REGULATORY COMMISSION 

ADVISORY COMMITIEE ON REACTOR SAFEGUARDS
 
SU8COMMITIEE MEETING ON THERMAL-HYDRAULIC PHENOMENA (GSI-189)
 

Notice of Meeting
 

The ACRS Subcommittee on Thermal-Hydraulic Phenomena (GSI-189) will hold a meeting on 

November 5, 2002, Room T-283, 11545 Rockville Pike, Rockville, Maryland. 

The entire meeting will be open to public attendance. 

The agenda for the subject meeting shall be as follows: 

Tuesday. November 5.2002 - 1:30 p.m. until 5:30 p.m. 

The purpose of this meeting is to discuss the results of additional analyses to quantify 

uncertainties to support the NRC Office of Nuclear Regulatory Research's proposed recommendation to 

resolve GSI-189, Susceptibility of Ice Condenser and Mark III Containments to Early Failure from 

Hydrogen Combustion During a Severe Accident. The purpose of this meeting is to gather information, 

analyze relevant issues and facts, and formulate proposed positions and actions, as appropriate, for 

deliberation by the full Committee. 

Oral statements may be presented by members of the public with the concurrence of the 

Subcommittee Chairman. Written statements will be accepted and made available to the Committee. 

Persons desiring to make oral statements should notify the Designated Federal Official named below five 

days prior to the meeting, if possible, so that appropriate arrangements can be made. Electronic 

recordings will be permitted only during those portions of the meeting that are open to the public. 

During the initial portion of the meeting, the SUbcommittee, along with any of its consultants who 

may be present, may exchange preliminary views regarding matters to be considered during the balance 

of the meeting. 
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The Subcommittee will then hear presentations by and hold discussions with representatives of 

the NRC staff and other interested persons regarding this review. 

Further information regarding topics to be discussed, whether the meeting has been canceled or 

rescheduled, and the Chairman's ruling on requests for the opportunity to present oral statements and 

the time allotted therefor can be obtained by contacting the Designated Federal Official, Ms. Maggalean 

W. Weston (telephone 301-415-3151) between 7:30 a.m. and 5:00 p.m. (EDT). Persons planning to 

attend this meeting are urged to contact the above named individual at least two working days prior to the 

meeting to be advised of any potential changes to the agenda. 

Date~
 
Sher Bahadur, Associate Director 
for Technical Support, ACRS/ACNW 
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Duke Energy Corporation "Duke McGuire Nuclear Station [#Energy... 12700 Hagers Ferry Road 
Huntersville, NC 28078-9340 

(704) 875-4800 OFFICE
H. B. Barron 

(704) 875-4809 FAXVice President 

August 19, 2002 

U.S. Nuclear Regulatory Commission
 
ATTN: Document Control Desk
 
Washington, DC 20555-0001
 

SUBJECT:	 Duke Energy Corporation
 
McGuire Nuclear Station, Units 1 and 2
 
Docket Numbers 50-369 and 50-370
 
Severe Accident Mitigation Alternatives
 

REFERENCE: 1)	 Letter, U.S. Nuclear Regulatory Commission to Duke 
Energy Corporation Dated May 6, 2002, SUBJECT: 
Request for Comments on the Draft Plant-Specific 
Supplement 8 to the Generic Draft Environmental 
Impact Statement Regarding McGuire Nuclear 
Station, Units 1 and 2 (TAC NOS. MB2021 and 
MB2022) . 

Section 5.2.7 of Reference 1 identifies one Severe Accident
 
Mitigation Alternative (SAMA) that would provide back-up power to
 
the hydrogen igniters for Station Blackout (SBO) event. The NRC
 
staff states that since this SAMA does not relate to adequately
 
managing the effects of aging during the period of extended
 
operation, it does not need to be implemented as part of license
 
renewal pursuant to 10 CFR 54. The NRC staff intends to pursue
 
this SAMA as a current operating license issue. McGuire concurs
 
with the NRC that this SAMA is not within the scope of license
 
renewal and should be addressed separate from any license renewal
 
proceedings.
 

McGuire concurs with the NRC staff that there may be a cost­
beneficial plant design modification that can provide alternative 
power to the hydrogen ignition system during a SBO event. The 
NRC staff	 has determined that the hydrogen control issue is 
sufficiently important for PWRs with ice-condenser containment 
and BWR Mark III containments that the NRC has made the issue a 
Generic Safety	 Issue (GSI), GSI-189 - Susceptibility of Ice­
Condenser	 and Mark III Containments to Early Failure from 
Hydrogen Combustion During a Severe Accident. McGuire has begun 
evaluating possible plant design and procedure changes to find a 
cost-beneficial resolution for this SAMA issue. 
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Duke Energy has performed plant-specific probabilistic risk 
assessments (PRA) , individual plant examinations, and 
system/component reliability studies to evaluate severe accidents 
at McGuire. Various design and procedure changes have been 
identified and implemented as a result of the above efforts. 
These changes have reduced the risk associated with major 
contributors identified by the McGuire PRA and have enhanced 
overall plant safety. Resolution of the SAMA issue identified in 
Reference 1 is consistent with the effort by Duke Energy to use 
risk insights to continuously improve the safety of McGuire 
Nuclear Station. McGuire is cooperating with the NRC in 
resolving GSI-189 as a current operating license issue. 

If you have any questions regarding this submittal, please 
contact P.T. Vu at 704-875-4302. 

Very Truly Yours, 

H.B. Barron 

HBB/PTV/s 



GARY R. PETERSON 
Vice Presiden t 

..Duke
rtlPower® 

Catawba Nuclear Station 
A Duke Energy Company 

Duke Power 
CN01VP /4800 Concord Rd. 
York. SC 29745 

8038314251 

803 831 3221 fax 

grpeters@duke-energy.com 

August 8, 2002 

U.S. Nuclear Regulatory Commission
 
ATTN: Document Control Desk
 
Washington, DC 20555-0001
 

SUBJECT:	 Duke Energy Corporation
 
Catawba Nuclear Station, Units 1 and 2
 
Docket Numbers 50-413 and 50-414
 
Severe Accident Mitigation Alternatives
 

REFERENCE: 1)	 Letter, USNRC to Duke Energy Corporation Dated May 14, 
2002, SUBJECT: Request for Comments on the Draft 
Plant-Specific Supplement 9 to the Generic Draft 
Environmental Impact Statement Regarding Catawba 
Nuclear Station, Units 1 and 2. 

Gentlemen: 

Section 5.2.7 of Reference 1 identifies two Severe Accident Mitigation 
Alternatives (SAMAs): one to provide back-up power to the hydrogen 
igniters for Station Blackout (SBO) events and the other to install 
flood protection around the 6900/4160 volt transformers. The NRC 
staff states that since these SAMAs do not relate to adequately 
managing the effects of aging during the period of extended operation, 
they need not be implemented as part of license renewal pursuant to 10 
CFR Part 54. The staff intends to pursue these two SAMAs as current 
operating license issues. Catawba has reviewed these two SAMAs and 
concurs with the NRC that these two SAMAs are not within the scope of 
license renewal and should be addressed separate from any license 
renewal proceedings. This letter provides the Catawba Nuclear Station 
position on these two SAMAs. 

For the first SAMA, concerning the installation of back-up power to 
the hydrogen ignition system during a SBO event, Catawba agrees with 
the NRC staff that depending on the design requirements there may be a 
cost-beneficial modification that provides sufficient alternative 
power during a SBO to the hydrogen ignition system. The NRC staff has 
determined that this issue is sufficiently important for PWRs wi th 
ice-condenser containment and BWR Mark III containments that the NRC 
has made the issue a Generic Safety Issue (GSI), GSI-189 
Susceptibility of Ice-Condenser and Mark III Containments to Early 
Failure from Hydrogen Combustion During a Severe Accident. As part of 
the resolution of GSI-189, the NRC is evaluating potential 

www.duke-energy.com 
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improvements to hydrogen control provisions in ice-condenser plants to 
reduce their vulnerability to hydrogen-related containment failures 
during a SBO. This will include an assessment of the costs and 
benefits of various options. Catawba will evaluate various possible 
plant design and procedural changes to address this issue. However, 
since this issue is being pursued by the NRC as a generic issue for 
ice-condenser and BWR Mark III containments, Catawba will monitor the 
NRC resolution of GSI-189 as a current operating license issue. 

For the second SAMA, concerning the installation of flood protection 
around the 6900/4160 volt transformers, Catawba also agrees with the 
NRC staff conclusion in Reference 1. Catawba is currently in the 
process of designing and scheduling the installation of flood 
protection for the 6900/4160 volt transformers for Units 1 and 2. The 
current schedule is to have this modification completed by March 31, 
2005. Catawba will keep the NRC Staff informed on the progress of 
this modification and any changes to the schedule. This is the only 
regulatory commitment contained in this letter. 

Duke Energy and Catawba have been actively involved since before 1988 
in the development of plant-specific probabilistic risk assessments 
(PRA), individual plant examinations (IPE/IPEEE), and component/system 
reliability studies to evaluate severe accidents at Catawba. Risk 
insights from various Catawba risk assessments have been identified 
and implemented to improve both the design and operation of the plant. 
These changes to the plant have been prioritized based on risk 
significance and implemented accordingly. The implementation of such 
improvements has reduced the risk associated with major contributors 
identified by the Catawba PRA and has enhanced overall plant safety. 
Consideration of the two issues identified in Reference 1 continues 
the activities previously taken by Duke Energy to use risk insights to 
continuously improve the safety of Catawba Nuclear Station. 

If you have any questions regarding this submittal, please contact 
Randall D. Hart at 803-831-3622. 

Sincerely, 

RDH/s 



UNITED STATES
 
NUCLEAR REGULATORY COMMISSION
 

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
 
WASHINGTON, D.C. 20555-0001
 

November 13, 2002 

The Honorable Richard A. Meserve 
Chairman 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555-0001 

Dear Chairman Meserve: 

SUBJECT:	 RECOMMENDATIONS PROPOSED BY THE OFFICE OF NUCLEAR 
REGULATORY RESEARCH FOR RESOLVING GENERIC SAFETY ISSUE-189, 
"SUSCEPTIBILITY OF ICE CONDENSER AND MARK III CONTAINMENTS TO 
EARLY FAILURE FROM HYDROGEN COMBUSTION DURING A SEVERE 
ACCIDENT' 

During the 497lh meeting of the Advisory Committee on Reactor Safeguards (ACRS), November 
7-9,2002, we reviewed the recommendations proposed by the Office of Nuclear Regulatory 
Research (RES) to resolve Generic Safety Issue (GSI)-189, "Susceptibility of Ice Condenser 
and Mark III Containments to Early Failure from Hydrogen Combustion During a Severe 
Accident." During this review, we had the benefit of discussions with the NRC staff and their 
contractors, as well as representatives from Duke Energy Corporation. This matter was also 
discussed during a meeting of the Thermal Hydraulic Phenomena and the Reliability and 
Probabilistic Risk Assessment Subcommittees on November 5,2002. We also had the benefit 
of the documents referenced. 

RECOMMENDATIONS 

1.	 Features to resolve GSI-189 should be incorporated into affected plants through plant­
specific severe accident mitigation guidelines (SAMGs). 

2.	 The NRC staff should develop guidance on how uncertainties are to be evaluated and 
considered in regulatory analysis decisions. 

DISCUSSION 

To reduce the potential for containment failure as a result of detonation of hydrogen generated 
during severe accidents, ice condenser and Mark "' containments are equipped with distributed 
igniters and air return fans that prevent stratification and enhance the condensing effectiveness 
of the ice compartment. For station blackout (SBO) events, neither preferred AC nor backup 
AC power provided by the emergency diesel generators would be available for the igniters and 
air return fans. Therefore, a potential resolution of this GSI includes the possible addition of a 
backup diesel generator to power either the igniters or a combination of igniters and air return 
fans. The addition of passive recombiners is also a consideration. 
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NUCLEAR REGULATORY COMMISSION 

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
 
SUBCOMMITrEE MEETING ON THERMAL-HYDRAULIC PHENOMENA (GSI-189)
 

Revised
 

The starting time for the ACRS Subcommittee meeting on Thermal-Hydraulic Phenomena 

(GSI-189) scheduled for November 5,2002, Room T-2B3, 11545 Rockville Pike, Rockville, Maryland has 

been changed from 8:30 a.m. to 1:30 p.m. 

For further information contact: Ms. Maggalean W. Weston (telephone 301-415-3151) between 

7:30 a.m. and 5:00 p.m. (EDT). 

Date ItI)¢?-­
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UNITED STATES 

NUCLEAR REGULATORY COMMISSION 
ADVISORY COMMITTEE ON REACTOR SAFEGUARDS 

WASHINGTON, D.C. 20555·0001 

October 15, 2002 

gears 

NOTE TO:	 Thermal Hydraulic Phenomena Subcommittee 
Reliability and Probabilistic Risk Assessment Subcommittee 
ACRS 

FROM:	 Maggalean W. Weston 
Senior Staff Engineer 
ACRS 

SUBJECT:	 DOCUMENTS FOR NOVEMBER 5, 2002 SUBCOMMITTEE MEETING ON THE 
OFFICE OF RESEARCH PROPOSED RECOMMENDATION FOR RESOLVING 
GENERIC SAFETY ISSUE 189: "SUSCEPTIBILITY OF ICE CONDENSER AND 
MARK III CONTAINMENTS TO EARLY FAILURE FROM HYDROGEN 
COMBUSTION DURING A SEVERE ACCIDENT" 

After reviewing the November schedule and cancellations, it was decided to hold the subject 
subcommittee meeting on November 5, 2002 beginning at 1:30 p.m. and the full committee 
meeting on November 7,2002, rather than December as discussed at the last full committee 
meeting. The November 5,2002, date was already scheduled on the calendar for many of you, 
and since that meeting was cancelled, it was thought that we could insert this meeting. While 
Dr. Wallis is the Chair of the Thermal Hydraulic Phenomena Subcommittee, Dr. Kress will chair 
this particular meeting. 

I have enclosed the subject document provided to me by RES staff for your review. I would ask 
if there are specific topics you wished covered at the subcommittee meeting, please let me 
know. I have asked that staff prepare to explain the changes that have been made to the 
document since you heard this issue at the June 2002 full committee meeting. If you have 
questions, I will be back in the office on October 28, as will many of you. 



UNITED STATES
 
NUCLEAR REGULATORY COMMISSION
 

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
 
WASHINGTON, D.C. 20555-0001
 

June 17,2002 

Dr. William D. Travers 
Executive Director for Operations 
U.S. Nuclear Regulatory Commission 
Washington. D.C. 20555-0001 

Dear Dr. Travers: 

SUBJECT:	 RECOMMENDATIONS PROPOSED BYTHE OFFICE OF NUCLEAR 
REGULATORY RESEARCH FOR RESOLVING GENERIC SAFETY ISSUE-189, 
"SUSCEPTIBILITY OF ICE CONDENSER AND MARK III CONTAINMENTS TO 
EARLY FAILURE FROM HYDROGEN COMBUSTION DURING A SEVERE 
ACCIDENr 

During the 493'(1 meeting of the Advisory Committee on Reactor Safeguards, June 6-8, 2002, 
we reviewed the recommendations proposed by the Office of Nuclear Regulatory Research 
(RES) to resolve Generic Safety Issue (GSI)-189, "Susceptibility of Ice Condenser and Mark III 
Containments to Early Failure from Hydrogen Combustion During a Severe Accident." During 
this review, we had the benefit of discussions with the NRC staff, a representative of the Union 
of Concerned Scientists, members of the public, and a representative of the Tennessee Valley 
Authority. We also had the benefit of the documents referenced. 

RECOMMENDATION 

RES should complete its additional analyses to quantify the uncertainties prior to providing the 
technical assessment results to the Office of Nuclear Reactor Regulation (NRR), and NRR 
should factor the uncertainties into the final resolution of GSI-189. 

DISCUSSION 

GSI-189 was proposed in response to SECY-00-0198, "Status Report on StUdy of Risk­
Informed Changes to the Technical Requirements of 10 CFR Part 50 (Option 3) and 
Recommendations on Risk-Informed Changes to 10 CFR 50.44 (Combustible Gas Control)." In 
SECY-00-0198, the staff recommended that safety enhancements that have the potential to 
pass the backfit test be assessed for mandatory application through the generic issue process. 

During severe accidents, ice condenser and pressure-suppression Mark III containments 
condense steam and concentrate hydrogen to the extent that they would become vulnerable to 
a hydrogen detonation. In 1980, these plant types were retrofitted with powered igniters and air 
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return fans' to provide controlled burning of the hydrogen over the time period of production to 
limit the concentration and preclude a hydrogen detonation. During a station blackout (S80) 
event, however, alternating current (AC) power to the igniters and fans would not be available. 
The issue, therefore, is whether it would be feasible and cost-beneficial to provide backup AC 
power supplies to the igniters and/or the air return fans. 

RES conducted an analysis to provide technical input to NRR to support a regulatory analysis 
for potential backup power options that could be used to resolve this GSI. It consists of a 
cost/benefit analysis following the appropriate regulatory analysis guidelines. 

The scope of the study included the following four options. 

1.	 A pre-staged dedicated diesel generator to provide backup AC power only to the 
igniters. 

2.	 A pre-staged dedicated diesel generator to provide backup AC power to both the 
igniters and the air return fans. 

3.	 A low-cost "off-the-shelf" portable diesel generator to provide backup AC power only to 
the igniters. 

4.	 Use of passive autocatalytic recombiners for hydrogen control in lieu of igniters and/or 
air return fans. 

A fifth option of a low-cost "off-the-shelf" portable diesel generator to provide backup AC power 
to both the igniters and the fans was considered to be impractical because the required power 
was deemed to be too large for a portable diesel. 

. . 
RES performed analyses by using the MELCOR and CONTAIN computer codes to ass,ess the 
change in the conditional probability of containment failure with and without the availability of 
AC power. The MELCOR analysis was also used to assess whether the use of igniters alone 
(without the air return fans) would be sufficient to prevent a hydrogen detonation. 

On the basis of its analyses. RES concluded that providing backup power to igniters alone 
would be sufficient to preclude a hydrogen detonation. and only the low-cost option (Option 3) 
passed the regulatory analysis cost-benefit criterion. 

We believe that these results are highly uncertain, with regard to both the costs and benefits 
and the judgment that igniters alone would preclude a hydrogen detonation. RES is continuing 
its technical analysis to better quantify the uncertainties that affect these judgments. We 
expect that the resulting uncertainty determination will include assessment of the uncertainty 
related to the use of a control volume code (MELCOR) to determine detailed hydrogen 
concentration distributions as well as general model uncertainties. As recognized by the 
regulatory analysis guidelines, the ultimate resolution of this issue should consider these 
uncertainties. We recognize that the computed cost-benefit ratio based on point values 
indicates that Option 2. above, does not pass the backfit screening. However, this cost-benefit 

1 Air return fans are a feature of ice condenser plants only. 
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ratio is close to being acceptable. When the uncertainties are fact~ed into",....ftsessment. 
the analysis could yield a different conclusion. 

We would like to review the results of the additional analyses and tfle proposed REB:­
recommendation to NRR for resolving GSI-189. 

ACRS member Victor H. Ransom did not participate in the Committee's delibe:etlOna' regarding 
this matter. 

r'SincerelY, 

~b. 
George E. Apostolaki!fl~ 

Chairman 

References: 
1.	 Memorandum dated May 13, 2002. from Farouk Eltawila;' Office of NLJ'Cletlrf1egulatory 

Research, to John T. Larkins, ACRS, Subject: RES Proposed ReCommendation for 
Resolving Generic Safety Issue 189: "Susceptibility of Ice Condenser and Mark III 
Containments to Early Failure from Hydrogen Combustion During a Severe Accident." 

2.	 Information Systems Laboratories. Inc. report entitled, "Backup Power for PWRs with 
Ice Condenser Containments and for BWRs with Mark ill Conntimirents1tB"lder seo 
Conditions: Impact Assessment," dated May 1. 2002 

3.	 Brookhaven National Laboratory draft letter report entitled; "Be-nefit·-Cost Analysis of 
Enhancing Combustible Gas Control Availability at Ice Condenser and Mark III 
Containment Plants," dated April 25, 2002. 

4.	 Draft report entitled. "Hydrogen Control Calculations for the Seql;lQyapPlant Station 
Blackout Scenario," April 2002 , 

5.	 NUREG/CR-5586, "Mitigation of Direct Containment Heatia~at1'lJ~~en Combustion 
Events in Ice Condenser Plants," October 1990. 
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Allen Notafrancesco, Task Manager
 
Safety Margins and Systems Analysis Branch
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BACKGROUND
 

Risk-Informing 10CFR50.44/GSI-189: 

• Several licensees (and public interest groups) currently state that 
back-up power to the igniters should also include back-up power to 
the air return fan (ARF) to effectively mix ice chest­

• Current evaluations reveal that igniters alone are sufficient 

• Use of ARF would tend to accelerate ice chest melt-out during 
postulated core melt events-

Delaying melt-out of ice bed could extend fission product 
scrubbing and containment integrity 

• ARF implementation/operational costs are much greater; cost-benefit 
becomes less favorable or does not pass 

,
 1 



GSI-189 PERSPECTIVES
 

•	 Recognize proposed enhancement would increase plant 
capabilities to deal with low frequency events 

•	 Consider containment system performance improvement 
recognizing cost 

•	 Best Estimate approach with consideration of uncertainties 

2 



ICE CONDENSER DESIGN ATTRIBUTES 

•	 Air Return Fans (ARF): 

o	 Part of original plant design 

o	 Two independent trains consisting of high capacity fans, 
i.e., about 40,000 cfm each train 

o	 Forces upper compartment atmosphere to the lower 
compartments 

•	 Containment Sprays 

•	 Ice Chest 

o	 Closely packed cylindrical baskets filled with ice 

3 



Lower 
Plenum 

Upper 
Plenum 

Ice Basket 

Lower Inlet 
Doors 

4 
Figure 4-3 Cross-sectional sketch of a typical PWR ice condenser showing the inlet doors, lower plenum, ice 

bed with ice baskets, and upper plenum. 
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Post-TMI requirements: 

•	 Plants Retrofitted with AC Powered Igniters to deal with large 
quantities of hydrogen (equivalent to 750/0 MWR of active 
cladding) for postulated recoverable degraded core events 

o	 Separate igniter units are located throughout the 
containment airspace (except ice chest and lower plenum) 

o	 Igniters to "burn" hydrogen at lean gas mixture
 
concentrations
 

o	 Maintain containment integrity 

o	 TMI-type sequences for ice condensers, ARF and
 
containment spray are available
 

6 



EXAMINE CONTAINMENT PERFORMANCE
 

For Ice Condensers, combustion issues during S80­
...focusing on the importance of ARF 

• Previous Assessments/Experiments 

o Post-TMI assessments & Staff SERs 

o IPE treatment of igniters & ARF 

o Relevant Hydrogen experiments 

• Recent Plant Analysis 

o MELGOR scoping study with new hydrogen release profiles 

• Summary & Conclusions 

7 



HYDROGEN COMBUSTION BEHAVIOR
 

o	 Possible combustion modes inside containment 

Flame front propagation characteristics 

•	 Slow Speed; deflagrations & diffusion flames 

* - 1 - 10 m/sec 

* - 4 - 10% H2 (dry) concentration 

*	 Intent of deliberate ignition system is to burn 
hydrogen in this range 

•	 Fast Speed; flame acceleration (FA) & deflagration to 
detonation transition (DDT) 

*	 - 100 - 1000 m/sec 

8 



POST-TMI ASSESSMENT
 

Key Ice Condenser Evaluation: 

McGuire Units 1 & 2, Atomic Safety & Licensing Board (ASLB) 
Hearings for Operating License-

Extensive discussions relating to hydrogen control inside an ice 
condenser containment 

•	 A team of combustion experts 

o	 Most notables; Dr. Bernard Lewis & Bela Karlovitz to review 
issues surrounding hydrogen combustion 
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•	 Combustion issues associated with the ice chest, Experts: 

o	 Continuous diffusion flame at the top of the ice condenser. 

o	 The geometry and flow conditions inside the ice condenser 
region are not conducive to producing a transition to detonation. 

o	 Even without air return fans nor containment sprays, "then the 
hydrogen stream emerging from the ice condenser will mix 
slower with the air under the dome, and will be ignited and will 
burn as a slow-burning diffusion flame." 

o	 "... don't have a strong sideways confinement."..."Any expansion 
that takes place during the deflagration phase of the propagation 
will hold back the transition to detonation..." 

(Reference: Transcript of ASLB Operating License Hearing for McGuire 
Units 1 & 2, dated February 26, 1981) 
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ICE CONDENSER IPE TREATMENT 

o	 Generic Letter No. 88-20 (Supplement No.3) July 1990; 
Completion of CPI program and forwarding insights for use in 
IPEs 

Evaluate interruption of power to igniters 

o	 Survey of several licensee's evaluation on the response to this 
GL supplement: cost benefit small, no identification by licensees 
that ARF are necessary. Moreover, some discussion on 
restoring igniters as part of accident management program. 

o	 Survey of several IPEs: 

Event trees indicates that continuous operation of igniters is 
sufficient 
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HYDROGEN COMBUSTION EXPERIMENTS 

o	 Since 1981, numerous hydrogen combustion testing 
programs were performed 

o	 RES played an active role in hydrogen behavior research 

o	 Generally, during the 1980s most of the testing focused on 
slow speed combustion to evaluate efficacy of igniters 
(summary in NUREG/CR-5079) 

o	 During the 1990s, greater emphasis on high speed 
combustion testing....NEAlCSNI State-of-the-Art Report, 
August 2000, "Flame Acceleration and Deflagration-to­
Detonation Transition in Nuclear Safety" 

o	 Deliberate ignition of H2-Air-Steam mixtures in condensing 
steam environments (NUREG/CR-6530) 
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SUMMARY OF TEST RESULTS
 

o	 Igniters reliably initiate combustion at lean mixtures 

o	 Exhibit low flame speeds 

Confirms tendency for H2 to burn, where conditions permit, 
as diffusion flames 

o	 No opportunity for flame acceleration in covered regions 

o	 Smooth transition in steam condensing environment 

o	 Besides burning locally &efficiently... induces bulk circulation 
currents which promotes mixing 
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MELCOR SCOPING ANALYSIS
 

o	 Using new ice condenser plant response uncertainty study to 
obtain H2/steam source terms 

At Vessel Breach H2 released about 50-600/0 MWR 

o	 Code sensitivities reveal relatively small differences between the 
use of igniters only versus igniters and ARF 
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OVERALL CONCLUSION
 

For Ice Condensers, during postulated SSO sequences back-up 
power to the igniter system only is sufficient: 

o	 Collectively, past findings and relevant combustion testing 
provides adequate basis 

-	 Use of ARF would tend to accelerate ice chest melt-out 
during postulated core melt events­

•	 Delaying melt-out of ice bed could extend fission product 
scrubbing and containment integrity 
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OBJECTIVE
 

• Estimate the benefit obtained from enhancing current 
combustible gas control systems to make them operable 
during station blackout (580) 

• Address previous ACRS comments by including additional 
assessment of the uncertainty in the benefit estimates 



BASIS FOR ANALYSIS
 

Benefit analysis carried out in accordance with the guidance 
provided in: 

•	 NUREG/BR-0058, Regulatory Analysis Guidelines of the U.S. 
Nuclear Regulatory Commission, and 

•	 NUREG/BR-0184, Regulatory Analysis Technical Evaluation 
Handbook. 

Benefit consist of averted risk which includes: 

•	 reductions in public and occupational radiation exposure, 

•	 averted offsite property damage 
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BASIS FOR ANALYSIS
 

Benefit = averted risk =	 r i s k red u c t ion due tot h e 
enhancement 

For combustible gas control in containment during station 
blackout (SBQ): 

Risk Reduction = 
[S80 frequency] x 
[Change in Conditional Probability of Early Failure (CPEF) due 
to enhancement] x 
[Consequences of Early Failure] 

Consequences consist of: 

• exposure (person-rem) and 

• property damage ($) 
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APPROACH
 

Results from a Level 3 PRA are needed to estimate reduction in 
risk in terms of offsite person rem as well as offsite costs. 

The benefit estimate is based on previously obtained PRA 
results from a number of existing studies. 

