A
INFORMATION-GATHERING SESSIONS

The committee organized several meetings and fours to obtain information about the
safety and security of spent fuel storage. A list of these meetings and tours is provided
below. The committee held several data-gathering sessions not open fo the public to obfain
classified and safeguards information about the safety and security of spent fuel storage.
The committee also held several data-gathering sessions open fo the public to receive
unclassified briefings from industry, independent analysts, and other interested parties
including members of the public. The written materials {e.g., PowerPoint presentations and
written statements) obtained by the committee at these open sessions are posted on the
website for this project: http://dels.nas.edu/sfs.

A.1 FIRST MEETING, FEBRUARY 12-13, 2004, WASHINGTON, DC

The objective of this meeting was to obtain background information on the study
request from staff of the House Committee on Appropriations, Energy and Water
Development Subcommittee. The committee also was briefed by one of the sponsors cf the
study and by two independent experts. The following is the list of topics and speakers for the
open session:

* Background on the congressional request for this study. Speaker: Kevin Cook,
Professional Staff, House Committee on Appropriations, Energy and Water
Development Subcommittee.

¢ Reducing the hazard from stored spent power-reactor fuel in the United States.
Speakers: Frank von Hippel, Princeton University and Klaus Janberg,
independent consultant, co-authors of the paper entitled Reducing the hazard
from stored spent power-reactor fuel in the United States (Alvarez et al., 2003).

« Nuclear power plants and their fuel as terrorist targets. Speaker: Ted Rockwell,
MPR Associates, Inc., Co-author of the paper entitled Nuclear power plants and
their fuel as terrorist targets (Chapin et al., 2002).

+ Nuclear Regulatory Commission analyses of spent fuel safety and security.
Speaker: Farouk Eltawila, Director, Division of Systems Analysis and Regulatory
Effectiveness, Office of Research, Nuclear Regulatory Commission.

On the second day of the meeting, the committee held a data-gathering session not
open to the public to obtain classified briefings from the U.S. Nuclear Regulatory
Commission about its angoing analyses of spent fuel storage security.

A.2 SECOND MEETING, MARCH 4-6, 2004, ARGONNE, ILLINOIS
During the second meeting, the committee held a data-gathering session not open to

the public to receive classified briefings on spent fuel storage security from the U.S. Nuclear
Regulatory Commission. The committee also toured the Dresden and Braidwood Nuclear
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Generating Stations to see first-hand how spent fuel is managed and stored. The two plants
were chosen because of the differences in their spent fuel storage facilities.

A.3 THIRD MEETING, APRIL 15-17, 2004, ALBUQUERQUE, NEW MEXICO

During the third meeting, the committee held a data-gathering session not open to
the public to receive a briefing from EPRI on spent fuel storage vulnerabilities. The
committee also held a data-gathering session open to the public to receive briefings on dry-
cask storage systems and radioactive releases from damaged spent fuel storage casks.

¢ Speakers on dry-ask storage systems: William McConaghy (GNB-GNSI); Steven
Sisley (BNFLY}; Allan Hanson (Transnuclear Inc.); Charles Pennington (NAC
International); and Brian Gutherman (Holtec International, via telephone).

¢ Radionuclide releases from damaged spent fuel. Speaker: Robert Luna, Sandia
National Laboratcries (retired).

A.4 TOUR OF SELECTED SPENT FUEL STORAGE INSTALLATIONS IN GERMANY

On April 25-28, 2004, a group of committee members traveled to Germany to meet
with German officials and to visit selected spent fuel storage installations. The agenda of the
tour was as follows:

s Meeting with Michael Sailer, chairman of the German reactors safety commission
(RSK, Reaktorsicherheitskommission).

¢ Visit to the dry cask manufacturer GNB (Gesellschaft fir Nuklear-Behalter mbH)
headquarters in Essen and the cask assembly facility and test museum in
MUlheim.

* Tour of the Ahaus intermediate dry storage facility.
Meeting with Florentin Lange, GRS (Geselischaft flir Anlagen- und
Reaktorsicheheit mbH), co-author of the study entitled Safety margins of
transport and storage casks for spent fuel assemblies and HAW canisters under
extreme accident loads and effects from external events (GRS/BAM, 2003).

e Tour of the Lingen nuclear power plant and its spent fuel storage facilities.

A summary of information gathered during the tour is provided in Appendix C.

A.5 FOURTH MEETING, MAY 10-12, 2004, WASHINGTON, DC

During the fourth meeting, the committee held a data-gathering session not open to
the public to hold in-depth technical discussions with Sandia National Laboratories staff and
contractors on their spent fuel storage vulnerability analyses. The committee also received
an intelligence briefing from Department of Homeland Security staff on terrorist capabilities
and from the U.S. Nuclear Regulatory Commission staff on terrorist scenarios.

The meeting also included a data-gathering session open to the public that included
the following briefings:
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s Summary of the field trip to Germany. Speaker: Louis Lanzerotti (committee
chair).

¢ Vulnerabilities of spent nuclear fuel pools to terrorist attacks: Issues with the
design basis threat. Speaker: Peter Stockton, Project on Government Oversight.

« Consequences of a major release of '*'Cs into the atmosphere. Speaker: Jan
Beyea, Consulting in the Public Interest.

A.6 FIFTH MEETING, MAY 26-28, 2004, WASHINGTON, DC

The objective of this meeting, open only to committee members and staff, was to

finalize the classified report for National Research Council review.
A.7 TOURS OF SELECTED SPENT FUEL STORAGE FACILITIES AT U.5. NUCLEAR
POWER PLANTS

On June 11 and June 14, respectively, committee subgroups visited the Palo Verde
Nuclear Generating Station in Arizona and the Indian Point Nuclear Generating Station in
New York.

A.8 SIXTH MEETING, JUNE 28-29, 2004

The objective of this closed meeting was to complete work on the classified report.

A.9 SEVENTH MEETING, AUGUST 12-13, 2004

The objective of this closed meeting was to develop a public version of the
committee’s report. The committee also received a briefing from the Department of
Homeland Security on steps being taken to address the findings and recommendations in
the classified report.

A.10 EIGHTH MEETING, OCTOBER 28-29, 2004
The objective of this closed meeting was to continue work to develop a public version
of the committee’s report. The committee also received a briefing from the Nuclear
Regulatory Commission on steps being taken to address the findings and recommendations
in the classified report.

A.11 NINTH MEETING, NOVEMBER 29-30, 2004

The objective of this closed meeting was to continue work to develop a public version
of the committee’s report.
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A.12 TENTH MEETING, January 24-25, 2005

The objective of this closed meeting was to continue work to develop a public version
of the committee’s report. The committee also met with three commissioners from the
Nuclear Regulatory Commission {Chairman Nils Diaz and members Edward McGaffigan and
Jeffrey Merrifield) to discuss what additional information the commission might be willing to
make available to the committee on human factors-related issues.
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B
BIOGRAPHICAL SKETCHES OF COMMITTEE MEMBERS

Louis J. Lanzerotti, Chair, is an expert in geophysics and electromagnetic waves and a
veteran of over 40 National Research Council studies. He currently consults for Bell
Laboratories, Lucent Technologies, and is a distinguished professor for solar-terrestrial
research at the New Jersey Institute of Technology. Previously, he was a distinguished
member of the technical staff at Bell Labs. His research interests include space plasmas
and engineering problems related to the impacts of atmospheric and space processes on
telecommunications on commercial satellites and trans-oceanic cables. He has been
associated with numerous NASA space missions as well, including Voyager, Ulysses,
Galileo, and Cassini, and with commercial space satellite missions to research design and
operational problems associated with spacecraft and cable operations. In 1988, he was
elected to the National Academy of Engineering for his work on energetic particles and
electromagnetic waves in the earth’s magnetosphere, including their impact on space and
terrestrial communication systems. He has twice received the NASA Distinguished Public
Service Medal and has a geographic feature in Antarctica named in his honor. He was
appointed to the National Science Board by President Gecrge W. Bush in 2004. Dr.
Lanzerotti holds a Ph.D. in physics from Harvard University.

Carl A. Alexander is an expert in the behavior of nuclear material at high temperatures and
also in biological and chemicail weapons. He is chief scientist and senior research leader at
the Battelle Memorial Institute in Columbus, Ohio. Dr. Alexander worked on fuel design and
behavior for the aircraft nuclear propulsion program and several space nuclear power
projects, including the Viking, Voyager, and Cassini missions. He helped analyze the
evolution of the Three Mile Island accident and is involved in the French Phebus fission
product experiments, which are to reproduce all the phenomena involved during a nuclear-
power-reactor core meltdown accident. He has served as a consultant to the Nuclear
Regulatory Commission and, in the 1970s, worked on the first experiments on the effects of
an attack on spent fuel shipping containers using shaped charges. He currently leads
research projects on agent neutralization and collateral effects for weapons of mass
destruction for the Defense Threat Reduction Agency and the Navy, and on lethality of
missile defense technologies for the Missile Defense Agency. Dr. Alexander has taught
materials science and engineering at the Ohio State University and has served as graduate
advisor/adjunct professor at the Massachusetts Institute of Technology, University of
Southampton in the UK., and the University of Maryland. He has authored over 100 peer-
reviewed articles and technical reports, many of which are classified. He holds a Ph.D. in
materials science from Ohio State University.

Robert M. Bernero is a nuclear engineering and regulatory expert. He is now an
independent consultant after retiring from the U. 8. Nuclear Regulatory Commission
(USNRC) in 1995. In 23 years of service for the USNRC Mr. Bernero held numerous
positions in reactor licensing, fuel cycle facility licensing, engineering standards
development, risk assessment research and waste management. His final position at
USNRC was as director of the Office of Nuclear Materials Safety and Safeguards. Prior to
joining the USNRC he worked for the General Electric Company in nuclear technology for
13 years. He has served as a member of the Commission of Inquiry for an International
Review of Swedish Nuclear Regulatory Activities, and he currently consults on nuclear
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safety-related matters, particularly regarding nuclear materials licensing and radioactive
waste management. Mr. Bernero received his B.A. degree from St. Mary of the Lake
(lllinois}, a B.S. degree from the University of lllinois, and an M.S. degree from Rensselaer
Polytechnic Institute.

M. Quinn Brewster is an energetic solids and heat transfer expert. He is currently the
Hermia G. Soo Professor of Mechanical Engineering at the University of lllinois at Urbana-
Champaign. He is involved in the Academic Strategic Alliance Program, whose objective is
to develop integrated software simulation capability for coupled, system-simulation of solid
rocket motors including internal ballistics (multi-phase, reacting flow) and structural response
(propeltant grain and motor case). Dr. Brewster has authored one book on thermal radiative
transfer and chapters in four other books as well as several publications on combustion
science. He is a fellow of the American Society of Mechanical Engineers and associate
fellow of the American Institute of Aeronautics and Astronautics. Dr. Brewster holds a Ph.D.
in mechanical engineering from the University of California at Berkeley.

Gregory R. Choppin is an actinide elements and radiochemistry expert. He is currently the
R.O. Lawton Distinguished Professor Emeritus of Chemistry at Florida State University. His
research interests involve the chemistry and separation of the f-elements, and the physical
chemistry of concentrated electrolyte solutions. During a postdoctoral period at the
Lawrence Radiation Laboratory, University of California, Berkeley, he participated in the
discovery of mendelevium, element 101. His research and educational activities have been
recognized by the American Chemical Society’s Award in Nuclear Chemistry, the Southern
Chemist Award of the American Chemical Society, the Manufacturing Chemist Award in
Chemical Education, the Chemical Pioneer Award of the American Institute of Chemistry, a
Presidential Citation Award of the American Nuclear Society, The Becquerel Medal, British
Rovyal Society, and honorary D.Sc. degrees from Loyola University and the Chalmers
University of Technology (Sweden). Dr. Choppin previously served on the NRC's Board on
Chemical Sciences and Technology and Board on Radioactive Waste Management. He
holds a Ph.D. in inorganic chemistry from the University of Texas, Austin.

Nancy J. Cooke is an expert in the development, application, and evaluation of
methodologies to elicit and assess individual and team knowledge. She is currently a
professor in the applied psychology program at Arizona State University East. She also
holds a Naticnal Research Council Associateship position with Air Force Research
Laboratory and serves on the board of directors of the Cognitive Engineering Research
Institute in Mesa, Arizona. Her current research areas are the following: cognitive
engineering, knowledge elicitation, cognitive task analysis, team cognition, team situation
awareness, mental models, expertise, and human-computer interaction. Her most recent
work includes the development and validation of methods to measure shared knowledge
and team situation awareness and research on the impact of cross training, distributed
mission environments, and workload on team knowledge, process, and performance. This
work has been applied to team cognition in unmanned aerial vehicle and emergency
operation center command-and-control. She contributed to the creation of the Cognitive
Engineering Research on Team Tasks Laboratory to develop, apply, and evaluate
measures of feam cognition. She has authored or co-authored over 70 articles, chapters,
and technical reports on measuring team cognition, knowledge elicitation, and human-
computer interaction. Dr. Cooke holds a Ph.D. in cognitive psychology from New Mexico
State University, Las Cruces.
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Gordon R. Johnson is an expert in penetration mechanics and computational mechanics.
He is currently a senior scientist and manager of the solid mechanics group at Network
Computing Services. His recent work has included the development of computational
mechanics codes that include finite elements and meshless particles. He has also
developed computational material models to determine the strength and failure
characteristics of a variety of materials subjected to large strains, strain rates, temperatures,
and pressures. His work for the U.S. Departments of Energy and Defense has included a
wide range of intense impulsive loading computations for high velocity impact and explosive
detonation. He was a chief engineering fellow during his 35 years at Alliant Techsystems
(formerly Honeywell). He has served as a technical advisor for university contracts with the
Army Research Office, an industry representative for its strategic planning, and was a
member of the founding board of directors for the Hypervelocity Impact Society. Dr. Johnson
holds a Ph.D. in structures from the University of Minnesota, Minneapalis.

Robert P. Kennedy has expertise in structural dynamics and earthquake engineering. He is
currently an independent consultant in structural mechanics and engineering. Dr. Kennedy
has worked on static and dynamic analysis and the design of special-purpose civil and
mechanical-type structures, particularly for the nuclear, petroleum, and defense industries.
He has designed structures to resist extreme loadings, including seismic loadings, missile
impacts, extreme winds, impulsive loads, and nuclear environmental effects, and he has
developed computerized structural analysis methods. He also served as a peer reviewer for
an EPRI study on aircraft impacts on nuclear power plants. In 1991, he was elected to the
National Academy of Engineering for developing design procedures for civil and mechanical
structures to resist seismic and other extreme loading conditions. Dr. Kennedy holds a Ph.D.
in structural engineering from Stanford University.

Kenneth K. Kuo is an expert in combustion, rocket propulsion, ballistics, and fluid
mechanics. He is a Distinguished Professor of Mechanical Engineering at the Pennsylvania
State University. He is also the leader and director of the university’s High Pressure
Combustion Laboratory, a laboratory with advanced instrumentation and data acquisition
devices. Dr. Kuo has directed team research projects in propulsion and combustion studies
for 32 years. He has edited eight books and authored one book on combustion, published
over 300 technical articles, and served as principal investigator for more than 70 projects,
including a Multi-disciplinary University Research Initiative (MURI) grant from the U.S. Army
on “Ignition and Combustion of High Energy Materials.” He is now serving as principal
investigator and co-principal investigator for two MURI programs on rocket and energetic
materials. In 1991, he was elected Fellow of American Institute of Aeronautics and
Astronautics and has received several awards for his work on solid propellants combustion
processes. Dr. Kuo holds a Ph.D. in aerospace and mechanical sciences from Princeton
University.

Richard T. Lahey, Jr. is an expert in multiphase flow and heat transfer technology, nuclear
reactor safety, and the use of advanced technology for industrial applications. He is
currently The Edward E. Hood Professor of Engineering at Rensselaer Polytechnic Institute
(RPIi) and was previously Chair of the Department of Nuclear Engineering and Science,
Director of the Center for Multiphase Research and the Dean of Engineering at RPI.
Previously, Dr. Lahey held several technical and managerial positions with the General
Electric Company, including overall responsibility for all domestic and foreign R&D programs
associated with boiling water nuclear reactor thermal-hydraulic and safety technology. He
has chaired several committees for the American Society of Mechanical Engineering
(ASME), American Nuclear Society (ANS), American Institute for Chemical Engineering
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(AIChE), American Society for Engineering Education {ASEE), and the National Aeronautics
and Space Administration (NASA). His current research is funded by the Department of
Energy’s Naval Reactors Program, the Office of Naval Research, the National Science
Foundation, the New York State Energy Research and Development Authority, Oak Ridge
National Laboratory, and the Defense Advanced Research Projects Agency. He currently
consults on nuclear reactor safety problems and the chemical processing of non-nuclear
materials, and is a member of the Board of Managers of PJM Interconnection, LLC. In 1994,
he was elected to the National Academy of Engineering for his contributions to the fields of
multiphase flow and heat transfer and nuclear reactor safety technology. in 1985, he
became a member of the Russian Academy of Sciences-Baskortostan and he is a Fellow of
the American Nuclear Society and of the American Society of Mechanical Engineers. He
has authored or co-authored over 300 technical publications, including 10 books/handbooks
and 160 journal articles. Dr. Lahey holds a Ph.D. in mechanical engineering from Stanford
University.