Since a Level 3 PRA analysis was needed, the NUREG-1150 
studies were used to: 

• assess accident progression 

• obtain base case benefit estimates 
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APPROACH
 

Uncertainties associated with each part of analysis (no 
integrated uncertainty analysis available): 

• SBa frequency 
• CPEF 
• consequences 

To estimate uncertainty ranges, a number of sources with 
uncertainty and sensitivity information were considered: 

• NUREG-1150 (5BO frequency, CPEF) 
• Industry results (5BO frequency, CPEF, consequences) 
• IPE ranges (5BO frequencies) 
• SPAR models (SBO frequencies) 
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ASSUMPTIONS
 

All	 benefit calculations carried out assuming: 

•	 com bustible gas control system is 1000k effective 

•	 gas combustion is principal cause of CPEF in ssa 
sequences 

•	 late containment failures are not averted by the gas control 
system 
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ASSUMPTIONS
 

• Public health from radiation exposure and offsite property 
impacts are examined over a 50-mile radius from the plant 
site 

• A conversion factor of $2000 per person-rem is used to 
convert health effects attributable to radiological exposure 
to monetary terms 

• All values and impacts are expressed on a present worth 
basis for lifetime benefits 

• 40 years of plant life remain 

• A 7% discount rate is used for the present value calculation 
(sensitivity analysis with a 3% rate) 
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PWR ICE CONDENSER ANALYSIS 

Sequoyah NUREG-1150 study: 

Sequoyah Uncertainty Ranges for Internal Events 

5th mean 95th 

SSO CDF 
frequency from 
NUREG-1150 (per 
reactor year) 

5.2E-7 1.5E-5 5.3E-5 

CPEF due to 
LOSP from 
NUREG/CR-4551, 
Vol. 5 

1.3E-4 0.15 0.65 
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PWR ICE CONDENSER ANALYSIS
 

DUKE POWER PRA SSO CORE DAMAGE FREQUENCIES (per ry) 

Plant Internal Events External Events 
Conditional Containment 
Failure Probabilities Pt Est 5th mean 95th Pt Est 

Catawba Duke PRA Rev 2b 

Prob of early failure range: 1.5E-5 9.4E-7* 1.9E-5* 6.4E-5* 1.0E-5 
0.16 to 0.21- slow SSO 
0.16 to 0.34 - fast SSO Duke Rev 2b with RCP seal replaced 

9.8E-6 5.2E-7* 1.3E-5* 4.5E-5* NA 
Prob of late failure range: 
0.72 to 0.84 - slow SSO Duke Rev 2b w RCP seal replaced & flood wall installed 
0.68 to 0.84 - fast SSO 

1.2E-6 1.5E-7* 2.6E-6* 8.7E-6* NA 

McGuire Duke PRA Rev 3 

Prob of early failure range: 1.2E-6 2.2E-7* 3.0E-6* 9.9E-6* 8.9E-6 
0.15 to 0.19- slow SSO 
0.16 to 0.26 - fast SSO 

Prob of late failure range: 
0.34 to 0.56 - slow SSO 
0.17 to 0.36 - fast SSO 

* includes SSO frequency due to tornado 
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PWR Ice Condensers - Averted Costs ($k) 
Plant Case Source of SBO frequency used 

SourceCond Internal Events External 
TermCntmt Events 

Failure
 
Prob
 UncertaintyPt Est Upper Bound Pt Est 

Estimate of 95th 

combined 

5th (Lv1&Lv2)95th 

uncertainty 
mean 

NUREG-1150
Sequoyah 

11505
 NA 11
 320
EF =0.15 1,200 3,2001
 NA 
(update)(N1150 mn) 

50
 1,400EF =0.65 5,000
 
(N1150 95th 

)
 

2
 

2,10074
EF=0.97 7,5003
 
(N/C 6427) 

Duke PRA Rev 2bCatawba 

11· 220· 750·Duke 180
 2,200·1
 EF=0.29 120
 
LF=0.71
 

2
 40· 790·11505
 640
 2,700·(N/C6427 & 420
 
Duke PRA 

54·11505· 1,100·870
 3,700·3
 580
range) 
1.8 

Duke Rev 2b with RCP seal replaced 

6· 150·Duke 120
 530· 1,500·4
 same as NA 
above 

22· 540·11505
 420
 1,900·5
 

31·11505· 740·570
 2,600·6
 
1.8 

Duke Rev 2b w RCP seal replaced & flood wall installed 

31·2·Duke 100· 310·14
7
 same as NA 
above 

7· 110· 370·11505
 52
8
 

9· 150·11505· 70
 500·9
 
1.8 

Duke PRA Rev 3
 McGuire 

2· 32· 110· 320·Duke 13
 98
 
LF=0.56
 

2
 

EF=0.261
 

S· 110·44
 380·11505
 340
 
(Duke PRA
 

3
 

NF=0.18 

13· 1S0·11505· 600·72
 540
range) 
2.3 

• includes SBO frequency due to tornado 
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BWR MARK III ANALYSIS
 

Important considerations: 

•	 need to fail both drywell and containment to get significant 
release 

•	 NUREG-1150 accident progression indicates igniters only 
effective for sequences with low ReS pressure (about 400k 
of all sequences) 

•	 No industry results available 
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BWR MARK III ANALYSIS 

Grand Gulf NUREG·1150 Study: 

Grand Gulf uncertainty ranges for internal events 

5th mean 95th 

580 CDF frequency 
from NUREG-1150 
(per reactor year) 

1.7E-7 3.9E-6 1.1 E-5 

CPEF due to 580 
from NUREG/CR­
4551, Vol. 6 

-1.E-2 -0.5 -1.0 

SPAR Models:
 

SPAR 3i 580 CDF ranges for internal events (ry) 

5th mean 95th 

Grand Gulf 1.4E-7 2.4E-6 8.2E-6 

River 8end 2.7E-8 1.0E-5 2.8E-5 
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BWR MARK III ANALYSIS 

Grand Gulf NUREG-1150 Study: 

Conditional Containment and Drywell Failure Probabilities for Grand Gulf 

RCS 
Pressure at 
Vessel 
Breach 

Station Blackout, SBQ 
(Igniters and Sprays unavailable) 

Non-SBQ 
(Igniters and Sprays available) 

Containment 
Fail 

Containment 
and Drywell Fail 

Containment 
Fail 

Containment and 
Drywell Fail 

High - 0.5 - 0.2 - 0.5 - 0.2 

Low - 0.5 - 0.2 - 0.01 - 0.02 - 0.01 
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PWR Mark Ills Averted Costs ($k) 
Source of ssa frequencyPlant & Case description 

Internal Events External 
Events 

5th 95thmean 

NUREG-1150Grand Gulf 

Mean NUREG-11S0 CPEF <1 10 291 
NA 

9Sth NUREG-11S0 CPEF <1 22 612 

9Sth NUREG-11S0 CPEF 2 60 1703 
SO% of sequences at low
 
pressure, drywell always fails if
 
containment fails
 

SPAR3i 

Mean NUREG-11S0 CPEF <1 6 224 
NA 

9Sth NUREG-11S0 CPEF <1 13 455 

9Sth NUREG-11S0 CPEF 2 36 1206 
SO% of sequences at low
 
pressure, drywell always fails if
 
containment fails
 

River Bend SPAR3i 

Mean NUREG-11S0 CPEF <1 57 1601 
NA 

9Sth NlJREG-11S0 CPEF <1 120 3302 

9Sth NUREG·11S0 CPEF <1 320 8803 
SO% of sequences at low
 
pressure, drywell always fails jf
 
containment fails
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COMPARISON OF RESULTS
 

•	 Comparison of the results for Sequoyah (PWR ice condenser) with 
results for Grand Gulf (BWR Mark III) shows that the estimated 
benefit of providing combustible gas control during SBa 
sequences differs significantly (a factor of roughly 30) for these 
two plants. 

Parameter comparison 

Parameter Sequoyah 
value 

Grand Gulf value Sequoyahl 
Grand Gulf 

SBO frequency 1.5E-5 3.9E-6 3.8 

Approximate 
averted CPEF 

0.15 0.09 1.7 

Off-site person rem 
2000 estimate 

3.1E+6 6.1E+5 5.1 

TOTAL FACTOR -30 
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OUTLINE
 

• Discussion of Cost Assessment Process 

• Assumptions 

• Cost Analysis Results 

• Uncertainty Assessment 

• Implications of System Reliability 
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Cost (Impact) Assessment Process: GI-189
 

Industry 
Implementation 

I . I 
Materials &
 
Equipment l------­ lricjustry... 

ImplementatiOn'·· 

IInstallation~' .Surveillance h 

····lndustry
 

Engineering ~IIMaintenance~ Operation
 

--_.. ,-- -­f------t I Testing I ­
·NRCi 

Implementation 

1t1 
Emergenc.y H IRUlemak... i.ng. I 
Procedures 

NRC
Review I--­

OperationLicensing f- ­

Costs 
J 

Inspection 

Total Cost 

Impact··considering: 

~I· • Dual vs.singleunit sites· 
• Reactor/containment type 
• Size/type diesel 
• Off-the-shelf, portable 

vs. pre-staged 
• Including air-return fans 

Sensitivity studies: 

• External events 
• Rulemaking 
• Extended outage 
•PARs 
• 7% vs. 3% real discount 

Worker
 
Dose
 

Impact 
Attributes 
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COST ASSESSMENT PROCESS
 
(continued) 

COST ATTRIBUTES AND COST ELEMENTS CONSIDERED: 

Industry Implementation 
• Materials and equipment 
• Installation (mainly labor) 
• Engineering 
• Occupational exposure (during installation) 
• Emergency procedure - training 
• Licensing costs - change to UFSAR 

Industry Operation Over 40 Years 
• Maintenance 
• Testing 
• Surveillance 

NRC Implementation & NRC Operation 
• Rulemaking costs 
• Review of licensee documentation 
• Inspection over 40 years 
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COST ASSESSMENT PROCESS
 
(continued) 

Physical Modifications Considered: 

• Base case - pre-staged diesel to power igniters 

• Alternative - portable diesel to power igniters 

• Pre-staged diesel to power igniters and air return fans 
(ARFs require 20-30 kW) 

• Passive autocatalytic recombiners (PARS) 

Differentiated By: 

• Type of reactor/containment/balance-of-plant 

• Number of reactors on site (dual vs. single-unit) 

• power requirements for igniters (5kW - 21 kW) 
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COST ASSESSMENT PROCESS
 
(continued) 

SENSITIVITY ANALYSIS 

• External event qualification: variable and not quantified 

• Extended outage: based on $300Klday 

• Major rulemaking: separate from 1OCFR50.44 rulemaking 

• Alternative discount rate: compared 30/0 to 70/0 
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KEY ASSUMPTIONS
 

•	 Base case is a pre-staged diesel generator located near 
the auxiliary building. 

•	 Activation of backup system is remote (located at the 
diesel generator) and manual. 

•	 All costs are in 2002 dollars. 

• 40 years of operation, starting in 2002. 

•	 Backup power supply need not be safety grade. 

•	 Powering one train of igniters is necessary & sufficient 
for mitigation. 
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COST ANALYSIS RESULTS
 

PER REACTOR COST (THOUSANDS OF 2002 DOLLARS)
 

Ice Condenser Mark III 
Best Estimate1 Best Estimate 

Pre-stagedligniters - base case 270 310 

Base case + external event qualified 490 550 

Base case + major rulemaking 290 330 

Base case + extended outage 370 410 

Portable/igniters 200 230 

Pre-stagedligniters/air return fans 590 N/A 

PARs 1700 1750 

1The Best Estimate is an average of the estimates developed for each of the three categories of ice 
condenser plants. 
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UNCERTAINTY ANALYSIS
 

Used a high, most likely, and low estimate to characterize 
uncertainty of the cost elements considered in the cost analysis 
and used Monte Carlo simulation software to propagate 
uncertainties. 

• High, most likely, and low estimates based on industry input 
and engineering judgment. 

• Most likely estimates were those assumed as "best estimate." 

• Uncertainty analysis was applied only to pre-staged (wi & wlo 
ARF) and portable diesel options. 

• Statistics reported for 5th, 95th, and mean. 

• Uncertainties are skewed toward the higher costs. 
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COST ANALYSIS RESULTS: UNCERTAINTY ANALYSIS
 

PER REACTOR COST (THOUSANDS OF 2002 DOLLARS)
 

Ice Condenser Mark III 
Low Mean1 High Low Mean High 

5% 95% 5% 95% 

Pre-stagedligniters - base case 260 330 460 310 380 460 

Portableligniters 180 230 330 220 270 330 

Pre-stagedligniters/air return fans 510 640 830 N/A N/A N/A 

1The Means are an average of the estimates developed for each of the three categories of ice condenser plants. 
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UNCERTAINTY ANALYSIS (continued)
 

Distribution for Total Cost for McGuire, Catawba, and 
Cook (per unit) 

x<=262259.41 x<=375154.88 
5% 95% 

1.4 

1.2
 

1
 
In• 
< 
0 
'I(""" 0.8 
s::: 
f1J 
Go) 0.6 
~ 

co 
> 0.4 

0.2
 

0
 

200 262.5 325 387.5 450 I 

Values in Thousands \ 

Note: best-estimate =$260K 
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IMPLICATIONS OF BACKUP POWER SYSTEMS RELIABILITY ON COST
 
BENEFIT ASSESSMENT
 

• Benefit assessment assumes that the systems are 1000/0 reliable. 

• No system has 100% functional reliability1. The impact of this 
assumption on the cost benefit assessment was addressed and 
determined to be insignificant. 

• Backup power systems evaluated in this study should be able to 
have functional reliabilities greater than 0.95, values sufficiently 
close to 1.00 such that any adjustment would have a negligible effect 
on the cost-benefit assessment. 

• Similar backup systems have estimated functional reliabilities in the 
range of 0.97 to 0.982• 

• Conclusion: Backup power system functional reliabilities have a 
negligible impact on the cost-benefit assessment. Variations in 
functional reliabilities between systems also have negligible impact. 

1 Functional reliability ={1 - (unavailability + hardware unreliability + human unreliability)} 

2 P. Moieni, et aI., "A PRA-Based Design Change at San Onofre Nuclear Generating Station 
(SONGS) Units 2 & 3: Add Portable Gasoline-Powered Generators for Risk Reduction," PSA 2002, 
10/02, pages 495 ff 12 
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GENERIC SAFETY ISSUE 189: "SUSCEPTIBILITY OF ICE 
CONDENSER AND MARK III CONTAINMENTS TO EARLY 
FAILURE FROM HYDROGEN COMBUSTION DURING A 
SEVERE ACCIDENT" 

...applies specifically for postulated SBO events 
•	 Issue was raised as part of the effort to risk-inform 10CFR 50.44 

(H2 Control): 

•	 GSI-189 resolution: 

- Met with ACRS on June 6, 2002 on Technical Assessment 
- ACRS letter, June 17th 

; perform additional analysis to 
quantify uncertainties and brief ACRS again 

-RES completed a refined Technical Assessment 

- RES plans to transmit Technical Assessment with
 
recommendations to NRR by end of CY02
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GSI-189 Technical Assessment 

OBJECTIVE: 

Focused on susceptibility of early containment failure due to 
hydrogen combustion...for SBO events; 

Determine whether providing additional/enhanced combustible gas 
control is justified (with a focus on considering uncertainties) 

APPROACH: 

Use existing studies, e.g., NUREG-1150, IPEs, etc. 

Explore various options in performing cost analysis 

Focus on containment system performance improvement 
recognizing cost 

4 



~ 

Hydrogen Control Calculations for the
 
Sequoyah Plant
 

Reference and Uncertainty Calculations 

Presentation By:
 
Jack Tills, JTA. Inc.
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To:
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5 November 2002
 



Hydrogen Control Issues Addressed
 

•	 Multi-cell MELGaR input for evaluation of ice condenser plant 
performance during SSO-type events (standalone containment 
analysis) 

•	 Selection of hydrogen source terms based on MELGaR uncertainty 
calculations for short term SSO with pump seal leakage 

•	 Relative comparison of thermal-hydraulic and hydrogen control 
results involving auxiliary power options:
 
- No Power
 

- Power to Igniters only
 

- Power to Igniters and Single Fan Train
 

•	 Uncertainty/Sensitivity study for containment model and hydrogen 
burn parameters 

2/21 



I
J 
'0 

I
z 
u 

I
I
I 
'0 

j 
! 
iii 

.. c 
CI) 

E 
c.­co.. 
c 
o 
o 
.c 
co 
~ 
o
 
::s 
C'" 
CI) 

I
I

II II II II II II II

D ~~~ft!!e 
CI) 

o 
I 

CD 
N 
~ o o 
--I 
UJ 
:E 

--

en 
CI) 
~.. .... 
o 
-CI) 
"'C o 
:E 



Lower Compartment Source Locations for Sequoyah 26-Cell Model
 
STSBO w Pump Seal Leakage
 

.... ·!le 
c.... 

Hot leg 

Hot leg 
Pump seal 

PORVs 
Pump Seal Rupture disk 

Surge line rupture 
Safeties
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In-vessel Hydrogen Generation for MELGOR
 
Runs #21 - #40
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-H35 
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-H38 
-H39 
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Selected MELeOR Sequoyah Sensitivity Runs
 
(High and Low Total Release including variability
 

associated with hot leg failure)
 

Run # Primary System Failure Hydrogen Cumulative Mass 
Times (Kg) 

(Hours) 

Vessel Hot Leg Generated Core to Containment 
in Core* 

Hot Leg Pump Seals 

21 6.37 5.57** 570 55.6 515.2 

32 6.3 ---­ 510 ---­ 508.9 

35 7.57 6.38 434.5 13.9 420.2 

Rev 1 5.45 3.99 476 170 305 
Rpt*** 

* At time of vessel failure
 
** (triple loop, single loop not failed)
 
*** "Hydrogen Control Calculation for the Sequoyah Plant: Station Blackout Scenario," April 2002 draft report.
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Hydrogen Injected Through Pump Seals
 
Run #21 (Reference H2 Source Term)
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Ignition and Propagation Limits used in MELCOR (default)
 

Limits X (H2)* X (02) X (steam) 

Ignition >= 0.05 >= 0.05 <= 0.55 

Upward propagation >= 0.041 >= 0.05 <=0.55 

Horizonmlpropagation >= 0.06 >= 0.05 <= 0.55 

Downward propagation >= 0.09 >= 0.05 <= 0.55 

Igniter Locations used in the Sequoyah Containment Analysis
 

Location Igniters 

Cavity No 

Steam Gen. Doghouses Yes 

Upper Reactor Space Yes 

Pressurizer Doghouse Yes 

Lower Conminment (Inside Crane Wall) Yes 

Lower Annulus (Between Crane Wall and Shell) Yes 

Lower Plenum No 

Ice bed No 

Upper Plenum Yes 

Upper Dome Yes 

Lower Dome & Operating Floor Yes 
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Containment Pressure for Delayed Deflagration at Vessel Failure
 
No Aux Power (Reference, Run #21 H2 Source Term)
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Upper Containment Hydrogen Control
 
for Aux. Power Options
 

(Reference H2 Source Term, Run #21)
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Hydrogen Conc. in Ice Bed without Aux Power
 
(Reference H2 Source Term, Run #21)
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Hydrogen Conc. in Ice Bed for Aux Power to Igniters
 
(Reference H2 Source Term, Run #21)
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Hydrogen Conc. in Ice Bed for Aux Power to Igniters and Fans
 
(Reference H2 Source Term, Run #21)
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Hydrogen Burned Locations for
 
Reference H2 Source Term
 

Table 5a. Hydrogen consumed in containment for period up to and including vessel 
breach (26-cell containment model), MELeOR run 21.* 

Location Hydrogen consumed (kg) 

Igniters only Igniters and fans 

Lower containment 229 (58.2)** 255.5 (61.4) 

Ice condenser 159 (40.4) 105 (25.4) 

Ice bed 111.4 (28.3) 25.9 (6.2) 

Upper plenum 18.2 (4.6) 76.5 (18.4) 

Lower plenum 29.4 (7.5) 2.7 (0.6) 

Upper containment 5.6 (1.4) 55.4 (13.3) 

Total 393.6 416 

* Total hydrogen released to containment up to and including vessel breach is - 570 kg. 
** Percentage of burned 
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Hydrogen Cone. in Ice Bed for Aux Power to Igniters
 
(Low H2 Source Term, Run #35)
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Hydrogen Burn Behavior Sensitivity with Closed Refueling Drains
 

Table 6a. Hydrogen consumed in containment for period up to and including vessel 
breach (26-cell containment model) for MELeOR run 21, with no circulation through 
refueling drains. 

Location Hydrogen consumed (kg) 

Igniters only Igniters and fans 

Lower containment 135 (35.4)** 255.4 (60.9) 

Ice condenser 238 (62.5) 104 (24.8) 

Ice bed 181.5 (13.5) 20.5 (4.9) 

Upper plenum 13.5 (3.5) 81.5 (19.4) 

Lower plenum 43 (11.3) 2.0 (0.5) 

Upper containment 7.9 (2.1) 60.0 (14.3) 

Total 380.9 419.4 

* Total hydrogen released to containment up to and including vessel breach is - 570 kg. 
** Percentage of burned 
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Ice Melt Sensitivity to H2 Source Term Uncertainty
 
and Aux Power Options
 

Table 7. Ice melt percentage at time of vessel failure 

Source Term Ice melt % 

Igniters only Igniters with fans 

Run 21 46.7 64.2 

Run 32 37.5 51.2 

Run 35 46.1 64.9 
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Direct Statistical Uncertainty for Burn Parameter Varations
 
(Reference H2 Source Term, Run #21)
 

Table 8. Deflagration parameter uncertainty range 

Parameter Uncertainty Range, % 

Low High 

Hydrogen conc limit for ignition with igniters 5 (5)* 7 

Max vapor conc for ignition 45 (55) 65 

Hydrogen conc limit for upward propagation 3 (4.1) 5 

Hydrogen conc limit for horizontal propagation 5 (6) 7 

Hydrogen conc limit for downward propagation 7 (9) 10 

* (Default parameter) 

Table 10. Maximum hydrogen concentration uncertainty interval (95%/95%) in 
Sequoyah containment for the STSBO_L accident event with igniters only 

Location Concentration 

3.5 - 5 hrs (pump seals) -6.4 hrs (vessel failure) 

Lower cont. (cell #9) 14 ­ 16.6% 3.2-4.6% 

Ice bed (cell #19) 9.5 -14.7% 3.5 -7.9% 

Upper cont. (cell #24) 3-4.6% 3.8-5.2% 
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Direct Statistical Sensitivity Study for Hydrogen Burn Parameters
 
(Reference H2 Source Term, Run #21)
 

Table 11. Spearman rank coefficients for the hydrogen burn parameter study at the 3.5 ­
5 hour period (pump seals) 

Parameter Rank coefficient 

Cell #9 Cell #19 Cell #24 

Hydrogen conc limit for ignition with igniters 0.96 0.66 0.435 

Max vapor conc for ignition -0.11 -0.47 -0.53 

Hydrogen conc limit for upward propagation -0.14 -0.07 0.19 

Hydrogen conc limit for horizontal 0.0068 0.03 0.35 
propagation 

Hydrogen conc limit for downward 0.29 0.25 0.24 
propagation 

Table 12. Spearman rank coefficients for the hydrogen burn parameter study near the 
time ofvessel failure ( - 6.4 hours) 

Parameter Rank coefficient 

Cell #9 Cell #19 Cell #24 

Hydrogen conc limit for ignition with igniters 0.29 0.57 0.41 

Max. vapor conc for ignition -0.20 -0.012 -0.1 

Hydrogen conc limit for upward propagation 0.204 -0.05 0.17 

Hydrogen conc limit for horizontal 0.12 0.14 0.26 
propagation 

Hydrogen conc limit for downward 0.21 0.413 0.10 
propagation 20/21 



Hydrogen Control Study for Sequoyah SSO Event
 
Conclusions
 

•	 Hydrogen control required to mitigate severe threat to containment 

•	 Either Aux. power to igniters or igniters and fans provides adequate control 

•	 Aux power to igniters and fans produces more uniform burning throughout 
containment (with more burning at igniter locations) 

•	 Aux power to igniters and fans causes a more rapid depletion of ice (e.g., ­
37% increase in ice melt at vessel failure with power to fans) 

•	 H2 source term uncertainty is not a significant factor affecting hydrogen 
control (e.g., aux. power options) 

•	 Circulation of upper containment air through refueling drains can 
significantly affect the degree of lower containment burning (elimination of 
circulation reduces lower compartment burns as a result of oxygen 
depletion and steam inerting); however, hydrogen control remains effective. 

•	 Statistical uncertainty analysis for burn parameters indicated ice bed as the 
more sensitive region for hydrogen control uncertainty (ice bed hydrogen 
cone. for power to igniters only, uncertainty range 9.5 - 14.7°k ) 
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GENERIC SAFETY ISSUE 189: "SUSCEPTIBILITY OF ICE 
CONDENSER AND MARK III CONTAINMENTS TO EARLY 
FAILURE FROM HYDROGEN COMBUSTION DURING A 
SEVERE ACCIDENT" 

...applies specifically for postulated SSO events 
•	 Issue was raised as part of the effort to risk-inform 10CFR 50.44 

(H2 Control): 

•	 GSI-189 resolution: 

- Met with ACRS on June 6, 2002 on Technical Assessment 
- ACRS letter, June 17th 

; perform additional analysis to 
quantify uncertainties and brief ACRS again 

-RES completed a refined Technical Assessment 

- RES plans to transmit Technical Assessment with 
recommendations to NRR by end of CY02 



. . 

TECHNICAL ASSESSMENT OUTLINE 

• BENEFITS ANALYSIS 

• COST ANALYSIS 

• ICE CONDENSER Hydrogen Control 

• SUMMARY & RECOMMENDATIONS 
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OBJECTIVE
 

• Estimate the benefit obtained from enhancing current 
combustible gas control systems to make them operable 
during station blackout (580) 

• Address previous ACRS comments by including additional 
assessment of the uncertainty in the benefit estimates 
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· . 

BASIS FOR ANALYSIS 

Benefit analysis carried out in accordance with the guidance 
provided in: 

•	 NUREG/BR-0058, Regulatory Analysis Guidelines of the U.S. 
Nuclear Regulatory Commission, and 

•	 NUREG/BR-0184, Regulatory Analysis Technical Evaluation 
Handbook. 

Benefit consist of averted risk which includes: 

•	 reductions in public and occupational radiation exposure, 

•	 averted offsite property damage 
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BASIS FOR ANALYSIS
 

Benefit = averted risk =	 r i s k red u c t ion due tot h e 
enhancement 

For combustible gas control in containment during station 
blackout (580): 

Risk Reduction = 
[580 frequency] x 
[Change in Conditional Probability of Early Failure (CPEF) due 
to enhancement] x 
[Consequences of Early Failure] 

Consequences consist of: 

• exposure (person-rem) and 

• property damage ($) 
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APPROACH
 

Results from a Level 3 PRA are needed to estimate reduction in 
risk in terms of offsite person rem as well as offsite costs. 

The benefit estimate is based on previously obtained PRA 
results from a number of existing studies. 

Since a Level 3 PRA analysis was needed, the NUREG-1150 
studies were used to: 

• assess accident progression 

• obtain base case benefit estimates 
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APPROACH
 

Uncertainties associated with each part of analysis (no 
integrated uncertainty analysis available): 

• SBO frequency 
• CPEF 
• consequences 

To estimate uncertainty ranges, a number of sources with 
uncertainty and sensitivity information were considered: 

• NUREG-1150 (SBO frequency, CPEF) 
• Industry results (S80 frequency, CPEF, consequences) 
• IPE ranges (S80 frequencies) 
• SPAR models (580 frequencies) 
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ASSUMPTIONS
 

All	 benefit calculations carried out assuming: 

•	 combustible gas control system is 100% effective 

•	 gas combustion is principal cause of CPEF in ssa 
sequences 

•	 late containment failures are not averted by the gas control 
system 
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ASSUMPTIONS
 

• Public health from radiation exposure and offsite property 
impacts are examined over a 50-mile radius from the plant 
site 

• A conversion factor of $2000 per person-rem is used to 
convert health effects attributable to radiological exposure 
to monetary terms 

• All values and impacts are expressed on a present worth 
basis for lifetime benefits 

• 40 years of plant life remain 

• A 7% discount rate is used for the present value calculation 
(sensitivity analysis with a 3% rate) 
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I . 

PWR ICE CONDENSER ANALYSIS 

Sequoyah NUREG-1150 study: 

Sequoyah Uncertainty Ranges for Internal Events 

5th mean 95th 

SSO CDF 
frequency from 
NUREG-1150 (per 
reactor year) 

5.2E-7 1.5E-5 5.3E-5 

CPEF due to 
LOSP from 
NUREG/CR-4551, 
Vol. 5 

1.3E-4 0.15 0.65 
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PWR Ice Condensers -Averted Costs ($k) 
Case Source of SSO frequency usedPlant 

Cond Source Internal Events External 
Cntmt Term Events 
Failure 
Prob Pt Est Uncertainty Upper Sound Pt Est 

Estimate of 95'h 
combined 

5th (Lv1&Lv2)95th 

uncertainty 
mean 

NUREG-1150Sequoyah 

EF =0.15 11505 NA 1,200 

5,000 

7,500 

NA 
(N1150 mn) 

1 11 320 3,200 
(update) 

EF =0.65 2 50 1,400 
(N1150 95'h) 

EF=0.97 2,1003 74 
(N/C 6427) 

Catawba Duke PRA Rev 2b 

11· 220· 750·EF=0.29 Duke 180 2,200·1 120 
LF=0.71
 

2
 40· 790· 2,700·(N/C6427 & 11505 640 420 
Duke PRA 

3 54· 1,100·11505· 870 3,700· 580range) 
1.8 

Duke Rev 2b with RCP seal replaced 

6· 150· 530·same as Duke 1204 1,500· NA 
above 

22· 540·5 11505 420 1,900· 

31·11505· 740·6 570 2,600· 
1.8 

Duke Rev 2b w RCP seal replaced & flood wall installed 

2·same as Duke 31· 100·7 14 310· NA 
above 

7· 110· 370·528 11505 

9· 150· 500·11505·9 70 
1.8 

McGuire Duke PRA Rev 3 

2· 32·1 Duke 13 110· 320·EF=0.26 98 
LF=0.56 

2 8· 110·11505 44 380·NF=0.18 340 
(Duke PRA 

3 13·11505· 180· 600·72 540range) 
2.3 

• includes SSO frequency due to tornado 
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BWR MARK III ANALYSIS
 

Important considerations: 

•	 need to fail both drywell and containment to get significant 
release 

•	 NUREG-1150 accident progression indicates igniters only 
effective for sequences with low ReS pressure (about 40°,4 
of all sequences) 

•	 No industry results available 
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BWR MARK III ANALYSIS 

Grand Gulf NUREG-1150 Study: 

Grand Gulf uncertainty ranges for internal events 

5th mean 95th 

SBO CDF frequency 
from NUREG-1150 
(per reactor year) 

1.7E-7 3.9E-6 1.1 E-5 

CPEF due to SBO 
from NUREG/CR­
4551, Vol. 6 

-1.E-2 -0.5 -1.0 

SPAR Models:
 

SPAR 3i SBO CDF ranges for internal events (ry) 

5th mean 95th 

Grand Gulf 1.4E-7 2.4E-6 8.2E-6 

River Bend 2.7E-8 1.0E-5 2.8E-5 
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BWR MARK III ANALYSIS 

Grand Gulf NUREG-1150 Study: 

Conditional Containment and Drywell Failure Probabilities for Grand Gulf 

RCS 
Pressure at 
Vessel 
Breach 

Station Blackout, SBQ 
(Igniters and Sprays unavailable) 

Non-SBQ 
(Igniters and Sprays available) 

Containment 
Fail 

Containment 
and Drywell Fail 

Containment 
Fail 

Containment and 
Drywell Fail 

High - 0.5 -0.2 - 0.5 - 0.2 

Low - 0.5 - 0.2 - 0.01 - 0.02 - 0.01 
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BWR Mark Ills Averted Costs ($k)
 
Plant & Case description Source of ssa frequency 

Internal Events External 

5th mean 95th 
Events 

,Grand Gulf NUREG-1150 

1 Mean NUREG-11S0 CPEF <1 10 29 
NA 

2 9Sth NUREG-11S0 CPEF <1 22 61 

9Sth NUREG-11S0 CPEF 6023 170 
SO% of sequences at low 
pressure, drywell always fails if 
containment fails 

SPAR 3; 

Mean NUREG-11S0 CPEF <1 64 22 
NA 

9Sth NUREG-11S0 CPEF <15 13 45 

9Sth NUREG·11S0 CPEF 6 2 36 120 
SO% of sequences at low 
pressure, drywell always fails if 
containment fails 

River Bend SPAR 3; 

Mean NUREG-11S0 CPEF <1 571 160 
NA 

9Sth NUREG-11S0 CPEF <1 1202 330 

9Sth NUREG-11S0 CPEF <1 320 8803 
SO% of sequences at low 
pressure. drywell always fails if 
containment fails 
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COMPARISON OF RESULTS
 

•	 Comparison of the results for Sequoyah (PWR ice condenser) with 
results for Grand Gulf (BWR Mark III) shows that the estimated 
benefit of providing combustible gas control during ssa 
sequences differs significantly (a factor of roughly 30) for these 
two plants. 

Parameter comparison 

Parameter Sequoyah 
value 

Grand Gulf value Sequoyahl 
Grand Gulf 

SSO frequency 1.5E-5 3.9E-6 3.8 

Approximate 
averted CPEF 

0.15 0.09 1.7 

Off-site person rem 
2000 estimate 

3.1E+6 6.1E+5 5.1 

TOTAL FACTOR -30 
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COST ASSESSMENT PROCESS
 
(continued) 

Physical Modifications Considered: 

• Base case - pre-staged diesel to power igniters 

• Alternative - portable diesel to power igniters 

• Pre-staged diesel to power igniters and air return fans 
(ARFs require 20-30 kW) 

• Passive autocatalytic recombiners (PARS) 

Differentiated By: 

• Type of reactor/containmentlbalance-of-plant 

• Number of reactors on site (dual vs. single-unit) 

• power requirements for igniters (5kW - 21 kW) 
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KEY ASSUMPTIONS
 

• Base case is a pre-staged diesel generator located near 
the auxiliary building. 

•	 Activation of backup system is remote (located at the 
diesel generator) and manual. 

•	 All costs are in 2002 dollars. 

• 40 years of operation, starting in 2002. 

•	 Backup power supply need not be safety grade. 