Kathleen R. Meyer has expertise in health physics and radiologic risk assessment. She is a
principal of Keystone Scientific, Inc. and is currently involved in risk assessments for public
health and the environment from radionuclides and chemicals at several U.S. Department of
Energy sites. Other work includes an assessment of the interim radionuclide soil action
levels adopted by the U.S. Department of Energy, the U.S. Environmental Protection
Agency, and the Colorado Department of Health and Environment for cleanup at the Rocky
Flats Environmental Technology Site. She has been a member of the National Council on
Radiation Protection and Measurements Historical Dose Evaluation committee. Dr. Meyer
has authored or co-authored several peer-reviewed articles, including papers on cancer
research, historical evaluation of past radionuclide and chemical releases, and risk
assessment of radionuclides and chemicals. She holds a Ph.D. in radiological health
sciences from Colorado State University.

Fredrick J. Moody is an expert thermal hydraulics and two-phase flow in nuclear power
reactors. In 1999, he retired after 41 years of service at General Electric Company and 28
years as an adjunct professor of mechanicatl engineering at San Jose State University. Dr.
Moody was the recipient of several prestigious career awards, including the General Electric
Power Sector Award for Contributions to the State-of-the-Art for Two-Phase Flow and
Reactor Accident Analysis. He has served as a consultant to the Nuclear Regulatory
Commission's Advisory Committee on Reactor Safeguards, teaches thermal hydraulics for
General Electric’s Nuclear Energy Division, and continues fo review thermal analyses for
General Electric. Dr. Moody is a fellow of the American Society of Mechanical Engineers,
which awarded him the George Westinghouse Gold medal in 1980, and the Pressure
Vessels and Piping medal in 1999. He has also received prestigious career awards from
General Electric and was elected to the Silicon Valley Engineering Hall of Fame. Dr. Moody
was elected to the National Academy of Engineering in 2001 for pioneering and vital
contributions to the safety design of boiling water reactors, and for his role as educator. He
has published three books and more than 50 papers. Dr. Moody holds a Ph.D in mechanical
engineering from Stanford University.

Timothy R. Neal is an expert in weapons technology and explosives. He began his career
at Los Alamos National Laboratory in 1967, and has led programs addressing weapon
hydrodynamics, explosions inside structures and above ground, image analysis, and
dynamic testing. He also has held several management positions within the Laboratory's
nuclear weapons arena, including leadership of the Explosives Technology and Applications
Division and of the Advanced Design and Production Technologies [nitiative. He
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spearheaded Los Alamos’ Stockpile Stewardship and Management Programmatic
Environmental Impact Statement and helped establish the U.S. Department of Energy’s new
Stockpile Stewardship Program. More recently, he has served as a Senior Technical Advisor
to the U.S. Department of Energy on nuclear explosive safety, and he has worked closely
with the Pantex Plant for nuclear weapon production in Amarillo, Texas, in establishing a
new formal basis for operational safety. Dr. Neal has received four DOE excellence awards,
including one for Hydrodynamics, and authored various technical papers and reports as well
as one book on explosive phenomena. He holds a Ph.D. in physics from Carnegie-Mellon
University.

Loring A. Wyllie Jr. is an expert in structural engineering and senior principal of Degenkolb
Engineers. His work has inciuded seismic evaluations, analysis, and design of sirengthening
measures to improve seismic performance. He has performed seismic assessments and
preposed strengthening solutions for several buildings within the U.S. Department of Energy
weapons complex and for civilian buildings, some of which have historical significance. Mr.
Whyllie's expertise is also recognized in several countries, including in the former Soviet
Union where he worked on an Exxon facility. Mr. Wyllie is a past president of the
Earthquake Engineering Research Institute. His contributions to the profession of structural
engineering were recognized by his election to the National Academy of Engineering in
1990 and his honorary membership in the Structural Engineers Association of Northern
California. In recognition of Mr. Wyllie's expertise in concrete design and performance, the
American Concrete Institute named him an honorary member in 2000. Mr. Wyllie also was
elected an honorary member of the American Society of Civil Engineers in 2001. He holds a
M.S. degree from the University of California, Berkeley.

Peter D. Zimmerman is an expert in nuclear physics and terrorism. He is currently the chair
of science and security and director of the King's College London Centre for Science &
Security Studies at King's College in London. He previously served as the chief scientist of
the Senate Foreign Relations Committee, where his responsibilities included nuclear testing,
nuclear arms control, cooperative threat reduction, and bioterrorism. Previously, he served
as science adviser for arms control in the U.S. State Depariment, where he provided advice
directly to Assistant Secretary for Arms Control and the Undersecretary for Arms Control
and International Security. His responsibilities included technical aspects of the
Comprehensive Test Ban Treaty, biological arms conirol, missile defense, and strategic
arms control. Dr. Zimmerman spent many years in academia as professor of physics at
Louisiana State University. He is the author of more than 100 articles on basic physics as
well as arms control and national security. His most recent publication is the monograph
“Dirty Bombs: The Threat Revisited,” which was published by the National Defense
University in the Defense Horizons series. Dr. Zimmerman holds a Ph.D. in experimental
nuclear and elementary particle physics from Stanford University and a Fil. Lic. degree from
the University of Lund, Sweden. He is a fellow of the American Physical Society and a
member of its governing council. He is a recipient of the 2004 Joseph A. Burton/Forum
award for physics in the public interest.
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TOUR OF SELECTED SPENT FUEL STORAGE-RELATED INSTALLATIONS IN
GERMANY

On April 25-28, 2004, 6 committee members visited spent fuel storage-related
installations in Germany. The following is a summary of some of the pertinent
information obtained from that trip.

Several organizations and individuals worked with committee staff to make this
trip possible. The committee would especially like to acknowledge Alfons Lihrmann and
William McConaghy of GNB/GNSI (Gesellschaft fir Nuklear Behalter, mbH/General
Nuclear Systems, Inc.), who organized site visits; Michael Sailer, chairman of RSK
(Reaktorsicherheit Kommission—reactor safety commission); Holger Broeskamp
manager of GNS (Gesellchaft fur Nuklear Service, mbH—Germany's nuclear industry
consortium) and his staff, Wolfgang Sowa, managing director of GNB (Gesellschaft fiir
Nuklear Behalter, mbH) and his staff; Florentin Lange of GRS (Gesellschaft fiir Anlagen-
und Reaktorsicherheit, mbH); and Hubertus Fliigge, vice-president of the power plants in
Lingen and his staff, who allowed the committee to visit the reactor building and the
site’s spent fuel storage facility. :

C.1 GERMAN COMMERCIAL NUCLEAR POWER PLANTS

Germany currently has 18 operating commercial nuclear power reactors at 12
sites. Approximately one-third of the reactors are boiling water reactors (BWRs) and two-
thirds are pressurized water reactors (PWRs).

The design for PWR plants is illustrated schematically in FIGURE C.1. If consists
of a dome-shaped reactor building constructed of reinforced concrete and a spherical
inner containment structure constructed of steel. The reactor core, spent fuel pool, and
steam generators are located within the inner containment. The emergency core-cooling
systems are located outside the inner containment but within the reactor building.

The German BWR reactor building design is generally similar to a PWR.
However, the spent fuel pool is outside the inner containment structure but within the
reactor building. The reactor building is also a different shape (rectangular or cylindrical).

There are three generations of commercial nuclear power plants in Germany,
each having increasingly thick walls:

» First-generation plants have reactor building walls that are less than 1 meter
thick. There are four plants of this type.

¢ Second-generation plants have reactor building walls that are slightly more
than 1 meter thick. There are 5 plants of this type.

* Third-generation plants have reactor building walls that are about 2 meters
thick. There are 9 plants of this type.’

' The committee subgroup visited one of these plants (the Lingen power plant) during its tour.
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Some first- and second-generation plants have independent emergency systems
in a bunkered building that contains some safety trains and a control room. These
systems are capable of delivering water to the reactor after an accident or attack if the
pipe systems within the reactor building survive.

Second- and third-generation plants were designed to withstand the crash of
military fighter jets. Second-generation plants were designed to withstand the crash of a
Starfighter jet at the typical landing speed. Third-generation plants were designed to
withstand a crash of a Phantom jet at the typical cruising speed. This is considered to be
part of the “design basis threat” for nuclear power plants in Germany. This information
on the design basis threat has been made available to the public by the German
government,
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FIGURE C.1 Schematic illustration of the Lingen PWR power plant, a third-generation
power plant design. SOURCE: RWE Power.
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Plant operators must show that of the four safety trains {each train contains 50
percent of the safety sysiem) at the plani, at least two will survive such a crash. The
crash parameters {e.q., aircrafi type, speed, and angle) have been established by RSK.
The crash parameters have been published and the public knows about them. Each
plant must perform an independent analysis of each reactor building. Sometimes twe
separate analyses have to be provided for the same site if there are two or more
reactors with different designs.

In 1998, the German government decided to phase out nuclear energy.
Commercial nuclear plants will be allowed to generate an agreed-to amount of eleciricity
before shutdown. Currently, the Lingen and the Neckarwestheim-2 plants have the
highest remaining electricity production allowance and will be shut down in 2021 or
2022, should no revision of this political decision be implemented.

C.2 SPENT FUEL STORAGE

Until recently, all spent fuel at German plants was stored in the reactor pools until
it could be sent to Sellafield (UK} or La Hague (France) for reprocessing. In the 1980s,
plants began to re-rack their spent fuel pools to increase storage capacities (the older
German nuclear plants were designed to contain one full reactor core plus one third of a
core). Regulators became concerned that the emergency cooling systems o handle the
increased heat loads in spent fuel pools from this re-racking were not sufficient. Some
plants added additional cooling circuits to address this concern. Only one power plant
(an older plant at Obrigheim} has wet interim pool storage in a bunkered building.

A discussion of alternative spent fuel storage options began in 1979. A
reprocessing plant had been proposed at Gorleben that would have had several
thousand metric tons of pool storage. The German government concluded that while
there were no major technical issues for reprocessing, wet fuel storage was a potential
problem because cooling systems could be disrupted in a war. GNS decided to shift
from wet to dry storage for centralized storage facilities.

There are two centralized storage facilities in Germany: Gorleben and Ahaus.
Gorleben is designed to store vitrified high-level waste from spent fuel reprocessing and
spent fuel from commercial power reactors. Ahaus is designed to store spent fuel from
test reactors and other special types of fuel. Ahaus currently stores 305 casks of reactor
fuel from the decommissioned Thorium High Temperature Reactor, three casks of PWR
spent fuel from the Neckarwestheim site, and three casks of BWR spent fuel from the
Gundremmingen site. The latter shipment produced large public demonstrations and
required the deployment of 35,000 police officers to maintain security.

At the end of 2001, the German utility companies and the German federal
government agreed to avoid all transport of spent fuel in Germany because of intense
public opposition. The German government recently passed a law making it illegal to
transport spent nuclear fuel to reprocessing plants in France and the U.K. after 30 June
2005. However, there is no legal restriction concerning the transport of spent fuel from
power reactors to other destinations, e.g., to dry storage facilities. The government and
power plant operators have negotiated an agreement to develop dry-cask storage
facilities at each of the 12 nuclear power plant sites to avoid the need for off-site spent
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fuel transport. These dry-cask storage facilities are to be constructed by 2006. They are
licensed to store fuel for 40 years.

There are three dry-cask storage facility designs in Germany:

1. WTI design: The walls and roof are constructed of 80 and 50 centimeters,
respectively, of reinforced concrete.

2. STEAG design: The walls and roof are constructed of 1.2 and 1.3 meters,
respectively, of reinforced concrete. This design is used at the Lingen nuclear
power plant dry storage facility visited by the committee (FIGURE C.2)

3. GNK design: This is a tunnel design and is under construction at the
Neckarwestheim nuclear power plant.

The use of reinforced concrete in these facilities was originally intended for radiation
protection and structural support, not for terrorist attacks.

In 1999, RSK issued guidelines for dry storage, which were released in 2001
(RSK, 2001). Licensing a dry storage facility in Germany requires several safety
demonstrations and analyses. As part of the licensing procedures for a storage facility,
the license applicant must do independent calculations that demonstrate how the
building features meet the safety standards and the design basis threat. This threat
includes an armed group of intruders and the impact of a Phantom 2 military jet. It also
includes a shaped charge. The scenario of a deliberate crash of a large civilian airplane
has been considered and analyzed as part of the recent licensing of onsite dry storage
facilities but is not established as part of the design basis threat. There are public
hearings during which the license applicant explains the safety features of the storage
facility. The public is aware of the design basis threat, and it is provided with the results
of the analysis but not with the details.

FIGURE C.2 Dry cask spent fuel storage building at the Lingen Nuclear Power Plant.
SOURCE: RWE Power
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There are six temporary (i.e., five- to seven-year) storage facilities in use at
reactor sites until these dry-cask storage facilities become available. The casks in these
temporary storage facilities are stored horizontally and are protected by concrete
“garages” designed to withstand the impact of a Phantom military jet.

Spent commercial fuel is stored in CASTOR® casks (FIGURE C.3) that were
originally designed and developed by the German utility-owned company GNB.? These
casks can store either PWR or BWR spent fuel assemblies. The design consists of a
ductile cast iron cylindrical cask body with integral circumferential fins machined into the
outer surface to maximize heat transfer; inside, the spent fuel assemblies are inserted in
a borated stainless steel basket. The cask has a double-lid system that is protected by a
third steel plate. The cask complies with the international regulations of the International
Atomic Energy Agency (IAEA) as a type B{U) package.

Spent fuel is typically cooled for five years in a pool before it is put in dry cask
storage; some other custom-made cask designs can hold fuel that has been cooled for
shorter (minimum two years) or longer times depending on the fuel characteristics and
fuel burn-up. Current fuel burn-ups in Germany (52 to 55 Gigawatt-days per metric ton)
are similar to those in the United States.
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FIGURE C.3 Typical features of a CASTOR cask used at the Lingen Nuclear Power
Plant. SOURCE: RWE Power AG Lingen Nuclear Power Plani.

2 Gesellschaft fiir Nuklear Behalter, mbH.
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C.3 RESPONSE TO THE SEPTEMBER 11, 2001 TERRORIST ATTACKS IN THE
UNITED STATES

The September 11, 2001 terrorist attacks on the United States caused the
German government to reassess the security of its nuclear power plants and spent fuel
storage facilities. RSK held meetings starting in October 2001 to discuss the implications
of the September 11 attacks for German commercial nuclear power plants. It issued a
short statement recommending that an analysis be carried out on each plani to assess
their vulnerability to September 11-type attacks. These analyses have not yet been
undertaken. Plant operators assert that terrorist attacks are a general risk of society and
should be treated like attacks on other infrastructure (e.g., chemical facilities). The
Lander (state} governments, which are responsible for licensing commercial power
plants in Germany, do not require these analyses. RSK recommended that the federal
government develop a checklist for such an analysis, but this also has not been done.

A general analysis of the impact of the different civilian aircraft on commercial
nuclear plants was requested by BMU® and has been carried out by GRS.* The result of
the discussions between RSK and BMU on the basis of this report was that plant specific
sensitivity analyses are needed. GRS was also involved in the framing of the recent
German licensing process in the analysis of the consequences of civilian aircraft attacks
on STEAG- and WTI-design spent fuel storage facilities using three sizes of aircraft
(ranging from Airbus A320- to Boeing 747-size aircraft).

C.4 TESTS ON GERMAN CASKS

The casks that are used in German dry cask storage facilities have been
subjected to several tests that simulate accidents and terrorist attacks. The following
types of tests were performed on these casks or cask materials:

Airplane crash test simulations with military aircraft (Phantom type) are part of
the licensing requirements for both casks and storage facilities. Between 1970 and 1980
a number of tests on storage casks were carried out at the Meppen military facility in
Germany. A one-third scale model of a GNB cask was used to simulate the impact of a
turbine shaft of a military aircraft using a holliow-tube projectile. Two different impact
orientations were used: perpendicular to upright cask body (lateral impact) and
perpendicular to center of lid system. The projectile completely disintegrated in the test,
but the cask sustained only minor damage.

The jet aircraft tests were carried out because of safety concerns, but after
September 11, 2001 intentional crashes of aircraft also were considered. Investigations
by BAM and GRS concluded that CASTOR-type casks would maintain their integrity
when intentionally hit by a commercial aircrafi.

¥ Bundesministerium fiir Umwelt, Naturschutz and Reakforsicherheit (Federal Ministry for
Environment, Nature Protection, and Nuclear Safety and Security).