•	 Powering one train of igniters is necessary & sufficient 
for mitigation. 
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COST ANALYSIS RESULTS
 

PER REACTOR COST (THOUSANDS OF 2002 DOLLARS)
 

Ice Condenser Mark III 
Best Estimate1 Best Estimate 

Pre-staged/igniters - base case 270 310 

Base case + external event qualified 490 550 

Base case + major rulemaking 290 330 
Base case + extended outage 370 410 

Portable/igniters 200 230 

Pre-staged/igniters/air return fans 590 N/A 

PARs 1700 1750 

1The Best Estimate is an average of the estimates developed for each of the three categories of ice 
condenser plants. 

19
 



Hydrogen Control Issues Addressed
 

•	 Multi-cell MELGOR input for evaluation of ice condenser plant 
performance during SSQ-type events (standalone containment 
analysis) 

•	 Selection of hydrogen source terms based on MELGQR uncertainty 
calculations for short term SSO with pump seal leakage 

•	 Relative comparison of thermal-hydraulic and hydrogen control 
results involving auxiliary power options:
 
- No Power
 

- Power to Igniters only
 

- Power to Igniters and Single Fan Train
 

•	 Uncertainty/Sensitivity study for containment model and hydrogen 
burn parameters 
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In-vessel Hydrogen Generation for MELGOR
 
Runs #21 - #40
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Containment Pressure for Delayed Deflagration at Vessel Failure
 
No Aux Power (Reference, Run #21 H2 Source Term)
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Upper Containment Hydrogen Control
 
for Aux. Power Options
 

(Reference H2 Source Term, Run #21)
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Hydrogen Control Study for Sequoyah SSO Event
 
Conclusions
 

•	 Hydrogen control required to mitigate severe threat to containment 

•	 Either Aux. power to igniters or igniters and fans provides adequate control 

•	 Aux power to igniters and fans produces more uniform burning throughout 
containment (with more burning at igniter locations) 

•	 Aux power to igniters and fans causes a more rapid depletion of ice (e.g., ­
37% increase in ice melt at vessel failure with power to fans) 

•	 H2 source term uncertainty is not a significant factor affecting hydrogen 
control (e.g., aux. power options) 

•	 Circulation of upper containment air through refueling drains can 
significantly affect the degree of lower containment burning (elimination of 
circulation reduces lower compartment burns as a result of oxygen 
depletion and steam inerting); however, hydrogen control remains effective. 

•	 Statistical uncertainty analysis for burn parameters indicated ice bed as the 
more sensitive region for hydrogen control uncertainty (ice bed hydrogen 
cone. for power to igniters only, uncertainty range 9.5 - 14.70/0 ) 
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GSI-189 TECHNICAL ASSESSMENT SUMMARY· 

Recommendation: To cope with SBO events, pursue further 
regulatory action for both ice condenser and Mark III plants to 
provide back-up power to one train of the hydrogen igniter system 

Ice Condensers-

o	 Calculations of averted costs with uncertainties- could pass 
cost-benefit considering back-up power to igniters (and 
even ARF in some cases) 
- Not recommending that back-up power be added to ARF 

Mark IlIs­

o	 Calculations of averted costs with uncertainties- the cost­
benefit of back-up power to igniters is marginal 

-	 Other important considerations 
l 

25 



ICE CONDENSER Averted Costs ($k) 
F====;======== 

Plant Case Source of SBO frequency used 

Cond 
Cntmt 
Failure 
Prob 

Source 
Tenn 

PtEst 

Internal Events 

Uncertainty 

mean 95" 

Upper Bound 
Estimate of 95" 

combined 
(Lvl&Lv2) 
uncertainty 

External 
Events 

PtEst 

Sequoyah NUREG-1l50 

EF=O.I5 
(N1150 mn) 

11505 . NA 
(updated) 

11 NA 

2 EF=O.65 
(N1150 95"') 

3 EF=O.97 
(N/C 6427) 

74 

Catawba Dulce PRA Rev 2b 

3 

:1 120 

580 

420~,200~ 

220*11* 

54* 

40* 

180 

640 

870 

Duke 

11505 

11505*1.8 

2 

EF=O.29 
....-----1 LF=O.71 

(N/C6427 & 
DukePRA 

....-----1 range) 

Dulce Rev 2b with RCP seal replaced 

11505*1.8 570 

4 

5 

6 

same as above Duke 

11505 

120 6* 

31* 

150* NA 

Dulce Rev 2b w RCP seal replaced Ii flood wall installed 

7 same as above Duke 14 2* 31* 100* 

8 11505 52 7* 110* a'70~ 

11505*1.8 
~:":'~::'>'~'~ 

9 70 9* 150* ~OO~ 

McGuire Dulce PRA Rev 3 

EF=O.26 Duke 13 2* 32* 110* 
LF=O.56 
NF=O.18 11505 

M~~,";,";'1~':~ 

2 
(DukePRA 44 8* 110* 28O"! 
range) 

~ooi3 11505*2.3 72 13* 180* 

NA 

98 

340 

540 

* includes 5BO frequency due to tornado 

.. 
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MARK ill- Averted Costs ($k) 

Plant & Case description Source of SBO frequency 

Internal Events External 
Events 

5th 95thmean 

NUREG-1150
Grand Gulf 

Mean NUREG-1150 CPEF <1 10
 29
1
 
Split fractions from Figs 1&2 NA 

95th NUREG-1150 CPEF 22
 61
<12
 
Split fractions from Figs 1&2 

95 th NUREG-1150 CPEF 60
2
 170
3
 
50% of sequences at low pressure,
 
drywell always fails if containment fails
 

SPAR 3i 

Mean NUREG-1150 CPEF <1 6
 22
4
 
Split fractions from Figs 1&2 NA 
95 th NUREG-1150 CPEF 5
 <1 13
 45
 
Split fractions from Figs 1&2 

95 th NUREG-1150 CPEF 2
 120
6
 36
 
50% of sequences at low pressure,
 
drywell always fails if containment fails
 

River Bend SPAR 3i 

Mean NUREG-1150 CPEF 1
 <1 57
 160
 
Split fractions from Figs 1&2 NA
 

2
 95111 NUREG-1150 CPEF
 <1 120
 ~~"g
Split fractions from Figs 1&2 

-s.."'''''-·:-:K:;-''' 

95th NUREG-1150 CPEF3
 <1 ~'~g B.~9
50% of sequences at low pressure.
 
drywell always fails if containment fails
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1. BACKGROUND 

SECY-00-0198 [1] presented a risk-informed alternative to the current regulation in 10 CFR 50.44 
that deals with the threat of combustible gases to the integrity of the containment in light-water 
reactor nuclear power plants. One of the risk insights developed in SECY-00-0198 indicated that 
station blackout (SBO) accident sequences represented a threat to containment integrity in BWR 
plants with a Mark III containment and PWR plants with an ice condenser containment. These 
pressure-suppression containments were mandated under 50.44 to install combustible gas igniters 
that would bum the hydrogen evolved via the metal:"water reaction during severe core melt accidents. 
The igniters are designed to bum the evolved hydrogen at relatively low concentrations and thus 
reduce the potential for large deflagrations or detonations that could challenge containment integrity. 
However, the igniters need AC power to operate and would not be available in an SBO accident. 
Thus, enhancements that would allow combustible gas control during SBO accidents could reduce 
the risk from combustible gases. The issue to be analyzed is whether such enhancements would be 
cost beneficial, i.e., whether the averted risk, evaluated in terms of the expected value of averted 
costs, would be greater than the direct cost of implementation of the enhancement. 

Under Project lCN W-6224 Brookhaven National Laboratory (BNL) is providing an estimates of the 
benefit values associated with making enhancements to the combustible gas control systems in PWR 
plants with ice condenser containments and BWR plants with Mark III containments. In addition 
to calculating benefits based on point estimates or mean values, BNL has also been asked to provide 
insights into the uncertainty of the estimates provided. This estimate of benefit values is the subject 
of the present report. The enhancement would make combustible gas control available during SBO 
accidents, and this could be accomplished in a number of ways. BNL is not considering the 
implementation costs of any enhancements (these are calculated elsewhere), and therefore this report 
is silent on the particular means by which the combustible gas control will be accomplished. 

Based on the Statement of Work, this report discusses what averted costs should be included in the 
analysis and how they should be treated. Avoided (offsite) person-rem and avoided (offsite) property 
damage are mentioned as potential benefits in the Task Action Plan for Generic Safety Issue 189. 
The Statement of Work indicates that the analysis should include all types of averted costs in 
accordance with NUREGIBR-0058, Rev. 3 [2] and the estimation and evaluation of values should 
comply with Section 4.3 of NUREGIBR-0058, Rev. 3. 
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2.	 APPROACH 

This report provides an estimate of the benefit accrued from enhancing the currently installed 
combustible gas control systems in PWR nuclear power plants with ice condenser containments and 
BWR plants with Mark illcontainments. The current systems are not available during SBO accident 
sequences, and the enhancement whose benefit is being estimated would allow combustible gas 
control during SBO sequences. The analysis presented here is concerned only with the value of the 
benefit obtained from such an enhanced system, not the details involving what changes, additional 
systems, etc. are implemented to achieve the enhancements. Note that this means that any negative 
benefit associated with the installation of the enhancement, such as worker exposure during 
installation, is not considered here, and is dependent on the particular means chosen to implement 
the enhancement. It is expected that items such as worker exposure would be included in the 
estimates for the cost of the enhancement, which is being estimated elsewhere. The benefit 
calculated here is expressed in terms of the risk averted as a result of the enhancement, stated in 
terms of current dollars. 

The work scope of this project does not allow for a new integrated analysis, but instead calls for 
estimates based on previously obtained PRA results from a number of different existing studies. 
This also means that for the evaluation of uncertainty in the estimate no integrated uncertainty 
analysis is possible. However, some uncertainty information can be obtained from existing PRA 
models of the relevant plant types. 

In terms of current dollars the averted risk for the enhancement in question, where risk equals 
likelihood times consequences, is calculated for this study using the following steps: 

1.	 The frequencies of the affected accident sequences are determined in terms of frequency per 
reactor year. For the combustible gas control enhancement the applicable sequences are the 
SBO sequences. 

2.	 The change in conditional containment failure probability for each relevant containment 
failure mode as a result of the enhancement is determined. 

3.	 The consequences associated with each containment failure mode are determined. If the 
consequences are in terms of person-rem (such as for health effects) for a population density 
estimated for a previous year, the person-rem are adjusted by a factor which reflects the 
estimated change in population density from the year of the calculation to the year 2000. The 
person-rem are then monetized by a dollar/person-rem factor. If the consequences are in 
dollars estimated for a previous year (such as for property damage) the dollars are converted 
to current dollars with an appropriate inflation factor. 

4.	 The product of the conditional containment failure modes times their consequences without 
the enhancement are summed, as is the product ofthe conditional containment failure modes 
times their consequences with the enhancement in place. 

5.	 The sum obtained with the enhancement in step 4 is subtracted from the sum without the 
enhancement. The difference is multiplied by the frequency determined in Step 1. The result 
is the averted risk, in terms of dollars per reactor year. 
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6.	 A present value calculation is perfonned using the result of Step 5, and the remaining years 
of assumed plant life, to obtain the benefit for the life of the plant in tenns of current dollars. 

The benefit analysis carried out here are in accordance with the guidance on estimation of values 
provided in NUREGIBR-0058 [2] and in NUREGIBR-0184 [3]. In particular, in confonnance with 
Section 4.3.2 of NUREGIBR-0058, the estimation of value attributes related to the enhancement 
considered here include: 
•	 reductions in public and occupational radiation exposure, 
•	 averted offsite property damage, and 
•	 averted onsite impacts 

Additional potential value attributes listed in NUREGIBR-0184 are: enhancements to health, safety, 
or the natural environment; savings to licensees; savings to NRC; savings to State, local, or tribal 
governments; improved plant availability; promotion of the efficient functioning of the economy; 
and reductions in safeguards risk. These were not considered in the present analysis because they 
were deemed to be either not applicable or would have a negligible impact on the results. 

In the present analysis, again as called for in NUREGIBR-0058: 
•	 changes in public health and safety from radiation exposure and offsite property impacts are 

examined over a 50 mile distance from the plant site, 
•	 the recommended dollar conversion factor of $2000 per person-rem is used and used only 

to capture the health effects attributable to radiological exposure, 
•	 offsite propertydamage consequences are addressed separately and treated as an added factor 

in the value assessment, 
•	 estimated values are expressed in monetary tenns whenever possible and expressed in 

constant dollars from the most recent year for which price adjustment data are available, 
•	 all values and impacts are expressed on a present worth basis for lifetime benefits, and 
•	 a discount rate of 7% is used for the present-worth calculation, with a sensitivity analysis at 

a 3% discount rate. 

NUREGIBR-0058 also calls for value estimates to be based on mean or 'expected value' calculations 
when possible, and to consider uncertainties. However, NUREGIBR-0058 also recognizes that the 
level of detail available from data sources may not allow expected value estimates to be used, and 
allows sensitivity analyses, including hypothetical best and worst case values, to be used in lieu of 
uncertainty analyses. The enhancement under consideration here carries with it no potential 
reduction in core-damage frequency, only in containment failure probability. The emphasis of the 
evaluation is on containment perfonnance, i.e., the reduction in the conditional containment failure 
probability when combustible gas control is available during SBQ events. Estimating changes in 
containment failure probability are especially uncertain and involve sparse data. In addition, the 
analysis here relies on calculations from previous analyses carried out for other purposes. Therefore, 
the benefit estimates calculated here are not always based on expected value, and use some 
sensitivity calculations as well as some previously obtained uncertainty results. 
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It should also be noted that NUREGIBR-0058 calls for a safety goal evaluation, using certain safety 
goal screening criteria relative to the enhancement, under some situations. However, as stated at the 
end of Section 3.3.2 of NUREGIBR-0058, "...the safety goal screening criteria described here do not 
address issues that deal only with containment performance. Consequently, issues that have no 
impact on core damage frequency (CDF) (delta CDF of zero) cannot be addressed with the safety 
goal screening criteria." No safety goal evaluation has been carried out in the present analysis. 

As noted above, the results presented in this report were calculated based on information gathered 
from various existing analyses. The severe accident progression scenarios, including conditional 
containment failure probabilities, are based primarily on the NUREG-1150 [4] work, including the 
descriptions and values reported in the NUREG-1150 supporting documents for the Sequoyah [5] 
and the Grand Gulf [6] analysis. The conditional probability ofearly failure (CPEF) ofcontainment 
from NUREG/CR-6427, "Assessment of the DCH Issue for Plants with Ice Condenser 
Containments" [7] was used to for a sensitivity case for the ice condenser estimates. Finally, 
NUREG/CR-xxxx, "Basis Document For Large Early Release Frequency (LERF) Significance 
Determination Process (SDP)" [8], which summarizes relevant NUREG-1150 information, was 
employed to establish the accident progression used for the BWR Mark ill estimates. It should be 
noted that all these references, with the exception of Reference 7and Reference 8 are included in 
NUREGIBR-0184, the Regulatory Technical Analysis Handbook, as appropriate references for value 
impact analysis. References 7 and 8 are too new to be included in NUREGIBR-0184. In addition 
to the NUREG-1150 SBO frequencies, the frequencies from the Duke Power PRAs contained in 
Reference 9 were used in the uncertainty considerations. SBO frequencies from the NRC's SPAR 
models, as well as frequencies reported in the Individual Plant Examinations (IPE) and in the IPE 
for External Events (IPEEE) for the plants are also discussed. The value of offsite property damage 
and offsite person-rem are taken mostly from an earlier BNL study, NUREG/CR-6349 [10]. The 
exception are some of the values of offsite person-rem for the Duke Power plants, which were 
extrapolated from Reference 9. Discussion provided on the values of onsite health costs and onsite 
property damage costs are based on the information provided in Burke and Aldrich [11], and in 
NUREGIBR-0184 [3]. Updates of population densities are based on population projections found 
in the Final Safety Analysis Reports of the plants examined, not on actual current population 
statistics. 

The remainder of this report is organized as follows: Section 3 below provides a discussion of 
averted costs, i.e., benefits of providing means (such as installing a backup power supply for the 
hydrogen igniters) to allow combustible gas control to function during SBO accidents. The various 
categories of applicable costs, including offsite health costs, offsite property damage costs, and the 
onsite costs, including employee health costs and onsite cleanup and decontamination costs for 
accidents that fail containment, are discussed and summarized. Sources of data for the various 
categories of costs are identified and referenced, where relevant. 

Section 4 presents the results obtained for a number of PWR ice condenser plants, based on existing 
studies. An example calculation is provided, along with the results from a number of additional 
calculations which provide insight into the uncertainties involved in the benefit estimates. 
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Section 5 presents similar results for BWR Mark ill plants, with Grand Gulf as the Mark ill 
surrogate. In addition, some of the Grand Gulf results are extrapolated to another BWR Mark ill 
plant in this Section to obtain a more generic estimate of the benefit that could be obtained for BWR 
Mark ill plants from a combustible gas control system that is operational during station blackout. 

In Section 6 the results obtained are discussed, and some reasons for the differences between the 
PWR ice condenser results and the BWR Mark ill results are provided. 
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3. DISCUSSION OF AVERTED COSTS 

The averted costs arise from the averted consequences of reactor accidents. In general, there are 
several categories ofoffsite consequences that follow the occurrence ofan accident that begins with 
core melt and progresses to containment failure and the release of radioactive material from the 
reactor core to the environment: (1) acute effects of large radiation doses generally in excess of 
200 rem to offsite populations in the initial phases of the release that can lead to early health effects 
(early fatalities or early injuries), (2) chronic effects oflower radiation doses that can lead to cancer 
induction over long periods of time and cause latent cancer fatalities or injuries, and (3) the offsite 
costs of emergency response and long-term protective actions that are taken to protect the public 
from radiation. 

The risk metrics used to estimate offsite acute and chronic health effects are early (or prompt) 
fatalities and early injuries and latent cancer fatalities and injuries, respectively. Acute health effects 
arise soon after exposure via the inhalation, cloudshine, and groundshine pathways. As noted above, 
acute doses in excess of about 200 rem whole body can lead to early fatality. Chronic effects of 
long-term exposure are due to three pathways: groundshine from living on contaminated land, 
inhalation from breathing resuspended radioactive material, and ingestion of contaminated food or 
water. Dose models embedded in consequence codes predict the dose to a population living in a 
certain spatial segment based on the characteristics of the release (magnitude, timing, and energy), 
sampling over the weather at the site, and on any counter-measures that are taken. Dose-response 
models then are used to predict the early fatalities and latent cancers based on the extent ofexposure. 

The counter-measures that are taken to protect the offsite public from the released material involve 
costs that depend on the nature of the protective measures and their duration. The sum of these costs 
are usually called the "offsite property damage costs." In the early stages of an accident, costs are 
associated with emergency evacuation and relocation. These will depend on the number of people 
affected and the duration of the emergency period. Evacuated individuals will generally remain 
relocated and will not be allowed to return until the projected groundshine dose is below the 
protective action guideline value for at least the duration of the emergency phase. In the longer term, 
people will remain relocated and thus continue to incur costs associated with temporary relocation, 
depending on the doses from the resuspension inhalation and groundshine pathways. Over a time 
period of several years following the release, a decision has to be made whether contaminated 
property, such as farmland and non-farm areas, should be decontaminated or permanently 
interdicted. The consequence code MACCS, for example, models three successively higher levels 
of decontamination, each associated with respectively higher costs. If the decontamination efforts 
plus natural decay cannot reduce the projected long-term dose to an individual below a specified 
value, or the cost of decontamination exceeds the value of the farmland or non-farm property, then 
the property or farmland is interdicted and its discounted value is added to the other offsite costs. 
Ifpeople must be permanently resettled because their property is condemned, further costs are added 
based on estimates ofpersonal income loss and moving costs for a transitional period. Finally, costs 
are associated with the disposal of contaminated farm products and restrictions on crop, dairy, and 
meat production from contaminated farmland. Dose criteria associated with protective action 
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guidelines on ingestion of contaminated food are used to determine whether farm products should 
be discarded. 

In value-impact analysis, the averted costs that are ascribed to the averted offsite health impacts are 
calculated based on the monetary equivalent of averted collective dose (person-rem) at the current 
NRC-recommended value of $2000 per averted person-rem. They are not calculated based on 
assigning a monetary value to the early fatality and latent cancer fatality risk metrics. The figure of 
$2000 per person-rem is assumed to subsume the early and latent fatalities, as well as severe 
hereditary effects. To obtain the total averted offsite cost (or benefit) of a proposed action, the offsite 
property damage costs that arise from the long-term protective actions, as discussed above, are 
added. It should be noted that the costs of long-term protective actions depend on the criteria 
selected for the allowable dose levels of long-term exposure of the affected population, Le., there is 
a trade-off between a higher dose limit/lower cost and a lower dose limitlhigher cost. This feature 
of benefit-cost analysis is discussed at some length in Reference 10. 

In addition, there are also potential onsite consequences that are associated with severe accidents. 
Onsite consequences are not generally modeled in consequence codes, such as MACCS, and 
NUREGIBR-0058 cautions that particular care should be taken in estimating dollar savings derived 
from averting onsite costs, since values are often difficult to estimate accurately. There have been 
a limited number of studies which have attempted to estimate onsite costs. In particular, Strip [12] 
looked at the impact on worker health, including fatalities and injuries of severe accidents involving 
core melt and vessel breach. Burke and Aldrich [11] estimated the cleanup and decontamination 
costs for both degraded core accidents, such as TMI-2, and severe accidents involving vessel breach 
and possibly containment failure. In the latter case, it is estimated that the cost of cleanup could be 
significantly higher due to the additional cost of working in high-radiation environments 
significantly higher than those experienced at TMI-2. A "best estimate" cleanup cost of $1.7 billion 
(in 1982 dollars) was estimated by Burke and Aldrich for this latter type of accident, compared to 
half that cost for a TMI-2 type of accident. However, the discussion in Burke and Aldrich implies 
that the major component of the additional cost is due to the clean-up work carried out in the higher 
radiation environments due to vessel failure. Since combustible gas control systems cannot reduce 
the likelihood of vessel breach, only the likelihood of containment failure, the above difference in 
cleanup costs does not seem to apply for the case considered in this report. There is no explicit 
discussion in Burke and Aldrich on the difference between the consequences from accidents that lead 
to core damage but do not cause containment failure, and those that do involve containment failure. 

NUREGIBR-0184, the Regulatory Analysis Technical Evaluation Handbook, does provide some 
data on occupational exposure that can be used for estimates possibly applicable for the case under 
consideration here. Section 5.7.3 of this handbook discussed the immediate dose and the long term 
dose workers may receive during cleanup ofa severe accident. For the long term dose three accident 
scenarios are considered. The difference between Scenario 2 and 3 appears to be applicable for the 
case under consideration. Scenario 2 simulates the TMI-2 accident: 50% of the fuel cladding 
ruptures, some fuel melts, and the containment is extensively contaminated, but there is minimal 
physical damage. In Scenario 3 all fuel cladding ruptures, there is significant fuel melting and core 
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damagy, the containment is contaminated and physically damaged, and the auxiliary building 
undergoes some contamination. The best estimate long term total exposure for Scenario 2 is 7,640 
person-rem, while that for Scenario 3 is 19,760 person-rem. Assuming that the immediate dose is 
roughly the same for both scenarios, the difference in exposure between the two scenarios is about 
12, 000 person-rem. It is not clear from the discussion in NUREGIBR-0184 how much of the 
additional exposure was due to the containment failure alone, and how much was due to the greater 
core damage postulated for Scenario 3, and therefore the numbers must be viewed with caution for 
a situation where the enhancement only addresses containment failure. However, since Scenario 3 
explicitly mentions containment failure and the resulting auxiliary building contamination, it would 
seem that containment failure plays a significant role in the elevated exposure levels of Scenario 3. 

It would also seem reasonable to assume that containment failure would have an impact on onsite 
property damage, since plant equipment and structures outside of containment would be 
contaminated in such an accident, while remaining relatively uncontaminated if the containment 
remains intact. Even if the plant is assumed to be unusable after a severe accident with or without 
containment failure, the net value of the equipment for resale or reuse at another site would be 
significantly impacted by contamination. Therefore, there would appear to be some benefit from 
averted onsite property damage when containment failure can be prevented. However, these costs 
may be small compared to the offsite costs in many cases. But if there is more than one unit at a site, 
these considerations may be important. For example, Unit I at TMI was put back into service 
subsequent to the accident at Unit 2 after a number of years. Had the TMI-2 containment failed and 
contaminated the other unit, the start-up of the other unit would most likely have been significantly 
further delayed or not happened at all. Of course, the Chemobyl accident, where there was no 
containment, did not prevent the other units on site from restarting eventually, but given the 
conditions under which these units were restarted, such a restart would have been unlikely in the 
United States under similar conditions. 

The benefit that avoidance of containment failure can have for averting onsite costs associated with 
a second unit on the same site is difficult to estimate, since it can vary so widely depending on the 
scenario postulated. For example, replacement power costs, which are the dominant onsite costs, 
would only occur if it is assumed that contamination resulting from containment failure results in 
incremental downtime for the accident-free reactor. It is interesting to note that in the case of Three 
Mile Island, the accident-free unit remained unavailable for about six years even though it was 
physically unaffected by the accident at its sister unit. Assuming there was increased unavailability, 
the magnitude of the replacement power cost would be highly sensitive to when in the reactor's 
remaining life the accident occurred and the actual number of years of additional unavailability. 
Given the highly speculative nature and large uncertainties inherent in this type of cost analysis, 
replacement power considerations will not be included in the total averted cost estimates developed 
herein. 

Among the plant types analyzed in this report, the PWR ice condenser plants are all dual nuclear unit 
sites (with the exception of Watts Bar, a single unit), while the BWR Mark ill plants are all single 
nuclear unit sites. 
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Finally, it should be noted that the difference in onsite costs between core melt accidents that involve 
containment failure, and those that do not, does not appear to have been addressed very well in the 
literature. A study focusing on this difference could be helpful. 

To summarize, the various categories of averted costs that are used in the analysis presented below 
include: 

(I)	 Offsite Health Costs: These are based on the 50-mile radius offsite population dose (person­
rem) associated with the release, conditional on the failure mode, and monetized at 
$2000/person-rem. 

(2)	 Offsite Property Damage Costs: These are primarily based on the 50-mile offsite costs 
reported in Reference 10. The 1990 costs shown in Reference 10 have been updated to 2002 
dollars using the inflation calculator provided on the Bureau of Labor Statistics (BLS) 
website [13]. 

(3)	 Onsite Employee Health Costs: A value of 20,000 person-rem is used here for occupational 
exposure for severe accidents with containment failure. A value of 8,000 person-rem is used 
for occupational exposure for severe accidents without containment failure. These values are 
based on the results found in NUREGIBR-0l84 and discussed above. The person-rem are 
monetized at $2000/person-rem. 

The present worth calculation, Le., the discounted value of the benefit of the enhancement over the 
remaining lifetime of the plant (assumed to be 40 years for the plants considered, taking a life 
extension of 20 years into account) is calculated using the expression fexp(-rt)dt, where r is the 
discount rate. Calculations have been performed for the base case of r = 7% and the alternative 
sensitivity case or r =3% as recommended in Section 4.3 of NUREGIBR-0058. 
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4. RESULTS FOR A PWR ICE CONDENSER PLANT 

To carry out an estimate of averted costs in accordance with NUREGIBR-0058 and NUREGIBR­
0184, risk results in terms of off-site and on-site person rem, as well as costs, are desired. This 
means the results from a Level 3 PRA are needed. The NUREG-II50 study for Sequoyah was an 
integrated study (Level 1, Level 2, and Level 3) PRA study of an ice condenser plant, and there is 
a significant amount of information regarding accident progression and hydrogen combustion 
available for Sequoyah as a result of the NUREG-II50 studies. The NUREG-II50 Sequoyah study 
also provides, separately, uncertainty ranges for core damage frequency (Level 1) as well as 
containment failure probability (Level 2). However, only internal events were examined for 
Sequoyah in the NUREG-1150 study. Sequoyah core damage frequency ranges due to station 
blackout events are presented in Table 5.2 of NUREG-II50 Volume 1 [4]. A histogram of the 
conditional probability ofearly failure (CPEF) ofcontainment, conditional on loss of offsite power 
(LOSP) for Sequoyah, is shown in Figure 2.5-2 of NUREG/CR-455 1, Vol.5, Rev 1, Part 1 [5]. 
Table 2 below summarizes the values in the reports. 

Table 1 Sequoyah Uncertainty Ranges for Internal Events 

5th mean 95th 

SBO CDF frequency from 
NUREG-1l50 (ry) 5.2E-7 I.5E-5 5.3E-5 

CPEF due to LOSP from 
NUREG/CR-4551, Vol.5 I.3E-4 0.15 0.65 

The percentile frequencies from long and short term SBO have been added to approximate a total 
SBO percentile frequency in the above Table. 

4.1 PWR Ice Condenser Example Benefit Calculation 

The benefit calculation for Sequoyah using mean values is carried out below, following the steps 
found at the beginning of Section 2 of this report: 

Step 1 - Frequencies ofSBO sequences 

As indicated in Table 1, the mean SBO core damage frequency from the NUREG-II50 study for 
Sequoyah is I.5E-5 per reactor year (ry) from internal events. 

Step 2 - Change in conditional containment failure probability 

As shown in Table 1, the mean conditional early containment failure probability due to hydrogen 
combustion events during SBO in Sequoyah, based on the results of NUREG-I 150 is 0.15. 
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The benefit calculations carried out in the present report assume that the enhanced combustible gas 
control system will be fully effective in reducing the early failure probability to zero. There is a 
possibility that even if early failure is averted, the accident could proceed to late failure from over­
pressurization late in the accident sequence due to steam and non-condensible gases. The presence 
of functional combustible gas control is not likely to make much difference to the conditional 
probability of late failure. However, recovery of AC power late in the accident, assuming early 
failure is prevented, could lead to other systems becoming functional that would allow containment 
to remain intact. Hence, two possibilities are analyzed: (1) there is no late failure and containment 
remains intact if early failure is prevented, and (2) late failure occurs even if early failure is 
prevented. 

The pertinent conditional containment failure probability cases are summarized in Table 2. 

Table 2 Conditional Containment Failure Probabilities for Sequoyah 

Gas Control Late Failure CPEF CPLF CPNF 

no no 0.15 0 0.85 

yes no 0 0 1.0 

no yes 0.15 0.85 0 

yes yes 0 1.0 0 

Where: CPEF is conditional probability of early failure 
CPLF is conditional probability of late failure 
CPNF is conditional probability of no failure 

Step 3 - Consequences associated with each containment failure mode 

Offsite consequences for releases representative of both early and late containment failure are 
presented in Table 3 below for Sequoyah. Offsite person-rem and the offsite property cost estimates 
are based on the data provided in References 10 for Sequoyah. These results are conditional 
consequences (i.e., conditional on occurrence of the release) out to 50 miles from the plant and 
include offsite population dose (person-rem) and offsite damage costs. The release categories for 
Sequoyah, i.e., source terms, are based on the results presented in the NUREG-1150 study. It is 
assumed that there are zero offsite consequences associated with no containment failure. 

Two values for offsite person-rem are shown for Sequoyah. The 1990 values are based on Reference 
10. The 2000 values have been updated based on the change in population density from 1990 to 
2000 as estimated in the Sequoyah Final Safety Analysis Report (FSAR). The change is an increase 
of about 9%. 
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Two values are also shown for the offsite property damage costs. The first is taken from Reference 
10 and is in 1990 dollars. The second updates the 1990 dollar values to current year dollars based 
on the price inflation calculator (approximately 36% over the 1990-2002 period) of the U.S. Bureau 
of Labor Statistics (www.bls.gov). 

Table 3: Offsite Consequences (50-mile radius) of Containment 
Failure Releases at Sequoyah 

Failure 
Mode 

Offsite 
Person-rem 

1990 

Offsite 
Person-rem 

2000 

Offsite 
Health 

Effects ($k) 

Offsite 
Property 
1990 ($k) 

Offsite 
Property 
2002 ($k) 

Early 2.8E+06 3.1E+06 6,100,000 4,800,000 6,600,000 

Late 5.2E+05 5.7E+05 1,100,000 500,000 680,000 

The sequence used for Sequoyah for early failure consequences is SEQ-II-2 from Reference 5 which 
is also used in Reference 10. This is a typical early failure sequence with about 88% of noble gases, 
29% of iodine, 26% of cesium, and 21 % of tellurium released. The late failure sequence used for 
Sequoyah is SEQ-06-1 from Reference 5 and Reference 10. This is a typical late failure sequence 
with all noble gases, about 8% of iodine, 1% of cesium and less than 1% of tellurium released. The 
discussion in Reference 5 indicates that in both these sequences the ice bed was functional and had 
some mitigating effect on the releases. It should be noted that the (1990) consequences reported in 
Reference 10 differ somewhat from those reported in the NUREG-1150 reports, even though 
Reference lOis based on the NUREG-1150 analyses. This is primarily because in the NUREG-1150 
study the consequence analysis was carried out using Version 1.5.11 of the MACCS code, while the 
consequences in Reference 10 were recalculated with Version 1.5.11.1 of MACCS. This later 
version explicitly incorporates the higher BEIR V risk coefficient for the latent cancer-dose 
relationship while the earlier version of MACCS used the BEIR III risk coefficient. In addition, a 
few input errors in the NUREG-1150 MACCS calculations were corrected for the recalculations of 
Reference 10. 

Onsite health consequences are calculated assuming 20,000 person-rem occupational exposure, or 
$40,000k after using the $2000/person-rem factor, for both early and late containment failures, and 
8,000 person-rem, or $ 16,000k, for no containment failure. Onsite property damage is not included 
as per the discussion in Section 3. 

Step 4 - Summation of conditional containment failure modes and their consequences 

The results of the summation of conditional containment failure modes and their consequences for 
the cases outlined above are shown in Table 4. 
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Table 4: Summation of Offsite Costs and Onsite Health Effect Costs 

Gas 
Control 

Late 
Failure 

Total Offsite Cost ($k) 
conditional on SBO 

On-site Health Effects Cost ($k) 
conditional on SBO 

no no 1,900,000 20,000 

yes no ° 16,000 

no yes 3,400,000 40,000 

yes yes 1,800,000 40,000 

Step 5 - Subtraction ofcosts and multiplication by frequency 

The calculation in Step 4 was made with and without the gas control system present. The control 
system is assumed to be fully effective in preventing early failure. The difference between the cases 
where gas control is 'yes' and the cases where gas control is 'no,' when multiplied by the SBO 
frequency, represents the averted offsite cost on a per reactor-year basis. 

I 

The results are summarized for Sequoyah for accidents with and without late failure in Table 5 
below. Costs are divided into offsite and onsite costs, as well as total costs. Offsite costs are the 
dominant contributor in all cases. Costs are in 2002 dollars. 

Table 5: Sequoyah Cost Summary per reactor year 

Internal Events SBO 
frequency 

Total Averted 
Offsite Costs 

$k per reactor year 

Averted Onsite 
Health Effects 

Costs 
$k per reactor year 

Total Averted 
Costs 

$k per reactor 
year 

No Late Failure 1.5E-5 28 0.053 28 

with Late Failure 1.5E-5 24 ° 24 

Step 6 - Calculation of lifetime benefit 

Multiplication by the present worth factor, based on the discount rate selected and plant lifetime 
remaining, yields the total averted offsite cost, or benefit, over the plant's lifetime. Results for a 
lifetime of 40 years for a discount rate of 7% and 3% are shown in Tables 6 and 7 respectively. 
This step completes the analysis. 
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Table 6: Lifetime benefit base case (7% discount rate) 

Internal 
Events 

Lifetime Averted 
Offsite Costs 

2002$k 

Lifetime Averted Onsite 
Health Effects Costs 

2002$k 

Lifetime Total Costs 
Averted 
2002$k 

No Late Failure 370 0.7 370 

with Late Failure 320 O. 320 

Table 7: Lifetime benefit sensitivity case (3% discount rate) 

Internal 
Events 

Lifetime Averted 
Offsite Costs 

2002$k 

Lifetime Averted Onsite 
Health Effects Costs 

2002$k 

Lifetime Total Costs 
Averted 
2002$k 

No Late Failure 650 1.2 650 

with Late Failure 560 O. 560 

The results are dominated by the offsite costs. Inclusion ofaverted onsite costs produces a negligible 
change in all cases. However, since the ice condenser containments are mostly dual units, the 
discussion of Section 3 regarding onsite costs related to the effect of containment failure of the 
damaged unit on the undamaged unit may apply. This means that for the case where containment 
failure is averted, the onsite averted costs could be significantly higher than estimated here, under 
certain conditions, as discussed in Section 3. However, if late containment failure occurs, the benefit 
from averted onsite costs is likely to be very small. This is due to the assumption that the main 
driver is the additional cost of site cleanup and decontamination of the undamaged unit from failure 
of containment of the damaged unit. This cost is assumed to be the same whether containment fails 
early or late, thus combustible gas control will offer very little benefit in terms ofonsite costs if late 
failure occurs. 

4.2	 PWR Ice Condenser Uncertainty Considerations 

When considering uncertainties in the results, uncertainties in the Levell, Level 2, and Level 3 
analyses should be accounted for. 

For the issue of combustible gas control in containment this means that the uncertainties to be 
considered are: 

1.	 the uncertainty in the core damage frequency (CDF) contribution from station blackout 
(SBO). 
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2.	 the uncertainty in the conditional probability of early containment failure (CPEF) due to gas 
combustion, given station blackout has occurred, and 

3.	 the uncertainty in the releases and associated consequences. 

In practice to date a number of studies have provided estimates of (1), very few have included (2) 
and/or (3). 

To estimate the uncertainty in benefits achieved by enhancing gas control in ice condenser 
containments to operate under SBD conditions, BNL: 

1.	 made additional benefit estimates based on the uncertainty results from the NUREG 1150 
study for Sequoyah [4,5], 

2.	 reviewed some PRA results recently provided by Duke Power from their PRAs of the 
Catawba and McGuire plants [9] and calculated benefits with the results provided in these 
models, and 

3.	 ran the latest available SPAR model for Catawba and McGuire and calculated benefits based 
on the uncertainty in the SBD frequencies provided in these models, 

4.	 reviewed the IPEs and IPEEEs for variation in SBD CDF and variation in CPEF for ice 
condensers. 

NUREG-1150 Sequoyah uncertainty results 

Table 1 above summarized the 5th percentile, mean and 95 th percentile values for both the SBD CDF 
frequency and the CPEF found for Sequoyah in the NUREG-1150 study. 

Unfortunately the NUREG-1150 reports do not present the integrated uncertainty from the SBD core 
damage frequency distribution convolved with the conditional early containment failure probability 
distribution. However, Figure 2.5-5 ofNUREG/CR-4551, Vol.5, Rev 1, Part 1 [5] provides some 
insight on the range of the combined uncertainties. That figure, which presents frequency 
distributions of various accident progression bin (APBs) groups, indicates that the 95th percentile 
of the frequency (i.e., the CDF combined with conditional failure probability) of various scenarios 
involving early containment failure is no more than one order of magnitude larger than the mean 
value of the frequency. This data can be used to estimate an upper bound of the 95th percentile of 
the combined uncertainty by arguing, based on the Figure 2.5-5 results, that the additional 
uncertainty introduced by the CPEF variability will be limited to an increase of 10 times the result 
obtained with the CDF and CPEF mean value. This is less than a value obtained by using the 95th 

percentile SBD CDF and the 95th percentile CPEF to calculate benefit, which would obviously 
represent a more extreme value than the 95th percentile of the combined uncertainty distribution. 

For a lower bound Figure 2.5-5 is not much help since the 5th percentiles of the frequency in that 
figure are more than 3 orders ofmagnitude below the mean. However, a lower bound on the benefits 
from the SBD distribution alone results in very low values (as shown below in Table 12), so a 
combined lower bound is not of interest. 
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The benefits for Sequoyah were also calculated using t~e conditional early containment failure 
probabilities due to hydrogen combustion events during SBO based on the results of NUREG/CR­
6427 [7]. This is a recent, detailed study of severe accident phenomena in ice condenser 
containment plants, focused on the direct containment heating issue, carried out by Sandia National 
Laboratories( SNL), which assigns a very high CPEF due to hydrogen for Sequoyah. 

PRA results recently provided by Duke Power 

In an email communication of September 20,2002 Duke Power provided selected results from their 
latest PRAs for the Catawba and McGuire plants. These results consisted of: 

1.	 SBO CDF's for internal events (but including tornado), with point estimates, mean, median, 
5th and 95th percentiles of CDF provided. (3 different cases were provided for Catawba), and 
point estimates of selected SBO CDF's for external events (tornado and seismic). 

2.	 ranges of containment failure probabilities associated with the relevant SBO plant damage 
states used in the PRA, 

3.	 early containment failure public health risk results, including person-rem per year, from the 
studies, and 

4.	 definitions of the early failure release classes used to obtain the health effects. 

The relevant core damage frequencies provided by Duke are shown in Table 8 below: 

Table 8 SBO core damage frequencies (per ry) 

External Events 
Conditional Containment 
Plant Internal Events 

S'h 95'h PtEstPt Est meanFailure Probabilities 

Catawba Duke PRA Rev 2b 

Prob of early failure range: 1.5E-5 1.9E-5* 6.4E-5* I.OE-59.4E-7* 
0.16 to 0.21- slow SBO 

Duke Rev 2b with RCP seal replaced 0.16 to 0.34 - fast SBO 

NA5.2E-7* 4.5E-5*9.8E-6 I.3E-5*Prob of late failure range: 
0.72 to 0.84 - slow SBO 

Duke Rev 2b w RCP seal replaced &jlood wall installed 0.68 to 0.84 - fast SBO 

1.2E-6 NA2.6E-6* 8.7E-6*I.5E-7* 

McGuire Duke PRA Rev 3 

Prob of early failure range: 9.9E-6* 8.9E-61.2E-6 2.2E-7* 3.0E-6* 
0.15 to 0.19- slow SBO 
0.16 to 0.26 - fast SBO 

Prob of late failure range: 
0.34 to 0.56 - slow SBO 
0.17 to 0.36 - fast SBO 

* includes SBO frequency due to tornado 
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With regard to item (3), it was noted that person-rem results for early failures seemed less by a factor 
between 3 and 4 than those found for NUREG-1150 early failures from comparable scenarios. This 
difference in health risk was then traced to differences between item (4) above and the release classes 
from NUREG-1150 for comparable scenarios. Table 9 below shows the differences between a 
typical release class from item (4) and a typical NUREG-1150 release. 

Table 9 
Duke email 

Catawba 
NUREG-1150 

SeQuoyah 
Release Fractions 

Xe I.OE+OO 8.8E-OI 

I 5.5E-02 2.9E-OI 
Cs-Rb 4.8E-02 2.6E-OI 
Te-Sb 3.0E-02 2.1E-OI 

Ba 1.7E-03 6.5E-02 

Ru 2.2E-03 6.0E-03 

La 1.2E-04 8.0E-03 
Sr ? "iF-04 f, liF-O? 

As can be seen from this table, the NUREG-1150 release fractions for the important radionuclides 
are about a factor of 4 higher than the ones used in the Duke PRA. The Duke results were obtained 
using the MAAP code, while the NUREG-1150 results were obtained with the Source Term Code 
Package and MELCOR. Apparently the differences in the release fractions in the above Table is 
primarily attributable to the use the different codes in the two analyses. 

SPAR Model Runs 

BNL ran the latest available SPAR model for the Catawba and McGuire plants, i.e., the 3i model, 
and calculated benefits with results from these models. These are internal events, Level 1 models 
which incorporate uncertainty parameters and can calculate, in addition to a point estimate, the mean, 
median and 5th and 95th percentiles associated with the CDF of a particular accident class, such as 
SBO. The SBO frequencies used in these models are listed in Table 10 below: 

Table 10 SPAR 3i SBO CDF ranges for internal events (ry) 

Plant 5th mean point estimate 95th 

Catawba 6.8E-7 2.4E-5 2.8E-5 9.6E-5 

McGuire 1.6E-6 2.4E-5 2.2E-5 8.5E-5 

Since these are Levell models only, there is no information on CPEF or accident progression in the 
models, and the benefit analyses had to use the Sequoyah NUREG-1150 accident progression and 
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source terms. Therefore benefit results are directly proportional to the ratio of the SBO frequencies 
shown in Table 10 and those for Sequoyah shown in Table 1. As can be seen the SPAR model 
frequencies for Catawba and McGuire are somewhat (30% to 80%) higher than the NUREG-1150 
Sequoyah sequences. The SPAR model frequencies are also significantly higher than the SBO 
frequencies for Catawba and McGuire in the Duke Power PRAs, discussed above. 

However, these models have not undergone a quality assurance process as yet, and the model 
software warns the user that the 3i versions are developmental versions that have not been peer 
reviewed, may contain errors and may change. After receipt of the Duke Power results for the 
Catawba and McGuire plants, which are based on more up to date information, it was decided not 
to include the SPAR model benefit results for Catawba and McGuire in this report. 

IPE and IPEEE Comparisons 

The PRAs conducted for the Individual Plant Examination (lPE) Program and the IPE External 
Events (lPEEE) Program did not include uncertainty estimates. However, a survey of the SBO 
frequencies and containment failure probabilities used in the IPE and IPEEEs was carried out for this 
report and the results are shown in Table 11, including some of the reasons for the variation in 
frequency. 

Table 11 SBO Frequencies from the IPEs (ry) 

Plant Internal 
Events 

External 
Events 

Additional information from IPEs 

Catawba 1.5E-5 

1.2E-6 

9.3E-6 

I.4E-5 SBO mainly from internal floods 
Without floods frequency<IOE-6 
Shares DG from safe shutdown facility 
Low probability for failure to restore off-site power 

D.C. Cook 5.3E-6 IPE states off-site power very reliable 
AFW manually controlled after battery depletion 

McGuire 2.3E-5 Standby shutdown facility can provide seal cooling 

Sequoyah 5.3E-6 not available Can cross-tie DC to operate turbine driven AFW 

Watts Bar 1.7E-5 not available Short term SBO is an important contributor 

As Table 11 indicates, the internal events SBO CDFs for ice condenser plants in the IPEs are in the 
range of, or below, the Sequoyah NUREG-1150 mean SBO frequency used in the benefit 
calculations in this report. The external event frequencies for Catawba and McGuire in the IPEs are 
considerably higher than the frequencies listed in the current Duke Power PRAs for these plants, as 
shown in Table 8. 

The total (conditional on core damage, not just on SBO) CPEFs in the IPEs for the ice condenser 
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plants were all surprisingly low, i.e., -0.02 or less, and even smaller than CPEFs for large dry 
containments. Therefore, benefit calculations based on the IPEs for ice condenser plants would yield 
significantly lower dollar values than the benefits calculated with the Sequoyah NUREG-1150 
numbers or the Catawba and McGuire Duke Power input. 

Variation in population density around the plant sites was also surveyed. Based on FSAR 
projections, McGuire has the highest projected year 2000 (50 mile radius) population density, about 
2.3 times that of Sequoyah, which has the lowest. The Catawba population is projected as 1.8 times 
that of Sequoyah, D. C. Cook's is 1.3 times, and Watts Bar's is about the same as Sequoyah. 

4.3 Summary of PWR Ice Condenser Results 

Table 12 summarizes the results of the calculations carried out for estimating the benefit of an 
enhanced combustible gas control system for the ice condenser plants. Results, in terms of averted 
costs in $k, are shown for 3 Sequoyah cases, 9 Catawba cases and 3 McGuire cases. The columns 
in the table are arranged as follows: 

Column 1 provides the plant name and the case number. 

Column 2 lists the containment failure probabilities used and their source. 
Nl150 refers to the NUREG-1150 study and the supporting documents [4,5,6]. 
N/C 6427 refers to the SNL report NUREG/CR-6427 [7]. 
Duke PRA range refers to the ranges provided in the Duke email of 9120102 [9]. 

Column 3 indicates the source used to calculate the consequences. 
1150S refers to the NUREG-1150 parameters for Sequoyah, but updated to the values used 
in NUREG/CR-6349 [10]. 
Duke refers to the parameters used in the Duke PRA [9]. 
l150S* 1.8 and l150s*2.3 refers to the l150S values scaled by a factor for differences in 
population density. 

Columns 4 - 7 give averted costs in $k for internal events obtained by combining 
the SBO frequencies obtained from a point estimate (col 4), the 5th percentile (col 5), the 
mean (col 6), and the 95th percentile (col 7), each combined with the containment failure 
probabilities shown in column 2. 

Column 8 gives the internal events averted cost estimate approximating the upper 
bound 95th percentile of the combined SBO CDF and CPEF uncertainty, based on the 
discussion of Figure 2.5-5 of NUREG/CR-455 1, Vo1.5, Rev 1, Part 1, provided above. 

Column 9 provides the averted cost based on the external events SBO frequency, for 
which only point estimates exist. 

The PRA source of the SBO frequencies for each plant are indicated across the columns. 
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---------------------------------------------------, 

Table 12 Averted Costs ($k) 

Plant Case Source of SBO frequency used 

Cond Source External 
Cntmt 

Internal Events 
Term Events 

Failure 
Prob PtEst 

Estimate of 95th 

combined 

5th 

PtEst Uncertainty Upper Bound 

(Lvl&Lv2)95 thmean 
uncertainty 

Sequoyah NUREG-JJ50 

I
 EF=0.15 II50S 1,200 3,200 NANA 11
 320
 
(N1I50 mn) (updated) 

2
 EF=0.65 1,400 5,00050
 
(N1I50 95"') 

EF=0.973
 74
 2,100 7,500 
(N/C 6427) 

Catawba Duke PRA Rev 2b 

I
 EF=0.29 Duke 180
 11* 220* 750* 2,200* 120
 
LF=0.71
 

2
 (N/C6427 & II50S 420
40* 790* 2,700*640

Duke PRA
 
range)
 1150S*1.83
 870
 54* 1,100* 3,700* 580
 

Duke Rev 2b with RCP seal replaced 

4
 same as above Duke 6* 150* 530* 1,500* NA120
 

1150S5
 420
 22* 540* 1,900* 

1150S* 1.86
 31* 740* 2,600*570
 

Duke Rev 2b w RCP seal replaced & flood wall installed 

7
 same as above Duke 31* 100* 310* NA14
 2* 

1150S8
 7* 110* 370*52
 

1150S*1.89
 500*70
 9* 150* 

Duke PRA Rev 3
 McGuire 

DukeI
 EF=O.26 320* 98
2* 32* 110*13
 
LF=0.56
 

2
 NF=0.18 1150S 340
380*44
 8* 110* 
(Duke PRA
 
range)
 1150S*2.33
 540
600*13* 180*72
 

* includes SBO frequency due to tornado 
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The following assumptions apply to all the cases shown in Table 12: 

1.	 40 year plant life remaining 
2.	 7% discount rate (3% discount rate would increase all results by a factor of 1.74) 
3.	 late failure is not averted by the enhancement (thus, with the assumptions made for these 

analyses, on-site health costs are not relevant) 

Cases:
 

Sequoyah 1
 
For all the Sequoyah cases the SBO frequencies from the NUREG-1150 studies are used, and the
 
consequences are estimated based on the NUREG-1150 source terms, as updated in NUREG/CR­

6349 [10], and updated for inflation and population increase. The first case is calculated using the
 
mean early containment failure probability from NUREG-1150.
 

Sequoyah 2
 
Same as Sequoyah I but using the 95th percentile of the mean early containment failure probability
 
from NUREG-1150.
 

Sequoyah 3
 
Same as Sequoyah 1 but using the early containment failure probability from NUREG/CR-6427.
 

Catawba 1
 
SBO frequencies are from Rev 2b of Duke's PRA for Catawba. Note that the point estimate for
 
internal events truly is internal events only, but that the 5th

, mean and 95th values include tornados.
 
The point estimate for tornados is given separately in the PRA and is only about 10% of the mean
 
(which includes internal events and tornados). Therefore the inclusion of the tornado events does
 
not have a big effect. Containment failure probability values are within the range for failure
 
probabilities used in the Duke PRA and the same as those in NUREG/CR-6427 for Catawba. The
 
source term person-rem was extrapolated from the health risk information provided in the Duke
 
email, with off-site costs scaled from NUREG-1150 off-site cost estimates based on the comparable
 
person-rem ratios.
 

Catawba 2
 
Same as Catawba 1 but using the NUREG-1150 source term/consequence results (i.e., those used
 
in Sequoyah cases above). This was done as a sensitivity based on the differences shown in Table
 
9 above.
 

Catawba 3
 
Same as Catawba 2, but since the population around Catawba is larger than that around Sequoyah
 
by a factor of about 1.8, the Sequoyah person rem were increased by that factor.
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Catawba 4, 5 & 6 
Same as Catawba 1 ,2&3 respectively, but with the SBO frequencies taking into account RCP seal 
replacement. The point estimate for tornados is only about 9% of the mean, so again the inclusion 
of the tornado events does not have a big effect. 

Catawba 7,8 & 9 
Same as Catawba 1,2 & 3 respectively, but with the SBO frequencies taking into account RCP seal 
replacement and installation of a flood wall. The point estimate for tornados is about 44% of the 
mean. Therefore here the inclusion of the tornado events does have a large effect. 

McGuire 1 
SBO frequencies are from Rev 3 of Duke's PRA for McGuire. Again the point estimate for internal 
events is truly for internal events only, but the 5th

, mean and 95th values include tornados. The point 
estimate for tornados is about 51 % of the mean. Therefore the inclusion of the tornado events does 
have a large effect. Containment failure probability values are within the range for failure 
probabilities used in the Duke PRA. The source term person-rem was extrapolated from the health 
risk information provided in the Duke email, with off-site costs scaled from NUREG-1150 off-site 
cost estimates based on the comparable person-rem ratios. 

McGuire 2 
Same as McGuire 1 but using the NUREG-1150 source term/consequence results (i.e., those used 
in Sequoyah cases above). This was done as a sensitivity based on the differences shown in Table 
2 above. 

McGuire 3 

Same as McGuire 2, but since the population around McGuire is larger than that around Sequoyah 
by a factor of about 2.3, the Sequoyah person rem were increased by that factor. 

Note that uncertainties associated with issues such as spontaneous ignition burning off accumulated 
hydrogen, and less than 100% reliability of the gas control system, would only affect the value of 
CPEF avoided and therefore can be accounted for by varying CPEF. Also note that, aside from the 
sensitivity calculation with the two different source terms, no uncertainties in the Level 3 part ofthe 
calculations involved in the averted cost have been addressed. 

It should also be pointed out that the inclusion of averted costs from external events assumes that 
the combustible gas control system is designed to withstand the external event. For example, the 
control system would have to be seismically qualified to the appropriate g level to withstand an 
earthquake ofa certain magnitude. Obviously this would increase the cost of the combustible control 
system above that designed to deal only with internal events. 
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5. RESULTS FOR A BWR MARK III PLANT 

In this Section the benefits accrued from a combustible gas control system which remains functional 
during SBO sequences are calculated for the Grand Gulf plant, a BWR 6 with a Mark ill 
containment, based on the NUREG-1150 study of Grand Gulf. 

The NUREG-1150 study for Grand Gulf was an integrated study (Levell, Level 2, and Level 3) 
PRA study and provides, separately, uncertainty ranges for core damage frequency (Levell) as well 
as containment failure probability (Level 2). However, only internal events were examined for 
Grand Gulf in the NUREG-1150 study. Grand Gulf core damage frequency ranges due to station 
blackout events are presented in Table 6.2 of NUREG-1150 Volume 1 [4]. A histogram of early 
containment failure probability consequential to SBO for Grand Gulf, is shown in Figure 2.5-2 of 
NUREG/CR-4551, Vo1.6, Rev 1, Part 1 [6]. Table13 below summarizes the values in the reports. 

Table 13 Grand Gulf uncertainty ranges for internal events 

5th mean 95th 

SBO CDF frequency from 
NUREG-1150 (ry) 1.7E-7 3.9E-6 1.1E-5 

CPEF due to SBO from 
NUREG/CR-4551, Vol.6 -1.E-2 -0.5 -1.0 

5.1 BWR Mark III Example Benefit Calculations 

The benefit calculation for Grand Gulf, using mean values from NUREG-1150, is carried out below 
following the steps at the beginning of Section 2 of this report. 

Step 1 - Frequencies ofSBO sequences 

As indicated in Table 13, the mean SBO core damage frequency from internal events found in the 
NUREG-l150 study was 3.9E-6 per reactor year. 

Step 2 - Change in conditional containment failure probability 

Considerable information on accident progression and hydrogen deflagration and detonation for 
Grand Gulf was developed during the NUREG-1150 study and is documented in NUREG-1150 and 
the supporting documents [4,6]. This information is summarized in Reference 8 and the following 
discussion is based on Reference 8. 

Mark III containments depend on glow plug hydrogen igniters to control pressure loads resulting 
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from hydrogen combustion events. If the igniters are not operating, due to lack of AC power (the 
dominant sequence being a station blackout) or operator failure to manually actuate them, there is 
a possibility of an energetic hydrogen combustion (deflagration or detonation) event at the time of 
vessel failure (or at other times if the operators fail to follow procedures and the igniters are actuated 
when a significant amount of hydrogen has accumulated). These energetic combustion events were 
stated in NUREGICR-1150 and the supporting documentation for Grand Gulf (NUREGICR-4551, 
Volume 6 [6]) to result in early containment failure with a relatively high conditional probability 
(-0.5). However, in a Mark III containment an unscrubbed release (one which does not pass through 
the suppression pool) requires failure of the drywell in addition to containment failure. Drywell 
failure can occur: (1) directly as a result of loads associated with vessel breach or from hydrogen 
combustion, or (2) indirectly as a result of structural failure of the pedestal. 

Before vessel breach the only significant event that was found in NUREGICR-455I , Volume 6, to 
cause drywell failure was hydrogen combustion in the wetwell. However, at the time of vessel 
breach loads from direct containment heating, ex-vessel steam explosions, hydrogen combustion, 
and RPV blow down contribute to the probability of drywell failure. Accordingly, loads from high 
pressure vessel breach and hydrogen combustion were determined to be the leading causes of 
containment and drywell failure. 

The Grand Gulf (NUREGICR-455I, Volume 6) results are summarized in the Table 14 below. This 
Table indicates that accident sequences that contribute to large releases (which require failure of the 
drywell in addition to containment failure) are sensitive to the type of accident (i.e., SBO vs non­
SBO) and the pressure (i.e., transient vs large break LOCA) in the reactor pressure vessel at the time 
of vessel breach. 

Table 14: 
Conditional Containment and Drywell Failure Probabilities for Mark III Containments 

RCS Pressure at Station Blackout, SBO (Igniters and Non-SBO (Igniters and Sprays 
Vessel Breach Sprays unavailable) available) 

Containment Containment Containment Containment 
Fail and Drywell Fail and Drywell Fail 

High 

Fail 

- 0.2 

Low 

- 0.5 - 0.2 - 0.5 

- 0.01 - 0.02 - 0.01- 0.5 - 0.2 

As shown in the Table, if the RCS is at high pressure the likelihood of containment failure is 
relatively independent of whether or not the igniters are operating. In addition, the likelihood of 
simultaneous failure of the drywell is also independent of igniter operation if the RCS is at high 
pressure. 

As the above Table indicates, if the RCS is depressurized at vessel breach the likelihood of 
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containment failure is dependent on whether or not the igniters are operating. If the igniters are not 
available the conditional probability ofcontainment failure is approximately 0.5 even with the RCS 
at low pressure. The likelihood of simultaneous failure of the drywell is also about 0.2 at the time 
of vessel breach. Thus all SBD sequences (without combustible gas control) have a conditional 
probability of 0.2 of a large release, regardless of the pressure in the RCS. 

The potential for containment failure at the time of vessel breach when the RCS is at low pressure 
and the igniters are operating is not directly assessed in NUREG/CR-455I, Volume 6. However, 
the conditions prior to vessel breach should be applicable to this situation because the RCS is 
depressurized and none of the issues associated with high pressure melt ejection would occur. The 
results prior to vessel breach indicate a conditional probability of containment failure in the range 
of 0.0 I to 0.02 if the igniters are operating. 

In summary, for transient sequences with the RCS at high pressure and for all SBD sequences the 
conditional probability is close to 0.2 that the Mark III containment fails at the same time that the 
suppression pool is bypassed. However, if the RCS is depressurized and the igniters are operating 
then the conditional probability is less than 0.1 that the Mark III containment will fail. The IPE 
database (www.nrc.govINRCINUREGs/SR1603/index.html) information on the plant damage states 
(PDSs) for the four domestic Mark III plants was searched to determine the fraction of PDSs that 
have low RCS pressure. The average across the four plants for PDSs with this attribute is 
approximately 40 percent, with high RCS pressure making up the remaining 60 percent. 

Based on Table 14, and the above discussion, the following event tree can be constructed and 
quantified, conditional on an SBD event without a hydrogen control system operating. The late 
failure split fractions are based on NUREG-4551 Vol. 6 results. 
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Figure 1: Containment event tree conditional on SBO without combustible gas control 

The top events are high RCS pressure, early containment failure, drywell failure, and late 
containment failure. A late containment failure will always be scrubbed. The conditional probability 
for each of the 8 end states is shown in the Figure. EF, LF, and NF indicate early containment failure, 
late containment failure, and no containment failure, respectively. US indicates an unscrubbed 
release, S indicates a scrubbed release. 

A similar event tree, based on Table 14 and the accompanying discussion, can be constructed for 
SBO events assuming combustible gas control is still functional. This event tree is shown in Figure 
2. (Note that the 1.0/0.0 split fraction on the low pressure branch SP Bypass event is chosen for 
conservatism, and has very little effect on the results). 
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Figure 2: Containment event tree conditional on SBO with combustible gas control functional 

A comparison of the trees shows that the high pressure, Le., upper, half of both trees is identical. 
This means that any benefit gained from a combustible gas control system which functions during 
station blackout will depend only on the different conditional probabilities associated with low 
pressure scenarios (end states 5 through 8). 

Step 3 - Consequences associated with each containment failure mode 

Offsite consequences for releases at Grand Gulf representative of each of the end states indicated in 
Figures 1 and 2 are shown in Table 15. No consequences are assumed for no containment failure. 
Offsite person-rem and offsite property cost estimates are based on the data provided in References 
10. These results are conditional consequences (i.e., conditional on occurrence of the release) out 
to 50 miles from the plant and include offsite population dose (person-rem) and offsite damage costs. 

Two values for offsite person-rem are shown here as well. The 1990 values are based on Reference 
10. The 2000 values have been updated based on the change in population density from 1990 to 
2000 as estimated in the Grand Gulf Final Safety Analysis Report. The change is an increase of 
about 7%. 

Two values are also shown for the offsite property damage costs. The first is taken from Reference 
10 and is in 1990 dollars. The second updates the 1990 dollar values to current year dollars based 
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on the price inflation calculator (approximately 36% over the 1990-2002 period) ofthe U.S. Bureau 
of Labor Statistics (www.bls.gov). 