* Gesellschatft fur Anlagen- und Reaktorsicherheit, (GRS) mbH (Company for Installation and
Reactor Safety). GRS is Germany’s main research institution on nuclear safety. It is an
independent, non-profit organization founded in 1977 and has about 450 employees. GRS funds
its work through research contracts. Some have compared GRS to Sandia National Laboratories
in the United States.
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Other types of terrorist attacks have been a long-standing concern fo the German
government because of terrorism activities in Europe in the 1970s and 1980s. A series
of tests simulating terrorist attacks on casks were done in Germany, France, United
States (for the German government), and in Switzerland (for the Swiss government).
There may have been additional tests done that are not publicly acknowiedged.

In 1979-80 at the German Army facility in Meppen, a “hollow charge” (i.e.,
shaped charge) weapon was fired at a ductile cast iron plate and fuel assembly dummy
to simulate a CASTOR cask. The cask plate was perforated but release fractions from
the fuel assembly were not examined. From this experiment, the German government
concluded that the wall thickness of the cask should not be less than 300 millimeters.

Other tests were carried out at the Centre d’Etude de Gramat in France in 1992
on behalf of the Germany Federal Ministry of Environment, Nature Protection and
Nuclear Safety (BMU) (Lange et al., 1994) . These tests involved shaped charges
directed at a CASTOR cask (fype CASTOR lla, the cask was one third of the regular
length) filled with 9 fuel element dummies with depleted uranium. The fuel rods were
pressurized to 40 bars to simulate fuel burn-up, but the cask interior was at atmospheric
pressure or at reduced pressure of 0.8 bars. The shaped charge perforated the cask and
penetrated fuel elements. This damaged the fuel and resulted in the release of fuel
particles from the cask.

These particles were collected and their particle size distribution measured.
About 1 gram of uranium was released in particles less than 12.5 microns in
aerodynamic diameter, and 2.6 grams of uranium were released in particles with a size
range between 12.5 and 100 microns. If the pressure inside the cask was reduced to 0.8
bars (to simulate the conditions during interim storage of spent fuel in Germany) the
releases were reduced by two thirds: 0.4 grams for particle sizes less than 12.5 microns
and about 0.3 grams for particles between 12.5 and 100 microns.

In 1998, a demonstration was carried out at the Aberdeen Proving Ground in the
United States using an anti-tank weapon on a CASTOR-type cask. The purpose of this
demonstration was to show that a concrete jacket on the exterior of the cask could
prevent perforation. The weapon was first fired at the cask without the jacket. It
perforated the front wall of the cask. The concrete jacket was effective in preventing
perforation of the cask. Committee members saw a specimen of this cask at the GNB
workshop (see FIGURE C.4).

Also in 1999, explosion of a liquid gas tank next to a cask was performed by the
German BAM (Federal Office of Material Research and Testing) to study the effect of
accidents involving fire or explosions in the vicinity of the cask during transportation or
storage. The gas tank and the CASTOR cask were initially about 8 feet (2.5 meters)
apart. Explosion of the tank generated a fire ball of 330 to 500 feet (100 meters to 150
meters} in diameter. The explosion projected the cask 23 feet {7 meters) away and it
tilted it by 180 degrees, causing it to hit the ground on the lid side. Examination after the
explosion showed no change in the containment properties of the lid system.
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FIGURE C.4 Section of a CASTOR cask showing the perforation made by a shaped
charge at the Aberdeen Proving Ground. SOURCE: Courtesy of GNB/GNSI.
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HISTORICAL DEVELOPMENT OF CURRENT COMMERCIAL POWER REACTOR FUEL
OPERATIONS

There are 103 commercial power reactors operating in the United States at this time.
Almost all of them are operating with spent fuel pools that are too small o accommodate
cumulative spent fuel discharges. This short appendix was prepared to provide the historical
background for power reactor fuel operations in the current situation when spent fuel racks in
the existing pools are being modified to hold more spent fuel and dry storage of spent fuel is
being adopted at many sites.

D.1 DESIGN FOR A CLOSED FUEL CYCLE

The first large generation of commercial reactors in the United States were almost alf
light water reactors (LWRs), that is, nuclear reactors that use ordinary water to cool the core
and to moderate the neutrons emitted by fission. The hydrogen atoms in the water coolant
moderate, or slow down the fission-emitted neutrons to an energy level that is more likely to
cause fission when the neutron strikes a fissile atom. These reactors were designed, developed
and licensed in the 1960s and 1970s, althcugh many were not completed until the 1980s. Their
design power output increased rapidly, as it did for non-nuclear power plants, in order to
achieve econormies of scale. Thus, the earlier plants in this generation were designed to
produce 500-900 MWe while later units increased to 1000-1200 MWe. The number of LWRs
built and ordered by the U.S. industry began to approach 200. All of these plants were being
designed for a closed fuel cycle, that is, for the uranium oxide fuel, enriched to 2-5% U-235, to
be loaded and “burned” to a level of 20-30 GWd/MTU, then reprocessed in commercial plants to
separate the still useable fissionable, or fissile, materials in the spent fuel from the radioactive
waste. The reprocessing plants would recover the fissile Pu-239 formed from U-238 during
reactor operations and residual fissile U-235 for use as fuel in LWRs and later in breeder
reaciors. (ref. NUREG-0002, Final Generic Environmental Statement on the Use of Recycle
Plutonium in Mixed Oxide Fuel in Light Water Cooled Reactors {GESMO), USNRC, August
1976).

By the mid 1970s commercial reprocessing plants were built, under construction or
planned in New York, lllinois, South Carolina and Tennessee, with a combined projected
capacity to reprocess more than 6000 MTU of spent fuel per year. For comparison, a large LWR
discharges about 20 MTU of spent fuel at a refueling. By this time the price of fresh uranium
was dropping and the cost of fuel reprocessing made it difficult for recycle fuel to compete with
fresh fuel. Also, there was controversy about the risk of fissile material diversion if recycled
plutonium was moved in commercial traffic. Both existing fuel reprocessing plants withdrew from
licensing for technical reasons and then, on April 7, 1977, President Carter issued a policy
statement that “we will defer indefinitely the commercial reprocessing and recycling of the
plutonium produced in the U.S. nuclear power programs.” The statement went on to say; “The
plant at Barnwell, South Carolina, will receive neither federal encouragement nor funding for its
completion as a reprocessing facility.” After consultation with the White House, the USNRC
terminated its GESMO proceedings.

100
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Thus, the U.S. nuclear industry was immediately changed from a closed fuel cycle, with
recycle, to an open or once-through fuel cycle with the fuel loaded into the reactor in several
consecutive locations to obtain maximum economic use of the fuel before it was finally removed
as waste. The USNRC changed the legal definition of high-level radioactive waste to include
both the high-level waste from nuclear fuel reprocessing and spent nuclear fuel.

For this study the significance of this closed fuel cycle design is that this entire
generation of more than 100 reactors was designed with small spent fuel pools, relying on
prompt shipment away from the reactor to the reprocessing plant to make room for later
discharges of spent fuel. Early spent fuel shipping casks were being designed with active
cooling systems to support shipment of fuel less than a year out of the reactor to a reprocessing
plant. BOX D.1 discusses the spent nuclear fuel at nuclear fuel reprocessing plants.
Supplementary wet and dry storage systems had to be developed to receive the older spent
fuel, to make room for fresh spent fuel from the reactor. Many plants had to remove and modify
the storage racks in their spent fuel pools to accommodate more spent fuel in the pool itself until
licensed supplementary systems were available.

D.2 RETRENCHMENT OF U.S. REACTOR PLANS

As noted in Section D.1 above, in the 1970s the United States was building reactors at a
high rate. Then in the late 1970s three factors arose that produced a retrenchment in power
reactor plans: rising interest rates, reversal of the U.S. fuel reprocessing policy, and the Three
Mile 1sland-2 accident.

D.2.1 Effect of Interest Rates

Commercial power reactors have characteristically high initial capital costs. The
regulated public utilities have had to raise the capital with various debt instruments, build,
license, and operate the finished plant for a time before it can be declared commercial, and the
electricity rates charged consumers can be changed to retire the debt on the capital cost. The
soaring interest rates in the United States during the late 1970s drove the costs of new nuclear
plants that were under construction extremely high. This, combined with slackening demand for
electricity, led to the cancellation of many plants, some even in advanced stages of
construction.