Table 15: Offsite Consequences (50-mile radius) of Containment 
Failure Releases at Grand Gulf 

Sequence Fail Mode Offsite 
Person-

rem 
1990 

Offsite 
Person-

rem 
2000 

Offsite 
Health 
Effects 

$k 

Offsite 
Property 
1990$k 

Offsite 
Property 
2002$k 

00-11-1 Early 
unscrubbed 

5.7E+05 6.1E+05 1,200,000 810,000 1,100,000 

00-04-1 Early 
scrubbed 

1.0E+05 1.lE+05 220,000 43,000 59,000 

00-18-1 Late 
scrubbed 

7.0E+04 7.5E+04 150,000 11,000 14,000 

00-11-1 from Reference 6 is a typical early failure unscrubbed sequence with about 99% of noble 
gases, 38% of iodine, 14% of cesium, and 9% of tellurium released. 00-04-1 is a typical early 
failure scrubbed sequence with about 76% of noble gases, 5% of iodine, >1% of cesium, and 
negligible amounts of tellurium released. 00-18-1 is a typical late failure scrubbed sequence with 
about 83% of noble gases, 1% of iodine, and negligible amounts of cesium and tellurium released. 

Again, it should be noted that the (1990) consequences reported in Reference 10 differ somewhat 
from those reported in the NUREO-1150 reports, even though Reference lOis based on the NUREO­
1150 analyses. This is primarily because in the NUREO-1150 study the consequence analysis was 
carried out using Version 1.5.11 of the MACCS code, while the consequences in Reference 10 were 
recalculated with Version 1.5.11.1 of MACCS. This later version explicitly incorporates the higher 
BEIR V risk coefficient for the latent cancer-dose relationship while the earlier version of MACCS 
used the BEIR ill risk coefficient. In addition, a few input errors in the NUREO-1150 MACCS 
calculations were corrected for the recalculations of Reference 10. 

Onsite health consequences again are calculated assuming 20,000 person-rem occupational exposure, 
or $40,000k after using the $2oo0/person-rem factor, for all early and late containment failures, and 
8,000 person-rem, or $16,000k, for no containment failure: Onsite property damage is not included 
as per the discussion in Section 3. 

Step 4 - Summation ofconditional containment failure modes and their consequences 

The results of the summation of conditional containment failure modes and their consequences are 
shown in Table 16. 
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Table 16: Summation of Offsite Costs and Onsite Health Effect Costs 

Gas Control Total Offsite Cost 
conditional on SBO ($k) 

On-site Health Effects 
Cost conditional on SBO ($k) 

no 570,000 31,000 

yes 380,000 28,000 

Step 5 - Subtraction ofcosts and multiplication by frequency 

The calculation in Step 4 was made with and without the gas control system present. The difference 
between the cases where gas control is 'yes' and the cases where gas control is 'no,' when multiplied 
by the SBO frequency, represents the averted offsite cost on a per reactor-year basis. The results 
are summarized for Grand Gulf in Table 17 below. Costs are divided into offsite and onsite costs, 
as well as total costs. Offsite costs are the dominant contributor in all cases. Costs are in 2002 
dollars. 

Table 17: Cost Summary per reactor year for Grand Gulf (Internal Events) 

SBO 
frequency 

Total Averted 
Offsite Costs $k 
per reactor year 

Averted Onsite Health 
Effects Costs $k per 
reactor year 

Total Costs $k 
per 
reactor year 

3.9E-6 0.76 .014 0.77 

Step 6 - Calculation oflifetime benefit 

Multiplication by the present worth factor, based on the discount rate selected and plant lifetime 
remaining, yields the total averted offsite cost, or benefit, over the plant's lifetime. Results for a 
lifetime of 40 years for a discount rate of 7% and 3% are shown in Tables 18 and 19 respectively. 
This step completes the analysis. 

Table 18: Lifetime benefit base case (7% discount rate) for Grand Gulf 

Internal 
Events 

Lifetime Averted 
Offsite Costs 

2002$k 

Lifetime Averted Onsite 
Health Effects Costs 

2002$k 

Lifetime Total Costs 
Averted 
2002$k 

10k 0.18 10k 
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Table 19: Lifetime benefit sensitivity case (3% discount rate) for Grand Gulf 

Internal 
Events 

Lifetime Averted 
Offsite Costs 

2002$k 

Lifetime Averted Onsite 
Health Effects Costs 

2002$k 

Lifetime Total Costs 
Averted 
2002$k 

18 0.3 18 

The results are again dominated by the offsite costs but are much smaller than for the ice condensers. 
For Grand Gulf the total averted offsite costs due to intemal events amount to $lOk for a 7% 
discount rate and $18k for a 3% discount rate. 

Inclusion of averted onsite costs produces a negligible change in all cases. Since the Mark ill 
containments considered here are single nuclear units, the discussion of Section 3 regarding onsite 
costs related to the effect of containment failure would imply that onsite property damage costs 
averted by adding a combustible gas control system which functions under SBO conditions would 
also be small. 

S.2	 BWR Mark III Uncertainty Considerations 

To estimate the uncertainty in benefits achieved by enhancing gas control in BWR Mark III 
containments to operate under SBO conditions, BNL: 

1.	 made additional benefit estimates based on the uncertainty results from the NUREG I1S0 
study for Grand Gulf, and 

2.	 ran the latest available SPAR model for Grand Gulf and River Bend and calculated benefits 
based on the uncertainty in the SBO frequencies provided in these models. 

3.	 reviewed the IPEs and IPEEEs for variation in SBO CDF and variation in CPEF for Mark 
ill plants. 

No recent industry PRAs, similar to those made available for the ice condenser plants, were available 
for the Mark ill benefit estimates. 

NUREG-1150 Grand Gulf 

Table 13 above summarized the Sth percentile, mean, and 9Sth percentile values for both SBO CDF 
and the CPEF found for Grand Gulf in the NUREG-lIS0 study. 

A series ofbenefit calculations was made using the NUREG-llS0 SBO frequencies and the accident 
progression scenarios from Figures 1 and 2, above. The results of the calculations are summarized 
in Table 22 below. Benefits were estimated with the split fractions in Figures 1 and 2 (which assume 
the NUREG-IlS0 mean value for CPEF) for the Sth, mean and 9Sth percentile NUREG-llS0 SBO 
frequencies (Grand Gulf 1 in Table 22). 
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To further examine the uncertainty in benefits, a sensitivity calculation was made using the 95th 

percentile for CPEF, which is essentially 1.0, i.e., the containment fails always (Grand Gulf 2 in 
Table 22). This assumption will increase the benefit from gas control during SBO. 

Another sensitivity calculation was made to further increase the benefits by assuming half (rather 
than 40%) of all sequences are at low pressure, and assuming drywell failure occurs whenever 
containment fails (Grand Gulf 3 in Table 22). This is quite a conservative case and should provide 
some reasonable upper bound on the benefit. 

Since benefits are already low in the base case, no lower range sensitivity calculation was carried out. 

SPAR Model Runs 

To further estimate benefits as well as the uncertainty associated with the Levell PRA calculations, 
BNL ran the latest available 3i SPAR model for Grand Gulf, an internal events, Level 1 model, 
which incorporates uncertainty parameters and can calculate a point estimate, the mean, median and 
various percentiles associated with the SBO CDF. The model incorporates up to date information 
on loss of off-site power frequency and emergency diesel generator availability. Similar to the ice 
condenser models, these Mark III SPAR models have not undergone a quality assurance process as 
yet, and the model software warns the user that the 3i versions are developmental versions that have 
not been peer reviewed, may contain errors and may change. However, since no up to date Mark 
III PRAs were made available for the benefit estimates, the results with the SPAR model frequencies 
are included here. The NUREG-1150 accident progression was again assumed, and the same 
sensitivity cases were run. The results are illustrated in Table 22 (Grand Gulf 4,5,6). 

In addition, the 3i SPAR model for River Bend was also exercised and benefit results were obtained, 
again using the NUREG-1150 Grand Gulf accident progression scenario for the Level 2 analysis. 
For the consequence calculations, the NUREG-1150 Grand Gulfperson-rem values for all sequences 
were increased by a factor of 3.1 to account for the increased population density around River Bend. 
Benefits were again calculated for the base case of the accident progression split fractions ofFigures 
1 and 2 and the two sensitivity cases (River Bend 1,2,3, respectively in Table 22). SPAR model 
SBO frequencies are shown in Table 20. 

Table 20 SPAR 3i SBO CDF ranges for internal events (ry) 

5th mean 95th 

Grand Gulf 1.4E-7 2.4E-6 8.2E-6 

River Bend 2.7E-8 1.0E-5 2.8E-5 

The uncertainty associated with the Level 2 calculations for Grand Gulf cannot be estimated with 
the SPAR models, since no Level 2 SPAR models incorporating uncertainty are available. 
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IPE and IPEEE Comparisons 

The PRAs conducted for the Individual Plant Examination (lPE) Program and the IPE External 
Events (lPEEE) Program did not include uncertainty estimates. However, a survey of the SBO 
frequencies and containment failure probabilities used in the IPE and IPEEEs was carried out for this 
report and the results are shown in Table 21, including some of the reasons for the variation in 
frequency. 

Table 21 SBO Frequencies from the IPEs (ry) 

Plant Internal 
Events 

External 
Events 

Additional information from IPEs 

Clinton 9.8E-6 not 
available 

Separate ssw system for emergency loads 
For LOSP uses high initiating event and non-recovery frequency 

Grand Gulf 7.5E-6 not 
available 

Separate ssw system for emergency loads 
ssw pump room ventilation failure an important contributor 

Perry 2.2E-6 not 
available 

Only Mark III to credit fire water for injection early in SBO 
sequences 

River Bend 1.4E-6 not 
available 

ssw failures lead to short term SBO 
Credits prevention of switchover to high temp suppression pool to 
keep RCIC working 

As Table 21 indicates, the internal events SBO CDFs for Mark III plants in the IPEs are well within 
the range (5th to 95th percentile) of the Grand Gulf NUREG-1150 SBO frequency and the SPAR 
model frequencies. Note that the River Bend IPE frequency is an order of magnitude lower than the 
3i SPAR model frequency. No external event frequencies are available for Mark III plants from the 
IPEEEs. 

Variation in population density around the plant sites was also surveyed. Based on FSAR 
projections, Perry has the highest projected year 2000 (50 mile radius) population density, about 7.5 
times that of Grand Gulf, which has the lowest. Both Clinton and River Bend have population 
densities that are about 3.1 times that of Grand Gulf. 

Although Perry has the highest population ratio, it also has the lowest SBO frequency. Therefore, 
since the estimates for River Bend were done with the (high) SPAR 3i model SBO frequencies and 
by accounting for the increased population density around River Bend (vs. Grand Gulf), the River 
Bend calculations (River Bend 1, 2, 3, in Table 22) should provide a bound for all four Mark III 
sites. 
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5.3 Summary of BWR Mark III Results 

Table 22 summarizes the results of the calculations carried out for estimating the benefit of an 
enhanced combustible gas control system for the BWR Mark III plants. Note that no uncertainties 
in the Level 3 part of the calculations involved in the averted cost have been addressed. 

Table 22 Averted Costs ($k) 

Plant & Case description Source of SBO frequency 

Internal Events External 

Sib 95 th 
Events 

mean 

Grand Gulf NUREG-1150 

1 Mean NUREG-1150 CPEF <1 10 29 
Split fractions from Figs 1&2 NA 

2 95'" NUREG-1150 CPEF <1 22 61 
Split fractions from Figs 1&2 

3 95'" NUREG-1150 CPEF 2 60 170 
50% of sequences at low pressure, 
drywell always fails if containment fails 

SPAR 3; 

4 Mean NUREG-1150 CPEF <1 6 22 
Split fractions from Figs 1&2 NA 

5 95'" NUREG-1150 CPEF <1 13 45 
Split fractions from Figs 1&2 

6 95'" NUREG-1150 CPEF 2 36 120 
50% of sequences at low pressure, 
drywell always fails if containment fails 

River Bend SPAR 3; 

1 Mean NUREG-I 150 CPEF <1 57 160 
Split fractions from Figs 1&2 NA 

2 95'" NUREG-1150 CPEF <] 120 330 
Split fractions from Figs 1&2 

3 95th NUREG-1150 CPEF <1 320 880 
50% of sequences at low pressure, 
drywell always fails if containment fails 

The following assumptions apply to all the cases shown in Table 22: 
1. 40 year plant life remaining 
2. 7% discount rate (3% discount rate would increase all results by a factor of 1.74) 
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6. DISCUSSION OF RESULTS
 

Comparison of the results in Section 4 for the PWR ice condenser plants with the results in Section 
5 for the BWR Mark ill plants shows that the estimated benefit ofproviding combustible gas control 
during SBO sequences differs significantly for these two plant types. Using lifetime averted offsite 
costs for internal events for the example case, Le. the mean NUREG-1150 case, (7% discount rate), 
the Sequoyah (ice condenser) cost estimate (with late failure) is $320k, while the Grand Gulf (Mark 
ill) lifetime averted costs for the mean NUREG-1150 case is estimated at $1 Ok. In other words, the 
Sequoyah results are higher than the Grand Gulf results by a factor of roughly 30. 

The reasons for this large difference can be attributed to a number of factors involved in the analyses 
of these plants. 
1.	 The SBO frequency is lower for Grand Gulf 
2.	 The CPEF averted by the combustible gas control system is lower for Grand Gulf (and Mark 

ill's in general) because 
(a) the early failure of both the containment and the drywell are necessary to obtain 
significant consequences, and 
(b) the igniters are assumed effective only for low pressure sequences. 

3.	 The conditional off-site person-rem are lower for Grand Gulf. 

Comparison of these parameters is illustrated in Table 24 below. 

Table 24: Parameter comparison 

Parameter Sequoyah value Grand Gulf value SequoyahlGrand 
Gulf 

SBO frequency 1.5E-5 3.9E-6 3.8 

Approximate averted 
CPEF* 

0.15 0.09 1.7 

Off-site person rem 
2000 estimate 

3.1E+6 6.1E+5 5.1 

TOTAL FACTOR -30 

*CPEF: for Grand Gulf the value shown is a weighted (by consequences) average ofthe CPEF 
averted in end states 5 and 6 of Figure 2. 
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Executive Summary 

In support of resolution of Generic Safety Issue 189 (GSI-189), a cost (impact) assessment for 
providing backup power to hydrogen igniters for PWRs with ice condenser (IC) containments 
and for BWRs with Mark III containments under station blackout (SBO) conditions has been 
performed. The methodology used is consistent with the Value-Impact (cost-benefit) portions of 
a regulatory analysis as defined and described in NUREG/BR-0058, Rev. 3 and NUREG/BR­
0184. 

Under SBO conditions, these containment types are vulnerable to failures from hydrogen 
deflagrations, failures what would otherwise be prevented if the existing hydrogen igniter 
systems were energized. 

The costs for implementing and maintaining backup power for these systems for the life of the 
plants are estimated by considering three cases: 1) a pre-staged diesel generator powering only 
the hydrogen igniters (base case), 2) a portable diesel generator powering only the hydrogen 
igniters, and 3) a pre-staged diesel generator powering both hydrogen igniters and air return 
fans for ice condenser plants. For each candidate regulatory action, estimates are made for 
implementation and operational (recurring) costs for both the licensee and the NRC. Licensee 
implementation costs included allowance for materials and equipment, installation, engineering, 
worker dose, emergency procedures, and licensing costs. Licensee operational costs 
considered routine periodic surveillance, maintenance and testing of the independent power 
supply. For the NRC, implementation costs covered rulemaking and reviews of licensee 
documentation, and operational costs allowed for periodic inspection. 

In addition, uncertainties associated with these three cases and sensitivity cases reflecting 
various requirement and procedural options are assessed. The base case is a fixed, permanent 
installation that is energized locally and manually. The portable diesel must be transported from 
its storage area to a dedicated panel and manually hooked up with proper sequencing for 
powering the igniters. 

Because of power requirements and dual-unit versus single-unit differences among the 13 
reactors potentially affected by this issue, no "generic" plant would be representative. Instead, 
the study considered four classes of plants, namely (1) the 3 dual-unit PWR stations at 
McGuire, Catawba, and D.C. Cook; (2) the dual-unit PWR Sequoyah station, (3) the single-unit 
PWR Watts Bar plant, and (4) the four Mark III BWR plants. 

The "best estimate" total cost results for the base case (pre-staged) range from about $265,000 
to $320,000 per reactor for the different classes of plants. Similar estimates for Case 2 
approximate $195,000 to $240,000 per reactor, and for Case 3, $570,000 to $670,000 per 
reactor. 

An uncertainty assessment was performed for the above cases using the Monte Carlo 
simulation software, @RISK. This assessment was based on adopting high, most likely, and 
low estimates for each of the cost elements underlying the total cost estimate. High, most likely, 
and low values were based on industry input and engineering judgement. Using Monte Carlo 
sampling, @Risk propagates uncertainties in the cost elements to a probability distribution of 
the total cost. Estimates at the 5th percentile and 95th percentile confidence levels indicate that 
the uncertainties are skewed toward the higher costs. 
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An important consideration in the assessment of backup power options is the functional 
reliability of the options and the relationship between this reliability and the associated costs. 
System costs tend to increase as the system's reliability increases. 

Since the values (benefits) of backup power are calculated assuming a perfect backup system, 
the benefits would need to be multiplied by the functional reliability of the backup system to 
obtain a realistic value for the benefits. If the functional reliability of an option is greater than 
0.9, then the benefits would be reduced by, at most, ten percent. This would have a negligible 
effect on the overall value-impact assessment in light of the other large uncertainties. 

A recent independent study at San Onofre Nuclear Generating Station, "A PRA-Based Design 
Change at SONGs Units 2 & 3: Add Portable Gasoline-Powered Generators for Risk 
Reduction," addresses similar "reliability" issues and estimated functional reliability values in the 
range of 97 to 98%. Since a portable generator system would probably have a lower functional 
reliability than a pre-staged generator system, and since a portable system can have high 
reliability, meaningful differences in the reliability between these systems is unlikely. Thus, for 
the purposes of this assessment, it is concluded that a backup system (either portable or pre­
staged) can be designed which has sufficiently high functional reliability to not make it a factor in 
the cost-benefit assessment. 

In addition to the uncertainty assessment, four sensitivity studies were performed. Three of the 
studies (rulemaking separate from the current 10 CFR 50.44 rulemaking; implementation 
requiring extended outage; and 3% real discount rate compared to standard 7%) were 
determined to have little impact on the costs. 

The fourth study, which considered qualifying the backup power equipment for external events, 
does have a major cost impact. However, since the external event contributors and magnitudes 
vary from site to site and much of the external event information is qualitative, no detailed cost 
assessment was performed. Based on past experience, it is estimated that costs would double 
to accommodate seismic events. This additional cost, of course, would vary from site to site 
depending on the external risk profile and on what external event accommodation would best 
maximize the benefits versus the costs. 

In conclusion, the "best estimate" costs vary from about $195,000 to $670,000 depending on 
the nature of the modifications and plant-specific variabilities and expands to approximately 
$185,000 to $830,000 when accounting for uncertainties. 

In addition to addressing the powering of hydrogen igniters under SBO conditions, the study 
also considered the costs of a hydrogen control capability completely independent of igniter 
systems, namely passive autocatalytic recombiners. The cost of these recombiners would be 
considerably higher than the igniter power alternatives assessed in this study. 
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Backup Power for PWRs with Ice Condenser Containments and for
 
BWRs with Mark III Containments under SBC Conditions:
 

Impact Assessment
 

1. Introduction 

The costs analyzed here together with the benefits (averted risks) analyzed in a separate 
document provide the data for a cost-benefit or Value-Impact assessment that can, in turn, be 
used as part of a regulatory analysis that assesses the pros and cons of a candidate regulatory 
action, including application of backfit requirements. These costs are developed consistent with 
the guidelines described in the Regulatory Analysis documents NUREG/BR-0058, Rev. 3 
[Reference 1] and NUREG/BR-0184 [Reference 2]. They cover the full spectrum of industry and 
NRC costs from implementation to maintenance and inspection over the life of the plant. For 
each candidate regulatory action, estimates are made for implementation and operational 
(recurring) costs for both the licensee and the NRC. Licensee implementation costs included 
allowance for materials and equipment, installation, engineering, worker dose, emergency 
procedures, and licensing costs. Licensee operational costs considered routine periodic 
surveillance, maintenance and testing of the independent power supply. For the NRC, 
implementation costs covered rulemaking and reviews of licensee documentation, and 
operational costs allowed for periodic inspection. The elements of this cost (or "Impact") 
assessment are displayed in Figure 1-1. The cost assessment in this study follows the structure 
displayed in this figure and analyzes the options and sensitivities listed. The costs for a given 
case or sensitivity are normalized to 2002 dollars and summed to give a dollar value to the 
candidate regulatory action. This cost is then compared to the 2002 dollar equivalent of the 
benefit (or Value) from averting the risk otherwise imposed on the public from containment 
failure. (Note that here, the term "Cost Benefit" is analogous to the term "Value-Impact.") 

The staff considered a range of potential modifications to address GSI-189 safety concerns. 
These included reliance on: (1) a pre-staged diesel generator to power the hydrogen igniters; (2) 
an "off-the-shelf' portable diesel generator to power the hydrogen igniters; (3) and a pre-staged 
diesel generator to power the hydrogen igniters and air return fans (ARF). 

This cost analysis includes an uncertainty assessment, using the software @RISK, a Monte 
Carlo computer code. This assessment was based on adopting high, most likely, and low 
estimates for each of the cost elements underlying the total cost estimate. High, most likely, and 
low values were based on industry input and engineering judgement. (Note that in this report, 
the term "most likely" is equivalent to the term "best estimate.") Using Monte Carlo sampling, 
@Risk propagates uncertainties in the cost elements to a probability distribution of the total cost. 
Another important methodology consideration is how to "adjust," if necessary, the averted risks 
(benefits), which are developed under the assumption that the candidate regulatory action is 
100% effective, to reflect the actual reliability of the system under study. The systems that are 
considered as candidates in this cost study are judged to have a "functional reliability" [1 ­
(hardware unreliability + hardware unavailability + human unreliability)] that is sufficiently close to 
1 such that it is not an important consideration in the estimation of benefits either in an absolute 
or comparative sense. This aspect is also assessed in the study. 
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Since, for some of the 13 units, external events are relatively important contributors to core 
damage from station blackout (SBO), it is important to assess the cost implications of qualifying 
systems for external events. For example, there will be additional costs for seismically qualifying 
a pre-staged diesel generator. This added cost will only be worthwhile if the added (averted risk) 
benefits exceed the added costs associated with seismic qualification. This is a highly complex 
determination. Not only do the external event contributors and associated magnitudes vary from 
site to site, but much of the external event information is qualitative (e.g., through the use of the 
seismic margins approach for evaluating seismic events) and is not conducive to estimating 
costs for equipment to accommodate the external events. Thus, only a general guideline on the 
added costs for accommodating external events is provided. 

2.	 Objective and Scope 

The objective is to support RES/DSARE in the development of a cost (impact) analysis in order 
to determine whether the candidate safety modifications being considered under GSI-189 are 
cost justified. 

Costs (Impacts) are determined for the following cases. 

1.	 Costs for a pre-staged diesel generator as backup power to the hydrogen igniters for ice 
condenser (1C) and Mark III plants under SBO conditions: Base Case 

2.	 Costs for off-the-shelf portable diesel generator as backup power to the hydrogen igniters 
for ice condenser and Mark III plants under SBO conditions: Low Cost Case 

3.	 Costs for pre-staged diesel generator backup power to the hydrogen igniters and air 
return fans (ARF) for ice condenser plants under SBO conditions 

4.	 Costs for passive autocatalytic recombiners (PARs) for ice condenser plants and Mark III 
plants under SBO conditions 

For these four cases, costs (impacts) are estimated for the following four attributes: 

Industry Implementation
 
Industry Operation
 
NRC Implementation
 
NRC Operation
 

In addition, an uncertainty assessment is performed and other sensitivity studies are addressed, 
as noted below. 

Except where noted, the guidance described in the Regulatory Analysis documents, NUREG/BR­
0058, Rev. 3 and NUREG/BR-0184 (1997), will be used. 

The following assumptions apply to all 4 cases: 

All costs are expressed in 2002 dollars.
 
The remaining life of the average plant is assumed to be 40 years. This value was
 
determined by adding 20 years (term of license renewal) to typically 20 years remaining
 
on the plant's current license.
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For the "Operation" costs (impacts), a 7% real discount rate is used, as recommended in
 
NUREG/BR-0184. (For the assumed 40-year remaining life of the plant, this translates
 
into a multiplier for the year 2002 annual rate for operation costs of about 13.)
 
Outage replacement power costs are zero (when considering "Industry Implementation")
 
since it is assumed that installation of these backup power supplies can be accomplished
 
while on-line and/or during normal outage time. A sensitivity study will consider the cost
 
(impact) of extended outage costs.
 
Rulemaking costs will be considered as minimal. This would be appropriate if the GSI­

189 effort is subsumed by the current 10 CFR 50.44 rulemaking rebaselining effort. A
 
sensitivity study will be included that assumes a major rulemaking effort.
 
Costs will be determined on a "per unit" basis, with consideration of reduced per-unit
 
costs for sites with dual units.
 

•	 It is assumed that any rulemaking associated with the resolution of GSI-189 will not affect 
the Station Blackout Rule or the License Renewal Rule. 

•	 Consistent with the purpose of these options, namely to mitigate the consequences of 
severe accidents, the focus of equipment qualification will be the survivability of 
equipment, in contrast to meeting stringent design-basis requirements. 

•	 This assessment assumes that only one backup power source will be needed during the 
remaining life of the plant. 

Certain other assumptions are relevant only to Cases 1, 2, and 3: 

•	 The backup power supplies will not be external event qualified. External event 
qualification costs will be considered as a variation of the Base Case (SensitiVity Study 
1). 
One train of igniters is considered necessary and sufficient for accommodating hydrogen 
burns and preventing containment failure. Only train A will be powered. 

•	 For Case 3, one air return fan is considered sufficient. Only the train A ARF will be 
powered. 

•	 The hardware (e.g., backup power generators) will meet the Category 3 standards and 
reqUirements of Regulatory Guide 1.97, Revision 3 [Reference 3], unless, for certain 
components, a higher category will be required. Category 3 hardware needs to meet 
basic engineering standards but does not have to meet many of the requirements and 
standards associated with safety-grade systems, for example, the hardware does not 
have to be seismically qualified, nor does it have to meet any redundancy standards. It is 
assumed that all the systems that are considered as candidates in this cost study should 
have a "functional reliability" [1 - (hardware unreliability + hardware unavailability + 
human unreliability)] that is sufficiently close to 1 such that it is not an important 
consideration in the cost benefit analysis. If the functional reliability of an option is 
greater than 0.9, then the benefits would be reduced by, at most, 10%. This would have 
a negligible effect on the overall cost-benefit assessment in light of the other large 
uncertainties. A recent independent study at SONGS, "A PRA-Based Design Change at 
SONGS Units 2 & 3: Add Portable Gasoline-Powered Generators for Risk Reduction" 
[Reference 4], addresses similar "reliability" issues and estimated functional reliability 
values in the range of 97 to 98%. Thus, for the purposes of this study, it is concluded that 
a backup system can be designed which has sufficiently high functional reliability to not 
make it a factor in the cost-benefit assessment. 
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3.	 Estimation and Evaluation of Impacts for the GSI-189 Action 

3.1	 Case 1 - Costs for Backup Power to the Hydrogen Igniters for Ice Condenser and 
Mark III Plants During SSO Conditions: Base Case 

The Base Case (Case 1) is a modest but permanent modification that can provide alternate 
backup power to igniters under SBO conditions. For the resolution of GSI-189, the Base Case 
modification will include a pre-staged diesel generator (DG) sized to power one train of igniters. 
Due to ventilation, radiation and fire protection concerns as well as space limitations in the 
auxiliary building, it is more reasonable to locate the DG outside, in an area that can be 
accessed by an operator. Because the alternate power supply is assumed not to be safety­
related nor qualified for external events, the DG will not be housed in a separate structure. 
However, it is assumed that it will be designed for normal outdoor conditions, Le., will be 
protected by a weather enclosure. Since the DG will be pre-staged, the cost of the modification 
includes installation on a concrete slab. The powering of a train of igniters from the backup 
power supply is assumed to be remote and local, that is, not powered from the control room. 
During a SBO, an operator, following appropriate procedures, would start the DG, isolate the 
hydrogen igniters from the existing Class 1E system, and provide power to the igniters. 

For the four dual-unit IC plants, the previous assessment assumed that one pre-staged DG, 
centrally located between the two units, could provide backup power to the unit experiencing a 
SBO event. Re-analysis has shown that it would be more cost-effective to have two pre-staged 
DGs, one for each unit. These DGs would be located as close as practical to their respective 
units, close to the auxiliary building where the motor control centers that distribute normal power 
to the hydrogen igniters are located. The main reason why one DG would be less cost-effective 
is that this diesel would have to be centrally located between the two units, thereby requiring a 
larger amount of cable. Cable installation costs are sufficiently large to make this single diesel 
option more costly. This position is supported by recent comments from Duke regarding the 
Catawba and McGuire stations [Reference 5]. Further supporting the use of two DGs in the cost 
analysis are the implications of the cross-tie capability at the Sequoyah site. At sites like 
Sequoyah, the cross-tie capability allows for equipment from the SBO-affected unit to be 
powered by the existing Class 1E DG from the non SBO-affected unit. Therefore, one would 
expect either no SBO core damage at the site or a SBO core damage event at both units. Thus, 
both units would need backup power at the same time, making the use of two alternate DGs 
more plausible. 

The existing power supply to the hydrogen igniters is Class 1E, and typically rated at 120 V. The 
exact tie-in to the existing power supply would be plant-specific, but for this case it is assumed to 
occur at a juncture just prior to the hydrogen igniters. 

The table below provides the total number of igniters per unit and the total power needed for one 
train of igniters. 
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Plant Total Number of Number of Igniters Power Needed for 
Igniters per unit per Train One Train of Igniters 

Catawba 1 and 2 70 35 4,400 watts1 

McGuire 1 and 2 70 35 4,400 watts1 

D.C. Cook 1 and 2 70 35 4,400 watts1 

Sequoyah 1 and 2 68 34 20,400 watts2 

Watts Bar 1 68 34 20,400 watts2 

Grand Gulf 90 45 6,000 watts3 

River Bend 104 52 6,500 watts1 

Clinton 115 58 7,300 watts1 

Perry 102 51 6,400 watts1 

1Assumes wattage of Igniter IS 125 watts 
2Each igniter requires approximately 600 watts 
3Grand Gulf UFSAR states one train of igniters requires 6,000 watts 

Industry Implementation 

This attribute accounts for the projected incremental cost on the affected licensees to install or 
implement mandated changes. Cost elements such as engineering, materials and equipment, 
structures, installation, occupational exposure, procedures and training are considered. Other 
costs elements such as planning, scheduling, and procurement are included with the engineering 
costs. 

Based on the information obtained from the Individual Plant Examinations (lPEs) and updated 
final safety analysis reports (UFSARs), the approximate size of the generator needed to power 
one train of igniters ranges from 4.3 to 20.4 kW. Based on information obtained from different 
manufacturers/distributors, diesel generators (with weather enclosures) for the size needed 
range in cost from $6,000 to $20,000. 

Duke recently supplied a cost estimate for this type of modifICation in response to an RAI 
[Reference 6] on a severe accident mitigation alternative (SAMA) for McGuire and Catawba. 
The cost for equipment and materials for a small diesel generator (-5 kW), cables, circuit 
breakers, concrete pad, and related items was estimated to be $50,000. This cost is adopted as 
representative of adding one independent power supply per unit at a dual unit ice condenser 
plant. The cost for the TVA plants is increased by $10,000, and by $5,000 for the Mark Ill's to 
account for the larger diesel generators required. 

Installation was estimated by Duke to cost $110,OOO/unit [Reference 6]. The installation cost is 
assumed to include installation of conduit or cable raceways, pulling and terminating the cable, 
installation of electrical panels, circuit breakers, switches, etc., pouring of a concrete pad, and 
anchoring of the diesel generator. The majority of this cost is attributed to the installation of 
conduit and cable. At the time Duke provided the estimate, the understanding was that there 
would be one pre-staged diesel generator with the capability of supplying power to either unit. 
Since that time, it has been shown that the use of two diesel generators (one per unit) is more 
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cost-effective than the use of one centrally located diesel generator due to the expense of 
installing conduit and cable [Reference 5]. Accordingly, the installation cost previously provided 
is adjusted by 25% to account for the reduced amount of conduit and cable that will be needed 
outside of the auxiliary building. An estimate for installation of conduit and cable by another 
utility [Reference 7] is on par with the estimate provided by Duke. Therefore, $82,500 for 
installation will be used in this analysis as the cost for installation. 

Engineering was estimated by Duke to be $5,000 which appears to be a low figure 
[Reference 6]. Other SAMA evaluations, past and recent, estimate engineering costs for similar 
modifications to be between $50,000 and $175,000 [References 7 and 8]. A cost of $50,000 will 
be used for this analysis; this is applicable to single unit IC's as well as the Mark III plants. For 
dual unit IC's an engineering cost of $60,000 is used, or $30,OOO/unit. 

For the generators of interest, the fuel consumption rate is between 1 and 2 gallons per hour. 
Based on the assumption that the diesel will be required to operate for 24 hours, 50 to 100 
gallons of diesel fuel will be required. Since the diesel does not have this fuel capacity, an 
additional tank, or means of supplying the fuel will be necessary. The cost associated with this is 
expected to be minimal, about $1,000, and is included in the equipment and materials cost. 

A connection/tie-in to the existing power supply to the hydrogen igniters will be necessary. The 
power distribution panels and motor control centers are typically located in the auxiliary building. 
The exposure rate for this specific location is not known; however, a dose rate of 5 mrem/hour is 
not unreasonable, considering the auxiliary building dose rates described in Reference 9. It is 
assumed that 60% of the "installation" labor occurs outside of the auxiliary building while the 
remainder of the labor occurs inside the auxiliary building. It is further assumed that the time 
spent in the auxiliary building would be about 1,120 person hours. At a cost of $2,OOO/person­
rem, the cost for occupational exposure due to installation is approximately $11,200/unit. Dose 
rates outside the auxiliary building are assumed to be negligible. 

According to several SAMA evaluations, the minimum cost for a procedure change and training 
is $30,000 [Reference 10]. This modification will require the development or modification of 
emergency procedures as well as training. Therefore, an estimate of $50,000 is used for this 
analysis. Because of possible differences between the units at a dual-unit site, the dual-unit site 
costs are estimated to be $60,000, or $30,000/unit. 

For this case, it is assumed that the resolution of GSI-189 will be subsumed by the 10 CFR 50.44 
rulemaking. Therefore, it is likely that a change to the UFSAR would be appropriate. In order to 
make a change to the UFSAR without prior NRC approval (which is assumed by this analysis), 
the licensee would need to perform a 10 CFR 50.59 evaluation. Licensee costs associated with 
a 50.59 evaluation and modification to the UFSAR are estimated to be $10,000. Again, as with 
procedure changes, the units at a dual-unit site may be sufficiently different that costs will be 
higher for those sites. Thus, the dual-unit costs are assumed at $12,500, or $6,250/unit. Since 
the proposed modification does not involve any safety-related equipment, Le., the equipment will 
be Category 3, no changes to the technical specifications are expected. 

The table below contains a summary of the costs for Industry Implementation. 
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Table 3-2 Industry Implementation - Base Case (Case 1) 

Cost Element McGuire, 
Catawba, and 

Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

Materials and 
Equipment 

$50,000 $60,000 $60,000 $55,000 

Installation $82,500 $82,500 $82,500 $82,500 

Engineering $30,000 $30,000 $50,000 $50,000 

Worker Dose $11,200 $11,200 $11,200 $11,200 

Emergency 
Procedures 

$30,000 $30,000 $50,000 $50,000 

Licensing Costs $6,250 $6,250 $10,000 $10,000 

Total for Industry 
1mplementation 

$209,950 $219,950 $263,700 $258,700 II 

Industry Operation 

This attribute accounts for the projected incremental cost due to routine and recurring activities 
required by the proposed action on all affected licensees. The most notable costs considered 
are routine surveillance, maintenance and testing. Since the diesel generator will only be used in 
the event of SBO, periodic surveillance, testing and maintenance to ensure its operability will be 
necessary. Duke estimated operations and maintenance (O&M) costs for the remaining life 
including the license renewal period to be $40,000 [Reference 6]. Another utility estimated O&M 
costs for a larger generator (50 kW) and more complex system to be $100,000 [Reference 7]. 
This estimate was based on periodic testing requiring 3 operators for % shift (annually) and 
periodic maintenance requiring 3 mechanics for 1 shift and 2 electricians for 1 shift (annually) 
over a 30-year remaining life. For the purposes of this analysis, Duke's estimate of $40,000/unit 
will be used. As previously stated, dose rates in the test area are assumed to be negligible. 
Therefore, there is no occupational exposure associated with surveillance and maintenance. 

NRC Implementation 

This attribute measures NRC's incremental cost in implementing this regUlatory change. Costs 
associated with a rulemaking and any review of licensee documentation are considered here. 
For the Base Case (Case 1), it is assumed that the resolution of GSI-189 will be included with 
the rulemaking effort for 10 CFR 50.44. In Reference 11, the cost estimated for a rulemaking of 
this type is $500,000. We assume that an additional incremental cost of $150,000 will be added 
to the rulemaking cost by adding the GSI-189 action. This cost will be equally shared among the 
13 units involved in the GSI-189 action, thus yielding a per-unit cost of approximately $12,000. 

Since the equipment is not safety-related, no changes to the technical specifications will be 
necessary. However, changes to the UFSAR and PRA models are expected. NRC review of the 
UFSAR occurs every two years. Since the change will likely be submitted with the required 
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update, the additional NRC cost should be minimal. Furthermore, since licensees do not 
typically submit their PRA models to the NRC for review, no additional NRC costs are assumed. 

NRC Operation 

This attribute measures NRC's incremental costs after the proposed action is implemented. As a 
result of the proposed action, there will be an increased effort during inspections. Assuming that 
an additional two-hour of inspection time is required annually, the total cost for NRC operation 
over 40 years is estimated to be $2,000 [based on an NRR labor rate of $80/hour]. 

Summary of Impacts for the Base Case (Case 1) 

The table below contains a summary of the impacts for the Case 1, which is considered to be the 
Base Case. 

Table 3-3 Summary of Impacts for the Base Case (Case 1) 

Attribute McGuire, 
Catawba, and 

Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

Industry 
Implementation 

$209,950 $219,950 $263,700 $258,700 

Industry 
Operation 

$40,000 $40,000 $40,000 $40,000 

NRC 
Implementation 

$12,000 $12,000 $12,000 $12,000 

NRC Operation $2,000 $2,000 $2,000 $2,000 

Total for Case 1 
~Case) 

$263,950 $273,950 $317,700 $312,700 

The values in Table 3-3 are "best estimate" point values. An uncertainty assessment was also 
performed that considered possible variations in costs across all the cost element and cost 
attribute variables. The uncertainties are discussed in Section 4. 

3.1.1 Sensitivity Studies 

In addition to considering a low-cost version of the Base Case (Case 1), assessed as Case 2, a 
number of sensitivities are considered. All of these sensitivity studies are relative to the Base 
Case.	 The following evaluations were performed: 

cost if the backup power supplies are qualified for external events 

cost if GSI-189 evolves into a separate and extensive rulemaking 

cost if the industry implementation requires an extension of an outage 
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• cost if a 3% real discount rate is used instead of a 7% real discount rate. 

3.1.1.1 Sensitivity Study 1: Alternate Power Supply and Equipment is Qualified for External 
Events 

Since, for some of the 13 units, external events are relatively important contributors to core 
damage from station blackout, it is important to understand the cost implications of qualifying 
systems for external events. As discussed in Section 1, it is beyond the scope of this 
assessment to make these determinations in any detail. Not only do the external event 
contributors and associated magnitudes vary from site to site, but much of the external event 
information is qualitative (e.g., through the use of the seismic margins approach for evaluating 
seismic events) and not conducive to estimating costs for equipment to accommodate the 
external events. Thus, only a general guideline on the added costs for accommodating external 
events is provided. 

If the alternate power supply and associated equipment (if located outdoors) are required to be 
qualified for external events, several of the cost elements are expected to increase significantly. 
Specifically, it is estimated that the cost of the materials and equipment would increase by a 
factor of three, the cost for installation would at least double, and the cost for engineering would 
double. These estimated increases are for seismic qualifications and are based on information 
obtained from a distributor of Class 1E electrical equipment, a national engineering laboratory 
that performs seismic qualifications, as well as cost estimates for severe accident mitigation 
alternatives submitted by license renewal applicants. All other costs are assumed to remain the 
same. These cost differentials are consistent with general cost trends experienced when a 
physical modification at a nuclear power plant is qualified for external events. 

The adjusted numbers are given below. These numbers were extracted from the "Industry 
Implementation" table (Table 3-2) in the Base Case (Case 1) above and adjusted accordingly. 

Table 3-4 Industry Implementation - Sensitivity Study: External Event Qualification 

Cost Element McGuire, 
Catawba, and 

Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

Materials and 
Equipment 

$150,000 $180,000 $180,000 $165,000 

Installation $165,000 $165,000 $165,000 $165,000 

Engineering $60,000 $60,000 $100,000 $100,000 

Worker Dose $11,200 $11,200 $11,200 $11,200 
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Table 3-4 (Continued) 

Cost Element McGuire, 
Catawba, and 

Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

Emergency 
Procedures 

$30,000 $30,000 $50,000 $50,000 

Licensing Costs $6,250 $6,250 $10,000 $10,000 

Total for Industry 
1mplementation 

$422,450 $452,450 $516,200 $501,200 

All other attributes are assumed to remain the same as in the Base Case (Case 1). The 
summary of attributes for external event qualification is provided in Table 3-5. 

Table 3-5 Summa~ of Impacts for Sensitivity Study: External Event Qualification 

Attribute McGuire, Sequoyah Watts Bar Mark III Plants 
Catawba, and (per Unit) (Single-Unit) (Single-Unit) 

Cook 
(per Unit) 

Industry $422,450 $452,450 $516,200 $501,200 
Implementation 

Industry $40,000 $40,000 $40,000 $40,000 
Operation 

NRC $12,000 $12,000 $12,000 $12,000 
Implementation 

NRC Operation $2,000 $2,000 $2,000 $2,000 

Total for $476,450 $506,450 $570,200 $555,200 
External Event 

if 

3.1.1.2 Sensitivity Study 2: If Separate Rulemaking is Required 

The Base Case (Case 1) assumes that the resolution of GSI-189 will be subsumed by the 10 
CFR 50.44 rulemaking. However, it is conceivable that a separate rulemaking could be pursued. 
For this reason, a sensitivity study is performed to assess the impact of the separate rulemaking. 
The cost for a simple rulemaking is estimated to be $300,000. More complex rulemakings can 
cost upwards of $1 ,000,000. It is likely that a rulemaking to resolve GSI-189, although it affects 
only 13 units, would likely face opposition by the industry. Therefore, a cost of $400,000 is 
estimated for the rulemaking. On a per unit basis, this equates to approximately $30,800. The 
attribute that changes is "NRC Implementation"; all other attributes are assumed to remain the 
same as the Base Case (Case 1). 
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Attribute 

Industry 
Implementation 

Industry 
Operation 

NRC 
Implementation 

NRC Operation 

Total for 

~ 

T bl 36 S 0 f Impac ensllvlty u IY: mg "d 

McGuire, 
Catawba, and 

Cook 
(per Unit) 

$209,950 

$40,000 

$30,800 

$2,000 

$282,750 

ts for S T"t St d Ru ema I k" Requlre 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

$219,950 $263,700 $258,700 

$40,000 $40,000 $40,000 

$30,800 $30,800 $30,800 

$2,000 $2,000 $2,000 

$292,750 $336,500 $331,500 

3.1.1.3 Sensitivity Study 3: If Extended Outage is Required 

Although it is not anticipated that an extended outage would be necessary to accommodate the 
modification(s), it is possible that limited incremental downtime during a scheduled outage might 
occur. For the purpose of this sensitivity analysis, an incremental downtime of 8 hours is 
assumed. For outages greater than or less than 8 hours, the costs stated below can be adjusted 
to assess the impact of a longer or shorter outage. A typical cost for an outage is $300,000 per 
day per unit [Reference 12], each day the unit is down. Therefore, it is expected that, for 8 hours 
of an extended outage, it would cost $100,000 per unit. The numbers below are extracted from 
the Base Case (Case 1) above, and industry implementation is adjusted to account for a one-day 
extended outage. 

Table 3-7 Summar of Impacts for Sensitivity Study: Extended Outage 

Attribute McGuire, 
Catawba, and 

Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

Industry 
Implementation 

$309,950 $319,950 $363,700 $358,700 

Industry 
Operation 

$40,000 $40,000 $40,000 $40,000 
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Table 3-7 (Continued) 

Attribute McGuire, 
Catawba, and 

Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

NRC 
Implementation 

$12,000 $12,000 $12,000 $12,000 

NRC Operation $2,000 $2,000 $2,000 $2,000 

Total for 
Sensitivity: 

~ 
--' 

$363,950 $373,950 $417,700 $412,700 

3.1.1.4 Sensitivity Study 4: If a 3% Real Discount Rate is Used 

For sensitivity analysis purposes, a 3% real discount rate is recommended [Reference 2] to 
assess the uncertainty in the time value of money. For 40 years the present-worth multiplier is 
13.42, assuming 7%. Assuming a 3% real discount rate, the multiplier becomes 23.29. Thus, for 
the "Operation" attributes, the Base Case (Case 1) numbers are multiplied by the ratio of these 
numbers (23.29/13.42), which is 1.735, to obtain the values for a 3% real discount rate. 
However, because the costs associated with the operation attributes are relatively small, this 
adjustment has a minimal effect on the total costs. 

3.2	 Case 2: Costs for Off-the-Shelf Backup Power to the Hydrogen Igniters for Ice 
Condenser and Mark III Plants During SBO Conditions 

This case represents a lower bound to establish the least expensive, yet feasible modification. 
The Base Case assumes that an alternate ac power source to power one train of hydrogen 
igniters is pre-staged or permanently placed. Because of the relatively small amount of power 
needed to power one train of igniters, it is believed that the objective can be accomplished with a 
portable alternate ac power source, Le., can be stored in a location then hooked up to the 
igniters via a patch panel on an as-needed basis. Some of the cost elements will remain the 
same (as the Base Case) such as emergency procedures and licensing. Other costs such as 
materials and equipment, installation and engineering will be less. 

As is the case with the Base Case (Case 1), permanent modifications to the plant are necessary 
to accommodate the hook up of the alternate power supply. 

Although this alternative to the Base Case (Case 1) is assessed here for accommodating internal 
events, it is important to note that portable diesel generators are designed for use at construction 
sites, outdoors, and the like; therefore they tend to be durable, and as such, could possibly 
survive external events, depending upon where and how they are stored. In the study described 
in Reference 4, generators are stored in a seismically bolted down storage locker in the vicinity 
of the connection panel. The costs for this type of storage locker are not included in this 
assessment. 
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Industry Implementation 

This attribute accounts for the projected incremental cost on the affected licensees to install or 
implement mandated changes. Cost elements such as engineering, materials and equipment, 
structures, installation, occupational exposure, procedures and training are considered. Other 
costs elements such as planning, scheduling, and procurement are included with the engineering 
costs. 

The general design considered which serves as the basis for this portion of the cost analysis 
includes an emergency patch panel. The patch panel accommodates the hook up of the 
portable diesel generator. For the purposes of this analysis, it is assumed that the patch panel 
will be installed at the exterior of the auxiliary building or within a short distance of the auxiliary 
building. Therefore, the amount of conduit and cable needed outside of the building is minimal, 
thereby reducing the cost of installation, relative to that assumed in the Base Case, which is 
mainly driven by the cost associated with installing conduit and cable. The remainder of the 
design, that which is inside the auxiliary building, is assumed to be the same as that considered 
for the Base Case (Case 1). Therefore, the installation costs used in the Base Case are reduced 
by 40 percent, which results in a per-unit installation cost of $49,500. 

The materials and equipment costs associated with the portable diesel generator option are less 
than those used in the Base Case - $50,000 to $60,000 - (Case 1). The diesel generators 
considered in the Base Case are "industrial grade," and therefore, are more expensive. Based 
on information obtained from different manufacturers/distributors of portable diesel generators, 
for the sizes needed, the costs range from $2,000 to $12,000. 

The cost of $12,000 is estimated for a diesel generator for the TVA plants. Because a larger 
diesel generator is needed for these plants (-20 kW), in order for the generator to be "portable," 
it would be mounted on a trailer. 

Less conduit and cable will be required due to the use of the portable diesel generator as well as 
the proximity of the patch panel to the auxiliary building. The use of the patch panel is an 
additional cost; however the cost for a patch panel is $1,000 or less. As is the case with Base 
Case (Case 1), the portable diesel generator does not have a sufficient fuel capacity; therefore, 
an additional tank, or means of supplying the fuel will be necessary. The cost associated with 
this is expected to be minimal, about $1,000. This cost is included in the equipment and 
materials cost. Thus, for this analysis, the cost for equipment and material is estimated to be 
$25,OOO/unit for the dual-unit ice condenser sites (excluding TVA plants), $35,OOO/unit for the 
TVA plants, and $30,000 for the Mark III plants. 

Engineering costs are expected to be less than those used in the Base Case. Since the 
modification inside the auxiliary building is similar for both the Base Case and this case, and 
since there is not expected to be a large amount of cable installed outside the auxiliary building, 
the engineering costs are reduced to $40,000 for dual-unit sites, and $30,000 for single-unit 
sites. 

A connection/tie-in to the existing power supply to the hydrogen igniters will be necessary. The 
power distribution panels and motor control centers are typically located in the auxiliary building. 
This installation activity inside the auxiliary building will be similar to the Base Case however, not 
as extensive. The cost for occupational exposure due to installation is estimated at $8,400/unit. 
Dose rates outside the auxiliary building are assumed to be negligible. 
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According to several SAMA evaluations, the minimum cost for a procedure change and training 
is $30,000 [Reference 10]. This modification will require the development or modification of 
emergency procedures as well as training. Therefore, an estimate of $50,000 is used for this 
analysis for single-unit sites. Because of possible differences between the units at a dual-unit 
site, the dual-unit site costs are estimated to be $60,000, or $30,OOO/unit. 

The licensing costs are assumed to be similar to those for the Base Case. 

t .Tabl 38 I d te - n us try mpi emen abon - Case 2 

Cost Element 

Materials and 
Equipment 

McGuire, 
Catawba, and 

Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

$25,000 $35,000 $35,000 $30,000 

Installation $49,500 $49,500 $49,500 $49,500 

Engineering $20,000 $20,000 $30,000 $30,000 

Worker Dose $8,400 $8,400 $8,400 $8,400 

Emergency 
Procedures 

$30,000 $30,000 $50,000 $50,000 

Licensing Costs $6,250 $6,250 $10,000 $10,000 

Total for Industry 
1mplementation 

$139,150 $149,150 $182,900 $177,900 

Industry Operation 

This attribute accounts for the projected incremental cost due to routine and recurring activities 
required by the proposed action on all affected licensees. The most notable costs considered is 
routine surveillance, testing and maintenance. Since the diesel generator will only be used in the 
event of SBO, periodic surveillance, testing and maintenance to ensure its operability is likely. 
Duke estimated operations and maintenance (O&M) costs to be $40,000 [Reference 6]. This 
value is used for the purposes of this analysis. As previously stated, dose rates outside are 
assumed to be negligible. Therefore, there is no occupational exposure associated with 
surveillance and maintenance. 

NRC Implementation 

This attribute measures NRC's incremental cost in implementing this regulatory change. Costs 
associated with a rulemaking and any review of licensee documentation are considered here. It 
is assumed that the resolution of GSI-189 will be included with the rulemaking effort for 10 CFR 
50.44. In Reference 11, the cost estimated for a rulemaking of this type is $500,000. We 
assume that an additional incremental cost of $150,000 will be added to the rulemaking cost by 
subsuming the GSI-189 action. This cost will be equally shared among the 13 units involved in 
the GSI-189 action, thus yielding a per-unit cost of approximately $12,000. 
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Since the equipment is not safety-related, no changes to the technical specifications will be 
necessary. However, changes to the UFSAR and PRA models are expected. NRC review of the 
UFSAR occurs every two years. Since the change will likely be submitted with the required 
update, the additional NRC cost should be minimal. Furthermore, since licensees do not 
typically submit their PRA models to the NRC for review, no additional NRC costs are assumed. 

NRC Operation 

This attribute measures NRC's incremental costs after the proposed action is implemented. As a 
result of the proposed action, there will be an increased effort during inspections. Assuming that 
an additional two hours of inspection time is required annually, the total cost for NRC operation 
over 40 years is estimated to be $2,000 (based on an NRR labor rate of $80/hour). 

T bl 39 S 

Attribute 

Industry 
Implementation 

Industry 
Operation 

NRC 
Implementation 

NRC Operation 

10'[31 for Case 2 

McGuire, 
Catawba, and 

Cook 
(per Unit) 

$139,150 

$40,000 

$12,000 

$2,000 

$193150 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

$149,150 $182,900 

$40,000 $40,000 

$12,000 $12,000 

$2,000 $2,000 

$203150 $236900 

Mark III Plants 
(Single-Unit) 

a e - ummat: 0 f Impacts for Case 2 

$177,900 

$40,000 

$12,000 

$2,000 

$231 900 

3.3	 Case 3: Costs for Backup Power to the Hydrogen Igniters and Air Return Fans for 
Ice Condenser Plants Under SBO Conditions 

This case is similar to the Base Case (Case 1) with the exception of the size of the diesel 
generator required, and it only applies to plants with ice condenser containments. Other 
information pertinent to powering an air return fan (ARF) in addition to one train of igniters is 
discussed below. As is considered for the Base Case, each unit will be supplied with a diesel 
generator. 

The existing power supply to the ARFs is Class 1E, and typically rated at 480 V. The exact tie-in 
to the existing power supply would be plant specific, but for this case is assumed to occur at the 
480 V motor control center or comparable power panel. Therefore, the rating of the generator 
would be 480 V. The typical power needed for one train of igniters at McGuire, Catawba and 
Cook plants is 4,400 watts and 20.4 kW for the TVA plants as indicated in Table 3-1. Air return 
fans require between 20 and 30 kW of power. Therefore, the size of the generator needed to 
power one train of igniters and one ARF is between 25 and 50 kW. It is anticipated that the ARF 
will be energized before the igniters are energized. This sequencing allows for the containment 
atmosphere to mix before activating the igniters. Further, it allows for more generator power to 
be available to the ARF during startup, when the ARF motor will draw more current. 
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Along with the assumptions above, the following is assumed: 

• the igniters and air return fan will be required to run for 24 hours, and 
• all modifications can be made on-line or during a planned outage. 

Industry Implementation 

This attribute accounts for the projected incremental cost on the affected licensees to install or 
implement mandated changes. 

Based on information obtained from different manufacturers/distributors, diesel generators (with 
weather enclosures) for the size needed at a 480 V rating are estimated to be between $15,000 
and $50,000. 

Duke recently supplied a cost estimate for this type of modification in response to an RAI 
[Reference 6] on a severe accident mitigation alternative (SAMA) for McGuire and Catawba. 
The cost for equipment and materials for a larger diesel generator (-30 kW), cables, circuit 
breakers, concrete pad, and other was estimated to be $210,000. 

Installation was estimated by Duke to cost $240,000. The additional $100,000 for installation 
(compared with the Base Case (Case 1» is assumed to be for routing of cable, installation of 
switches and other components for the ARF. As explained in Case 1, it has been shown that the 
use of two diesel generators (one per unit) is more cost-effective than the use of one centrally 
located diesel generator due to the expense of installing conduit and cable. Therefore, to 
account for the reduction in the amount of conduit and cable needed outside of the auxiliary 
building, the installation cost previously provided is reduced by 25%, to $180,000/unit. 

Engineering was estimated by Duke to be $50,000/unit, or $100,000 per station. For a single­
unit site (Watts Bar), this estimate is reduced to $75,000. 

For the generators of interest, the fuel consumption rate is between 5 and 7 gallons per hour. 
Based on the assumption that the diesel will be required to operate for 24 hours, 120 to 168 
gallons of diesel fuel will be required. Since the diesel generator does not have this fuel 
capacity, an additional tank, or means of supplying the fuel will be necessary. The cost 
associated with this is expected to be minimal (approximately $2,000). This estimate is double 
the estimate used in the Base Case (Case 1). The cost is added to the Materials and Equipment 
costs discussed above. 

A connection/tie-in to the existing power supply to the igniters and ARF will be necessary. The 
power distribution panels and motor control centers are typically located in the auxiliary building. 
The exposure rate for this specific location is not known; however, a dose rate of 5 mrem/hour is 
not unreasonable, considering the auxiliary building dose rates described in Reference 9. Dose 
rates outside the auxiliary building are assumed to be negligible. At a cost of $2,000/person­
rem, the cost for occupational exposure due to installation is estimated to be $24,500/unit. The 
increase in dose relative to the Base Case (Case 1) is primarily due to the fact that there will be 
an increase in time in the auxiliary building in order to install conduit, cable, switches, and circuit 
breakers for the ARF. 

According to several SAMA evaluations, the minimum cost for a procedure change and training 
is $30,000 [Reference 10]. This modification will require the development or modification of 
emergency procedures as well as training. Therefore, an estimate of $50,000 is used for this 
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analysis for a single-unit site. Because of possible differences between the units at a dual-unit 
site, the dual-unit site costs are estimated to be $60,000, or $30,000/unit. 

For this case, it is assumed that the resolution of GSI-189 will be subsumed by the 10 CFR 50.44 
rulemaking. Therefore, it is likely that a change to the UFSAR would be appropriate. Licensee 
costs associated with a modification of this nature to the UFSAR are typically between $10,000 
and $15,000. For the purposes of this analysis, an estimate of $12,500 for the dual-unit sites, 
and $10,000 for the single-unit site is used. Since the proposed modification does not involve 
any safety-related equipment, Le., the equipment will be Category 3, no changes to the 
Technical Specifications are expected. 

a 310 n tT bl e - I d usery mplementaflon- Case 3 

Cost Element 

Materials and Equipment 

McGuire, Catawba, 
and Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

$212,000 $262,000 $262,000 

Installation $180,000 $180,000 $180,000 

Engineering $50,000 $50,000 $75,000 

Worker Dose $24,500 $24,500 $24,500 

Emergency Procedures $30,000 $30,000 $50,000 

Licensing Costs $6,250 $6,250 $10,000 

Total for Industry 
Implementation 

$502,750 $552,750 $601,500 

Industry Operation 

This attribute accounts for the projected incremental cost due to routine and recurring activities 
iequired by the proposed action on all affected licensees. The costs for industry operation at IC 
plants are increased (from the Base Case) to account for additional time needed to test the ARF 
and sequencing. 

NRC Implementation 

This attribute measures NRC's incremental cost for the rulemaking effort associated with 
implementing this regulatory change. The costs for NRC implementation are assumed to be the 
same as for the Base Case (Case 1), except that only the nine ice condenser units are 
considered. Thus, the cost of NRC implementation, namely $150,000, is divided by 9 units, 
yielding approximately $17,000 per unit. 

NRC Operation 

This attribute measures NRC's incremental costs after the proposed action is implemented. As a 
result of the proposed action, there will be an increased effort during inspections. The costs for 
NRC operation are assumed to be the same as for the Base Case (Case 1). 
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a e 3-11 Summary 0 f IT bl mpacts for Case 3 

Attribute 

$502,750 $552,750 

Industry Operation $50,000 $50,000 

NRC Implementation $17,000 $17,000 

NRC Operation $2,000 $2,000 

"ioral for Case 3 $571 750 $621 750 

Watts Bar 
Catawba, and 

McGuire, Sequoyah 
(Single-Unit) 

Cook 
(per Unit) 

Industry Implementation 

(per Unit) 

$601,500 

$50,000 

$17,000 

$2,000 

$670500 

3.4	 Case 4: Costs for Passive Autocatalytic Recombiners (PARs) for Ice Condenser 
and Mark III Plants Under seo Conditions 

This case considers installation of PARs in containment. Much of the information provided below 
is taken from Reference 11 and adjusted to reflect the containment designs of consideration. 

Industry Implementation 

This attribute accounts for the projected incremental cost on the affected licensees to install or 
implement mandated changes. It is estimated that an average of 40 half-sized PARs would be 
installed in each ice condenser and Mark III containment. The average purchase price per half­
sized PAR is estimated to be $24,000 [Reference 13]. Although the ability exists to produce 
PARs domestically, currently, PARs are imported from Europe. The amount above is based on 
the cost of an imported PAR. Thus, the purchase cost equates to $960,000. Should a catalyst 
bed need to be replaced (due to test failure), a replacement bed would cost approximately $350 
[Reference 13]. A few beds are likely to be purchased at the time the PARs are purchased. 
Therefore, an additional cost of $1,OOO/unit is likely. The catalyst beds need to be tested in a 
testing enclosure complete with sensing instrumentation and a computer. The current cost for 
such a testing apparatus is $10,000. Each plant would require a testing apparatus. Thus, the 
total estimated Materials and Equipment element for a single-unit site is $960,000 + $1,000 + 
$10,000 = $971,000. The corresponding total for the dual-unit sites is 2x($960,000) + 2x($1,OOO) 
+ $10,000 = $1,932,000. 

Installation costs will also vary depending on the area of the country (differing labor rates) in 
which the plant is located. At Indian Point 2, it cost approximately $100,000 to install two full­
sized PARs [Reference 13]. Although the cost for installing 40 PARs is not expected to increase 
by 20 times, it is expected to increase by a factor of five (based on economies of scale). Thus, 
total labor costs are expected to be $500,000 per unit. 

The engineering associated with installation of the PARs will vary depending on the intended 
location of the PARs and whether extensive modifications will be necessary to accommodate the 
PARs. Based on information provided in past SAMA evaluations, a recent response to a 
Request for Additional Information related to SAMA evaluations, and information obtained from 
Indian Point 2, engineering costs ranged from $35,000 to $400,000 [References 8, 13]. 
Assuming units at dual-unit sites are similar in design and layout, our estimate for engineering of 
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the PARS is $150,000 which is independent of whether it is a single or dual unit site. This 
estimate is largely driven by the fact that the PARs will have to be seismically installed. 