D.2.2 Effect of Reversal of U.S. Fuel Reprocessing Policy

President Carter enunciated a change in U.S. policy for reprocessing of spent nuclear
fuel in early 1977. Those reactors then operating and those under construction had to begin
modifying their reactor fuel cycle design to go from the closed {reprocessing) cycle to a “once-
through” fuel cycle. This induced the designers to go to higher levels of U-235 enrichment in the
new fuel, but still within the 5% licensing limit. It also induced the designers to revise the core
loading and operating plans in order to burn or use the fissile content of the fuel to the greatest
extent economically possible since the fissile residue could not be retrieved by reprocessing. As
a result, spent fuel burnup levels rose to levels that are now almost double the 20-30 GWd/MTU
characteristic of the original closed fuel cycle. This results in an increase in the decay heat
power of the spent fuel assembly by the time it is put into the spent fuel pool.
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BOX D.1 Spent Fuel at Nuclear Fuel Reprocessing Plants

Up until the mid-1970s the commercial nuclear industry was expected to operate several
nuclear fuel reprocessing plants to recover fissile plutonium from virtually all of the commercial
spent fuel from U.S. reactors. These plants would use aqueous reprocessing methods
developed by the Atomic Energy Commission {AEC). The recovered plutonium was to be used
as mixed oxide fuel (PuO; and UO,) in water reactors and, later, as fuel in breeder reactors.
Each reprocessing plant had one or two storage pools to receive and store the fuel temporarily
until it was reprocessed. No long-term storage of the spent fuel from commercial reactors was
planned. Only two commercial reprocessing sites have received spent fuel, West Valley, New
York and GE-Morris, lllinois.

The first commercial reprocessing plant began operations by the Nuclear Fuel Services
Company on a site in West Valley, New York, owned by the State of New York. The State of
New York licensed a low-level radioactive waste disposal site adjacent to the reprocessing
plant. The West Valley plant had a reprocessing capacity of about 1 MTU per day. It operated at
reduced capacity because there was not yet much commercial spent fuel to reprocess. in fact,
about half of the spent fuel reprocessed there was from the last in the series of plutonium
production reactors, the N-Reactor, at the AEC site in Hanford, Washington. This spent fuel was
provided to the West Valley plant to keep it working in the early days when little commercial
spent fuel was available. The West Valley plant suspended operations in 1972 in order to
expand its capacity to about 3 MTU per day. The work and the re-licensing effort went on until
1976 when the Company withdrew its application for the new license and terminated
reprocessing operations. The Department of Energy (DOE) took over the task of high-level
radioactive waste retrieval and decommissioning under the West Valley Demonstration Project
Act of 1980. About 137 MTU of commercial spent fuel remaining in the cooling pool was
returned to its owners. {ref. NUREG/CR 4847, Case Histories of West Valley Spent Fuel
Shipments.) In 2003 the iast of this spent fuel, about 25 MTU in two shipping casks, was
shipped to the DOE idaho site where it remains in dry storage in those casks.

The General Electric Company built a nuclear fuel reprocessing plant at Morris, lllinois,
near the Dresden Nuclear Power Station. The plant was expected to reprocess 3 MTU per day.
When the GE-Morris plant was in its final testing in 1975, the Company determined that its
performance would not be acceptable without extensive modifications. The request for a
reprocessing plant operating license was withdrawn and the plant was licensed only to possess
the spent nuclear fuel that it was under contract to reprocess. After modifying the storage
system in its below-grade pool to hold more spent fuel, GE-Morris has received and stores 700
MTU of spent fuel for various owners,

Power reactors are refueled, and spent fuel discharged to the storage pool, every one to
two years. The decay heat power of spent fuel recently discharged dominates the heat load of
all the spent fuel in the pool, freshly discharged and old since the decay heat from a spent fuel
assembly decreases by one to two orders of magnitude in the first year after it is removed from
the reactor. Increasing the capacity of the spent fuel pool by reracking, that is, modifying the
storage racks to closer spacing of the fuel assemblies’ does not have the thermal effect of

'"The capacity of spent fuel pools has typically been increased by replacing the original storage racks with
racks that hold the spent fuel assemblies closer together. The fuel assembly channels in these
replacement racks typically have sclid metal walls with neutron-absorbing materiai for nuclear safety
reasons. This configuration inhibits water cr air circulation more than the earlier configuration.
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adding more freshly discharged assemblies; it is equivalent to adding spent fuel that was
discharged several years ago and has not been shipped away. Thus the thermal effect of re-
racking is not so much to increase the overall heat load of the installed cocling system, as it is to
make more difficult the endurance of degraded cooling of the freshly discharged fuel, if there is
catastrophic loss of the fuel pool water.

D.2.3 Effect of Three Mile Island Accident

The final factor driving the retrenchment of the nuclear power industry was the Three
Mile Island-2 accident that occurred on March 28, 1979, in Pennsylvania (Walker, 2004). In that
accident a small failure in the reactor coolant system was compounded by operator errors to
result in catastrophic damage: a partial core melt occurred. The inability of the operators to
understand and control the events, and the confusion among the State, the USNRC, and other
Government bodies about public protection had a devastating effect on public trust in the safety
of nuclear power. The USNRC escalated safety requirements after the TMI-2 accident. These
new requirements substantially modified operation of licensed plants, and delayed completion of
new plants with further increases in costs. The retrenchment of nuclear power in the 1980s led
to the cancellation of many plants, decemmissioning of some plants and the sale of some plants
to other owners. The fleet of operating U.S. reactors consolidated to the presently operating 103
described here.

D.3 COMMERCIAL POWER REACTORS CURRENTLY OPERATING
IN THE UNITED STATES

All of the commercial power reactors operating in the United States are light water
reactors (LWRs). BOX D.2 describes the LWRs that are currently operating in the United States.

D.3.1 Pressurized Water Reactors

About two-thirds of the U.S. reactors are pressurized-water reactors (PWR), dual cycle
plants in which the primary cooling water is kept under a pressure of about 2000 psia as it
circulates to remove fission and decay heat from the reactor fuel in the core and carry that
energy to the steam generators, to generate steam in the lower pressure secondary loop. The
reactor, primary loop piping, and the steam generators are all located in the containment
structure; the steam lines penetrate the containment carrying the steam to the turbine to
generate electrical power.

About one-third of the U.S. reactors are boiling-water reactors (BWR), single cycle plants
in which the primary coolant of the reactor core is operated at about 1000 psia as it recirculates
within the reactor core. The fission and decay heat generated in the core cause a substantial
amount of the reactor coolant water to boil into steam that passes out directly from the reactor
pressure vessel to the turbine-generator system. Plant differences stem initially from the
different designs of the nuclear steam system supplier, the different designs of the architect-
engineers that built the plants, and the owners that often specified additional modifications.
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BOX D.2 Different Types of U.S. Nuclear Power Plants

In the United States, 32 utility companies are licensed to manage the 103
operating reactors. There are also 27 shuidown reactors in storage or
decommissioning. These reactors are situated at 65 nuclear power plant sites across
the United States; a plant site may have 1, 2, or 3 reactors.

The fleet of 103 operating reactors in the United States is composed of:

o 69 Pressurized Water Reactors (PWR), and
e 34 Boiling Water Reactors (BWR).

The containment design for PWRs ié divided into dry (56 reactors), ice
condenser (9 reactors), and sub-atmospheric (4 reactors) containments. Among the
BWR containment designs, 22 reactors are of design type Mark |, 8 of Mark [l, 4 of
Mark II1.

The PWRS operating in the United States were designed by three different nuclear
steam system suppliers; Westinghouse Electric, Combustion Engineering, and Babcock &
Wilcox. Most PWRs have what are called large dry containments, containment structures of
about 2 million cubic feet volume that can absorb the rapid release of steam and hot water from
a postulated rupture of the primary coolant system without exceeding an internal pressure of
about 4 atmospheres. FIGURE D.1 illustrates a PWR in a [arge dry containment. Some PWR
containments are essentially as large but use ventilation fans to maintain the initial containment
pressure mildly sub-atmospheric to provide additional pressure margin. Finally, one set of
Westinghouse PWRs (9) use ice-condenser containment structures, in which the containment
has about the same pressure capability but is smaller, relying on massive baskets of ice
maintained in the containment to condense the steam release and mitigate the pressure surge.

D.3.2 Boiling Water Reactors

The BWRs in operation today were designed by the General Electric Company. They all
use pressure suppression containments, two-chamber systems with the reactor located in a dry
well that is connected to a wet well containing a large pool of water.