During installation, workers are expected to receive occupational doses. The dose rates 
assumed are based on those given for recombiners in Reference 9, which are 10 mrem/hour for 
PWRs and 20 mrem/hour for BWRs. For this assessment, an average of 15 mrem/hour will be 
used. Since many, if not all, of the PARs will be seismically installed, it is estimated that it will 
take two men 24 hours per PAR. At the dose rate assumed for 40 PARs, this equates to 28.8 
person-rem. The total cost for occupational exposure is estimated to be $57,600 per unit. 

The PARs, most probably, will be maintained as Category 3 components (as defined in 
Reference 3). Testing and surveillance, although not required, would be recommended. A 
testing/surveillance procedure would need to be developed. Industry estimates for development 
of a procedure and its implementation (Le., training) are a minimum of $30,000 [Reference 10]. 
However, the procedure for testing the PARs is not as complex as other procedures (such as 
emergency operating procedures), and has already been developed for Indian Point 2. The 
effort at Indian Point 2 cost approximately $2,000 [Reference 13]. However, this included the 
training of only two individuals. Since for the purposes of this analysis 40 PARs are going to be 
installed, it is likely that more than two individuals would be trained. Therefore, the estimated 
cost for developing and implementing the testing procedure at a typical plant is estimated to cost 
$3,000. 

For this case, it is assumed that the resolution of GSI-189 will be subsumed by the 10 CFR 50.44 
rulemaking. Therefore, it is likely that a change to the UFSAR would be appropriate. Licensee 
costs associated with a modification of this nature to the UFSAR are typically between $10,000 
and $15,000. Here $12,500 for dual-unit sites and $10,000 for single-unit sites is assumed. 
Since the proposed modification does not involve any safety-related equipment, i.e., the 
equipment will be Category 3, no changes to the Technical Specifications are expected. 

T bl - n US[1'1a e 312 I d t mplementaflon- case 4
 

Cost Element
 Mark III Plants 
Catawba, and 

McGuire, Sequoyah Watts Bar 
(Single-Unit) (Single-Unit) 

Cook 
(per Unit) 

Materials and 

(per Unit) 

$971,000 
Equipment 

Installation 

$966,000· $966,000· $971,000 

$500,000 

Engineering 

$500,000 $500,000 $500,000 

$75,000·· $75,000·· $150,000
 

Worker Dose
 

$150,000 

$57,600$57,600 $57,600 $57,600 
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Table 3-12 (Continued) 

Attribute McGuire, 
Catawba, and 

Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

Emergency 
Procedures 

$1,500 $1,500 $3,000 $3,000 

Licensing Costs $6,250 $6,250 $10,000 $10,000 

Total for Industry 
Implementation 

$1,606,350 $1,606,350 $1,691,600 $1,691,600 

*Assumes testing apparatus IS shared by both Units 
**Assumes units are similar in design and layout 

Industry Operation 

This attribute accounts for the projected incremental cost due to routine and recurring activities 
required by the proposed action on all affected licensees. 

The only expected operation costs associated with the PARs after installation will be due to 
testing. One catalyst bed per PAR should be tested periodically. It is estimated that it will take a 
technician 0.5 hour to remove a catalyst bed, observe the PAR for any fouling (accumulation of 
dirt, debris, dust), then reinstall it after testing [Reference 13]. The total time estimated for 
performing the test, including transportation time, paper work, etc., is one hour per PAR 
[Reference 13]. This process involves two persons. Therefore, the total labor cost involved With 
testing a PAR is estimated to be $200/PAR, assuming a labor rate of $1 OO/hour [Reference 13]. 
Since it is recommended that 1/4th of the PARs be tested every refueling outage [Reference 13], 
this equates to approximately $1,333 per year per plant based on an 18-month refueling cycle. 
Using the multiplier of 13.42 to determine the year 2002 cost equivalent, the cost is $18,000. 

Testing also involves the passing of a known concentration of hydrogen gas across the catalyst 
bed. A cylinder of hydrogen would be required to perform the testing. At Indian Point 2, it cost 
approximately $1 OO/PAR for the hydrogen [Reference 13]. Therefore, at a PWR considered by 
this analysis, the cost for hydrogen per year is estimated to be $700 ($100/PAR x 10 x 12/18 = 
$667). Again, using the multiplier of 13.42 to determine the year 2002 cost equivalent, the cost 
is $9,400. 

The last expected cost associated with testing of the PARs is a calibration of the testing unit 
once every six years. Assuming 7 tests over the 40 year remaining life of the plant and a cost 
per test of $3,000, the approximate cost for calibration will be approximately $10,000. 

NRC Implementation 

This attribute measures NRC's incremental cost in implementing this regulatory change. Costs 
associated with a rulemaking and any review of licensee documentation are considered here. 
For Case 4, it is assumed that the resolution of GSI-189 will be included with the rulemaking 
effort for 10 CFR 50.44. In Reference 11, the cost estimated for a rulemaking of this type is 
$500,000. We assume that an additional incremental cost of $150,000 will be added to the 
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rulemaking cost by adding the GSI-189 action. This cost will be equally shared among the 13 
units involved in the GSI-189 action, thus yielding a per-unit cost of approximately $12,000. 

Since the equipment is not safety-related, no changes to the technical specifications will be 
necessary. However, changes to the UFSAR and PRA models are expected. NRC review of the 
UFSAR occurs every two years. Since the change will likely be submitted with the required 
update, the additional NRC cost should be minimal. Furthermore, since licensees do not 
typically submit their PRA models to the NRC for review, no additional NRC costs are assumed. 

NRC Operation 

This attribute measures NRC's incremental costs after the proposed action is implemented. As a 
result of the proposed action, there will be an increased effort during inspections. This Increase 
is expected to be small, and not quantified in detail for the purposes of this analysis. An 
additional inspection cost of about $1,OOO/year is not unreasonable. Thus, the 2002 cost 
equivalent is $13,400. 

T bl 313 Sa e - umma ryo 

Attribute 

Industry 
Implementation 

Industry 
Operation 

NRC 
Implementation 

NRC Operation 

IITotal for Case 4 

f Impacts for Case 4 

McGuire, 
Catawba, and 

Cook 
(per Unit) 

$1,606,350 

$37,400 

$12,000 

$13,400 

$1 669150 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III Plants 
(Single-Unit) 

$1,691,600 

$37,400 

$12,000 

$13,400 

$1 754400 II 

$1,606,350 $1,691,600 

$37,400 $37,400 

$12,000 $12,000 

$13,400 $13,400 

$1 669 150 $1 754400 

4. Uncertainty 

The uncertainty analysis was performed using simulation technique supported by @RISK 
software [Reference 14]. This software operates in Microsoft Excel environment. The uncertainty 
in the value of the parameters of the cost model was characterized using a triangular distribution 
with three points -- minimum, most likely value (the values in Tables 3-2, 3-3 and 3-8 through 3­
11) and maximum. The uncertainty analysis accounted for the correlation among the parameters 
of the cost model. 

A summary of the uncertainty assessment is provided in Table 4-1. 
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Table 41- Summarv 0 fUncertalnty Assessment 

Uncertainties McGuire, Sequoyah Watts Bar Mark III BWRs 
Catawba, (per Unit) (Single-Unit) (Single-Unit) 
and Cook 
(per Unit) 

Base 95th% $375,000 $387,000 $464,000 $459,000 
Case 

(Case 1) mean $316,000 $329,000 $387,000 $380,000 

5th% $262,000 $274,000 $315,000 $308,000 

Portable 95th% $271,000 $282,000 $331,000 $326,000 
Diesel 

(Case 2) mean $225,000 $237,000 $278,000 $272,000 

5th% $185,000 $196,000 $230,000 $222,000 

Igniters + 95th% $715,000 $785,000 $830,000 N/A 
ARFs 

(Case 3) mean $611,000 $689,000 $738,000 N/A 

5th% $506,000 $602,000 $652,000 N/A 

It is noted that the best-estimate values provided in Tables 3-3, 3-9, and 3-11 are consistently 
less than the mean values provided in the uncertainty analysis. This is due to the triangular 
distributions being skewed to higher costs. 

Plots of the uncertainty distribution for the four classes of plants for the Base Case and for the 
two option cases are prOVided in the Appendix. In addition, the input assumptions are also 
provided. 

5. Results 

The best-estimate results are presented in table format below. Note that the "sensitivity" cases 
reflect changes to the Base Case (Case 1). 

Table 51- Summaryof ResuIts 

Case 

Case 1: 
Base Case 

McGuire, 
Catawba, 
and Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-

Unit) 

Mark III Plants 
(Single-Unit) 

Industry* 

$263,950 $273,950 $317,700 $312,700 $3,700,100 

Sensitivity 1: 
External Event 

$476,450 $506,450 $570,200 $555,200 $6,662,600 

Sensitivity 2: 
Rulemaking 

$282,750 $292,750 $336,500 $331,500 $3,944,500 
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Table 5-1 (Continued) 

Case McGuire, 
Catawba, 
and Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-

Unit) 

Mark III Plants 
(Single-Unit) 

Industry* 

Sensitivity 3: 
Extended 
Outage 

$363,950 $373,950 $417,700 $412,700 $5,000,100 

Case 2: 
Low Cost Fix 

$193,150 $203,150 $236,900 $231,900 $2,729,700 

Case 3: 
Igniters + ARF 

$571,750 $621,750 $670,500 NA $5,344,500 

Case 4: 
PARs 

$1,669,150 $1,669,150 $1,754,400 $1,754,400 $22,125,200 

* 8 IC Units at dual-unit sites, 1 IC unit at single-unit site, and 4 Mark III units at single-unit sites, except for 
Case 3, where the 4 Mark III units are not included. 

It should be noted that the significant figures indicated in the results are retained only to allow for 
cross-checking and independent verification. When considering uncertainties, one significant 
figure would be more appropriate. For example, the "Industry" cost for the Base Case (Case 1) 
is about $4M and the cost approximately doubles to $7M when including external event 
capability. 

The total industry cost (cost for 13 units) for the Base Case (Case 1) is about $4M
 
The cost about doubles to $7M when the backup power supply is qualified for external
 
events
 
Including a separate rulemaking only increases the cost (relative to the Base Case) by
 
8%
 
If 8 hours of incremental outage time is assumed, the costs increase by about 35%
 
(again, relative to the Base Case)
 
There is virtually no additional cost when changing the real discount rate from 7% to 3%
 
The "portable generator" option yields a cost that is about 75% of the Base Case cost.
 
The cost for the ice condenser PWRs increases by more than 40% when the powering of
 
an air-return fan is required.
 
The cost for PARS is about 6 times higher than backup power under Base Case
 
assumptions.
 
The differences in the functional reliability between the pre-staged and the portable
 
generators is not significant for cost benefit applications.
 
The mean values for the costs are typically 8% to 25% higher than the corresponding
 
best-estimate (most likely) costs.
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UNCERTAINTY ANALYSIS
 

An uncertainty assessment was performed for Case 1 (Base Case); Case 2 (Portable Generator 
Case) and Case 3 (Igniters plus ARF Case) using Monte Carlo simulation software, @RISK. 
For each of these three cases, the uncertainty profile was assessed for each of the four classes 
of plants under study, namely (1) Catawba, McGuire, and D.C. Cook - six units total; (2) 
Sequoyah -- two units total; (3) Watts Bar - one single unit; and (4) the four single-unit MARK 
Ills. The results are portrayed graphically in Figures A-1 through A-11 and are summarized in 
Table A-1. In addition, the industry total costs are displayed in Figures A-12 through A-14. The 
95th percentile value (95% confidence that the cost is less than the value), the Mean value, and 
the 5th percentile value (5% confidence that the cost is less than the value) are displayed. 

It is noted that the best-estimate values (most likely values) provided in Tables 3-3, 3-9, and 
3-11 of the report are consistently less than the mean values provided in the uncertainty 
analysis. This is due to the triangular distributions, which are employed to characterize 
uncertainty in cost estimates, being skewed to higher costs. 

A summary of the uncertainty assessment is provided in Table A-1. 

Table A-1 Summary of Uncertainty Assessment 

Uncertainties McGuire, 
Catawba, 
and Cook 
(per Unit) 

Sequoyah 
(per Unit) 

Watts Bar 
(Single-Unit) 

Mark III BWRs 
(Single-Unit) 

Base 95th% $375,000 $387,000 $464,000 $459,000 
Case 

(Case 1) mean $316,000 $329,000 $387,000 $380,000 

5th% $262,000 $274,000 $315,000 $308,000 

Portable 95th% $271,000 $282,000 $331,000 $326,000 
Diesel 

(Case 2) mean $225,000 $237,000 $278,000 $272,000 

5th% $185,000 $196,000 $230,000 $222,000 

Igniters + 95th% $715,000 $785,000 $830,000 N/A 
ARFs 

(Case 3) mean $611,000 $689,000 $738,000 N/A 

5th% $506,000 $602,000 $652,000 N/A 

This software operates in Microsoft Excel environment. The uncertainty in the value of the 
parameters of the cost model was characterized using a triangular distribution with three points 
-- minimum, most likely value (the values in Tables 3-2, 3-3, and 3-8 through 3-11 in the report) 
and maximum. The uncertainty analysis accounted for the dependency among the parameters 
of the cost model. Tables A-2 through A-4 provide the input data for the analyses. 
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Table A-2 Input for Uncertainty Analysis: Base Case 

$11,220 
The above value is calculated using the expression shown below which is defined in terms of four 
uncertain parameters: (1) Installation cost; (2) dose rate; (3) hourly labor rate; and (4) % exposure 

installation cost . 
1------X dose rate x % exposure timex $2000 

hourly rate 

Installation cost 

dose rate (rem) 
low 
most likely 
hi h 

Range defined above hourly labor rate 
low 
most likely 
hi h 

% of exposure time 
low 
most likely 
hi h 

$30 
$40 
$50 

Note: the uncertainty in the value of the parameters of the cost model was characterized using a triangular distribution with three points ­
low, most likely value and high. 
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Table A-3 Input for Uncertainty Analysis: Case 2 (Portable Diesel) 

$8,415 
The above value is calculated using the expression shown below which is defined in terms of four 
uncertain parameters: (1) Installation cost; (2) dose rate; (3) hourly labor rate; and (4) % exposure 

installation cost d 0
[------x ose ratex Yo exposure timex $2000 

hourly rate 

Installation cost 

dose rate (rem) 
lOIN 
most likely 
hi h 

Range defined above hourly labor rate 
lOIN 
most likely 
hi h 

"10 of exposure time 
lOIN 
most likely 
hi h 

$30 
$40 
$50 

Note: the uncertainty in the value of the parameters of the cost model was characterized using a triangular distribution with three points ­
lOIN, most likely value and high. 
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Table A-4 Input for Uncertainty Analysis: Case 3 (Igniters pius Air Return Fan) 

$24480 
The above value is calculated using the expression shown below which is defined in terms of four 

uncertain parameters: (1) Installation cost; (2) dose rate; (3) hourly labor rate; and (4) % exposure 

installation cost . 
1------X dose ratex % exposure tune x $2000 

hourly rate 

dose rate (rem) 
low 
most likely 
hi h 

"10 of exposure time 
low 
most likely 
hi h 

Note: the uncertainly in the value of the parameters of the cost model was characterized using a triangular distribution with three points ­
low. most likely value and high. 

9/24/02 A-10 

Installation cost Range defined above hourly labor rate 
low $30 
most likely $40 
hi h $50 



I 
7 

6 

I 

U), 
< 
~ 
.5 
II) 

~ 

~ 

5 

4 

3 

2 

oL....IIlIm:lIlmI 
400 

X <=505767.69	 X <=715086.12 
--..-..-----------..-------.. ·t5%·----·----·----------------..·----·-··----------····95VO··.---....---.----.--.---------.., 

I Mean = 610926.8 
! 

550	 700 850 

Values in Thousands 

Figure A·9 Distribution for Total Cost for McGuire, Catawba, and Cook (per unit): 

8 

7 

6 

U) 

<'	 5 
o .... 
.5	 4 

:::J =
 
~	 3 

2 

o 

Case 3 (Igniters and ARF) 

X<=601848.12	 X<=785079.56
-------------·---1·5%-----------·-··..----·-----··-·-------·..·..-·..··95%-...._ ..--_..-··· 

Mean =688618.8 

-
j . , 
.! 

~ J 
587.5 675 762.5	 850 

Values in Thousands 

Figure A·10 (Distribution for Total Cost for Sequoyah (per unit): 
Case 3 (Igniters and ARF) 

9/24/02	 A-11 

500 



X <=652469.63 X <=830288.06 
8 --..------------.------.. 5%·-········------··---·--·------·-------···-----·----·--····-----··'95%-----··-······· ·····-····---·--··--··--··-··-·------··-1 

1-; 

I 
I 

I 

---'-'......... 

7 

6 

CD 
<' 5 
o.... 
.5 4 
1/1
CD 
~ 

~ 3 

2 

o .L-__

Mean = 738176.8 

1'1"'"""...---- , 

' 

I 

I
 

550 650 750 850 950 , 

Values in Thousands 

Figure A-11 Distribution for Total Cost for Watts Bar: Case 3 (Igniters and ARF) 

X <=3790240 X <=5183189 
1.2 -----·--·-----···,·5%-------·------·-----···-------··f5%-----------------1 

Mean = 4,464,440 

CD 0.8, 
< o.... 
.5 0.6 
1/1
CD 
~ 

~ 0.4· 

0.2 

Io +..----r:::::::::::t:JITrnJ.W.JWLlllJUlI. 
3 4 5 6 

Values in Millions 
------- -------_._----­

Figure A-12 Distribution for Total Cost for the Industry: Base Case (Pre-Staged) 

9/24/02 A-12 



X <=2700509 X <=3739956.25 
1.4 -,-------.-------...•".",,7"----.-.----.--------------..------------·--··ill·"u':--·----·---···--··-·-----··--·.--_.-_... 

1.2 

CD• 
< 
0 0.8... 
c: 
en 
CD 
~ 0.6 

ii 
> 

0.4 

0.2 

'H0 
3.85 4.42.2 2.75 3.3 

Values in Millions 

Figure A-13 Distribution for Industry/Total Cost for the Industry:
 
Case 2 (Portable Diesel)
 

X <=4985053 X<=6615590.5 
8 .,---------75% 95% 

7
 

6
 

.... 
<' 5 

...o

.5 4 

~=
~ 3 

2 

o -1--__.....Ill.io.;i..W 

4 7.54.875 5.75 6.625 

Values in Millions 

Figure A-14 Distribution for IC IndustrylTotal Cost for the Industry: 
Case 3 (Igniters and ARF) 

9/24/02 A-13 





Hydrogen Control Calculations for the Sequoyah Plant
 
Reference and Uncertainty Calculations
 

Draft Letter Report [Revision No.3]
 
30 September 2002
 

Prepared By
 
Jack Tills, JTA., Inc.
 

Sandia Park, NM
 

For
 
Organization 6415
 

Sandia National Laboratories
 
Albuquerque, NM
 

Task No.1: PO# 28839
 



1 

Hydrogen Control Calculations for the Sequoyah Plant
 
Reference and Uncertainty Calculations
 

Introduction 

The Sequoyah containment is equipped with a system of igniters designed to ensure 
controlled burning of hydrogen in the unlikely event that excessive quantities of 
hydrogen are generated and released to the containment during a postulated degraded 
core accident. The igniters operate as hermetically sealed thermal igniters. Power is 
supplied directly to the igniter at 120-V ac. 

During station blackout accident scenarios, offsite and onsite power to the igniters will be 
interrupted; therefore the igniters will not be available as a hydrogen control system. The 
series of calculations discussed in this report addresses hydrogen distribution and burn 
(deflagration) behavior in the Sequoyah containment should onsite power be provided to 
igniters and/or air return fans during a station blackout accident. The calculations have 
been performed by de-coupling the MELCOR reactor cooling system (RCS) models from 
the containment model, thereby analyzing the containment response as a standalone 
problem. This de-coupling procedure has the advantage of unburdening the containment 
analysis by the time consuming calculations performed in the CORE package of an 
otherwise combined RCS and containment response calculation. Because feedback from 
the containment system to the RCS is weak, this type of de-coupling can be accomplished 
without significantly affecting the source terms (water, steam, and hydrogen) to the 
containment or the subsequent containment response. l Within MELCOR's control 
volume and flow path packages, I/O features are provided to allow the type of de­
coupling discussed here. 

The specific accident event selected for analysis is a short-term station blackout accident 
with pump seal leakage (250 gpm leakage), STSBO-L.2 From a series of MELCOR 
source-term uncertainties calculations, reference and selected uncertainty runs have been 
chosen for use in the containment analysis study. The selection criteria for the reference 
and uncertainty source-terms (water, steam, and hydrogen injections to the containment) 
used in this study are discussed later. Issues of hydrogen control scenarios explored in 
the report are: 

• Delayed deflagration without power to either igniters or fans 
• Controlled burning with power to igniters 
• Controlled burning with power to igniters and fans. 

I A fully coupled calculation is required to account for the affect that small releases of radioactive nuclides 
have on the containment response. The analysis of these types of second order effects will has been 
addressed in separate calculations discussed in Appendix A. 
2 See "An Uncertainty Analysis of the Hydrogen Source Term for a Station Blackout Accident in Sequoyah 
Using MELeOR 1.8.5", Sandia National Laboratories Letter Report, 30 September, 2002. 
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The discussions in the following sections focus on hydrogen control conditions with 
uncertainties investigated for bum parameters and source terms. In a previous report3 

other uncertainties associated with code input were discussed: ice bed nodalization and 
bypass leakage flows. The source term input for the previous report are superseded by 
the source terms referenced in this report; however, the conclusions of the earlier study 
regarding nodalization and bypass remain unchanged: I) additional vertical segmentation 
of the ice bed produces no significant change in ice-bed hydrogen concentrations; and, 2) 
changes in bypass flow area (0.03 - 0.29 m2) and elevation (l0 - 20 m) produce no 
significant change in the containment hydrogen concentrations. Additionally, in earlier 
addendums to the previous report, fully-coupled RCS/containment MELCOR 
calculations with power to igniters were conducted to investigate late time (post vessel 
failure) hydrogen control behavior with core/concrete interactions (CCI). These 
calculations, also conducted with earlier MELCOR source terms, indicated that oxygen 
depletion prior to vessel failure substantially reduces the risk of late time 
overpressurization due to deflagrations or potential detonations. This conclusion is not 
expected to change with the more recent source terms generated by the current MELCOR 
Sequoyah plant models. Therefore, these calculations are not repeated for this report. 
The results of the earlier, fully-coupled RCS/containment calculations are however 
included as Appendix A. Finally, the possibility of diffusion flames at the top of the ice 
condenser was considered in the preparation of this report, with attempts to include this 
type of bum scenario in the study. However, the analysis (diffusion flame without DCH) 
could not be completed without code modification, and therefore was excluded from the 
study. 

In section 2, the MELCOR containment model is described along with the various 
hydrogen source terms obtained from MELCOR station blackout calculations. The 
reference and representative "uncertainty" source term inputs are also discussed in 
section 2. Hydrogen control in the containment is discussed in section 3 for both 
reference and uncertainty source terms. Section 4 presents results of an 
uncertainty/sensitivity analysis for bum parameters (Monte Carlo uncertainty study for 
the standalone containment analysis). Section 5 summarizes the study results. 

2 MELCOR Sequoyah Containment Model (s) 

Shown in Figure I is a drawing of the Sequoyah containment indicating boundaries of 
three major containment regions: lower containment, ice-condenser, and upper 
containment. The ice bed is isolated from the lower and upper containment by lower 
plenum, intermediate, and upper plenum doors that remain shut during normal operation. 
During postulated accident events leading to RCS injections of water and steam to the 
lower containment, these doors can open as a result of the pressure differentials across 
the doors. Steam flowing into the ice condenser is condensed onto ice baskets holding 
flakes of ice. The ice bed is therefore a region of low steam concentration, and a 
probable location for high concentrations of released hydrogen in the case of degraded 

3 Hydrogen Control Calculations for the Sequoyah Plant: Station Blackout Scenario, April 2002, Draft 
Report. 
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core accidents. There are no igniters located in the ice bed, and therefore any bums in 
this region must be initiated as a result of flame propagation. 

2.1 Nodalization 

Figure 2 is a sketch of a containment model indicating the various sub-compartments that 
are modeled the MELCOR standalone, containment model referred to here as the 26-cell 
model. Table 1 lists the compartment descriptions for each cell in the model. The 26-cell 
containment model is derived directly from a CONTAIN containment model discussed in 
NUREG 5586 - a copy of the MELCOR standalone containment input files 
(MELGEN/MELCOR files) for the case with power to igniters is included as Appendix 
B. One important feature of the model is the nodalization of the ice bed, Figure 3. The 
ice bed is represented by four azimuthally arranged cells (18-21) that extend from the 
bottom to top of the ice bed. Vertical density profiles within the ice bed cannot be 
calculated with this model. However, upper and lower circulation paths within the ice bed 
are provided to allow circulation resulting from variations in the static heads between 
cells. The rationale for using single cells to represent vertical portions of the ice bed is 
driven by a number of reasons, some physically based and others based on practical and 
model consistency arguments. 

From a physical standpoint, it is believed that significant vertical compositional and 
density differences within the ice bed, during a degrade core accident such as the 
STSBO-L sequence, is highly unlikely. This belief is based mainly on mixing process 
generated as the result of 1) the relatively high rates of steam and hydrogen injection into 
the ice condenser during the scenario, and 2) the likely asymmetrical character of those 
injections. Additionally, the entrance location for injections is in a region, under stagnant 
conditions, that is most likely to form a stratified layer (gas mixtures remaining in the ice 
bed will become heavier as the mixture is cooled and depleted of steam, settling to the 
lower regions of the ice bed). Injections into this region will most readily disrupt the 
stratifying layer. To investigate the propensity for circulation and uniform mixing, a 
coarse vertical/horizontal ice bed nodalization scheme was utilized early in this study. 
The purpose for using this more detailed nodalization scheme was to show that gross 
circulations within the ice bed occur during the accident sequence, and that a single, 
vertical cell model for the ice bed (azimuthally configured cells) is reasonable. Of 
course, small local or secondary circulation behavior cannot be addressed with such 
lumped-parameter modeling; however, small regions with variable vertical composition 
and density variations are considered of minor significance for the purpose of this study 
which focuses on overpressurization resulting from global deflagrations. 

For the practical aspects of ice bed modeling, additional vertical segmentation of the ice 
bed, especially for cases with fans operating significantly slows the calculations, 
inhibiting an ability to perform statistical (Monte Carlo) uncertainty/sensitivity studies for 
bum parameters. From a model consistency standpoint, vertical bum propagation using 
single, vertical cells in the ice bed represents a consistent treatment for flame propagation 
correlation and usage. The correlations for flame speeds are derived only for single 
compartment bums. Propagation of bums in relatively open regions (which may also 
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have composition and density gradients) using multiple-cells is not validated for a 
lumped-parameter codes like MELCOR. A single, vertical cell model represents 
therefore a consistent treatment for flame propagation based on current code correlations. 

Within the other regions ofthe containment (upper and lower containment), the 
containment model divides into specific confinement regions, generally isolated by well 
defined flow paths. The vertical segmentation in the upper containment with the 26-cell 
model allows for the possibility of upper containment stratification of air and hydrogen in 
the dome. A tendency for some stratification in this regard is noted in calculations 
without the fans operating. Within the lower containment, additional compartments are 
modeled to allow simulation of dead-ended regions. These regions can be de-inerted 
during significant periods due to high concentrations of steam that build-up during the 
early portion of an accident, prior to hydrogen release. 

2.2 Source terms 

Hydrogen control calculations for the Sequoyah plant were first reported in an April 2002 
draft report. In that report, the source term for the containment was documented by SNL 
in a report "Hydrogen Source Terms for Station Blackout Accidents in Sequoyah and 
Grand Gulf Estimated Using MELCOR 1.8.5, dated July 26, 2001. Since the SNL July 
report an updated set of hydrogen source term calculations have been completed at SNL 
in a September, 2002 report. The purpose of the more recent calculations (40 runs in all) 
was to estimate the uncertainty in hydrogen source terms though variations in Core and 
RCS model input parameters. The calculations were conducted for a STSBO-L sequence 
using a new 5-Ring model of the Sequoyah core (original calculations made with 3-Ring 
core model) together with other modifications made to the RCS coolant loops. 

Shown in Figures 4 and 5 are the in-vessel hydrogen generation profiles for the 40 
MELCOR runs recently completed at SNL. The hydrogen generation ranges from 
approximately 430 to 600 kg at the time of vessel failure. For the purpose ofdetermining 
the effect of source term variation on hydrogen control, three representative source term 
runs were selected for the standalone containment analyses. These runs are summarized 
in Table 2. The selected runs provide a reasonable range ofthe high and low hydrogen 
source terms (run 21 vs. 35) and in addition include the variability of hot leg failure/no 
failure (run 21 vs. 32). 

Hydrogen, water, and steam can enter the lower containment (prior to vessel failure) from 
primary system leaks (pump seals), valve openings (PORVs, etc.), and coolant line 
breaks (hot leg and/or surgeline breaks). Shown in Figure 6 are the approximate 
locations for these sources. The mass rate and integral amount of hydrogen injected into 
the containment for MELCOR run 21 are shown in Figure 7 and 8 for the pump seals and 
hot leg break, respectively. For run 21, hydrogen is not released from the PORVs since 
these injections (both water and steam), as shown in Figure 9, occur prior to the start of 
hydrogen generation, Figure 10. Since the surgeline does not fail in run 21, there are no 
hydrogen injections from the surgeline. Water and steam injections from the pump seals 
and steam injection from the hot leg break are shown in Figures II - 13. 
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Total hydrogen generated in-vessel for run 21, Figure 10, shows that there are essentially 
two phases to the generation and similarly the injection process. The first phase, 
responsible for approximately 515 kg or 90% of the total hydrogen release, is from the 
pump seal leakage over about a 1.5 hour period beginning at 3.5 hours into the accident. 
When the hot leg of the RCS fails due to creep rupture at - 5.4 hours, an additional -55 
kg of hydrogen is released along with a surge of steam which rapidly pressurizes the 
containment. Following the hot leg rupture, the steam sources to the containment are 
relatively minor and the containment depressurizes somewhat as it cools before lower 
head failure occurs at approximately 6.4 hours into the accident. 

The uncertainty range for hydrogen source terms is represented by MELCOR runs 21, 32 
and 35 as indicated in Table 2. The in-vessel hydrogen generation rate and integral 
amount for runs 32 and 35 are shown in Figures 14 and 15. These sources can be 
compared to those in Figure 10 for run 21, representing a case with a high mass rate and 
cumulative injection. The hydrogen injection rates for run 32 (pump seal) and 35 (pump 
seal and hot leg) are shown in Figures 16 - 18. 

3 Hydrogen Control 

Without controlled hydrogen burning there is a risk that hydrogen will accumulate in the 
containment and possibly ignite at a time when a "global" deflagration will be severe 
enough to threaten the integrity of the containment. For example, shown in Figure 19 is a 
case where a global bum is delayed until ignited by hot ejected core material at the time 
of vessel failure. For the Sequoyah containment, the pressure corresponding to an 
estimated 10% failure probability is 525 kPa (absolute).4 The risk of over-pressurizing 
the containment from a delayed global deflagration is clearly apparent without hydrogen 
control. However, there are also other concerns. Local pockets of hydrogen having high 
concentrations could ignite to produce an accelerated flame, deflagration to detonation 
transition (DDT), or in some cases a detonation directly. In the following analyses we 
assess the hydrogen distributions within the containment for possible local combustion 
events. The cases investigated are those having I) no power to igniters, 2) power to 
igniters only, and 3) power to igniters and fans (single train). The hydrogen source term 
calculated in MELCOR run 21, representing a high hydrogen injection scenario, is 
selected as a "reference case." Source terms for MELCOR runs 32 and 35 are used to 
indicate the variability in hydrogen behavior as a result of source term uncertainty. 