In the event of a rupture of the reactor system in the dry well, the steam and hot water
released are channeled into the water in the wet well, condensing and cooling the stream to
mitigate the pressure surge. BOX D.2 lists the three successive generations of BWR
containment design, and the number of each still operating. FIGURE D.2 illustrates three types
of BWR containments: Mark |, Mark I, and Mark [ll. The Mark | containment is the most
common type with 22 in operation. The reactor pressure vessel, containing the reactor core is
located in a dry well of the containment in the shape of an inverted incandescent light bulb.
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FIGURE D.1 A PWR in a large dry containment. SOURCE: Modified from Duderstadt and
Hamilton (1976; Figure 3-4).

The dry well is connected by large ducts to the wet well, a large toroidal part of the
containment that is partially filled with water. Gas and steam releases from an accident in the
dry well would be passed through the connecting ducts into the water in the wet well, cooling the
gas and condensing the steam to mitigate the accident pressure rise in the containment, The
containment building Mark || BWR is similar to the Mark | except that in the Mark [l containment
the conical dry well is directly above the cylindrical wet well. Nine Mark [l reactors are still
operating in the United States. In the Mark lll, the dry well around the reactor vessel is vented to
the top of a cylindrical wet well that surround it.

Four Mark Ill BWRs are currently operating. The entire dry well/wet well system is
contained within a large steel containment shell and a concrete shield building.

D.3.3 Reactor Fuel and Reactor Control
TABLE D.1 presents the range of dimensions and weights for a wide variety of the LWR

fuel assemblies used in the operating reactors. The spent fuel pools and the dry storage
systems used at a reactor must be tailored to the specific fuel design for that reactor.
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FIGURE D.2 Three types of BWR containment system: Mark |, Mark Il, and Mark
lll. SOURCE: Modified from Lahey and Moody (1993; Figure 1-9).

The fission process is controlled by the reactor operators through the use of neutron
absorbing materials. The primary control is an array of control rods or blades that can be
withdrawn from the core to the degree needed. In the PWRs the control rods are moved within
selected empty tubes within the assembly. In the BWRs cruciform control blades are moved
across the faces of the fuel assembly, typically narrower than those in a PWR fuel assembly.
Reactor fuel designers also use burnable poisons within the fuel assembly. These poisons are
placed in appropriate amount within the fuel assembly so that they burn away, making the fuel
assembly more reactive, as the continued fission process is making it less reactive. PWRs also
use neutron control by dissolving neutron-absorbing sodium borate in the reactor coolant,
gradually lowering the concentration from the peak after refueling to the minimum before the
next refueling.
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GLOSSARY

Actinide: Any of a series of chemically similar radioactive elements with atomic numbers
ranging from 89 (actinium) through 103 {lawrencium). This group includes uranium and
plutonium.

Alpha particle: Two neutrons and two protons bound as a single particle (a helium nucleus)
emitted from certain radioactive isotopes when they undergo radioactive decay.

Bare-fuel cask: See Cask.

Beta particle: A charged particle consisting of a positron or electron emitted from certain
radioactive isotopes when they undergo radioactive decay.

Beyond-design-basis accidents: Technical expression describing accident sequences outside
of those used as design criteria for a facility. Beyond-design-basis accidents are
generally more severe but were judged to be too unlikely to be a basis for design.

Boiling water reactor (BWR): A type of nuclear reactor in which the reactor's water coolant is
allowed to boil to produce steam. The steam is used to drive a turbine and electrical
generator to produce electricity.

Burn-up: Measure of the number of fission reactions that have occurred in a given mass of
nuclear fuel, expressed as thermal energy released multiplied by the period of operation
and divided by the mass of the fuel. Typical units are megawatt-days per metric ton of
uranium (MWd/MTU) or gigawatt-days per metric ton of uranium (GWd/MTU).

Canister-based cask: See Cask.

Cask: Large, typically cylindrical containers constructed of steel and/or reinforced concrete
which are used to store and/or transport spent nuclear fuel. Casks designed for storage
of spent nuclear fuel can be of two types: “bare-fuel” or “canister-based.” In bare-fuel
casks, spent fuel is stored in a fuel basket surrounded by a heavily shielded and leak-
tight container. In canister-based casks, the fuel is enclosed in a leak-tight steel cylinder,
called a canister, which has a welded lid. The canister is placed in a heavily shielded
cask overpack. Casks can be single-, dual- or multiple-purpose, indicating that they can
be used, respectively, for storage (also called storage-only casks), for storage and
transportation, and for storage, transportation, and geologic disposal. There are no true
multi-purpose casks for spent fuel currently available on the market.

Cesium-137: Radioactive isotope that is one of the products of nuclear fission.

Chain reaction: A series of fission reactions wherein the neutrons released in one fission event
stimulate the next fission event or events.
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Cladding: Thin-walled metal tube that forms the outer jacket of a nuclear fuel rod. It prevents
corrosion of the nuclear fuel and the release of fission products into the coolant.
Zirconium alloys (also called zircaloy, see below) are common cladding materials in
commercial nuclear fuel.

Conduction: In the context of heat transfer, the transfer of heat within a medium through a
diffusive process, i.e., molecular or atomic collisions.

Containment structure: A robust, airtight shell or other enclosure around a nuclear reactor
core to prevent the release of radioactive material to the environment in the event of an
accident.

Convection: Heat transfer by the physical movement of material within a fluid medium.

Cooling time: The amount of time elapsed since spent fuel was discharged from a nuclear
reactor.

Core: That portion of a nuclear reactor containing the fuel elements.

Criticality: Term used in reactor physics to describe the state when the number of neutrons
released by the fission process is exactly balanced by the neutrons being absorbed and
escaping the reactor core. At criticality, the nuclear fission chain reaction is self
sustaining.

Decay heat: Heat produced by the decay of radioactive isotopes contained in nuclear fuel.

Decay, radioactive: Disintegration of the nucleus of an unstable element by the spontaneous
emission of charged particles (alpha, beta, positron) or photons of energy (gamma
radiation) from the nucleus, spontaneous fission, or electron capture.

Depleted uranium: Uranium enriched in the element uranium-238 relative to uranium-235
compared to that usually found in nature. Also, uranium in which the uranium-235
content has been reduced through a physical process.

Design basis phenomena: Earthquakes, tornadoes, hurricanes, floods, and other events that a
nuclear facility must be designed and built to withstand without loss of systems,
structures, and components necessary to assure public health and safety.

Design basis threat: In the context of this study, hypothetical ground assault threat against a
commercial nuclear power plant. See Title 10, Section 73.1(a) of the Code of Federal
Regulations [10 CFR 73.1(a)].

Dirty bomb: See Radiological Dispersal Device.
Dry storage: Oui-of-water storage of spent nuclear fuel in heavily shielded casks.

Drywell: The containment structure enclosing a boiling water nuclear reactor vessel. The
drywell is connected to a pressure suppression system and provides a barrier to the
release of radioactive material to the environment under accident conditions.
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Dual-purpose cask: See Cask.

Fissile material: Material that undergoes fission from thermal (slow) neutrons. Although
sometimes used as a synonym for fissionable material, the term “fissile" has acquired
this more restricted meaning in nuclear reactor technology. The three primary fissile
materials are uranium-233, uranium-235, and plutonium-239.

Fission: Splitting of a nucleus into at least two nuclei accompanied by the release of neutrons
and a relatively large amount of energy.

Fissionable: Material that undergoes fission from fast neutrons.
Fission products: Nuclei resulting from the fission of elements such as uranium.
Fuel assembly: A square array of fuel rods.

Fuel pellet: A small cylinder of uranium usually in a ceramic form (uranium dioxide, UQ,),
typically measuring about 0.4 to 0.65 inches (1.0 to 1.65 centimeters) tall and about 0.3
to 0.5 inches (0.8 to 1.25 centimeters} in diameter.

Fuel reprocessing: Chemical processing of reactor fuel to separate the unused fissionable
material (uranium and plutonium) from waste material.

Fuel rod: Sometimes referred to as a fuel element or fuel pin. A long, slender fube that holds
the uranium fuel pellefs. Fuel rods are assembled into bundles called fuel assemblies.

Gamma ray: Electromagnetic radiation (high-energy photons) emitted from certain radioactive
isotopes when they undergo radioactive decay.

Half-life {radioactive): Time required for half the atoms of a radioactive substance to undergo
radioactive decay. Each radioactive isotope has a unique half-life. For example, cesium-
137 decays with a half-life of 30.2 years, and plutonium-239 decays with a half-life of
24,085 years.

Independent Spent Fuel Storage Installation (ISFSI): A facility for storing spent fuel in wet
pools or dry casks as defined in Title 10, Part 72 of the Code of Federal Regulations.

Irradiation: Process of exposing material to radiation, for example, the exposure of nuclear fuel
in the reactor core to neutrons.

Isotope: Elements that have the same number of protons but different numbers of neutrons.
For example, uranium-235 and uranium-238 are different isotopes of the element
uranjum.

Loss-of-pool-coolant event: A postulated accidental or malevolent event that resuits in a loss
of the water coolant from a spent fuel pool at a rate in excess of the capability of the
water makeup system to restore it.

Megawatt: One million watts.
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MELCOR: A computer code developed by Sandia National Laboratories for use in analyzing
severe reactor core accidents. The code has been adapted to model fluid flow, heat
transfer, fuel cladding oxidation kinetics, and fission product release phenomena
associated with spent fuel assemblies in spent fuel pools in loss-of-pool-coolant events.

Metric ton: Weight unit corresponding to 1,000 kg or approximately 2,200 pounds.

Metric tons of uranium: see MTU.

Moderator: Material, such as ordinary water, heavy water, or graphite, used in a reactor to slow
down high energy neutrons.

MTU (metric tons of uranium): Unit of measurement of the mass for spent nuclear fuel, also
expressed in metric tons of heavy metal (MTHM). It refers to the initial mass of uranium

that is contained in a fuel assembly. It does not include the mass of fuel cladding
(zirconium alloy) or the oxygen in the fuel compound.

Multi-purpose cask: see Cask.
MWe: Megawatts of electrical energy output from a power plant.
MWt: Megawatts of thermal energy output from a power plant.

Neutron: Uncharged subatomic particle contained in the nucleus of an atom. Neutrons are
emitted from the nucleus during the fission process.

Open rack: A storage rack in a spent fuel pool that has open space and lateral channels
between the cells for storing spent fuel assemblies to permit water circulation.

Overpack: Metal or concrete cask used for storage or transportation of a canister containing
spent nuclear fuel. See Cask.

Owner-controlled area: That part of the power plant site over which the plant operator
exercises control. This usually corresponds to the boundary of the site.

Pellet: See fuel pellet.

Penetrate: To pass into, but not completely through, a solid object.

Perforate: To produce a hole that goes completely through a solid object.
Plutonium-239: A fissile isotope of plutonium that contains 94 protons and 145 neutrons.

Pressurized water reactor {PWR): A type of nuclear reactor in which the reactor's water
coolant is kept at high pressure to prevent it from boiling. The coolant transfers its heat
to a secondary water system that boils into steam to drive the turbine and generator to
produce electricity.
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Probabilistic risk assessment: A systematic, quantitative method to assess risk (see below)
as it relates to the performance of a complex system.

Protected area: A zone located within the owner controlled area of a commercial nuclear power
plant site in which access is restricted using guards, fences, and other barriers.

Psia: Unit of pressure, pounds per square inch absolute, which is the total pressure including
the pressure of the atmosphere.

Radioactivity: Spontaneous transformation of an unstable atom, often resulting in the emission
of particles {(alpha and beta} or gamma radiation. The process is referred to as
radioactive decay.

Radiological Dispersal Device (RDD}: A terrorist device in which sources of radioactive
material are dispersed by explosives or other means. Also referred to as a dirfy bomb.

Radiological sabotage: Any deliberate act directed against a nuclear power plant or spent fuel
in storage or transport that could directly or indirectly endanger the public health and
safety by exposure to radiation.

Radionuclide: Any form of an isotope of an element that is radioactive.

Re-racking: Replacement of the existing racks in a spent fuel pool with new racks that increase
the number of spent fuel assemblies that can be stored.

Risk: The potential for an adverse effect from an accident or terrorist aftack. This potential can
be estimated quantitatively if answers to the following three questions can be obtained:
{1) What can go wrong? (2) How likely is it? And, (3) What are the consequences?

Safety: In the context of spent fuel storage, measures that protect storage facilities against
failure, damage, human error, or other accidents that would disperse radioactivity in the
environment.

Safeguards: As used in regulation of domestic nuclear facilities and materials, the use of
material contral and accounting programs to verify that all nuclear material is properly
controlled and accounted for, and also the use of physical protection equipment and
security forces to protect such material.

Safeguards information: Information not otherwise classified as National Security Information
or Restricted Data which specifically identifies a U.S. Nuclear Regulatory Commission
licensee’s or applicant’s detailed, (1) security measures for the physical protection of
special nuclear material, or (2) security measures for the physical protection and location
of certain plant equipment vital to the safety of production or utilization facilities (10 CFR
73.2). The U.S. Nuclear Regulatory Commission has the authority to determine whether
information is “safeguards information.”

Scram: Sudden shutdown of a nuclear reactor, usually by rapid insertion of control rods, either
automatically or manually by the reactor operator. It may also be called “reactor trip.”
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Security: In the context of spent fuel storage, measures to protect storage facilities against
sabotage, aftacks, or theft.

Shaped charge: A demolition and wall penetration/perforation device that uses high explosive
to create a high-velocity jet of material.

Single-purpose cask: see Cask.

Special nuclear material: Fissile elements such as uranium and plutonium.

Spent (or used or irradiated fuel) nuclear fuel: Fuel which has been "burned” in the core of a
nuclear reactor and is no longer efficient for producing electricity. After discharge from a
reactor, spent fuel is stored in water-filled pools (see wef sforage) for shielding and
cooling.

Spent fuel pool: A water-filled pool that is used at all commercial nuclear reactors for storage
of spent (used) fuel elements after their removal from a nuclear reactor. Spent fuel pools
are constructed of reinforced concrete and lined with stainless steel. The inside of the
pool has storage racks to hold the spent fuel assemblies and may contain a gated
compartment to hold a spent fuel cask while it is being loaded and sealed.

Storage-only cask: see Cask.

Thermal power: Total heat output from the core of a nuclear reactor.

Uranium-235: A fissile isotope of uranium that contains 92 protons and 143 neutrons. It is the
principal nuclear fuel in nuclear power reactors.

Uranium-238: An isotope of uranium that contains 92 protons and 146 neutrons.

U.S. Nuclear Regulatory Commission (USNRC): U.S. federal agency that regulates most
non-defense nuclear applications.

Vital Area: A zone located within the protected area of a commercial nuclear power plant site
that contains the reactor control room, the reactor core, support buildings, and the spent
fuel pool. It is the most carefully controlled and guarded part of the plant site.

Watt: Unit of power.

Watt-hour: Energy unit of measure equal to one watt of power supplied for one hour.

Wet storage: Storage of spent nuclear fuel in spent fuel pools.

Zircaloy: Zirconium alloy used as cladding for uranium oxide fuel pellets in reactor fuel
assemblies.

Zirconium cladding fire: A self-sustaining, exothermic reaction caused by rapid oxidation of
zirconium fuel cladding {Zircaloy) at high temperatures.
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ACRS: Advisory Committee on Reactor Safeguards

BAM: Bundesanstalt fiir Materialforschung und —priifung

BMU: Bundesministerium fir Umwelt, Naturschutz und Reaktorsicherheit.
BNL: Brookhaven National Laboratory

BWR: Boiling Water Nuclear Reactor (see Appendix E)

DBT: Design-Basis Threat {see Appendix E)

DHS: United States Department of Homeland Security

GAO: United States Government Accountability Office

GESMO: Final Generic Environmental Statement on the Use of Recycle Piutonium in Mixed
Oxide Fuel in Light Water Cooled Reactors

INEEL.: |daho National Engineering and Environmental Laboratory

ISFSI: Independent Spent Fuel Storage Installation

GNB: Gesellschaft fir Nuklear-Behalter, mbH

GNS: Gesellschaft fiir Nuklear-Service, mbH

GNSI: General Nuclear Systems, Inc.

GRS: Gesellschaft fir Anlagen- und Reaktorsicherheit, mbH

GWd/MTU: Gigawaltt-days per metric ton of uranium (see "Burn-up” in Appendix E)
HSK: Die Hauptabteilung fiir die Sicherheit der Kernanlagen

MTU: Metric Tons of Uranium (see Appendix E}

MWd/MTU: Megawatt-days per metric ton of uranium (see “Burn-up” in Appendix E)
NPP: Nuclear Power Plant

NRC: National Research Council

PFS: Private Fuel Storage

PWR: Pressurized Water Nuclear Reactor (see Appendix E}

RDD: Radiological Dispersal Device (see Appendix E)

RSK: Reaktor-Sicherheitskommission

TOW: Tube launched, Optically tracked, Wired guided [missile] (see Appendix E)
USNRC: United States Nuclear Regulatory Commission
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