Shown in Figures 20 - 22 are containment pressures calculated for the cases without 
igniters, with igniters, and with igniters and fans (single train). For the ignition of 
hydrogen, the combustion and propagation limits listed in Table 3 are used. Locations 
for the igniters are shown in Table 4. Figures 23 - 25 show the ice-bed hydrogen 
concentrations for run 21 for the case without igniters, with igniters, and with igniters and 
fans, respectively. The ice-bed hydrogen concentrations for runs 32 and 35 are 
presented in Figures 26 - 28 and Figures 29 - 31. 

4 See Table B.4 in NUREG 6247 for ice condenser containment fragility measures. 
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The upper containment (compartment #24) hydrogen concentrations for the MELCOR 
runs 21, 32, and 35 are shown in Figures 32, 33, and 34, respectively, for each case with, 
without igniters and with igniters and fans. 

A comparison of hydrogen burn totals by region for the various MELCOR runs (source 
tenns) with igniters and with igniters and fans is presented in Tables 5a, 5b, and 5c. The 
total hydrogen burn percentage (hydrogen burn / hydrogen injected X 100) for various 
source tenns show minor sensitivity with percentages ranging from 68 to 74 %. Burn 
percentages by compartment indicate the shift towards more burning in regions with 
igniters when the fans operate as compared to the cases with power to igniters only. This 
means that burns in the ice bed and lower plenum due to flame propagation are 
minimized when the fans are active. For the upper containment, which is an important 
control region, the distinction between power to igniters and power to both igniters and 
fans is small. 

It is noted in these calculations for various source tenns that a substantial amount of 
hydrogen is consumed in the lower containment (58-68%) even when fans are not 
activated. There has been speculation that the lower containment will be steam inerted 
during the injection, or will be depleted of oxygen as a result of expulsion of air from the 
lower containment during the injection event, thereby limiting lower compartment 
burning. Additionally, burning in the lower compartment would consume what small 
amount of oxygen existed and therefore preclude further burning. As indicated in Figure 
35, the lower containment is not inerted by steam during a critical bum period between 
3.5 and 5 hours. Furthennore, oxygen in the lower compartment is not limited since there 
are return air flows from I) the refueling drains and 2) partially open lower plenum doors 
(dynamic action and leakage). An important source of the return air to the lower 
compartment is from the refueling drains. This behavior is shown in Figure 36, where 
the oxygen flow through the refueling drains to the lower containment is shown (negative 
flows indicate upper containment to lower containment oxygen transfer). The refueling 
drains remain open during the early portion of the accident (prior to vessel failure) since 
containment sprays are inactive for the SBO event and lower compartment water level is 
too low to flood the drains. Later in the accident, the lower containment water will flood 
the drains, however, by this time a significant amount of in-vessel generated hydrogen 
will have been burned. 

Shown in Tables 6a and 6b are the hydrogen bum amounts by compartment for two cases 
(based on the reference calculation) where the refueling drains are assumed closed and in 
addition the lower plenum door leakages are minimized. A comparison of the results 
from Tables 5a and 6a indicate that the refueling drain flows affect lower compartment 
bums significantly - changing the amount burned in the lower containment from 229 to 
135 kg, and increasing the amount of hydrogen consumed in the ice bed from III to 181 
kg. The addition of fans, even with the refueling drains closed, returns the compartment 
bum percentages to approximately the same percentages when the refueling drains are 
open. An additional reduction in lower compartment burning occurs when both the 
refueling drains are closed and the lower plenum door leakage is minimized, Table 6b. 

September Draft 6 



However, the amount is not as significant as when closing just the refueling drain 
pathways. In each sensitivity case reported for drains or leakage, the addition of fans 
does substantially reduce the amount of burning in the ice bed, returning the majority of 
the bums to regions where igniters are located (upper plenum, lower and upper 
compartment). 

Although fan operation produces more burning in regions of igniters, which may be 
viewed as advantageous, fan operation also results in more rapid depletion of ice prior a 
period of overpressurization caused by late time CCI. Since this occurrence (rapid ice 
depletion) may result in a somewhat earlier threat to the containment integrity due to 
overpressurization, the degree of ice melt for various scenarios is reported in Table 7 for 
comparisons. Fan operation is seen to increase ice depletion by approximate 15% (i.e. an 
increase from - 45 to 65 % depletion). However, source term uncertainty also causes a 
substantial variation of -10% depletion (e.g., 38 to 47% depletion). Interestingly, the ice 
depletion percentage with fans for one case (run 32) is nearly the same as other cases 
(runs 21 and 35) without fans. Ice depletion variability in terms of depletion percentages 
may be as important for the source term uncertainties as for the options of power/no 
power to fans. 

4 Burn Uncertainty/Sensitivity Analysis 

The bum parameter uncertainty/sensitivity analysis is performed for the "reference" 
containment calculation with power to the igniters only. The methodology used for the 
uncertainty analysis/sensitivity analysis is based on a Monte Carlo (direct statistical 
method) using subjective probability density functions to describe the bum parameter 
uncertainties. The method is described in some detail by the international Uncertainty 
Methods Study Group (labeled the GRS method).5 

Table 8 gives the detlagration parameters ranges selected for the analysis - the default 
parameters (see Table 3) are also indicated within the parenthesizes. It was assumed that 
the subjective probability function profiles for the parameter distributions are uniform. 
The output indicator of interest for the study is the maximum hydrogen concentration 
during or at the end of each significant phase ofthe hydrogen injection event. For this 
case (MELCOR run 21) the phases are 1) the period of significant pump seal release (3.5 
- 5 hours) and at the time just before vessel failure ( - 6.4 hours). The maximum 
hydrogen concentrations for each time period obtained using the reference case 
parameters are shown in Table 9. Shown in Table 10 are the uncertainty intervals, 
represented as the 95% probable and 95% confidence level, for each time interval. To 
obtain these results, 100 calculations were run using random vector inputs for the 
detlagration parameters (sampling from a uniform probability distribution function). The 
largest uncertainty range in hydrogen concentration variation (- 5%) is for the ice bed, 
with a maximum concentration of 14.7% indicated. 

5 "Report on the Uncertainty Methods Study," NEA/CSNI/R(97)35Nolume 1, June, 1998. 
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For the sensitivity analysis, Spearman rank coefficients were determined for each burn 
parameter based on the results of the uncertainty study that included 100 output vectors. 
The Spearman rank coefficients can vary from -1 to 1. A negative coefficient indicates 
that an increase in the burn parameter value will result in a decrease in the output 
variable. Conversely, a positive coefficient indicates that an increase in the burn 
parameter results in an increase in the output variable. A 95% confidence level that there 
exists a correlation requires that the absolute value for the rank should be greater than 
approximately 0.2 (100 random trials). Tables 11 and 12 present the rank coefficients for 
each injection or analysis period. Larger absolute values of the rank coefficients indicate 
a stronger correlation. For example, an increase in the hydrogen concentration limit for 
ignition results in an increase in the maximum hydrogen concentration in the ice bed 
during the 3.5 - 5 hour period. The most obvious correlations are for 1) the hydrogen 
concentration limit for ignition (all regions), 2) the maximum steam concentration for 
ignition (ice bed and upper containment), and 3) the hydrogen concentration limit for 
downward propagation (ice bed). Phenomena with no apparent correlation between 
hydrogen concentration uncertainties and burn parameter are 1) hydrogen concentration 
for upward propagation (lower compartment and ice bed) and 2) hydrogen concentration 
for horizontal propagation (lower compartment and ice bed). 

5 Summary 

A short-term station blackout with pump seal leakage scenario (STSBO-L) has been 
analyzed using the MELCOR code to determine potentially severe containment loads that 
may be produced with and without active hydrogen control. The analysis, conducted for 
the period of time up to and including vessel failure, showed that active hydrogen control 
may be necessary to avoid challenges to the containment. The standalone containment 
analysis used a detailed description of the containment (26-cell model) and source terms 
for water, steam, and hydrogen to the containment. The source terms were generated by 
separate MELCOR code calculations reported elsewhere. Three scenarios were selected 
from a MELCOR uncertainty analysis of hydrogen sources terms to obtain a 
representative range of high and low hydrogen injections (570 to 430 kg) to the 
containment. 

Hydrogen control through the supply of power to igniters was studied, as well as the case 
for power to igniters and fans (single train). For scenarios with power to igniters only, it 
was shown that 1) global hydrogen concentrations (especially in the upper containment) 
can be safely reduced and the potential for a delayed global burn avoided, and 2) local 
hydrogen build-up in the ice bed can be mainly eliminated. The range of source term 
uncertainties investigated indicated only minor variations in hydrogen concentrations in 
the containment with hydrogen control active (power to igniters or to igniter and fans) or 
in the compartment burn percentages (i.e., containment burn profiles). Fan operation, by 
mixing the gases in the containment, is shown to reduce somewhat the local build-up of 
hydrogen, aids in the prevention of steam inerting, and helps to supply oxygen to regions 
with high burn rates (e.g. the lower containment. In general, the fans enable more 
burning in regions that have igniters in place (upper plenum and lower containment). 
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The use of fans results in less dependency on flame propagation into regions like the ice 
bed. Although the fans help direct most bums to igniter locations, the total amount of 
hydrogen consumed (at time of vessel failure) is not substantially affected by having fans 
powered. Additionally with igniters powered, the global hydrogen concentration in the 
large upper containment region is essentially unchanged with and without fans on. Bums 
in the lower containment regions are observed to be responsible for the majority of 
hydrogen depletion even without fans. Such bum behavior is not substantially varied 
even if fans are powered. Circulation pathways represented by the refueling drains 
distribute a significant amount of oxygen to the lower compartment even without fan 
operation. This circulation enables a substantial amount of lower compartment burning 
to occur. 

An uncertainty/sensitivity analysis (direct statistical analysis) of hydrogen bum 
parameters (e.g., ignition and propagation limits) was completed for a reference scenario 
(high hydrogen source term) with power to igniters only. Hydrogen concentration 
uncertainty ranges for the lower containment, ice bed and upper containment were 
determined for the period of substantial hydrogen injection and the time just prior to 
vessel failure. The largest uncertainty range (-5% variation) occurred for the ice bed 
both during the pump seal injection period (- 9.5 to 14.7%) and later at the - time of 
vessel failure (3.5 -7.9%). The sensitivity analysis indicated strong correlations between 
the uncertainty ranges and some parameters for the ice bed (hydrogen concentration limit 
for ignition and downward propagation, and maximum steam concentration limit for 
ignition). There were only weak or no correlation for bum parameters including upward 
and horizontal flame propagation limits. 
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Table 1. Reference MELCOR containment models for the SeQuoyah plant. 
CVH Nos.* Location 

26-cell model 
1 Cavity 
2-5 Steam Gen. Doghouses 
6 Upper Reactor Space 
7 Pressurizer Doghouse 
8-10 Lower Containment (Inside Crane Wall) 
11-13 Lower Annulus (Between Crane Wall and Shell) 
14-17 Lower Plenum 
18-21 Ice bed 
22-23 Upper Plenum 
24-25 Upper Dome 
26 Lower Dome & Operating Floor 
* note the CVH package of MELCOR does not require that compartments (cells) be 
sequenced in any order. 

Table 2. Selected MELCOR SeQuoyah Sensitivity Runs 
Run # Primary System Failure Times Hydrogen Cumulative Mass 

(Hours) (Kg) 
Vessel Hot Leg Generated Core to Containment 

in Core* Hot Leg Pump Seals 
21 6.37 5.57** 570 55.6 515.2 
32 6.3 ---­ 510 ---­ 508.9 
35 7.57 6.38 434.5 13.9 420.2 
Rev 1 5.45 3.99 476 170 305 
Rpt*** 
* At tIme of vessel failure
 
** (triple loop, single loop not failed)
 
*** "Hydrogen Control Calculation for the Sequoyah Plant: Station Blackout Scenario,"
 
April 2002 draft report.
 

Table 3. Ignition and propagation limits for defla~ rations. 
Limits X (H2)* X (02) X (stearn) 

Ignition >= 0.05 >= 0.05 <= 0.55 
Upward propagation >= 0.041 >= 0.05 <= 0.55 
Horizontal propagation >= 0.06 >= 0.05 <= 0.55 
Downward propagation >= 0.09 >= 0.05 <= 0.55 
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Table 4. Igniter locations used in the analysis of the Sequo ah plant. 
Location 12niters 

Cavity No 
Steam Gen. Doghouses Yes 
Upper Reactor Space Yes 

IPressurizer Doghouse Yes 
Lower Containment (Inside Crane Wall) Yes 
Lower Annulus (Between Crane Wall and Shell) Yes 
Lower Plenum No 
Ice bed No 
Upper Plenum Yes 
Upper Dome Yes 
Lower Dome & Operating Floor Yes 

Table 5a. Hydrogen consumed in containment for period up to and including vessel 
breach (26-cell containment model), MELCOR run 21.* 

Location Hydrogen consumed (kg) 
Igniters only Igniters and fans 

Lower containment 229 (58.2)** 255.5 (61 A} 
Ice condenser 159 (4004) 105 (2504) 

Ice bed lIlA (28.3) 25.9 (6.2) 
Upper plenum 18.2 (4.6) 76.5 (1804) 
Lower plenum 29.4 (7.5) 2.7 (0.6) 

Upper containment 5.6 (1.4) 55.4 (13.3) 
Total 393.6 416 
* Total hydrogen released to containment up to and including vessel breach is - 570 kg. 
** Percentage of burned 

Table 5b. Hydrogen consumed in containment for period up to and including vessel 
breach (26-cell containment model), MELCOR run 32.* 

Location Hydrogen consumed (kg) 
Igniters only Igniters and fans 

Lower containment 254.4 (66.9)** 227 (60.5) 
Ice condenser 126 (33.1) 102.8 (27.5) 

Ice bed 96.8 (25.4) 18.6 (5.0) 
Upper plenum 13.16 (3.5) 82.4 (22.0) 
Lower plenum 16.0 (4.2) 1.8 (0.5) 

Upper containment 0.0 (0.0) 45.4 (12.1) 
Total 380.4 375.2 
* Total hydrogen released to containment up to and including vessel breach is - 508kg. 
** Percentage of burned 
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I Table 5c. Hydrogen consumed in containment for period up to and including vessel 
breach (26-cell containment model), MELCOR run 35.* 

Location 

Lower containment 
Ice condenser 

Ice bed 
Upper plenum 
Lower plenum 

Upper containment 
Total 

Hydrogen consumed (kg) 
Igniters only 
163 (55.6)** 
127.3 (43.4) 

93.8 (32.0) 
19.0 (6.5) 
14.5 (4.9) 

2.74 (0.9) 
293 

Igniters and fans 
151 (49.1) 
97.5 (31.7) 

20.5 (6.7) 
75.2 (24.5) 

1.8 (0.6) 
59(19.2) 
307.6 

* Total hydrogen released to contamment up to and including vessel breach is - 434kg 
** Percentage of burned 

Table 6a. Hydrogen consumed in containment for period up to and including vessel 
breach (26-cell containment model) for MELCOR run 21, with no circulation through 
refueling drains. 

Location Hydrogen consumed (kg) 
Igniters only Igniters and fans 

Lower containment 135 (35.4)** 255.4 (60.9) 
Ice condenser 238 (62.5) 104 (24.8)
 

Ice bed
 181.5 (13.5) 20.5 (4.9) 
Upper plenum 13.5 (3.5) 81.5 (19.4)
 
Lower plenum
 43 (11.3) 2.0 (0.5) 

Upper containment 7.9 (2.1) 60.0 (14.3) 
Total 380.9 419.4 
* Total hydrogen released to containment up to and including vessel breach is - 570 kg. 
** Percentage of burned 

Table 6b. Hydrogen consumed in containment for period up to and including vessel 
breach (26-cell containment model) for MELCOR run 21, with no circulation through 
refueling drains and no lower plenum door leakage. 

Location Hydrogen consumed (kg) 
Igniters only Igniters and fans 

Lower containment 119 (28.8)** 268.0 (63.5) 
Ice condenser 283.2 (68.4) 102.8 (24.2) 

Ice bed 224 (54.1) 4.8(1.1) 
Upper plenum 29.2 (7.1) 97.0 (23.0) 
Lower plenum 30.0 (7.2) 0.5 (0.1) 

Upper containment 11.7 (2.8) 51.9 (12.3) 
Total 413.9 422.2 
* Total hydrogen released to contamment up to and mcluding vessel breach IS - 570 kg. 
** Percentage of burned 
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Table 7. Ice melt percentage at time of vessel failure 
Source Term* Ice melt % 

Igniters only Igniters with fans 
Run 21 46.7 64.2 
Run 32 37.5 51.2 
Run 35 46.1 64.9 
* From MELeOR source term uncertainty study, see Table 2. 

Table 8. Deflagration parameter uncertainty range 
Parameter Uncertain~ Ran2e, % 

Low Hi2h 
Hydrogen conc limit for ignition with igniters 5 (5)* 7 
Max vapor conc for ignition 45 (55) 65 
Hydrogen conc limit for upward propagation 3 (4.1) 5 
Hydrogen conc limit for horizontal propagation 5 (6) 7 
Hydrogen conc limit for downward propagation 7 (9) 10 
* (Default parameter) 

Table 9. Maximum hydrogen concentration in Sequoyah containment for the STSBO_L 
accident event with igniters only (default deflagration parameters) 

Location Concentration 
3.5 - 5 hrs (pump seals) -6.4 hrs (vessel failure) 

Lower cont. (cell #9) 14% 3.7% 
Ice bed (cell #19) 9.5% 6.4% 
Upper cont. (cell #24) 3.5% 4.1% 

Table 10. Maximum hydrogen concentration uncertainty interval (95%/95%) in 
Sequoyah containment for the STSBO L accident event with igniters only 

Location Concentration 
3.5 - 5 hrs (pump seals) -6.4 hrs (vessel failure) 

Lower cont. (cell #9) 14 -16.6% 3.2 -4.6% 
Ice bed (cell #19) 9.5 -14.7% 3.5 -7.9% 
Upper cont. (cell #24) 3 -4.6% 3.8 - 5.2% 
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Table 11. Spearman rank coefficients for the hydrogen bum parameter study at the 3.5­
5 hour period (pump seals) 

Parameter Rank coefficient 
Cell #9 Cell #19 Cell #24 

Hydrogen conc limit for ignition with igniters 0.96 0.66 0.435 
Max vapor conc for ignition -0.11 -0.47 -0.53 
Hydrogen conc limit for upward propagation -0.14 -0.07 0.19 
Hydrogen conc limit for horizontal propagation 0.0068 0.03 0.35 
Hydrogen conc limit for downward 0.29 0.25 0.24 
propagation 

Table 12. Spearman rank coefficients for the hydrogen bum parameter study near the 
time of vessel failure ( - 6.4 hours) 

Parameter Rank coefficient 
Cell #9 Cell #19 Cell #24 

Hydrogen conc limit for ignition with igniters 0.29 0.57 0.41 
Max vapor conc for ignition -0.20 -0.012 -0.1 
Hydrogen conc limit for upward propagation 0.204 -0.05 0.17 
Hydrogen conc limit for horizontal propagation 0.12 0.14 0.26 
Hydrogen conc limit for downward 0.21 0.413 0.10 
propagation 
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Figure 16. Hydrogen injection from pump seals for MELCOR run 32. 

September Draft 30 



• •••

0.5 

0.4 

t/)- 0.3~ 
ai--roc::: 
t/) 

0.2 
t/) 
ro 
~ 

0.1 

0.0 

-0.1 

Rate 
Integral 

• .........•


I 
-----------------1,.....--~
.......................•................. _.••
 

18 

13 

0> 
~ 

u) 
t/) 
ro8 
~ 

3 

-1 1 3 5 7· 

Time, hrs 

Figure 17. Hydrogen injection from hot leg failure for MELCOR run 35. 

September Draft 3] 



0.7 

0.6 Rate 

................. ." 
ff 

(/)-. 
~ 
cD-mc::: 
(/) 
(/) 

m 
~ 

0.5 

0.4 

0.3 

0.2 

0.1 

Integral 
•• ••• 

••
• 

•• •• 
•• ••••• 

A 
•• ·• 
~ 

0.0 
~ lL~. J 

-1 1 3 5 7 
Time, hrs 

500 

400 

300 

~ 

~ 
200 ~ 

100 

o 

Figure 18. Hydrogen injection from pump seals for MELCOR run 35. 

September Draft 32 



-----------------------------------------

800000 ,..---------------------,------, 

700000 

600000 
10% containment probability failure 

----------------------------------------------~--
::. 500000 .... 
!::s 
en 

400000 
-Bum atVB 

No Burns 
en 
! 
D.. 300000 

200000 - - .- - - ­ - - - ­ - - - ­ - - - - - ­ - - - ­ - - ­ - ­ - - ­ - - - - - ­

100000 - ­ - - - ­ - r - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -,- ­ - - - - ­, 

O..L----'-----'--------+-------+-----' 
o 1 2 3 4 5 6 7 

time [hr] 

Figure 19. Containment pressure for MELCOR run 21 source term showing the overpressure that 
results from a delayed deflagration at the time of vessel failure. 

September Draft 33 



250000..,-------------------, 

200000 

'Ci' 
~.... 150000 

- Without Igniters ! 
::;, Igniters 
en -With Igniters and Fans 
!
en

100000 
~ 

50000 

O-L--------..,...----...,...------------i 
o 2 4 6 8 

time [hr] 

Figure 20. Containment pressure using hydrogen source term from MELCOR run #21. 

September Draft 34 



200000 
I 

I 

180000	 I 
-----------,-----------r---------------- ­

160000 

140000 .... 
cu	 I 

-----------r-----,-----r---------------- ­l:l..... 120000 

! 
I 

I 

-----------------------r---------------- ­:::I 100000	 
I 

rn 
I
I
 

rn I
 

I80000 
l:l.
!	 

I 

I
 

60000 
I
 

.	 r"·· 
I 
I 

... r .40000	 
I 

I 
I 

20000	 
I 

-----,-----,-----------r---------------- ­
I
 

I
 

0 
I
 

I 

I 

I 

• 
--'---__~ I 

I 

I 
I 
I 

.- Without Igniters 
With Igniters 

-With Igniters and fans 

0 1 2 3 4 5 6 7 

time [hr] 

Figure 21. Containment pressure using hydrogen source term from MELCOR run #32. 

September Draft 35 



250000 -r--------,.-----------------, 

! 
::::J With Igniters 
en 
en
! 

I 
I 

-,100000 
;-With Igniters and fans 

Q. I 

50000 

O-L.------+-------------....J 
o 2 4 6 8 

time [hr] 

200000 

'Ci 
Q. 150000 

-Without Igniters-


Figure 22. Containment pressure using hydrogen source term from MELCOR run #35. 

September Draft 36 



__

0.3.-----....,....---------------....,....---...., 

0.25 

0.2
 

c
 
o 

,- CVH-X.6.18~ 0.15 
CVH-X.6.19l! 

lL 1-CVH-X.6.20 
CD 0.1 ,-CVH-X.6.21'0 

::E 

0.05 - - - - - - .... - - - - - - - - - - - - - - - - - - - ­ - - - - - - - - - - - - - - _! - - - - - - ­

0-1----+----1----+-"--------- ­
1 2 3 4 5 6
 

-0.05 -L- -'-- -'--__....l 

time [hr] 

Figure 23. Hydrogen concentration in ice-bed for case without igniters, MELCOR run # 21. 

September Draft 37 



- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0.12 .---------,--------------------, 

0.1 

0.08 
s:: 
o 
~ 0.06 ------------;-------- - CVH-X.6.18 

CVH-X.6.19~ 
u. -CVH-X.6.20 
.!! 0.04 - CVH-X.6.21o 
:E 

0.02 

0-1---·....- ....--"'"'--=-·---'--------------­

-0.02 .L- -+- ---I
 

3 3.5 4 4.5 5 

time [hr] 

Figure 24 Hydrogen concentration in ice-bed for case with igniters, MELCOR run # 21. 

September Draft 38 



0.07 -.---------,-------------------, 

11,.rl 
- - -­ - - - _/­ -­ - -~- - - -­

~-------,-------------------------------------

-0.01 -!-------+-------------------i 
3 3.5 4 4.5 5 

time [hr] 

Figure 25. Hydrogen concentration in ice-bed for case with igniters and fans, MELCOR run # 21. 

0.06 

0.05 

c: o 0.04 
:;:: 
u 
f! 0.03LL 
Q) 

"0 0.02:IE 

0.01 

o 

~
 

-CVH-X.6.18 
CVH-X.6.19 

:-CVH-X.6.20 
,- CVH-x'6.21 

September Draft 39 



0.3 -,-----,...-----------------------,
 

0.25 

0.2 

c 
o 
~ 0.15 
l! 

1.1. 

~ 0.1 
:IE 

0.05 

i - CVH-X.6.18 
CVH-X.6.19 

•- CVH-X.6.20 
I-CVH-X.6.21 

:.... -,- - - - - - ­

o+----t----+-----+-------,---------:---t--~-______j 

1 2 3 4 5 

-0.05 -.L..-__-"­ -'-­ --'--_--' 

time [hr] 

Figure 26. Hydrogen concentration in ice-bed for case without igniters, MELCOR run # 32 

September Draft 40 



0.14 

0.12 

0.1
 

c
 
0 0.08 
;; ,-CVH-X.6. 18 
CJ 

CVH-X.6.19f! 0.06u. :-CVH-X.6.20 
CI) 

'-CVH-X.6.2115 0.04::E 

0.02 

0
 

-0.02
 
3 3.5 4 4.5 5 

time [hr] 

Figure 27. Hydrogen concentration in ice-bed for case with igniters, MELCOR run # 32 

+--~~--~-~_._----------- --- ---------------------- ­

September Draft 41 



0.08 ,-------,--------------------, 

0.07 .- .- .~ -- _. - - - - .- - - - - - .- .- .- .- - .. - - - - .- - -- - -- - _..- .- .- - .- _. - _. - - .- - - - _. ­

0.06 

0.05 . 

-CVH-X.6.18
0.04 

CVH-X.6.19 
'-CVH-X.6.20

0.03 !-CVH-X.6.21 

0.02	 ________ -'-I - - - - - - - - - - - - - - - - - - - ­

0.01 

o 
-0.01 ...L-- -+-	 ----., 

3	 3.5 4 4.5 5 

time [hr] 

Figure 28. Hydrogen concentration in ice-bed for case with igniters and fans, MELCOR run # 32 

September Draft 42 



- - - - - - - - - - - - - - - -

------------------------ -------------- --

-----------------------

0.25 -r----------------------,-----,
 

0.2 

0.15 
c: 
o 
; 

Co) 

I! 0.1u.. 
..! 
o 

::E 

- - ...- - - - - - . - - - - - - - ­

I 

I - CVH-X.6.18 
I 

I CVH-X.6.19 
~_._----

I i-CVH-X.6.20 
I 
I :-CVH-X.6.21
I 

I 
I 

~------------- ----~------0.05 
I 

I 
I 

I 
I 

I 

O+---I__--+--~~--'----I__----__+_-_____i 

1 2 3 4 5 6 

-0.05 -1..- --'-_-----' 

time [hr] 

Figure 29. Hydrogen concentration in ice-bed for case without igniters, MELCOR run # 35. 

September Draft 43 



0.12 ,---------,--------,---------.,..----------, 

_________ J _ 
,0.1 

0.08
 

c
 
o 

--,----------

- - - - - - - - - - - - - - - - - - -! - - - - - - - - - -

.---1------------
1 

1 , 
1 

1 
1 , 
1 

1 

I I : 

- - - - - - - ~ ·-CVH-X.6.18 
CVH-X.6.19 

~ 0.06 

l! 
LL. !- CVH-X.6.20 

'-CVH-X.6.21~ 0.04 

::! 

0.02 

o ------- .'" - -I- - - - - - - " - - - - - - - - - - - - - - - - - - - -1- - - - - - - - - ­

" 1 
, 1
 

1
 ,

-0.02 ..1..- -+- -+- +-__----1
 

3 4 5 6 7 8 

time [hr] 

Figure 30. Hydrogen concentration in ice-bed for case with igniters, MELCOR run # 35. 

September Draft 44 



- - - - - - - - - - -,­ - - ­ - - - - - - - - - - - - - ­

0.08.--------....,..--------------------, 

-- -- ----------" -- --------- ------7' -- -- -- -- -- --- -- -- -- ----- -­0.07 
i /,',.,..--...., 

0.06 

c 0.05
 
o
 
; 
CJ 0.04
l! 
u. 

0.03~ 
o 
:E 0.02 

0.01 

0..1.---- ­

-0.01 -'-------+------------------l 
3 3.5 4 4.5 5 

time [hr] 

- CVH-X.6_18 
CVH-X.6.19 

:-CVH-X.6.20 
'-CVH-X.6.21 

Figure 31. Hydrogen concentration in ice-bed for case with igniters and fans, MELCOR run # 35. 

September Draft 45 



0-+----.........---­

0.04 

0.02 

0.16 .---------------------, 

0.14 

0.12 

0.1 c 
o 
;; 
u 0.08 -Without Igniters
l! With Igniters u. 

i-With Igniters and Fans CI) 0.06 
'0 
:E 

.~~~-'~--------

2 4 6
-0.02 -L- ......J 

time [hr] 

Figure 4 Hydrogen concentration in upper containment (compartment #24) for MELeOR run #21. 

September Draft 46 



- - - - - - - - - - -

0.16 ,-----------------.,.--------, 

0.14 

0.12 

0.1 - - - - - .... - - - - - --; - - - - - - ,­

- - - - - I" - - - - - -I - - - - - - - - - - ­0.08 - - - -

- - -v-.,..,..II"t"'1~ 

- - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- Without Igniters 
With Igniters 

-With Igniters and fans 0.06 

- - - - -"- --- - --' - - -- - -- - - - ­0.04 

0.02 - - - - - T - - - - - "4 - - - - - -;- - - - ­

o+------+---~~-----+-1----t---/
 

1 3 4 5 6
 
-0.02 -'------'--------------- ­

time [hr] 

Figure 33. Hydrogen concentration in upper containment (compartment #24) for MELCOR run 
#32. 

September Draft 47 



0.14 .--------,----------------, 

0.12 

0.1 - - - - - - - - - - '- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

~ 0.08 
;: I 
(,) I I - Without Igniters 
e! I 

----------~------------ With Igniters 0.06 
ILL. 
I '-With Igniters and fans CD I


'0 I
 
I---------_.--- ­0.04 I 

I 
I 
I 

~ 

I 

----------r-------- ­0.02 

o+------1---......-~--------__j
 

4 6
 
-0.02 -L.- ---'­ ~ 

time [hr] 

Figure 34. Hydrogen concentration in upper containment (compartment #24) for MELCOR run #35 

September Draft 48 



1.----------....,......--------------, 

0.9 

0.8 

0.7 

t: 0.6 
o 
:; 
CJ -Steam0.5
l! . Oxygen11. 

0.4 :-Hydrogen.! 
o 
:E 0.3 

0.2 

- - - - - - - - -1- - - - - ~0.1 

o+-------+---+--.-.-.:""--~ 

-0.1 ..1...- 1 2	 3'-- 6 ---'
 

time [hr]
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